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a b s t r a c t

Changes in the orbital parameters, solar output, and ocean circulation are widely considered as main
drivers of the Holocene climate. Yet, the interaction between these forcings and the role that they play to
produce the pattern of changes observed in different domains of the climate system remain debated.
Here, we present new early to middle Holocene season-specific sea surface temperature (SST) and
d18Oseawater results, based on organic-walled dinoflagellate cyst and planktonic foraminiferal data from
two sediment cores located in the central (SL21) and south-eastern (LC21) Aegean Sea (eastern
Mediterranean). Today, this region is affected by high to mid latitude climate in winter and tropical/
subtropical climate in summer. The reconstructed d18Oseawater from LC21 displays a marked (w1.3%)
negative shift between 10.7 and 9.7 ka BP, which represents the regional expression of the orbitally
driven African monsoon intensification and attendant freshwater flooding into the eastern Mediterra-
nean. A virtually contemporaneous shift, of the same sign and magnitude, is apparent in the
d18Ospeleothem record from Soreq Cave (Northern Israel), an important part of which may therefore reflect
a change in the isotopic composition of the moisture source region (Aegean and Levantine Seas). Our SST
reconstructions show that Aegean winter SSTs decreased in concert with intensifications of the Siberian
High, as reflected in the GISP2 nss [Kþ] record. Specifically, three distinct sea surface cooling events at
10.5, 9.5–9.03 and 8.8–7.8 ka BP in the central Aegean Sea match increases in GISP2 nss [Kþ]. These
events also coincide with dry interludes in Indian monsoon, hinting at large (hemispheric) scale tele-
connections during the early Holocene on centennial timescales. A prominent short-lived (w150 years)
cooling event in core SL21 – centred on 8.2 ka BP – is coeval to the ‘8.2 ka BP event’ in the Greenland
d18Oice, which is commonly linked to a melt-water related perturbation of the Atlantic Meridional
Overturning Circulation and associated ocean heat transport. By deciphering the phasing between
a recently published record of reduced overflow from the Nordic Seas into the northern North Atlantic,
the Greenland d18Oice ‘8.2 ka BP event’ anomaly, and the short-lived cooling in SL21, we demonstrate
severe far-field impacts of this North Atlantic event in the Aegean Sea. The Aegean is isolated from the
North Atlantic oceanic circulation, so that signal transmission must have been of an atmospheric nature.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Evidence is mounting from a wealth of globally distributed
paleoclimate archives that the climate of the current interglacial
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period (the Holocene, since w11.6 ka BP) has been mainly modu-
lated by changes in the solar input, which are attributable to both
changes in the Earth’s orbital parameters (long-term) and in the
solar activity (short-term) (Mayewski et al., 2004). The orbitally
driven enhanced summer insolation of the early Holocene
controlled the stepwise retreat of the Laurentide Ice Sheet, the
largest Northern Hemisphere ice sheet during the last glaciation
(Clark et al., 1999), leading to its final demise at w6.8 ka BP (Carlson
et al., 2008). At low latitudes, the insolation increase during the

mailto:gianluca.marino@uab.cat
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev


G. Marino et al. / Quaternary Science Reviews 28 (2009) 3246–3262 3247
earliest Holocene promoted a northward shift of the mean
latitudinal position of Intertropical Convergence Zone (ITCZ),
a marked intensification of the boreal summer monsoon, and, in
turn, considerable changes in the hydrological cycle (e.g., An et al.,
2000; deMenocal et al., 2000; Gasse, 2000; Haug et al., 2001;
Fleitmann et al., 2007; Weldeab et al., 2007). On shorter timescales,
Holocene centennial- to millennial-scale climate perturbations
appear to coincide with intervals of reduced solar activity, as
inferred from the cosmogenic isotope records (e.g., Denton and
Karlén, 1973; O’Brien et al., 1995; Bond et al., 2001; Neff et al., 2001;
Rohling et al., 2002; Mayewski et al., 2004; Maasch et al., 2005;
Mangini et al., 2007).

Superimposed on the orbital to multi-centennial patterns of
climate variability, there has been at least one short-lived (w160
years) abrupt cooling episode, the so-called ‘8.2 ka BP event’ (for
overviews see Alley and Ágústsdóttir, 2005; Rohling and Pälike,
2005; Thomas et al., 2007). This climate event, which may have
even extended outside the North Atlantic region across the
Northern Hemisphere, has been attributed to collapse of oceanic
northward heat transport due to slow-down of the Atlantic
Meridional Overturning Circulation (AMOC), in response to an
outburst of glacial melt-water into the northern North Atlantic (for
key observations and interpretations, see, e.g., Alley et al., 1997;
Barber et al., 1999; Alley and Ágústsdóttir, 2005; Rohling and Pälike,
2005; Ellison et al., 2006; LeGrande et al., 2006; Wiersma and
Renssen, 2006; Rasmussen et al., 2007; Kleiven et al., 2008).
Recently, Fleitmann et al. (2008) reported evidence for another
such cooling episode, which is centred on w9.2 ka BP and may also
have been triggered by a glacial melt-water injection into the North
Atlantic.

Rohling and Pälike (2005) collated data for the ‘8.2 ka BP event’,
and argued that this short-lived anomaly: (a) had a considerable
winter-weighted character, and (b) was superimposed upon
a multi-centennial climate change. Accordingly, they called for
season-specific and chronologically carefully constrained proxy
reconstructions to trace the true extent of the short-lived anomaly,
and thus advance our understanding of the impacts of AMOC
reductions on the wider Northern Hemisphere climate. The present
study follows the approach of establishing – through the early to
middle Holocene period – co-registered summer- and winter-
specific proxy records from the Aegean Sea (north-eastern
Mediterranean), a key region that is sufficiently distant and isolated
from the North Atlantic not to be directly affected by its oceanic
circulation. Importantly, the Aegean climate reflects high- and low-
latitude influences on the winter and summer regimes, respectively
(see Section 2). Thus, Aegean season-specific proxy records pre-
sented here, besides elucidating the regional and seasonal climate
responses to the early Holocene melt-water-forced AMOC reduc-
tion(s), may provide a comprehensive portrayal of the phasing of
the multi-centennial pattern of climate variability versus the
underlying insolation driven changes in the wider tropical/
subtropical realm.

By compiling a variety of season-specific, highly resolved sea-
surface proxy records, which are co-registered within the same
archive/sample-set, we reconstruct changes in winter and summer
sea-surface temperature and hydrographic regimes in the Aegean
Sea during the early to middle Holocene period. The paleoceano-
graphic proxies employed are: qualitative winter sea surface
temperature (SST) reconstructions based on organic-walled dino-
flagellate cyst (dinocyst) abundances; quantitative (artificial neural
network, ANN, see Hayes et al., 2005) summer- and winter-SST
reconstructions based on planktonic foraminiferal census counts;
and hydrographic reconstructions based on planktonic foraminif-
eral oxygen isotope (d18O) data that, together with the ANN SST
data, yield seawater d18O. Finally, to assess causal relationships and
decipher larger (hemispheric) scale climate interactions, we discuss
our (season-specific) Aegean Sea reconstructions with key paleo-
climate proxy records from the Northern Hemisphere, namely
Greenland (Grootes et al., 1993; Mayewski et al., 1997; Rasmussen
et al., 2007), the northern North Atlantic (Ellison et al., 2006;
Kleiven et al., 2008), Northern Israel (Soreq Cave) (Bar-Matthews
et al., 2000) and Southern Oman (Qunf Cave) (Fleitmann et al.,
2003) (Fig. 1a).

2. Rationale and regional setting

The Aegean Sea is distant and practically isolated from the North
Atlantic oceanic circulation (Fig. 1a). Previous work has shown that
it is highly sensitive to high-latitude climate changes, through an
intense atmospheric connection related to the meridional extent of
the atmospheric polar vortex (Rohling et al., 2002; Casford et al.,
2003 and references therein). Timing and magnitude of the sea
surface cooling events in the Aegean are here investigated to assess
if, besides the centennial- to millennial-scale climate fluctuations
that are possibly tied to decreased solar activity (Rohling et al.,
2002), there exists any evidence of change correlative to the
‘8.2 ka BP event’ in this region, thereby testing the model-suggested
atmospheric downstream impacts of melt-water related AMOC
reductions (e.g., LeGrande et al., 2006; Wiersma and Renssen,
2006). Focusing on the underlying orbitally driven changes,
planktonic foraminiferal d18O records for Aegean Sea sediment
cores indicate that surface-water d18O is predominantly influenced
by changes in the eastern Mediterranean’s overall freshwater
budget, which is modulated by fluctuations in the strength of the
African monsoon (Rohling, 1999; Casford et al., 2002, 2003; Rohling
et al., 2002, 2004; Marino et al., 2007).

The present-day winter regime in the Aegean Sea is dominated
by westerly circulation, which drives a net eastward transport of
Mediterranean depressions towards Turkey and the Levant,
following their formation by cyclogenesis that takes place over the
northern sectors of the relatively warm Mediterranean basin (for
overviews, see Rohling and Hilgen, 1991; Lionello et al., 2006;
Rohling et al., 2009). Occasionally, particularly dry and cold polar/
continental air masses break out over the basin through gaps in the
mountainous southern European margin, determining episodes of
severe cooling (for overviews, see Maheras et al., 1999; Casford
et al., 2003; Rohling et al., 2009). Reconstructions of Aegean climate
during the Holocene have revealed the occurrence of these
episodes of exceptional winter cooling also on multi-centennial to
millennial timescales, with a strong apparent link to concomitant
intensifications of the atmospheric polar vortex (Rohling et al.,
2002; Casford et al., 2003).

Today, summer conditions in the wider eastern Mediterranean
are dominated by expansion of subtropical atmospheric cell from
the south, and although there is some cyclogenesis over the basin,
little precipitation develops as a consequence of descent in the
upper troposphere (Rodwell and Hoskins, 1996; Ziv et al., 2004;
Lionello et al., 2006; Rohling et al., 2009).

The eastern Mediterranean climate strongly influences the
physical parameters of the surface water masses, leading to
increasing densities, which play a central role in the functioning of
the thermohaline circulation of the entire Mediterranean basin
(e.g., Pinardi and Masetti, 2000). Surface waters from the western
basin enter the Levantine Sea via the Strait of Sicily and subse-
quently circulate along the coasts of Northern Africa, Middle East
and Turkey, following a large-scale counter-clockwise path that
terminates in the Rhodes gyre where formation of Levantine
intermediate waters occurs (Pinardi and Masetti, 2000) (Fig. 1b).
Levantine warm (w16 �C in winter, >23 �C in summer), highly
saline (w39 psu) surface and intermediate waters subsequently



Fig. 1. Location of the sites discussed in the text. a) Greenland Summit (GISP2 and NGRIP ice cores), the North Atlantic (MD03-2665 and MD99-2251 sediment cores), the Aegean
Sea, and the Middle East (speleothems from Soreq and Qunf Caves). Blue and red solid lines indicate the present-day mean latitudinal position of the Intertropical Convergence Zone
(ITCZ) in January and July, respectively. The blue dashed arrow tracks the westward ridging of the Siberian High (SH) towards northwest Europe and southern Scandinavia during
winter/spring. b) Inset shows location of the Aegean sediment cores LC21 and SL21 and the main patterns of sea surface-water circulation (grey arrows), cyclonic (solid circles) and
anticyclonic gyres (dashed grey circles) in the Levantine and Aegean Seas (Pinardi and Masetti, 2000; Lykousis et al., 2002). Map contours show sea surface salinities (practical
salinity units, psu) (MEDAR Group, 2002). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

G. Marino et al. / Quaternary Science Reviews 28 (2009) 3246–32623248
enter the Aegean Sea through straits in the south-eastern sector of
the basin (Cretan Sea), and progress northward along the western
coast of Turkey, where their salinity remains roughly unchanged
while temperatures become as low as 14.5 �C in winter (22 �C in
summer) (Poulos et al., 1997; Zervakis et al., 2004; Gertman et al.,
2006). North of the Lesvos shelf, these southern-derived waters
form a pronounced thermohaline front with the relatively fresh
(<38.0 psu) and cold (<13 �C) Northern Aegean waters that contain
considerable admixtures of much fresher waters that originate
from the Black Sea/Marmara Sea (24–28 psu) (Zervakis et al., 2004;
Gertman et al., 2006). Vigorous cyclonic circulation in the central
Aegean governs the location of this front, which bends and directs
southward along the eastern coast of Greece (Zervakis et al., 2004),
fuelling relatively low salinity waters (38.8 psu) in the south-
western Aegean (Lykousis et al., 2002).

During the orbitally induced insolation/monsoon maximum of
the early to middle Holocene, the influence of the African summer
monsoon on the eastern Mediterranean was enhanced through
intensified flooding especially of the Nile River, which weakened
the basin’s thermohaline circulation leading to sapropel S1 depo-
sition (Rossignol-Strick et al., 1982; Fontugne et al., 1994; Rohling
and De Rijk, 1999; Emeis et al., 2000; Scrivner et al., 2004). Recent
pollen-based reconstructions indicate concomitant increase in
winter precipitation over the northern borderlands of the Aegean
Sea (Kotthoff et al., 2008). Speleothem d18O data from Soreq Cave in
Northern Israel are interpreted as indicative of enhanced
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precipitation during the same interval, although this could not be
seasonally specified (Bar-Matthews et al., 2000). Combined oxygen
and hydrogen isotope data in fluid inclusions within the speleo-
thems suggest that at that time (as today) the moisture originated
from the eastern Mediterranean (Matthews et al., 2000; McGarry
et al., 2004). Reconstructions from stable oxygen isotopes in snail
shells in the Negev Desert, southern Israel, corroborate the
persistence of Mediterranean sourcing for the moisture that
precipitated over the Levant (Goodfriend, 1991).

The above implies that, by reconstructing early to middle Holo-
cene season-specific temperature and hydrographic changes in the
Aegean Sea, we should be able to decipher shifts in key components
of the Northern Hemisphere climate, namely the atmospheric polar
vortex and the boreal (African) summer monsoon.

3. Materials and methods

Descriptions of Aegean cores LC21 (Cretan Sea; 35�400N;
26�350E; 1522 m water depth) and SL21 (Lesvos shelf, 39�010N;
25�250E; 317 m water depth) (Fig. 1b) are given in Casford et al.
(2002, 2003). Both cores contain distinct organic-rich dark intervals
representing the regional expression of sapropel S1 (Mercone et al.,
2000, 2001; Casford et al., 2002, 2003; Rohling et al., 2002). Cores
SL21 and LC21 were sampled in contiguous sequences of 0.5 and
1 cm intervals, respectively, which allows investigation of the early
to middle Holocene at multi-decadal to centennial resolution.

3.1. Palynological processing

Samples for dinocyst analyses were oven-dried at 60 �C and
spiked with Lycopodium clavatum spores. Weighted sediment
samples (w0.5 to w2 g) were treated with 10% cold HCl to remove
carbonates, 38% cold HF to remove silicates, and 30% cold HCl to
remove the fluoride gel. After sieving over a 10 mm nylon mesh
sieve, aliquots (40–60 ml) of the homogenized residue were placed
on microscope slides, embedded in glycerine jelly and sealed with
paraffin wax. The slides were entirely counted for dinocyst abun-
dances (w250 cysts per sample) at 400� magnification. The
taxonomy follows Fensome and Williams (2004) and Rochon et al.
(1999). For the purpose of the present study, the abundance of one
dinocyst species (Spiniferites elongatus) was selected to reconstruct
relative changes in the sea surface temperature in core SL21 (see
Section 4.2). The complete dinocyst assemblage dataset for core
SL21 is available upon request.

3.2. SST reconstruction from planktonic foraminiferal abundances

Planktonic foraminifera census counts from core LC21 (De Rijk
et al., 1999; Hayes et al., 1999; Casford et al., 2002) were converted
into summer and winter SSTs using artificial neural networks
(ANNs) developed for application in the Mediterranean Sea (Hayes
et al., 2005). ANN is a computer-intensive approach based on
unsupervised learning of a relationship between two sets of vari-
ables. In comparison with other transfer function techniques, ANN
has the ability to characterise highly non-linear relationships and
extract general relationships even from relatively small calibration
datasets (Malmgren et al., 2001). Hayes et al. (2005) used ten
different partitions of the calibration dataset into training and
validation subsets to obtain ten neural networks for each SST
definition. The reconstructed SSTs are then calculated as averages of
SST estimates from these ten networks and the divergence among
the ten estimates is used to estimate the reliability of each SST
reconstruction. In the calibration by Hayes et al. (2005), the census
counts were calibrated to winter (JFM) and summer (JAS) long-
term SST averages at 10 m depth and calibration errors, expressed
as average root mean square errors of prediction (RMSEP) in the
test set of each of the ten partitions, were 1.14 �C for summer and
0.79 �C for winter SSTs.

3.3. Chronological framework

The chronology of several Aegean Sea sediment cores, including
LC21 and SL21, was established in a multi-proxy correlation
framework that relies on a total of more than 30 accelerator mass
spectrometry (AMS) radiocarbon (14C) datings (Casford et al., 2007).
Crucially, the approach proposed by Casford et al. (2007) is
particularly robust within the early to middle Holocene interval
focus of our study because of the reduced deep-sea ventilation
(sapropel S1 deposition) that virtually suppresses bioturbation.

South-East Aegean core LC21 is the benchmark against which
Casford et al. (2007) constructed/honed the chronologies of other
Aegean cores. The LC21 chronology is itself based on 8 AMS 14C
dating points (solid blue dots in Fig. 2a) (Mercone et al., 2000), and
these are supplemented by 3 additional datings from the multi-
proxy correlation framework (open blue dots in Fig. 2a) (Rohling
et al., 2002; Casford et al., 2007). Radiocarbon ages have been
calibrated using CALIB 5.0.2 (Stuiver and Reimer, 1993) and the
MARINE04 calibration dataset (Hughen et al., 2004). Different local
reservoir age corrections (DR) were used for the Lateglacial
(DR¼ 420�120 years, Siani et al., 2001), sapropel (DR¼ 149� 30
years, Facorellis et al., 1998), and non-sapropel (DR¼ 58� 85 years,
Reimer and McCormac, 2002) intervals. The goodness of fit of the
polynomial regression, upon which the LC21 age/depth relation-
ships are based, is expressed using 1s confidence bounds in Fig. 2a.
The majority of calibrated 14C datings falls either on, or well within,
the 1s confidence limits. Furthermore, we identify 5 ‘tie-points’
between the LC21 and GISP2 chronologies (Meese et al., 1997)
through the early to middle Holocene (see Fig. S1 in the Supple-
mentary material), based on visual graphic correlation between
structural similarities in the GISP2 non-seasalt potassium record
and the LC21 warm- versus cold-water planktonic foraminiferal
ratio (Rohling et al., 2002). The three early Holocene tie-points fall
all well within the 1s bounds of our polynomial regression through
the calibrated 14C datings, with an offset between LC21 and GISP2
chronologies that amounts, at most, to w150 years (Fig. S1). This
supports the robustness of our chronology in this crucial segment
of the record. Between 7 and 5 ka BP, the 1s limits embed neither
the tie-points nor all the LC21 dating points, with an inferred offset
from the GISP2 chronology of more than 600 years between 6.7 and
6 ka BP (Fig. S1). Notably, this interval does coincide with increases
both in the percentage of oxygen-requiring benthic foraminifera,
and in the concentrations of total benthic foraminifera in LC21 (cf.
Fig. 1 in Mercone et al., 2001), which mark the resumption of deep-
water ventilation that terminated the deposition of sapropel S1.
Injection of new deep waters into the water column, and associated
upward advection of ‘old carbon’ from the interior of the basin, may
have increased the reservoir age of surface waters, thereby
producing the apparently ‘too old’ LC21 AMS 14C-based chronology
in this interval (Fig. S1). For the late Holocene, we note that the
‘�350 years correction’ proposed by Rohling et al. (2002) on the
basis of the Minoan eruption of Santorini implies chronological
shifts within the 1s confidence limits around our regression
(Fig. 2a).

The above implies that our calibrated AMS 14C chronology for
core LC21 is accurate within few centuries (1s¼�417 years)
throughout the Holocene. Notably, in the early Holocene it is ‘too
old’ by, at most, w150 years relative to the GISP2 chronology, which
has itself an estimated error of 2% in that interval (Meese et al.,
1997). Chronology for central Aegean core SL21 was obtained by
transferring the SL21 records onto an LC21-equivalent-depth scale



Fig. 2. Chronological framework for Aegean Sea cores LC21 and SL21. (a) LC21 depth scale adjusted for the 10 cm thickness of the Minoan ash layer of Santorini plotted versus
calibrated ages (for details see Mercone et al., 2000; Rohling et al., 2002). Dashed grey lines represent the 1s confidence intervals of the second order polynomial fit (red solid line)
through all calibrated AMS 14C dating points (blue solid and open dots) upon which chronology is based. Grey solid circles are the AMS 14C calibrated ages ‘‘corrected’’ to match the
actual age of ash layer of the Minoan eruption of Santorini (black cross) (Rohling et al., 2002). Solid black diamonds are the tie-points used to compare the LC21 chronology to the
GISP2 age scale. (b) Linear fit through the primary correlation events (blue solid and open diamonds) identified by Casford et al. (2007) to transfer the SL21 depth scale onto the LC21
depth scale and, in turn, to provide a chronological framework for core SL21. Dashed grey lines represent the 1s confidence bounds of the linear regression (solid red line). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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on the basis of the multi-proxy correlation approach of Casford
et al. (2007) (Fig. 2b), and by subsequently applying the LC21
depth/age relationship as shown in Fig. 2a.

The developed chronology for the Aegean records allows us to
discuss timing relationships with climate signals obtained from
other well-dated, highly resolved archives, namely the Greenland
ice cores (Meese et al., 1997; Rasmussen et al., 2007), and the Th/
U-dated speleothem record from Southern Oman (Qunf Cave)
(Fleitmann et al., 2007). All records discussed in this paper are
considered in calibrated (cal.) age in kiloyears (ka) before present
(BP, which refers to the conventional benchmark of 1950 AD).

In the fine-scale assessment of the early Holocene North Atlantic
climate and ocean variability, we use all ice-core records against the
new layer-counted GICC05 timescale. To transfer the early
Holocene GISP2 oxygen isotope and ion series onto the GICC05
timescale, 19 ‘matching-points’ were used between the two ice
cores’ electrical conductivity measurements (see Rasmussen et al.,
2008) (Fig. S2).
4. Paleoclimate proxy records

4.1. The high-latitude climate signal: Greenland ice cores

Greenland records considered here are the oxygen isotopes
(d18Oice), marine-sourced seasalt sodium (ss [Naþ]), and conti-
nental-sourced non-seasalt potassium (nss [Kþ]) ion concentra-
tions from the well-dated (Meese et al., 1997), finely resolved
Greenland Ice core Project Two (GISP2) ice core (Fig. 1) (Grootes
et al., 1993; Mayewski et al., 1997). For the early Holocene, the
d18Oice record of the North Greenland Ice core Project (NGRIP) ice
core (Fig. 1) (NGRIP members, 2004) complements the GISP2
d18Oice reconstruction, using the latest, layer-counted GICC05
timescale (Rasmussen et al., 2007).

Down-core d18Oice fluctuations predominantly reflect past
changes in temperature (Dansgaard, 1964) and dynamics of the air
masses advected over Greenland (Charles et al., 1994). Cooling
(warming) results in the shift to lighter (heavier) d18Oice values
(Dansgaard, 1964; Dansgaard et al., 1989). Increases (decreases) in
the GISP2 ss [Naþ] closely reflect deepening (shallowing) of the
Icelandic Low (Meeker and Mayewski, 2002). Increases (decreases)
in the nss [Kþ] time series from GISP2 have been found to covary
with periods of winter/spring strengthening (weakening) of the
Siberian anticyclone, the coldest and densest air mass in the
Northern Hemisphere (Mayewski et al., 1997; Cohen et al., 2001;
Meeker and Mayewski, 2002).
4.2. Season-specific reconstructions of Aegean climate variability:
dinocysts and planktonic foraminifera

Dinoflagellates thrive in the upper photic zone and some of
them produce fossilizable cysts, which can be preserved in the
sediment record (e.g., Taylor, 1987). Several studies, based on
surface sediment samples, have revealed clear links between the
occurrence of a certain dinocyst species and sea-surface parame-
ters, including temperature (e.g., Rochon et al., 1999; de Vernal
et al., 2001; Marret and Zonneveld, 2003). This information has
been then applied to the down-core dinocyst records to reconstruct
past changes in the sea surface parameters (e.g., de Vernal et al.,
2002, 2005). Temperature-sensitive dinocyst species data have
provided qualitative SST reconstructions for the eastern Mediter-
ranean, using either calculations of a warm- versus cold-dinocyst
ratio (W/Cdinocyst) (Sangiorgi et al., 2002), or changes in the relative
abundance of warm-water dinocyst assemblages (Sangiorgi et al.,
2003). W/Cdinocyst may be biased due to the systematic dominance
of warm taxa in the eastern Mediterranean during the Holocene
(Sangiorgi et al., 2003). On the other hand, reconstructions based
on cumulative percentages of all warm-water dinocysts may be
biased by the different responses of the various warm species to
parameters other than temperature, as is often the case with
biological proxies (Sangiorgi et al., 2003; Kucera et al., 2005). Here,
we reduce the potential for such complications in the assessment of
relative SST changes in the eastern Mediterranean by focusing on
a single temperature-sensitive species, the cool-water indicator
S. elongatus.
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In the Northern Hemisphere, S. elongatus is found in high
percentages (up to 50%) in surface samples retrieved from cool
temperate to polar regions (mostly where SSTs do not exceed 11 �C
and 16 �C in winter and summer, respectively) and reveals no
systematic responses to either nutrient availability or salinity (de
Vernal et al., 1994; Rochon et al., 1999; Marret and Zonneveld,
2003). In the eastern Mediterranean, this taxon was relatively
abundant (up to w12%) in cold stadials of the last glacial cycle,
while it is either found in very low percentages (�2%) or completely
absent through the Holocene (Zonneveld, 1995, 1996; Sangiorgi
et al., 2002). Aegean summer SSTs are much higher than 16 �C
today (Section 2) as well as in the early to middle Holocene of
maximum summer insolation (see following), suggesting that cysts
of S. elongatus in this region, when present, should most likely
reflect a winter-weighted signal. Accordingly, we use shifts in the
relative abundance of S. elongatus to identify relative winter SST
changes through the early to middle Holocene in central Aegean
core SL21.

To avoid any bias in the temperature reconstructions and
interpretations potentially caused by the high numbers of Proto-
peridinium cysts and their productivity/preservation issues in
a sapropel-bearing sequence (for discussions see Zonneveld et al.,
2001, 2007; Versteegh and Zonneveld, 2002), we calculate
percentages of S. elongatus relative to both a total and a gonyaula-
coid-only dinocyst sum (for an overview on the gonyaulacoid
lineage see Fensome et al., 1993). Differences between these two
records would highlight bias in the qualitative SST reconstruction
induced by productivity and preservation issues.

Fluctuations in the relative abundance of warm- versus cold-
water planktonic foraminifera in south-eastern Aegean core LC21
have been described previously, and were attributed to relative
winter SST changes (Rohling et al., 2002). We refer to that study for
a detailed discussion.

We supplement these records of relative winter SST changes
with absolute summer- and winter-specific SST reconstructions
based on the ANN technique using planktonic foraminiferal census
counts for core LC21 (De Rijk et al., 1999; Hayes et al., 1999; Casford
et al., 2002). The ANN calibration and application to Mediterranean
planktonic foraminiferal faunas have been described in detail by
Hayes et al. (2005).

4.3. The eastern Mediterranean freshwater budget: Aegean Sea
d18Oruber and d18Oseawater

The stable oxygen isotope signature of planktonic foraminiferal
calcite (d18Oforaminifera) in the eastern Mediterranean is controlled
by processes such as the glacial concentration effect on the
(modified) Atlantic waters entering the basin, the influence of
water temperature on the water to carbonate isotope fractionation,
changes in the water residence time in the basin, and changes in the
basin’s freshwater budget (Rohling, 1999; Rohling et al., 2004).
During intervals of sapropel formation, the input of large volumes
of isotopically light (monsoon-sourced) freshwater along the North
African margin greatly controlled the d18O of the (eastern) Medi-
terranean sea surface waters (Rohling, 1999; Rohling and De Rijk,
1999; Rohling et al., 2004; Scrivner et al., 2004; Marino et al., 2007;
Osborne et al., 2008). The consequent sea surface freshening has
been found to propagate rapidly through the wider eastern Medi-
terranean away from the sites of freshwater discharge, including
the Aegean Sea (Marino et al., 2007), due to the efficient large-scale
counter-clockwise circulation of the surface waters (Pinardi and
Masetti, 2000). The south-eastern Aegean site of core LC21 is
directly located at the inflow of these surface waters into the
Aegean Sea, at a considerable distance ‘downstream’ from the
North African sites of freshwater discharge into the open eastern
Mediterranean (Fig. 1b). Accordingly, the oxygen isotope compo-
sition of the surface waters (d18Oseawater) at this specific site reflects
a well-mixed expression of the changes in the surface-water d18O in
the wider eastern Mediterranean, rather than a merely local signal
(Marino et al., 2007).

We reconstruct d18Oseawater for core LC21 during the early to
middle Holocene by combining the stable oxygen isotope record
for the (planktonic) summer mixed-layer dwelling foraminifer
Globigerinoides ruber (white) (d18Oruber) (Rohling et al., 2002) with
summer SST reconstructions from ANN calculations within the
same sample set of core LC21. Estimates of d18Oseawater are then
derived using the G. ruber paleotemperature equation of Bemis
et al. (1998): d18Oseawater (VSMOW)¼ 0.27þ (T (�C)� 16.5þ 4.8�
d18Oruber (VPDB)).

4.4. The tropical and subtropical precipitation signal:
speleothem records

Soreq Cave in Northern Israel (Fig. 1a), resides in a semi-arid
region where most of the annual rainfall today derives from winter-
time Mediterranean cyclogenesis (Bar-Matthews et al., 1996;
Matthews et al., 2000). It has been established that the oxygen
isotope composition of speleothem calcite (d18Ospeleothem) in Soreq
Cave depends on the annual precipitation and evaporation balance
in the epikarst zone, so that lighter (heavier) d18Ospeleothem corre-
sponds to increased (reduced) net precipitation over Soreq Cave
(Bar-Matthews et al., 1996).

Qunf Cave (Fig. 1a) is located in Southern Oman at the northern
limit of the Indian summer monsoon penetration over the Arabian
Peninsula, which accounts for 90% of the annual rainfall in the
region (Fleitmann et al., 2003). Given its location, the Qunf Cave
d18Ospeleothem record is expected to be very sensitive to even minor
shifts of the Intertropical Convergence Zone (ITCZ) and associated
Indian summer monsoon (Fleitmann et al., 2003). The so-called
‘amount effect’ causes the d18O of precipitation, and consequently
speleothem calcite, to shift towards lighter values as rainfall
amounts increase (Dansgaard, 1964). Qunf Cave d18Ospeleothem

therefore represents a key archive of changes in Indian summer
monsoon rainfall.

5. Results

5.1. The early to middle Holocene monsoon maximum

Our record of ANN-based summer SSTs in LC21 (Fig. 3b) suggest
that typical Holocene values were first attained around 10.95 ka BP,
and that summer SST was higher than the present-day value of
23.5 �C (Section 2) throughout the early to middle Holocene, which
may reflect the orbital boreal summer insolation maximum.

Between 10.7 and 9.7 ka BP, we note a virtually synchronous,
rapid decrease of w1.8& of d18Oruber in cores LC21 (Fig. 3c) and SL21
(Fig. 3a) and of w1.4& in LC21 d18Oseawater (Fig. 3d). The latter
corresponds to 1.26& if we account for coeval changes in mean
ocean d18O (Waelbroeck et al., 2002). The close similarity in timing
and magnitude of the negative d18O changes in both foraminiferal
calcite (G. ruber) and seawater provides strong support to the
hypothesis that the negative d18Oruber shift in the Aegean cores prior
to sapropel S1 deposition is dominated by the inflow of isotopically
light fresher surface waters into the Aegean Sea (Casford et al.,
2002, 2003) with a negligible role of summer SSTs (i.e., temperature
of calcification of G. ruber shells). Moreover, this reconstruction
suggests that, at least in the early Holocene, fresher surface waters
deriving from the South spread as far north as the central Aegean
site of core SL21. Advection of fresher surface waters from the North
(Kotthoff et al., 2008) is not a likely explanation for the isotope shift
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Fig. 3. Stable oxygen isotope and summer sea surface temperature (SST) records from Aegean Sea cores SL21 and LC21. Grey dashed lines represent the visual extent of the dark
interval associated with the sapropel S1 deposition in the Aegean Sea. (a) and (c) d18O (&, VPDB) of the summer mixed-layer dwelling planktonic foraminifer Globigerinoides ruber
(white) for Aegean Sea cores SL21 and LC21, respectively (Casford et al., 2002, 2003; Rohling et al., 2002). Blue solid lines represent the 200 years moving average across the d18Oruber

profiles. (b) ANN-based summer SSTs for core LC21. The SST axis is calibrated relative to the d18O axis so that every 1 �C change in temperature corresponds to 0.21& in d18O (Bemis
et al., 1998). (d) d18O (&, VSMOW) (blue dashed line) and 200 moving average (blue solid line) of sea surface waters at site of core LC21. VPDB – Vienna Peedee Belemnite; VSMOW –
Vienna Standard Mean Ocean Water. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in SL21, because of the intense thermohaline front to the north of
the core site, which prevents southward extension of the influence
of the North Aegean surface waters (Zervakis et al., 2004). The
position of this front is controlled by the local cyclonic circulation,
which during the early Holocene likely was strong as, or stronger
than, today. This is inferred from the evidence in pollen records of
increased precipitation over the Aegean borderlands (Kotthoff
et al., 2008) and in the Near East (Goodfriend, 1991; Bar-Matthews
et al., 2000), which indicates increased activity of Mediterranean
depressions with consequently increased cyclonic vorticity input
into the basin.

From about 9.6 ka BP onwards, the d18Oruber records develop
rather differently in cores LC21 and SL21. In LC21, d18Oruber (Fig. 3c)
shows low amplitude fluctuations (w0.5&) around an average of
about 0.15& until 7.4 ka BP, followed by a gradual increase towards
modern values. In core SL21 (Fig. 3a), d18Oruber values are heavier
and more variable. Between 9.1 and 5.7 ka BP, it oscillates around
a mean of 0.7&, which is heavier by w0.5& than the d18Oruber

minimum centred on 9.6 ka BP at the same location. At 5.6 ka BP,
SL21 d18Oruber shifts back to lighter values, which then continue
until about 4.3 ka BP. We tentatively interpret this negative shift in
SL21 as indicative of weakening and/or southward shift of the
central Aegean cyclonic cell (and the associated front) and subse-
quently increased advection of North Aegean waters, which were
particularly fresh, following the full reconnection of the Marmara
Sea/Black Sea with the Aegean (Sperling et al., 2003; Kuhnt et al.,
2007). This is supported by the similarity between the SL21
d18Oruber values and those seen throughout S1 and beyond in the
more western – closer to/under the front – site of core SL31
(Casford et al., 2007). This tentative explanation would agree with
middle to late Holocene decrease in precipitation over the Aegean
borderlands (decreasing cyclonic activity) after the wet interval
coeval to sapropel S1 deposition (Kotthoff et al., 2008).

Comparing the Aegean records with that from Soreq Cave, we
note a general ‘bell-shaped’ resemblance in both pattern and
magnitude between the LC21 d18Oseawater (Fig. 4a) and d18Ospeleothem

from Soreq Cave (Fig. 4b) (Bar-Matthews et al., 2000) throughout
the early to middle Holocene. Both records even display shifts to
lighter d18O that appear virtually contemporaneous – within the
chronological uncertainties (Bar-Matthews et al., 2000) – and of
similar magnitude.

It has been previously proposed, using an ‘amount effect’
explanation for the light Soreq Cave d18Ospeleothem anomaly and on
the basis of other geochemical evidence (e.g., Ayalon et al., 1999;
Bar-Matthews et al., 1999), that precipitation over Israel was much
enhanced between 10 and 7 ka BP, relative to the present (Bar-
Matthews et al., 2000). Our records, however, suggest that this
notion might need some revision, given that deuterium excess
values of fluid inclusions in the speleothems imply that precipita-
tion over Soreq Cave at that time (as today) was sourced from the
eastern Mediterranean (Matthews et al., 2000; McGarry et al.,
2004). Based on the rather similar developments of LC21
d18Oseawater and Soreq Cave d18Ospeleothem (Fig. 4b) we suggest that
the speleothem data to a considerable degree may reflect an overall
d18O change in the source for the eastern Mediterranean vapour
that eventually precipitated over the Levant. Soreq Cave
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Fig. 4. Stable oxygen isotope records from the Aegean Sea and the Middle East regions. (a) d18O (&, VSMOW) of sea surface waters at site of core LC21. (b) d18Ospeleothem (&, VPDB)
(magenta dashed line) and 200-year moving average (solid magenta line) from Soreq Cave (Northern Israel) and associated chronological errors (1s) (Bar-Matthews et al., 2000).
Soreq Cave profiles are overlain onto the 200-year moving average of the LC21 d18Oseawater record (&, VPDB) (grey shaded area). (c) d18Ospeleothem (&, VPDB) from Qunf Cave
(Southern Oman) (Fleitmann et al., 2003), which is overlain onto the June to August averaged 30�N insolation (W m�2) (dashed red line) (Laskar, 1990; Paillard et al., 1996). The
yellow band spans an interval of overall increased monsoonal activity in the boreal tropics/subtropics, commonly referred to as Holocene monsoon maximum (e.g., Fleitmann et al.,
2007). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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d18Ospeleothem would then be partly driven by changes in eastern
Mediterranean surface-water d18O. This suggests that variations in
the amount effect between 10 and 7 ka BP, and in turn in the
precipitation over the Levant, may have been smaller than previ-
ously thought (Bar-Matthews et al., 2000).

5.2. Early to middle Holocene Aegean winter climate variability

To reconstruct short-term (centennial- to millennial-scale)
winter SST variability in central and south-eastern Aegean Sea
during the early to middle Holocene, we focus on the S. elongatus
record for core SL21 (Fig. 5d) and on the ANN winter SST calcula-
tions based on planktonic foraminiferal census counts in core LC21
(Fig. 5f). Interpretations of large-scale processes influencing the
early to middle Holocene Aegean (winter) climate are then
provided by comparing these new winter-specific proxy records,
along with the previously published LC21 warm- versus cold-
(planktonic) foraminiferal record (Fig. 5e) (Rohling et al., 2002),
with key Greenland ice-core records of high-latitude climate
variability (Fig. 5a–c) (Grootes et al., 1993; Mayewski et al., 1997;
Rasmussen et al., 2007).

The relative abundance records of S. elongatus calculated with
respect to a total (dashed blue line in Fig. 5d) and a gonyaulacoid-
only (solid blue line in Fig. 5d) dinocyst sum are virtually identical
to one another. Hence, we can exclude that, at this specific site, the
relative abundances of S. elongatus are affected by changes in the
primary productivity at the sea surface and/or differential preser-
vation of the different dinocyst species at the sea floor. In the
following, we take a conservative approach that relies on the
gonyaulacoid-only dinocyst sum (solid blue line in Fig. 5d), but we
emphasise that all conclusions are robust also when S. elongatus
percentages are calculated relative to a total dinocyst sum.

At around 10.9–10.7 ka BP, the S. elongatus record for SL21
(Fig. 5d) approaches the typical early to middle Holocene mean
values at this site (2.6%). Between 10.7 and 9 ka BP, SL21 S. elongatus
displays much more variability than the warm- versus cold-
foraminiferal ratio in LC21 (Fig. 5e). There is a sharp peak (w6.5%)
in the S. elongatus record around 10.5 ka BP and a broader
maximum between 9.6 and 9 ka BP, with a peak (4.7%) at around
9.5 ka BP. The LC21 ANN-based winter SST reconstruction in this
segment of the record has been generated at slightly lower reso-
lution than in the SL21 S. elongatus and LC21 warm- versus cold-
foraminiferal ratio records. Winter SSTs do not show any noticeable
short-lived cooling during this interval but rather a gradual
increase from very low temperatures during the Younger Dryas
(<12 �C) to an SST maximum of 17.2 �C at 9.4 ka BP (Fig. 5f). This
warming trend is cotemporaneous to a similar but slightly steeper
summer warming (from <20 �C to >26 �C) also identified by the
ANN method (Fig. 5e).

The S. elongatus fluctuations in SL21 show similarities to the
centennial-scale variability in GISP2 nss [Kþ] (Fig. 5c) through the
10.8–9 ka BP interval: peaks centred on 10.5, 9.5 and 9.03 ka BP in
the S. elongatus record agree with GISP2 nss [Kþ] events centred on
10.25, 9.3 and 9.05 ka BP, respectively (age differences remain well
within the combined 1s uncertainties of the LC21 master-core
and ice-core chronologies). Conversely, no similarity is apparent
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Fig. 5. Comparison between Aegean SST and Greenland ice-core records. (a) GISP2 (orange) and NGRIP (blue) d18Oice (&, VSMOW) (Grootes et al., 1993; NGRIP members, 2004).
d18Oice are presented on their respective timescales (Meese et al., 1997; Rasmussen et al., 2007). (b) GISP2 marine-sourced seasalt sodium series (ss [Naþ], ppb). Red solid line
represents a 200-year moving Gaussian to highlight the main trends (Mayewski et al., 1997). (c) GISP2 continental-sourced non-seasalt potassium series (nss [Kþ], ppb). Black solid
line represents a 200-year moving Gaussian to highlight the main trends (Mayewski et al., 1997). (d) Relative abundances (%) of Spiniferites elongatus in core SL21 with respect to
a total (blue dashed line) and a gonyaulacoid-only (blue solid line) dinocyst sum. (e) Relative abundances (%) of warm-water planktonic foraminifera for core LC21 (Rohling et al.,
2002). (f) ANN-based winter SSTs (�C) for core LC21. (g) ANN-based summer SSTs (�C) for core LC21. The grey band represents the ‘8.2 event’ in the NGRIP and GISP2 d18Oice. The light
grey band represents the multi-centennial change that embeds this short-lived event (Rohling and Pälike, 2005). Grey arrows and black dashed lines indicate correlative events
discussed in the main text. YD¼Younger Dryas. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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through this interval between the foraminiferal ratio in core LC21
and the nss GISP2 [Kþ] fluctuations.

There is an even more remarkable resemblance between the
S. elongatus and nss GISP2 [Kþ] records within the 8.9–5.0 ka BP
interval, both in terms of structure and timing. At 8.8–7.8 and
5.9–5.1 ka BP, the SL21 record of S. elongatus also reveals clear
expressions of two multi-centennial fluctuations, which were
previously reported for core LC21 and related to excursions in the
GISP2 nss [Kþ] series (Rohling et al., 2002). In LC21, these changes
correspond to winter SST decreases below 15 �C and 14 �C,
respectively (Fig. 5f).

Between 8.8 and 7.8 ka BP, changes in the SL21 S. elongatus
record show a striking signal agreement with a GISP2 nss [Kþ]
maximum with the exception of two superimposed sharp S. elon-
gatus peaks at 8.2 and 8.05 ka BP. The multi-centennial change in
GISP2 nss [Kþ] has been extensively discussed in Rohling et al.
(2002), Mayewski et al. (2004), and Rohling and Pälike (2005) and
represents part of a repeating pattern of Holocene climate oscilla-
tions that might reflect changes in solar activity. The superimposed
sharp S. elongatus peak centred on 8.2 ka BP stands out as the
highest value (w7.7%) attained by this species throughout the early
to middle Holocene section of SL21. This short-lived event coin-
cides, with negligible chronological offsets, with the negative
d18Oice anomalies found in GISP2 (timescale from Meese et al., 1997)
as well as in the new layer-counted (GICC05 timescale) NGRIP
record (Rasmussen et al., 2007) (Fig. 5a). We note that these short-
lived changes in both the SL21 S. elongatus and in the Greenland
d18Oice records occur when LC21 winter SSTs and GISP2 nss [Kþ]
are – within the context of the underlying longer-term fluctuation –
already returning to warmer and lower values, respectively.

Findings reported above corroborate the previous notion of
a coherent in-phase response of the Aegean winter climate to the
strengthening of the atmospheric polar vortex on multi-centennial
to millennial timescales, which may have been modulated by
changes in solar irradiation (Rohling et al., 2002; Mayewski et al.,
2004). Moreover, the new S. elongatus record in SL21 offers infor-
mation at higher (centennial) resolution, which reveals short-lived
superimposed events at 10.5, 9.5, 9.03 and especially at 8.2 ka BP.
6. Discussion

6.1. Long-term changes in the boreal tropical and
subtropical realms

Our new d18Oseawater record from south-eastern Aegean core
LC21 points to substantial hydrographic changes in the basin during
the early to middle Holocene, in agreement with previous recon-
structions based on d18Oruber (Casford et al., 2002, 2003). The timing
reported here (10.7–9.7 ka BP) for the early Holocene decrease in
the d18O of G. ruber and seawater in Aegean cores LC21 and SL21
(Fig. 3a, c, and d) coincides with a negative shift (w2.0&) of
d18Oruber in a south-eastern Levantine Sea site close to the Nile River
discharge (cf. Fig. 3 of Sperling et al., 2003). These changes in the
surface-water d18O appear virtually coeval with a distinct increase
of Nile-sourced clay minerals in another south-eastern Aegean
sediment core (10.6–9 ka BP) (Ehrmann et al., 2007). The timing of
these changes in the Aegean Sea agrees with age estimates for the
onset of the so-called ‘‘greening of the Sahara’’ (Ritchie et al., 1985;
Gasse, 2000). Combined, these observations corroborate the
previous notion that, during the early Holocene, Aegean surface
waters freshened primarily in response to the enhanced monsoon-
fuelled freshwater flooding into the open eastern Mediterranean
(Casford et al., 2002, 2003). We here find that the eastern Medi-
terranean-wide decrease in surface-water d18O may in turn partly
explain the negative isotope shift in d18Ospeleothem in Soreq Cave
(see Section 5.1, and Fig. 4b).

Taking into account the w150 year dating uncertainty for LC21
in the earliest Holocene interval (see Section 3.3), the onset of
monsoon flooding into the eastern Mediterranean around
10.7 ka BP would appear to lag by at least w0.8 kyr behind the
abrupt shift to wetter conditions (at 11.46 ka BP) in the western
Sahel (Weldeab et al., 2007), which is located at the present-day
northern edge of the ITCZ penetration over northwest Africa
(Ramel et al., 2006). This apparent lag suggests a time-transgressive
northward shift of the mean latitudinal position of the monsoon
front (in association with the ITCZ) over Northern Africa. Near the
eastern equatorial Atlantic, in the north-western Sahel, there would
be a direct response of the ITCZ to insolation changes. The delayed
northward shift over central and eastern North Africa might then
be related to a vegetation-albedo feedback process (Kutzbach et al.,
1996; Brovkin et al., 1998), requiring some time for a progressive
increase in the vegetation cover following the change to more
humid conditions.

Despite its location on the present-day northernmost limit of
the ITCZ (Fleitmann et al., 2003, 2007), the earliest Holocene
transition to wetter conditions over Southern Oman at 10.3–
9.6 ka BP (Fig. 4c) begins slightly later than the changes in Northern
Africa and in the eastern Mediterranean hydrography, and thus lags
by up to 1 kyr behind the change in the western Sahel (Weldeab
et al., 2007). This suggests a delayed response of the Indian summer
monsoon to insolation change, relative to the African monsoon.
Such a time lag might be due to a negative relationship between
Eurasian snow cover and Indian summer monsoon intensity
(Barnett et al., 1988; Fleitmann et al., 2003, 2007; Gupta et al.,
2003). Enhanced snow cover over Eurasia reduces the (sensible)
heating of the Eurasian landmass, which weakens the pressure
gradient between the Indian Ocean and the Tibetan Plateau
(Overpeck et al., 1996), the engine of the Indian summer monsoon
circulation (Webster et al., 1998).

6.2. Centennial- to millennial-scale climate variability in the
Aegean Sea and further afield

Our qualitative and quantitative SST reconstructions for the
Aegean Sea reveal a distinct pattern of climate deteriorations that
in general agrees with the previously reported series of millennial-
scale fluctuations in the region (Rohling et al., 2002), but which
enriches that picture with centennial-scale details. Overall, winter
SST variability in SL21 and to a lesser extent in LC21 show a good
match with the GISP2 nss [Kþ] series on all timescales, strength-
ening the view that the Aegean cooling events represent episodes of
enhanced incursion of polar air influences related to intensification
of the atmospheric polar vortex (Rohling et al., 2002; Casford et al.,
2003). For the early Holocene, however, our new dinocyst-based
Aegean winter-specific proxy, the cold-water species S. elongatus,
reveals a climate evolution that is more complex than was previ-
ously appreciated. Two marked climate deteriorations centred on
about 10.5 and 9.5–9.03 ka BP have been found in addition to
a multi-centennial cooling between 8.8 and 7.8 ka BP that was also
reported by Rohling et al. (2002). In the following we discuss these
observations in the context of other paleoclimate records from
regions distant from the eastern Mediterranean with emphasis on
the early Holocene events.

6.2.1. Early Holocene large-scale teleconnections
Within chronological uncertainties, the observed changes in

both Greenland and Aegean records (Fig. 6a and b) also agree in
both timing and structure with the early Holocene Qunf Cave
d18Ospeleothem record of the Indian summer monsoon, which shows
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deteriorations at w10.1 and between 9.3 and 7.9 ka BP in Fig. 6c
(Fleitmann et al., 2003). To test this visual similarity, while allowing
for minor apparent chronological offsets between the two records,
we perform a lagged cross-correlation analysis between the GISP2
nss [Kþ] (Mayewski et al., 1997) and Qunf Cave d18Ospeleothem

(Fleitmann et al., 2003) time series through the early to middle
Holocene period (Fig. 6e). The Qunf Cave d18Ospeleothem record is
first detrended (Fig. 6c) to remove an underlying orbitally paced
long-term signal (frequency 0.1�0.01 kyr�1) (Fig. 6c). Next, we use
a lagged cross-correlation test between the 200-year smoothed
Qunf Cave d18Ospeleothem residuals and the natural logarithm (see
Fig. S4a and b and text in the Supplementary material) of the
200-year moving Gaussian filtered GISP2 nss [Kþ] record (Fig. 6e).
This exercise shows that the two time series are positively
correlated, sharing 74% (highly significant; p¼ 0.7�10�8) of their
variance across the 10.3–8.0 ka BP interval for a lag of 200 years of
Qunf Cave d18Ospeleothem behind GISP2 nss [Kþ], which is well
within the combined chronological uncertainties (Meese et al.,
1997; Fleitmann et al., 2007). Since we here also recognised fluc-
tuations time-equivalent to GISP2 nss [Kþ] events in the Aegean Sea
(Fig. 6a), similar to other North Atlantic records (e.g., Bond et al.,
1997; von Grafenstein et al., 1999; Björck et al., 2001; Mayewski
et al., 2004; Rohling and Pälike, 2005; Ellison et al., 2006;
Came et al., 2007; Marshall et al., 2007; Rasmussen et al., 2007;
Fleitmann et al., 2008), it appears that the early Holocene climate
perturbations may have been virtually synchronous throughout the
Northern Hemisphere.

Interestingly, the monsoon record of Fleitmann et al. (2003)
might suggest that the (early) Holocene anomalies were not
exclusively winter-weighted events (cf. Rohling and Pälike, 2005),
but that summer was also affected. We propose a scenario that
integrates these observations by inferring a key role for Eurasian
snow cover. Besides its aforementioned effects on the Indian
summer monsoon, increased Eurasian snow cover would have also
been associated with increases in the intensity and spatial extent of
the winter Siberian High (Cohen et al., 2001 and references
therein). Changes in the Eurasian snow cover may therefore have
caused virtually synchronous, yet independent, responses of the
winter Siberian High and the summer Indian monsoon systems
during the early Holocene. The disappearance of signal similarities
between Aegean/GISP2 winter records and the Qunf Cave record
after 8.0 ka BP (Fig. 6b and d) may be explained by the eventual
development of full interglacial conditions during the middle
Holocene, removing this inferred common forcing of high and low
latitude systems. Thereafter, the tropics may have responded more
directly to variations in the solar activity (Fleitmann et al., 2003;
Dykoski et al., 2005). In their review of Holocene climate variability
across the globe, Mayewski et al. (2004) also noted that Holocene
events after 8 ka BP displayed reasonably common spatial charac-
teristics, whereas earlier events showed different patterns, which
corroborates our inference of a change in low- versus high-latitude
responses to climate forcing after about 8 ka BP.

6.2.2. Phasing of changes in the surface versus deep North Atlantic
Ocean waters and in Greenland ice between 8.8 and 7.8 ka BP

We previously noted that the short-lived change at 8.2 ka BP in
SL21 and at 8.19 ka BP in NGRIP (Rasmussen et al., 2007) occurred
Fig. 6. Comparison between SL21 Spiniferites elongatus (%), GISP2 nss [Kþ], and Qunf Cave
Spiniferites elongatus in core SL21 with respect to a gonyaulacoid-only dinocyst sum. (b) GI
(Mayewski et al., 1997). (c) d18Ospeleothem (&, VPDB) from Qunf Cave (Southern Oman) (Flei
through the early to middle Holocene portion of the record to highlight the long-term (orbi
obtained by removing the long-term (orbital) component from the raw d18Ospeleothem dat
(e) Lagged cross-correlation analysis between the 200 years moving averages of GISP2 nss [K
Green arrows indicate correlative events discussed in the text. (For interpretation of the ref
article.)
when, following a multi-centennial change, winter SSTs in south-
eastern Aegean Sea and dust (potassium) supply to Greenland were
increasing and decreasing, respectively. We further investigate
these interesting phase relationships by comparing the high reso-
lution NGRIP d18Oice with the GISP2 nss [Kþ] series. GISP2 records in
Fig. 7a–c have been transferred onto the new layer-counted GICC05
chronology (see Section 3.3 and Fig. S2). Fine-scale comparison of
NGRIP and GISP2 d18Oice with GISP2 nss [Kþ] reveals that indeed –
similarly to what is shown by the Aegean records (see also Fig. 7h) –
the d18Oice anomaly occurs when the atmospheric polar vortex
begins to weaken towards its Holocene background levels after
a multi-centennial maximum. This strongly corroborates the notion
that the two events apparent in d18Oice and GISP2 nss [Kþ] are
indeed differently phased, and thus likely reflect different causal
mechanisms (Rohling and Pälike, 2005).

Focusing on the short-lived ‘8.2 ka BP event’ anomaly, model
reconstructions convincingly link this event to an AMOC reduction
due to a melt-water pulse (e.g., Alley and Ágústsdóttir, 2005;
LeGrande et al., 2006; Wiersma and Renssen, 2006), which origi-
nated from Hudson Bay at 8.47� 0.3 ka BP (Barber et al., 1999).
Recently, two multi-proxy records from the northern North Atlantic
(core MD99-2251, Gardar Drift, Ellison et al., 2006; core MD03-
2665, Erik Drift, Kleiven et al., 2008) have targeted the link between
changes in the deep-ocean circulation and the widespread and/or
regional cooling around 8.2 ka BP. Both core sites are ideally suited
to detect changes in the North Atlantic Deep Water (NADW). Gardar
Drift is bathed by Iceland–Scotland Overflow Water (ISOW) (Ellison
et al., 2006), while Eirik Drift is under the influence of the total
integrated Nordic Seas overflow (Hansen and Østerhus, 2000;
Hansen et al., 2001; Hunter et al., 2007).

The sortable silt size proxy of deep current flow speed at Gardar
Drift (Fig. 7e) points to a gradual decrease in ISOW flow speed
between 8.45 and 8.04 ka BP, with an abrupt drop between 8.27
and 8.07 ka BP. Co-registered relative abundances of the polar
planktonic foraminiferal species Neogloboquadrina pachyderma (s)
indicate two increases (interpreted as cooling events) centred on
8.49 and 8.29 ka BP, respectively (Fig. 7d). Taken at face value, the
surface- versus deep-ocean phasing in MD99-2251 seems to imply
that the main cold event at 8.29 ka BP predates the major ISOW
reduction by a few decades, in disagreement with the sequence of
events predicted by models (e.g., Alley and Ágústsdóttir, 2005;
LeGrande et al., 2006; Wiersma and Renssen, 2006).

Ellison et al. (2006) interpret the N. pachyderma (s) event cen-
tred on 8.29 ka BP as the SST counterpart of the Greenland d18Oice

anomaly (Fig. 6a) and ascribe the apparent age offset to combined
chronological uncertainties in the two records, rather than to an
actual phase lag. Notably, this conclusion overlooks the absence of
straightforward structural similarities of the two records in the
intervals preceding and following the event. Furthermore, when
the d18Oice is considered on the GICC05 timescale, the offset with
the MD99-2251 cooling event becomes slightly larger (w143 years)
although this ice-core chronology is far more accurate (47 year
error) than the GISP2 timescale (Meese et al., 1997) used by Ellison
et al. (2006). The thus revised offset would require a shift of the two
records relative to one another at the very limit of the combined
chronological 2s uncertainty bounds (i.e., well outside the 1s

bounds) to make the MD99-2251 N. pachyderma (s) event match
d18Ospeleothem through the early to middle Holocene. (a) Relative abundances (%) of
SP2 nss [Kþ] (ppb) (grey line). Black solid line represents a 200-year moving Gaussian
tmann et al., 2003). Black line represents the Gaussian 10� 1 kyr�1 bandpass filtering
tal) component of the signal. (d) Detrended Qunf Cave d18Ospeleothem (&, VPDB) record
a. Black line represents a 200 years moving average through the detrended record.
þ] and of the detrended Qunf Cave d18Ospeleothem record across the 10.3–8 ka BP interval.
erences to colour in this figure legend, the reader is referred to the web version of this
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the d18Oice anomaly in NGRIP and GISP2 (GICC05 timescale). In
addition, if the MD99-2251 timescale were ‘shifted’ in such a way
that N. pachyderma (s) and the d18Oice changes come to coincide
with one another, then the maximum reduction of ISOW would
come to postdate the d18Oice anomaly (see Fig. S3). On the other
hand, if we assume that the chronology of core MD99-2251 is
precise, then the distinct minimum in the bottom-water flow speed
would slightly precede the negative shifts in NGRIP and GISP2
d18Oice (GICC05 timescale), which would agree with the outcome of
several model simulations of climate perturbations linked to
freshwater-forced AMOC disturbances (e.g., Alley and Ágústsdóttir,
2005; LeGrande et al., 2006; Wiersma and Renssen, 2006).

However, our inference of a precise chronology for core MD99-
2251 leaves unaddressed the causal mechanism behind the
pronounced MD99-2251 N. pachyderma (s) changes prior to the ‘8.2
event’. Noteworthy, a remarkable structural, temporal, and statis-
tical similarity (see Fig. S4 and text in the Supplementary material)
is apparent through the 8.6–8.2 interval between the two centen-
nial-scale fluctuations of N. pachyderma (s) in core MD99-2251
(Fig. 7d) and the contemporaneous maxima in GISP2 nss Kþ

(GICC05 timescale) (Fig. 7c). This implies that the SST cooling in
MD99-2251 likely reflects the broad climatic anomaly that under-
lies the superimposed sharp d18Oice event. The N. pachyderma (s)
peak at 8.29 ka BP, which predates the most pronounced AMOC
reduction seen in the co-registered sortable silt record (Fig. 7e),
would then be more a reflection of the underlying repetitive
Holocene climate events (Mayewski et al., 2004; Rohling and Pälike,
2005 and references therein) than of the 8.2 ka BP melt-water-
induced AMOC reduction.

Contrary to MD99-2251, the co-registered record of MD03-2665
shows cooling and deep-water circulation disturbance at virtually
the same time (Fig. 7f and g). Specifically, a reduction in NADW
production slightly precedes and spans the sea surface cooling
event, in striking agreement with the sequence of events found in
climate models (e.g., Alley and Ágústsdóttir, 2005; LeGrande et al.,
2006; Wiersma and Renssen, 2006).

6.2.3. Early Holocene short-lived climate changes
While the foraminiferal record of LC21 shows signal similarities

to GISP2 nss [Kþ] on multi-centennial to millennial timescales
(Rohling et al., 2002), our SL21 S. elongatus record shows an even
stronger similarity that includes even short centennial-scale
events. In particular, there are two sharp S. elongatus abundance
peaks centred on 8.2 and 8.05 ka BP, which are found superimposed
upon a broader period of climatic deterioration in the Aegean Sea
between 8.8 and 7.8 ka BP (Fig. 7h). This pattern is highly reminis-
cent of the underlying multi-centennial climate deterioration with
a superimposed abrupt ‘8.2 ka BP event’, as described by Rohling
and Pälike (2005). Furthermore, the interval of peak S. elongatus
abundance appears coeval to the negative 2& d18Oice event in the
Greenland ice cores (Fig. 7a) (e.g., Rasmussen et al., 2007), which is
thought to represent an w6 �C cooling of the air temperature over
Greenland Summit (Alley et al., 1997). The sharp SL21 S. elongatus
peaks at 8.2 and 8.05 ka BP also coincide, well within the
Fig. 7. Early Holocene paleoclimate proxy records from Greenland Summit, the northern N
NGRIP (black) (Rasmussen et al., 2007) d18Oice (&, VSMOW) on the GICC05 timescale. Horiz
based (red) chronologies, respectively. (b) GISP2 ss [Naþ] (ppb) and (c) GISP2 nss [Kþ] (ppb) o
et al., 1997). (d) Neogloboquadrina pachyderma (s) relative abundances and (e) mean size of s
year moving averages. Arrows in (e) indicate the directions of stronger (higher mean) and w
VPDB) in core MD03-2665 (Kleiven et al., 2008). Solid line represents a 100 year moving aver
d13C values) and early Holocene Southern Ocean Water (SOW, lighter d13C values) end mem
SL21 with respect to a gonyaulacoid-only dinocyst sum (blue solid line) and relative abund
Rohling et al., 2002). Light grey band represents the ‘8.2 event’ in the NGRIP and GISP2 d18Oic

the age for the Lake Agassiz drainage event with associated (1s) error bars (Barber et al., 1
referred to the web version of this article.)
chronological confidence limits, with the 8.27–8.07 ka BP minimum
in ISOW flow speed (Fig. 7e) (Ellison et al., 2006).

On the basis of these observations we infer that we now have
sound evidence for an abrupt winter SST minimum in the Aegean
Sea in response to the ‘8.2 ka BP’ AMOC reduction. This finding
complements a recent pollen-based reconstruction that suggests
particularly harsh winter conditions on the northern Aegean
borderlands during the ‘8.2 ka BP event’ (Kotthoff et al., 2008).
Importantly, these observations support the outcome of model-
based reconstructions of the climatic response of the eastern
Mediterranean to AMOC reduction (e.g., LeGrande et al., 2006;
Wiersma and Renssen, 2006). Because of the multi-proxy differ-
entiation between the broader underlying climate anomaly and the
abrupt true ‘8.2 ka BP event’ in our Aegean records, the event is now
identified without ambiguities in the Aegean region.

There are two other early Holocene winter events in the SL21
S. elongatus record at 10.5 and 9.5 ka BP (Figs. 5d and 6a), which –
within chronological uncertainties – may also correspond to short-
lived anomalies that were previously identified in several records
from the wider North Atlantic region (Bond et al., 1997; von
Grafenstein et al., 1999; Björck et al., 2001; Came et al., 2007;
Marshall et al., 2007; Rasmussen et al., 2007) and which may also
be related to melt-water-forced reductions of the AMOC (Nesje
et al., 2004; Teller and Leverington, 2004; Hillaire-Marcel et al.,
2007). For the climate anomaly between 9.3 and 9.2 ka BP (Ras-
mussen et al., 2007; Fleitmann et al., 2008), which seems to be
represented in SL21 by a cooling centred on 9.5 ka BP (Fig. 5),
Fleitmann et al. (2008) have proposed a link to a melt-water pulse
at St Lawrence Bay (Teller and Leverington, 2004). However, too
little is (yet) known about the earliest Holocene events, especially
concerning a possible association with AMOC reductions, and the
emphasis must be on more widespread and detailed documenta-
tion, before any conclusions may be reached.
7. Conclusions

Long-term changes in the eastern Mediterranean hydrography
are modulated by orbitally driven fluctuations in the African
monsoon-fuelled river discharge along the North African margin
(Rossignol-Strick et al., 1982; Rohling and Hilgen, 1991; Rohling
et al., 2004, 2009; Marino et al., 2007). A �1.3& shift in the
d18Oseawater record for south-eastern Aegean core LC21 between
10.7 and 9.7 ka BP reflects a change to fresher sea surface condi-
tions in the basin in response to the injection, via the Nile River, of
isotopically light freshwater. The latter marks the onset of the latest
(early Holocene) orbitally driven monsoon maximum over north-
eastern Africa. Allowing for chronological uncertainties, this change
in SE Aegean d18Oseawater is contemporaneous to a shift of similar
sign and magnitude in the d18Ospeleothem record from Soreq Cave
(Northern Israel). This suggests that changes in the isotopic
composition of the Aegean–Levantine moisture source may have
played an important role in the observed early Holocene changes in
Soreq Cave d18Ospeleothem, which may therefore record less
orth Atlantic Ocean, and the Aegean Sea. (a) GISP2 (orange) (Grootes et al., 1993) and
ontal bars represent error uncertainties of the GICC05 (black) and MD99-2251 14C AMS
n the GICC05 timescale. Solid line represents the 200-year moving Gaussian (Mayewski
ortable silt (mm) in core MD99-2251 (Ellison et al., 2006). Solid line represents the 100
eaker (lower mean) ISOW flows. (f) d18Opachyderma (&, VPDB) and (g) d13Cwuellerstorfi (&,
ages. Green bars in (g) indicate the modern North Atlantic Deep Water (NADW, heavier
bers (Kleiven et al., 2008). (h) Relative abundances (%) of Spiniferites elongatus in core
ances (%) of warm-water planktonic foraminifera for core LC21 (orange shaded area;

e, the dark grey band embeds the central peak event. Black diamond (bottom) indicates
999). (For interpretation of the references to colour in this figure legend, the reader is
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precipitation increase over Israel than previously considered
(Bar-Matthews et al., 2000).

The early Holocene hydrological change in North-East Africa and
the associated shift in SE Aegean d18Oseawater appear to postdate the
intensification of the West African monsoon (Sahel) by at least
0.8 kyr (Weldeab et al., 2007), and to be virtually synchronous with
a marked shift to wetter condition in Southern Oman, at the
present-day northernmost edge of the Indian summer monsoon
penetration over the Arabian Peninsula (Fleitmann et al., 2003,
2007). This lagged response of the monsoon front over North-East
Africa and the Arabian Peninsula, relative to West Africa, may
reflect a time-delay in the development of Saharan vegetation
cover (positive vegetation-albedo feedback, Kutzbach et al., 1996;
Brovkin et al., 1998) and a delayed removal of the snow cover over
the Eurasian continent (negative snow-albedo feedback, Barnett
et al., 1988; Fleitmann et al., 2003, 2007; Gupta et al., 2003).

The sensitivity of the Aegean winter climate to variations in the
meridional character of the atmospheric polar vortex (Maheras
et al., 1999; Rohling et al., 2002; Casford et al., 2003) provides
information about superimposed centennial- to millennial-scale
changes that were driven by northern high-latitude conditions. We
identify two multi-centennial winter SST decreases in our Aegean
records, which appear in phase with millennial-scale intensifica-
tions of the Siberian High (GISP2 nss [Kþ]) at 8.7–8.0 and
6.2–5.0 ka BP, in agreement with a previous study (Rohling et al.,
2002). These Aegean SST cooling events range between 1 and 2.5 �C
in the south-eastern sector of the basin and are part of repeating
pattern of climate fluctuations that recur roughly every 2300 years
throughout the Holocene on a global scale (Mayewski et al., 2004).
A newly generated SST proxy record from the central Aegean, based
on the increases of the cold-water dinocyst S. elongatus, shows not
only these millennial-scale changes, but also a distinct pattern of
shorter, centennial-scale coolings at 10.5, and 9.5–9.03 ka BP. These
centennial-scale events share great signal similarity with GISP2 nss
[Kþ], Indian summer monsoon proxy data, and with several other
records from the wider Northern Hemisphere, which suggests the
existence of widespread (hemispheric) climatic teleconnections
prior to about 8 ka BP, that is, before the development of full
interglacial conditions.

The central Aegean S. elongatus record also reveals a distinct
short-lived (w150 years) cooling event centred on 8.2 ka BP. By
employing the new layer-counted GICC05 timescale for both
Greenland ice-core d18Oice (NGRIP and GISP2) and ion series (GISP2
nss [Kþ] and ss [Naþ]), we constrain the phasing between a recently
published key record of reduced overflow from the Nordic Seas into
the northern North Atlantic (Ellison et al., 2006), the Greenland
d18Oice ‘8.2 ka BP’ event, and the sharp cooling event in the central
Aegean Sea at 8.2 ka BP. This exercise demonstrates that both the
Greenland d18Oice ‘8.2 ka BP’ event and the correlative short cold
‘snap’ in the central Aegean coincided with a disturbance in North
Atlantic deep-water circulation. Thus, our study supports model-
based reconstructions of widespread impacts of reduction(s) in the
early Holocene Atlantic Meridional Overturning Circulation in
response to freshwater release(s) from the retreating Laurentide Ice
Sheet, such as the ‘8.2 ka BP event’.
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