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Abstract We compare paleoclimate proxy records from
central Greenland and the Aegean Sea to offer new
insights into the causes, timing, and mechanisms of
Holocene atmosphere-ocean interactions. A direct
atmospheric link is revealed between Aegean sea surface
temperature (SST) and high-latitude climate. The major
Holocene events in our proxies of Aegean SST and
winter/spring intensity of the Siberian High (GISP2 K+

record) follow an �2300 year spacing, recognised also in
the D14C record and in worldwide Holocene glacier ad-
vance phases, suggesting a solar modulation of climate.
We argue that the primary atmospheric response
involved decadal-centennial fluctuations in the merid-
ional pressure gradient, driving Aegean SST events via
changes in the strength, duration, and/or frequency of
northerly polar/continental air outbreaks over the basin.
The observed natural variability should be accounted for
in predictions of future climate change, and our time-
frame for the Aegean climate events in addition provides
an independent chronostratigraphic argument to Middle
Eastern archaeological studies.

1 Introduction

Study of the Holocene (current interglacial, last �11500
years) allows assessment of climatic variability through
the early to fully developed interglacial state during
which modern climatic and geographic boundary con-

ditions have evolved. To assess direct atmosphere-ocean
interactions during the Holocene, we compare the ex-
cellently dated record of atmospheric chemistry from the
Greenland summit GISP2 ice core 72.6�N, 38.5�W;
+3200 m) with an SST proxy record from an Aegean Sea
(NE Mediterranean) sediment core (35.66�N, 26.58�E;
)1522 m). This focus on the Aegean Sea is driven by the
fact that it is a marginal sea with virtually no direct
forcing by the North Atlantic thermohaline circulation
(THC), and which is unaffected by sea-ice related com-
plications (e.g. insolation, albedo effects). Due to its
small volume, the Aegean lacks the inertia of larger
ocean basins, allowing direct rather than lagged re-
sponses to forcing and well-developed signal amplitudes.
Strong winter cooling due to orographically channelled
northerly outbreaks of polar/continental air forms a
dominant characteristic of the Aegean SST regime
(Theocharis and Georgopoulos 1993; Poulos et al. 1997).
This process is related to the vigour and southward
extent of (sub)polar climate conditions over the Eurasian
continent, and hence to the intensity of the Siberian
High. Therefore, a direct relationship is expected be-
tween our Aegean SST proxy and the GISP2 K+ series,
which we argue to be a reliable proxy for winter/spring
intensity of the Siberian High. The Aegean Sea therefore
provides an ideal natural laboratory for assessment of
direct hydrographic responses to high-latitude climate
variability, for comparison with more complex fluctua-
tions in THC- and ice-dominated regions.

2 Material and methods

The GISP2 K+ proxy for intensity of the Siberian High (Fig. 1f) is
based on the identification of strong relationships (summarised
later, after Meeker and Mayewski in press) between high-resolution
glaciochemical time series from central Greenland (Mayewski et al.
1997), and 1899–1987 AD instrumental records of atmospheric sea
level pressure (SLP) over the North Atlantic and Asia (Trenberth
and Paolino 1980). Given their seasonal deposition patterns in
Greenland snow (e.g. winter/spring K+ maxima; Legrand and
Mayewski 1997) annual ion concentration values are strongly
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influenced by variations in seasonal atmospheric circulation. Rel-
ative to years of low K+ deposition, years with high K+ deposition
are associated with winter/spring strengthening of the high over
Siberia, the coldest air mass in the Northern Hemisphere; the K+

and Siberian High series are positively correlated, sharing 58% of
their variance (Meeker and Mayewski in press). Potassium is

transported in the finest range of Asian dust (Zhang et al. 1993),
which enables long distance transport to Greenland (Biscaye et al.
1997).

The time-stratigraphic framework for the relevant interval of
our SE Aegean core LC21 (Fig. 1a) represents a best fit through
eight calibrated AMS14C datings (Mercone et al. 2000) (calibration
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details in the caption of Fig. 1a). It is corroborated by three further
calibrated AMS14C datings, correlated into LC21 from nearby core
SL31 on the basis of high-resolution foraminiferal records (avail-
able on request). Refinement is possible using the established age-
range of 3.57±0.08 ka BP for the Minoan eruption of Santorini
(Bruins and Van der Plicht 1996; Kuniholm et al. 1996), and signal-
correlation with the GISP2 K+ series (see tie-lines between Fig. 1e
and f and discussion).

The record of relative SST changes in LC21 (Fig. 1d) is based
on planktonic foraminiferal abundance data with an average Ho-
locene resolution of �125 years. It represents a relative abundance
(%) plot of ‘‘warm’’ versus ‘‘cool’’ species (cf. Rohling et al. 1997;
De Rijk et al. 1999), based on modern habitat characteristics dis-
cussed in Hemleben et al. (1989), Rohling et al. (1993), Pujol and
Vergnaud-Grazzini (1995), and Reiss et al. (2000). The ‘‘warm’’

group consists of the photosynthetic symbiont-bearing spinose
species Globigerinoides ruber (pink+white), Orbulina universa,
Globigerinoides sacculifer, Globigerinella siphonifera, Globoturbo-
rotalita rubescens, and Globorotalita tenella, with traces of
Hastigerina pelagica and Globigerinella digitata. Today, this asso-
ciation dominates warm and oligotrophic summer mixed layers in
subtropical regions, including the easternmost Mediterranean. The
‘‘cool’’ group comprises the non-spinose species Globorotalia sci-
tula, Turborotalita quinqueloba, Globorotalia inflata, and Neogl-
oboquadrina pachyderma (right-coiling). These lack symbionts,
show a herbivorous feeding preference, and thrive in the cool, more
eutrophic conditions fuelled by upmixing of regenerated nutrients
in winter mixed layers (G. scitula, T. quinqueloba, G. inflata), or in
the previous winters’ water below the summer thermocline N.
pachyderma). Due to small available sample volumes and very low
post �6 ka BP organic carbon contents, there is no supporting
alkenone SST record for LC21. However, previous studies support
the validity of relative SST trends from our basic faunal proxy,
showing similar trends in records based on elaborate statistical
transformations, dinoflagellate abundance data, and Uk’37
(Rohling et al. 1993; Targarona et al. 1997; Cacho et al. 1999,
2000, 2001; De Rijk et al. 1999; Hayes et al. 1999; Paterne et al.
1999).

Absolute calibration of faunal SST proxies remains contro-
versial because of the potential impacts of additional physico-
chemical influences on abundance patterns (e.g. food availability).
In fact the ratio used here would be more aptly described as a
reflection of the prevalence of summer stratification, but since this
is intimately linked to temperature, the ratio can be used to obtain
first-order estimates of SST change. The bulk of the warm, oli-
gotropic, eastern Mediterranean shows very high values above
90%, but certain limited regions show lower values, down to
�70%. Such values are attained in regions of pronounced winter
cooling, with deeper and more intensive winter overturn than in
most of the eastern Mediterranean, and the northern Aegean is
such a region. Figure 2 illustrates that the gradient in warm species
percentage values observed in core-top sediments (Thunell 1978,
1979) closely relates to the present-day winter SST gradient in
the Aegean Sea (Poulos et al. 1997). Core LC21’s location at the
present-day boundary between the cooler Aegean regime and the
warmer Levantine conditions assures a sensitive response in
the SST proxy.

We contend that the Holocene alternation between intervals
with �100% and intervals with �80% scores on our faunal proxy
(Fig. 1d) allows a sufficiently accurate first-order reconstruction of
relative changes in winter temperature/hydrographic conditions.
We simply consider that �100% intervals were characterised by
temperature/hydrographic conditions similar to those in nearby
modern areas where such scores are attained (the Levantine Basin),
and that intervals with scores �80% were characterised by tem-
perature/ hydrographic conditions found in nearby modern areas
with such values in the faunal proxy (the northernmost Aegean)
(Fig. 2).

Frequency analysis for the Holocene part of the GISP2 K+

series was discussed extensively in Mayewski et al. (1997), and the
bandpass components (bpc) of 1450 and 2300 years detected in that
study are presented in Fig. 1f. We here present a similar analysis
for the Holocene Aegean SST proxy. First we linearly interpolated
the record, to read values at evenly spaced intervals of one decade.
Next, we linearly detrended the decadally interpolated data. This
was followed by calculation of a maximum entropy spectrum from
the autocorrelation matrix as determined over N/4 lags. The results
were considered in a logarithmic plot of variance density, and
confidence limits determined using the v2 distribution. A broad
peak was observed at 0.4 cycles kyr–1. Being based on only three
effective cycles, the spectral analysis is not entirely conclusive for
this frequency. In validation, the spacing of the significant corre-
lation maxima in a complete autocorrelation series was considered
(mean spacing: 262 decadal lags between three highly significant
correlation maxima). The bandpass component (bpc) presented in
Fig. 1e is based on a Blackman-type bandpass filter using a window
of 0.4±0.04 cycles kyr–1.

Fig. 1. a Time-stratigraphic framework for Aegean core LC21.
Depth scale adjusted for the 10 cm thickness of the ash layer from
the Minoan eruption of Santorini. Solid line is 2nd order
polynomial fit through all dots, dashed line through solid dots only.
Solid dots represent the seven youngest calibrated AMS14C datings
of clean handpicked planktonic foraminifera from LC21 (Mercone
et al. 2000). The framework presented here also uses a further
dating for LC21, at 242.5 cm (Mercone et al. 2000), with a
calibrated value of 16.66 ka BP. Open dots are similar datings for
nearby core SL31, correlated into LC21 on the basis of high-
resolution foraminiferal records for both cores. All datings were
calibrated with Calib 4.1, the web-based updated version of the
radiocarbon calibration program originally presented by Stuiver
and Reimer (1993). An Aegean reservoir age correction of 150
years is applied (Facorellis et al. 1998). Note that the chronostrati-
graphic frameworks for the two options (one including, one
excluding ages from SL31) are virtually identical. b Interval of
presence of a lake in Oyo depression (NW Sudan), marking the
early Holocene monsoonal maximum. Tapered end schematically
represents the gradual aridification of Oyo Lake (Ritchie et al.
1985); c Oxygen isotope record for the summer mixed-layer dweller
Globigerinoides ruber in LC21 (in& VPDB). Bold line represents 3-
point moving average that reduces noise. The Holocene back-
ground level is approximated at about the mean value of the last 2
kyr covered by the record. An excess depletion (grey) marks the
enhanced freshwater flux into the Mediterranean during the
monsoonal maximum (see Rohling 1999). Black bar indicates
the extent of anoxic sedimentation in LC21 that corresponds to a
widespread early Holocene phase of eastern Mediterranean deep
water stagnation (e.g. Rohling et al. 1993, 1997; Myers et al. 1998;
De Rijk et al. 1999; Hayes et al. 1999; Myers and Rohling 2000;
Mercone et al. 2000, 2001). d Warm-cold plot for LC21, showing
Holocene cool events representing relative winter SST reductions of
the order of 2–4�C (see text). e 2500±250 year bandpass filtering
component through the linearly detrended Holocene portion of the
record shown in d. Between e and f, tie-lines are indicated that
relate peak ‘cold events’ in the bandpass components for the LC21
warm-cold plot and the GISP2 K+ series. The inferred offsets are
corroborated by the (grey band) tie-line for the Minoan eruption of
Santorini (Bruins and Van der Plicht 1996; Kuniholm et al. 1996;
NB. the strong 1623±36 BC sulfate peak in GISP2 cannot further
constrain this correlation, since associated ash-shards are non-
Minoan (Zielinski and Germani 1998)). f Composite of 1450 and
2300 (±10%) year bandpass components through the detrended
Holocene portion of the GISP2 K+ record (solid line) (for
frequency analysis, see Mayewski et al. 1997). g GISP2 K+ ion
series (log-scale). The concentration axis is printed in reverse for
consistency with the other records presented. Grey shows the data
in ppb, black a 200 year moving Gaussian for main trends. hGlobal
D14C record (grey; Stuiver et al. 1998), with definition of long-term
trends by means of a 200-year moving Gaussian (heavy black line).
Long-term positive excursions are highlighted in black. i Atmo-
spheric CO2 concentrations from analyses on Taylor Dome ice
core, Antarctica (Indermühle et al. 1999; Smith et al. 1999)
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3 Nature of Aegean cooling events

The �100% warm fauna in core LC21 resembles that
found today in the southeast Mediterranean Levantine
basin, where minimum SST remains above 16 �C
(Hecht, 1992; Pujol and Vergnaud-Grazzini, 1995; Reiss
et al. 2000). In contrast, the faunas in the cool intervals
are rather similar to those in the present-day northern-
most Aegean (Fig. 2), and tend towards those com-
monly observed in winter in the western Mediterranean
Provençal and Catalan basins where temperatures range
between 12.5 and 14 �C (Pujol and Vergnaud-Grazzini,
1995; Rohling et al. 1995). Winter conditions in the
Aegean Sea are strongly affected by northerly outbreaks
of cold and dry polar/continental air over the basin,
funnelled through the valleys of the rivers Axios (Vardar
zone), Strimon, and Evros, causing minimum tempera-
tures of 12-14 �C in the north to �16 �C in the southerly
site of core LC21 (Theocharis and Georgopoulos, 1993;
Poulos et al. 1997).
We interpret the Holocene cool events in LC21

(Fig. 1d) in terms of long-term (multi-decadal) periods
of increased intensity, duration, and/or frequency of the
winter-time northerly air outbreaks, causing winter
conditions that today are restricted to the northern
sector of the basin to intensify and expand southward
over the Aegean Sea. As a consequence, the northerly
‘‘Aegean type’’ regime significantly affected the SE Ae-
gean site of LC21 during the cool events, while episodes
with �100% warm fauna in LC21 reflect a strong
dominance of southerly ‘‘Levantine type’’ conditions.
This reconstruction implies that the Holocene cool

events were characterised by 2-4 �C winter SST reduc-
tions throughout the Aegean. The inferred magnitude of
the Holocene cooling events compares favourably with
that found with the Uk’37 method for the western
Mediterranean (Cacho et al. 1999; 2000; 2001). Note
that those studies also related the western Mediterra-
nean cooling events to intensified orographically chan-
nelled northerly air outbreaks, supporting the initial
identification of this mechanism’s importance for intense
NW Mediterranean cooling during Atlantic Heinrich
events (Rohling et al. 1998).
Our inference that the Aegean cooling events were

predominantly winter phenomena is corroborated by the
very muted responses in the stable oxygen isotope record
of the summer mixed-layer dweller G. ruber (Fig. 1c).
Short-lived winter cooling events would leave negligible
residual signals in the strongly heated summer mixed
layer, and, in general, the isotope record through the
early-mid Holocene is strongly dominated by changes in
the basin’s hydrological constraints (see Rohling 1999).
We emphasise that both observations in the modern
Aegean Sea (Roether et al. 1996; Klein et al. 1999), and
numerical simulations of eastern Mediterranean palae-
ocirculation (Myers and Rohling 2000), show that even
minor winter SST decreases would have profound im-
pacts on the local hydrography, driving increased rates
of local deep-water formation that impact on ventilation
of the entire eastern Mediterranean.

4 Temporal Relationship Between LC21 and GISP2

Before possible climatic relationships can be discussed,
the event timing and structure of the Aegean SST proxy
record needs to be compared carefully with that of the
GISP2 K+ proxy for winter/spring intensity of the
Siberian High (Fig. 1d-g). The structure of the bandpass
components (Fig. 1e,f) suggests in-phase behaviour of
the main Holocene variability (2.3–2.5 kyr cycle) in the
early Holocene portion of the two records, but shows a
300 to 400 year offset in the middle to late Holocene that
would suggest a minor phase lag (tie-lines between
Fig. 1e and f). However, we argue that these offsets are
not real phase differences, but instead result from minor
inconsistencies in the chronostratigraphic framework of
LC21. This is clearly witnessed by the fact that the age of
the Minoan ash layer in LC21 (�3.9 ka BP) appears too
old by the same 300–400 year difference, relative to its
actual age of 3.57±0.08 ka BP (Bruins and Van der
Plicht 1996; Kuniholm et al. 1996) (dashed line to grey
band through Fig. 1c-g). Since the core has been ade-
quately dated in the interval in question, and since the
dating technique’s analytical precision is an order of
magnitude more accurate than the apparent offsets,
other processes must be considered that could have in-
troduced a bias of up to several centuries in the datings.
The limiting factor on the quality of AMS 14C datings

of foraminiferal shells from sediment samples is not
analytical precision, but the nature of the material dated.

Fig. 2. Map of the Aegean Sea and adjacent Levantine Sea, with
warm species percentage scores following the method discussed in
the text, based on the core-top faunal descriptions of Thunell (1978,
1979). Solid black lines indicate the positions of the present-day 13,
15, and 16 �C surface water isotherms in winter (Poulos et al. 1997)
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Several processes may introduce bias, such as syn-sedi-
mentary admixture of older shells (e.g. eroded from the
basin’s extensive shelf/slope areas), poorly constrained
reservoir-age corrections, or bioturbational admixture of
previously deposited material with more recently de-
posited material. We infer that bioturbation effects were
particularly important in causing the 300 to 400 year
offset in the younger part of LC21 (around the Minoan
ash; see earlier), since there is no such offset for the event
centred at �8.4 ka BP, which resides within an interval
of severe bottom-water dysoxia (sapropel S1) that im-
peded benthic life and so suppressed bioturbation
(Mercone et al. 2001). The actual data (Fig. 1d,g), rather
than the bandpass components, suggest a greatest ap-
parent offset between LC21 and GISP2 of�500 years for
the event centred on 5.5 ka BP in GISP2. The equivalent
event in LC21 marks the eastern Mediterranean reven-
tilation after the S1 stagnant/anoxic deep-water episode
(see Rohling et al. 1997; Myers et al. 1998; De Rijk et al.
1999; Hayes et al. 1999; Mercone et al. 2000; 2001) that
corresponded to the early Holocene monsoon maximum
(Fig. 1b,c). Dated carbonates from this interval are
likely to reflect some admixture of old carbon from
previously stagnant parts of the water column (i.e. the
reservoir age was higher than we have assumed).
These arguments, with particular emphasis on the

discrepancy in the age of the Minoan ash, leads us to
conclude (1) that the apparent age offsets between the
Aegean and GISP2 records are not genuine phase lags
but the result of minor complications in the radiocarbon
framework of LC21, and (2) that the main variability in
the Aegean record highlighted by the bpc consequently
shows a high degree of correspondence in both event
timing and structure with that of theGISP2K+ proxy for
winter/spring intensity of the Siberian High (Fig. 1e,f).

5 Discussion and conclusions

The �1450 year quasi-cyclicity that strongly dominates
the glacial part of the GISP2 K+ record is only weakly
represented in the Holocene (Mayewski et al. 1997). The
Holocene section shows a much more powerful �2300
year cycle (Fig. 1f,g), which is also present in the D14C
residual series (Stuiver and Braziunas 1993; Mayewski
et al. 1997). We find a basic periodicity in the Holocene
Aegean SST proxy record around 2500 year (Fig. 1e).
The Aegean record offers no evidence for a pervasive
�1450 year periodicity such as that described from
Glacial and Holocene ice rafted debris records in the
North Atlantic (Bond et al. 1997; 1999), and from
Holocene drift deposits in the North Atlantic Deep
Water overflow region (Bianchi and McCave 1999). We
consider the widespread dominance of the �1450 year
cyclicity in palaeoclimate proxy records of the last glacial
cycle (overviews in Boyle 1997; Broecker 2000; and ref-
erences therein) to be suggestive of amplified environ-
mental responses, involving the thermohaline circulation
(THC), in a world bound by glacial boundary conditions.

Coral records show that the Northern Hemisphere was
only deglaciated to its present extent by �7 ka BP
(Blanchon and Shaw 1995), and the associated deceler-
ation of sea level change is corroborated by widespread
delta initiation around that time (Stanley and Hait 2000).
The disappearance of the glacial ice would have mini-
mised ice-related feedback processes responsible for
amplified expression of the�1450 year cycle, so that only
North Atlantic sites directly affected by the THC and any
remaining continental ice (Greenland) continued to
record its weak influence through the Holocene (Bond
et al. 1997; 1999; Bianchi and McCave 1999). Virtually
isolated from the influences of the THC and remaining
ice, the Aegean experienced no residual �1450 year
variability during the Holocene, but instead recorded
some fundamental �2300 to 2500 year cycle (Fig. 1d,e).
What is the nature of this roughly 2300 year cycle

observed in both the GISP2 K+ and Aegean SST series?
It is very similar to the �2500 year global cooling cycle
illustrated by Holocene glacier advances in Europe,
N America, New Zealand (Denton and Karlen 1973)
and central Asia (summary in Zhang et al. 2000). It
obviously is not related to any systematic variability in
the atmospheric CO2 record (Indermühle et al. 1999;
Smith et al. 1999; Fig. 1i). Within the interval since 7 ka
BP (i.e. since completion of the deglaciation), however,
there is a good match of each of the �2300 year spaced
events in our records with longer-term peaks in the D14C
residual series, which are associated with triplet D14C
episodes (Stuiver and Braziunas 1989, 1993; O’Brien
et al. 1995; Stuiver et al. 1998; Fig. 1h). This corre-
spondence cannot be explained in terms of THC vari-
ability since THC-intensity proxies are considered to
show variability not of �2300 years but of �1500 years
(Bianchi and McCave 1999). During the early Holocene
prior to 7 ka BP, our records suggest a completely dif-
ferent phase-relationship with the D14C series than after
7 ka BP. We tentatively suggest that this might be a
function of stronger Northern Hemisphere ice dynamics
and associated THC variability prior to 7 ka BP. We
refrain from further speculations in view of the limited
amount of global information that is available about the
Holocene intensity and/or structure of ocean circulation.
Even within the post-7 ka BP interval, the match of

the D14C anomalies and the atmospheric circulation
changes reflected in the GISP2 K+ series is not un-
equivocal when considered in detail (Fig. 1h,g). There
either are small offsets in the age-models for these two
proxies, or changes in the mixing between the various
carbon reservoirs within the circulation/climate system
contributed significantly to the D14C signals (see also
Magny 1993). The latter contribution cannot be resolved
until a truly global synthesis of Holocene ocean/climate
variability is generated, but Bianchi and McCave’s
(1999) recent insight into North Atlantic THC vari-
ability suggests that at least the involvement of that
major system can be discounted. Combining our find-
ings with a previous assessment (Van Geel 1999), and
considering the striking agreement that exists between
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the 10Be (Finkel and Nishiizumi 1997) and D14C records,
we suggest that the global �2300 year cycle in the Ho-
locene reflects a primary forcing mechanism, which
could be anchored in solar variability. Our results sug-
gest that this forcing affected the physical environment
via reorganisation in the atmospheric circulation, con-
ducive to long-term (multi-decadal) enhancement of
winter conditions over the Eurasian continent, with
consistently enhanced pressure in the winter/spring Si-
berian High over decades to centuries and enhanced
polar/continental air outbreaks over the Aegean Sea.
In view of these findings, we call for an in-depth

multi-disciplinary assessment of the potential for solar
modulation of climate on centennial scales. Potential
mechanisms for transmission of solar variability to cli-
mate change were discussed by Van Geel et al. (1999)
and Beer et al. (2000). Moreover, a climate model sug-
gested that in/decreases in stratospheric ozone produc-
tion, due to in/decreases in UV radiation, would lead to
warming/cooling of the lower stratosphere, which in
turn would affect the meridional extent of atmospheric
cells (Haigh 1996). Since this is exactly the type of re-
organisation in the climate system that was inferred
previously to explain the GISP2 ion series (i.e. the Polar
Circulation Index for strength and extent of the polar
vortex; Mayewski et al. 1997) and which is further
supported in the present study, we consider that targeted
investigations of Haigh’s (1996) mechanism are partic-
ularly relevant. As stated also by Magny (1993), ex-
trapolation of the observed natural variability into the
future suggests a high probability for a distinct natural
warming trend over the next few centuries that would
intensify any anthropogenic greenhouse effects.
Finally, we note that our reconstruction (a) signals

the importance of the incorporation of appropriate
modes and time scales of natural climate variability in
models for future climate predictions, and (b) offers
narrow constraints to the timing and sequence of major
Holocene climate events near the Middle East that may
help in constraining the chronologies of archaeological
records from this region.
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