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Millennial to submillennial marine oscillations that are linked
with the North Atlantic’s Heinrich events and Dansgaard–Oeschger
cycles have been reported recently from the Alboran Sea, revealing
a close ocean-atmosphere coupling in the Mediterranean region.
We present a high-resolution record of lithogenic fraction variabil-
ity along IMAGES Core MD 95-2043 from the Alboran Sea that
we use to infer fluctuations of fluvial and eolian inputs to the core
site during periods of rapid climate change, between 28,000 and
48,000 cal yr B.P. Comparison with geochemical and pollen records
from the same core enables end-member compositions to be deter-
mined and to document fluctuations of fluvial and eolian inputs on
millennial and faster timescales. Our data document increases in
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northward Saharan dust transports during periods of strengthened
atmospheric circulation in high northern latitudes. From this we de-
rive two atmospheric scenarios which are linked with the intensity
of meridional atmospheric pressure gradients in the North Atlantic
region. C© 2002 University of Washington.
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INTRODUCTION

Paleoclimatic records from a wide range of marine and terres-
trial archives document rapid fluctuations during the last glacial
and provide compelling evidence that the so-called Dansgaard–
Oeschger (D/O) oscillations and Heinrich cold events (HE) were
of global significance (i.e., Leuschner and Sirocko, 2000). This
millennial-scale variability has been attributed to instabilities in
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the ocean thermohaline circulation and associated marine heat
transports (Broecker, 1994; Zahn et al., 1997). While the driv-
ing force behind these oscillations remains unclear, evidence
is mounting that sporadic meltwater injections to the Atlantic
Ocean, perhaps with a stochastic component, may play a pri-
mary role in causing these ocean–climate swings (Boyle, 2000;
Ganopolski and Rahmstorf, 2001).

Besides a probable ocean component, atmospheric circula-
tion changes have also been suggested as a possible mechanism
to explain the close correlation of the millennial ocean and cli-
mate signals over long distances. Indications of an intensified
atmospheric circulation during cold stadial periods is contained
within dust records from the Greenland ice cap (Mayewski et al.,
1994) as well as in paleoceanographic records that document
monsoonal variability (Leuschner and Sirocko, 2000; Schulz
et al., 1998) and the Chinese loess record (An, 2000; Porter
and Zhisheng, 1995). The apparent interhemispheric coupling
in conjunction with the indication of rapid reorganizations of at-
mospheric circulation (Fuhrer et al., 1999) may imply a global
atmospheric signal superimposed on regional climatic changes,
themselves caused by thermohaline switches or ice dynamics.

In view of the increasing paleoclimatic database and, in partic-
ular, because of their potential societal relevance, it becomes in-
creasingly important to better understand the underlying mech-
anisms that drove the D/O cycles and to gain better control on

the timing and potential asynchrony of these climatic oscilla- determined without the dating uncertainties that are normally

tions between low and high latitudes (Peterson et al., 2000).

FIG. 1. Location of IMAGES core MD 95-2043 in the Alboran Sea. Black arrows indicate the mean positions of north-westerlies and thick arrow represents

encountered in studies where such records are derived from
dust-bearing Saharan winds. Present-day oceanographic circulation is represente
Saharan dust samples were recovered. The grey cloud represents a typical dust ou
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Because of its midlatitude position the Mediterranean region
is a key location to investigate climatic connections between
high and low latitudes. In addition, its landlocked nature in con-
junction with the only limited water exchange with the open
ocean makes the Mediterranean Sea particularly sensitive to en-
vironmental changes. Recent studies of marine and lacustrine
sediment records from the Mediterranean area have shown a
strong correlation with the Greenland ice-core records (Allen
et al., 1999; Cacho et al., 1999; Sánchez-Goñi et al., 2002).
For instance, the indication of rapid changes of deep-water con-
vection in the western Mediterranean at the pace of the North
Atlantic D/O cycles has been used to infer likewise rapid changes
of northwesterly winds which are the main forcing mechanism
for thermohaline overturn in the region (Cacho et al., 2000).
These studies demonstrate that Mediterranean climates and ma-
rine circulation on millennial scales were closely coupled with
the North Atlantic ocean–atmosphere system.

IMAGES Core MD 95-2043 in the Alboran Sea, western-
most Mediterranean, is located at a midlatitude position that is
influenced by high-latitude and subtropical wind systems and
thus provides the unique opportunity to study phase relations
of millennial-scale climate variations between low and high lat-
itudes (Fig. 1). Paired records of grain-size and geochemical
variability together with pollen records along this core enable
temporal relations between marine and terrestrial systems to be
d by dashed arrows. Also shown is the location of the station were present-day
tbreak over the Western Mediterranean.



our interpretations obscured by processes that are unrelated to
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several cores or archives. This allows a better understanding of
the underlying mechanisms that drive millennial-scale climatic
variability.

STUDY AREA

The Mediterranean Sea acts as a concentration basin in which
evaporation exceeds freshwater input through precipitation
and runoff (Béthoux, 1979). The Alboran Sea constitutes the
Mediterranean’s westernmost basin and through the Strait of
Gibraltar provides the gateway for water exchange with the At-
lantic (Fig. 1). Summertime climates usually are dry and hot
in this region due to the influence of the atmospheric subtropi-
cal high-pressure belt (Sumner et al., 2001). During winter the
subtropical high is shifted to the south, allowing midlatitude
storms to enter the region from the open Atlantic and bringing
enhanced amounts of rainfall to the Mediterranean. Anomalous
torrential rainfalls occur during this season in response to se-
vere storms that are generated locally by extreme atmospheric
convective overturn (Romero et al., 1999). Much of the present-
day climate variability in this region on a decadal timescale has
been linked to a natural mode of atmospheric pressure varia-
tion, the North Atlantic Oscillation (NAO; Rodó et al., 1997).
NAO activity is indexed as the difference between normalized
winter sea-level atmospheric pressure between the Azoric high-
pressure and Icelandic low-pressure cells such that a high NAO
index is derived from a strong meridional pressure gradient that
results in the North Atlantic depression tracks to follow a more
northerly route. During low NAO index years, northwesterly
winds are weaker and are guided to midlatitudes, thus bring-
ing higher precipitation to the Mediterranean and large areas
of North Africa. There is increasing observational evidence for
some degree of interlinking between the NAO variability and
North Atlantic physical circulation so that an influence of North
Atlantic thermohaline circulation on regional weather patterns
cannot be ruled out (Hurrell, 1995; Dickson, 1997).

The interplay between Saharan air masses and the Azoric
high-pressure cell constitutes another meteorological pattern
that defines Mediterranean climates. Evaluation of back tra-
jectories and isobaric meteorological maps shows that Sahara
air masses dominate the Mediterranean region whenever the
Azores High is displaced westward and the North African High
is strengthened and centerd over Algeria (Rodriguez et al., 2001).
The development of summertime thermal lows over the Iberian
Peninsula apparently stimulates this meteorological setting
through intense heating of the land surface.

The contribution and deposition of terrigenous sediments in
the Alboran Sea is closely linked with the regional meteorolog-
ical patterns. Primary routes for the transportation of lithogenic
particles to the Alboran Sea is through fluvial sediment transport
and airborne dust. Supply of fluvial particles from the southern
Iberian Peninsula is favored by torrential local rainfalls and a
scarce vegetation cover that supports surficial erosion, while flu-
vial sediment transport from the northern African margin seems
to be negligible (Fabrés et al., 2002). Eolian transport of dust

from the Sahara is well known as an important contributor to
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marine sediments and the northward and north-eastward trans-
port of dust off North Africa seems almost as important as the
dust flux into the Atlantic (Ganor and Foner, 1996). Saharan
dust deposition over the western Mediterranean has been esti-
mated at 9–25 t · km−2 · yr−1 which represents 10–20% of the
recent deep-sea sedimentation (Guerzoni et al., 1997). An eo-
lian sedimentation rate of 23 g · m−2 · yr−1 has been reported for
continental southeastern Iberia (Dı́az-Hernández and Miranda
Hernández, 1997), equivalent to 12% of the lithogenic parti-
cle flux recently collected in a sediment trap experiment in the
Alboran Sea (Fabrés et al., 2002). These results underscore the
importance of eolian sediment supply as an inherent component
of Alboran Sea sediments and its value as tracer of regional
climate variability during the past.

MATERIAL AND METHODS

IMAGES Core MD 95-2043 was retrieved in 1995 in the west-
ern Alboran Sea (36◦8.6′N; 2◦37.3′W) at a water depth of 1841 m
(Fig. 1). We use the age model that was developed by Cacho et al.
(1999) for this core, which is derived from graphically correlat-
ing the down-core UK′

37 sea surface temperature (SST) record with
the D/O climatic cycles displayed in the Greenland GISP2 ice
core δ18O record (Meese et al., 1997). According to this age mo-
del the records presented in this study, from 1025 to 1585 cm core
depth, span the time interval from 28,000 to 48,000 cal yr B.P.

Grain-size distribution was measured at 5-cm intervals after
removing organic matter from the bulk sample through oxida-
tion with 10% H2O2 and leaching the carbonate fraction with
an ammonium acetate solution that was buffered at a pH of 4.0.
Sediment samples with and without the carbonate fraction were
analyzed with a Coulter LS 100 Laser Particle Size Analyser
(CLS), which determines particle grain sizes between 0.4 and
800 µm. CLS precision and accuracy were tested by several
control runs using latex micro-spheres with a defined diame-
ter. The high precision (reproducibility) of the measurements is
demonstrated by small variations in the mean diameter (0.97%
of variation) and in the standard deviation (1.37% of variation).
Accuracy of the measurements as indicated by the relative depar-
ture from the nominal mean diameter is 0.30%, corresponding
to absolute deviations between 0.09 and 0.34 µm. Additional
test runs were performed using microsphere assemblages with
mixed grain-sizes to ensure the CLS accurately determines poly-
modal grain-size distributions.

To aid in the interpretation of the grain-size records, we mod-
eled end-member grain-size distributions using the down-core
CLS measurements and applying the numerical–statistical al-
gorithms developed by Weltje (1997; see also Prins and Weltje,
1999). Grain-size end-members represent a series of fixed sed-
iment grain-size compositions that can be regarded as discrete
subpopulations within the data set from all analyses. We de-
rived grain-size end-members from data that were obtained from
carbonate- and organic-fraction-free samples so as to not have
lithogenic sediment transport and deposition.



L
SAHARAN DUST AND C

We obtained control values for present-day eolian dust grain
sizes from a sample collected during a red rainfall event (March
24, 1991) at La Castanya (Montseny Mountains, 41◦46′N,
2◦21′E; Fig. 1). The sample was filtered with Millipore 0.45-µm
pore-size filters, dried at 100˚C, and analyzed with the CLS
(Avila, 1996).

Chemical analysis of the sediment samples was performed
through X-ray fluorescence using a Philips PW 2400 sequential
wavelength disperse X-ray spectrometer. Prior to analysis all
samples were ground and homogenized in an agate mortar. Glass
discs were prepared for major element determination by fusing

about 0.3 g of ground bulk sediment with a Li-tetraborate flux.
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FIG. 2. Time series of (a) SST estimation based on Cacho et al. (1999) and grain-size parameters: (b) median (non-carbonate fraction), (c) median (total

Cacho et al. (1999) (Fig. 2a). The median of the two sets of
fraction), (d) “Eolian Sortable Silt” (ESS) content, and (e) sorting. HE and D/O st
et al., 1997), and D/O interstadial periods are indicated by numbers. Arrows mark
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Analytical accuracy was checked by measuring international
standards. Precision of individual measurements was better than
0.8% as determined from replicate analyses of samples.

RESULTS

Grain-Size Distribution

The SST record along IMAGES core MD95-2043 displays
millennial-scale variability that is closely related to the Green-
land ice-core D/O cycles, as has been previously reported by
adial periods are indicated by shaded bars following GISP2 age model (Meese
correlation of grain-size maxima and cold stadial periods.
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samples analyzed, with and without carbonate, is calculated and
plotted versus age (Fig. 2b, 2c). This median represents the grain-
size distribution midpoint. The different pattern of both records
prevents any common interpretation in terms of transport mech-
anisms. Median grain size of the carbonate-free fraction varies
between 4 and 11 µm, with maximum grain sizes occurring dur-
ing the HE (Fig. 2b). The correlation with the D/O cyclicity is
best developed in this record in the interval between HE3 and
HE4, 29–40 cal yr B.P.

The Eolian sortable silt (ESS) fraction has been defined by
McCave et al. (1995) as the percentage of the sediment in the
7- to 63-µm size range. ESS represents the sediment fraction
susceptible to be transported by wind whereas the size fraction
below 7 µm is influenced by particle scavenging through rainfall
without a measurable size dependence (McCave et al., 1995).
In our records there is no indication of a significant lithogenic
component in the sand fraction >63 µm, and thus we use the
entire sediment fraction >7 µm as representing the ESS. The
results obtained show a pattern of variation similar to the pre-
vious grain-size parameters for the terrigenous fraction, that is,
closest correlation with the D/O pattern in the period between
HE4 and HE3 (Fig. 2d).

Another grain-size parameter that we consider in this study
is the sediment sorting index as defined by McManus (1988)
(Fig. 2e). The record reveals cyclic variations from poorly sorted
sediment during colder periods to better sorting during warmer
periods. Such correlation is in conflict with previously reported
data that demonstrate enhanced sediment grain-size sorting dur-
ing periods of increased eolian sediment contribution (i.e., Lamy
et al., 1998).

Grain-Size End-Member Model

Estimating the number of end-members. End-member mod-
elling of grain-size distributions has been carried out to improve
our interpretation of the observed grain-size variations. To esti-
mate the minimum number of end-members required for a sat-
isfactory approximation of our grain-size data, the coefficient of
determination, r2, was calculated. This coefficient represents the
proportion of variance of each grain-size class that can be re-
produced by the approximated data (Weltje, 1997; Prins and
Weltje, 1999). r2 when plotted against grain size allows for
several end-member solutions to be determined (Fig. 3). With
the two end-member model (r2 mean = 0.5; Fig. 3c) only the
fractions between 3 and 5 µm and 20 and 40 µm are ade-
quately explained (r2 > 0.8). In the three end-member model
(r2 mean = 0.81) the majority of grain-size fractions are well
reproduced. The mean coefficient of determination increases
only slightly for models with more than three end-members.
Thus, the goodness-of-fit statistics suggests that the three-end-
member model provides a reasonable solution in that it also
fullfills the requirement of a minimum number of end-

members and reproducibility (Prins and Weltje, 1999; Weltje,
1997).
ET AL.

Grain-size distribution and interpretation of end-members.
The three end-members that we obtained are different in that the
coarser end-members (EM1 and EM2) have a dominant mode
and a well-sorted distribution whereas the mode of the finer
end-member (EM3) is badly defined (from 3 to 9 µm), which is
indicative of a poorly sorted distribution (Fig. 3). Interpretation
of the end-members is not straightforward and needs the con-
sideration of the most likely mechanisms that may have acted
during transport and deposition of the lithogenic sediment parti-
cles (i.e., sorting by bottom currents as well as eolian and fluvial
transportation processes).

Analysis of current meter data obtained in the Alboran Sea
illustrates the lack of strong deep-water currents in the area.
According to these measurements western Mediterranean deep
water (WMDW) at present flows at an average of 3–4 cm · s−1;
maximum flow speeds in average may reach 20 cm · s−1 (Fabrés
et al., 2002). Following McCave et al. (1995) we have compared
the carbonate-free grain-size record and the grain-size record of
the total sediment fraction (Fig. 2b, 2c). The very different struc-
ture of the two records excludes bottom currents as a primary
sorting mechanism at the site of our sediment core during the
time period considered here. We can thus safely conclude that
the grain-size variations represented by the three end-members
are reliable indicators of differences in origin of the terrigenous
particles contributed to the core site.

Airborne dust in deep-sea sediments is generally believed
to be contained in the sediment fraction >6–7 µm (Sarnthein
et al., 1981). We use the present-day Saharan dust grain-size
distribution from the red rainfall event in 1991 as a reference
for comparison with the three end-members that we infer from
our down-core grain-size data (Fig. 3d). The grain-size distribu-
tion of this specific Saharan dust sample is very similar to the
results reported by Guerzoni et al. (1997) for the Mediterranean
region. The mode of the sample of 10–15 µm is very close to the
mode of EM1 and quite similar to EM2. Along the core the EM2
is dominant throughout (≈60% average; Fig. 3e). Therefore, it
seems unlikely for EM2 to represent eolian dust. This interpreta-
tion can be tested by calculating the eolian flux using an average
sedimentation rate of 0.034 cm · yr−1 that is implied by the age
model of the core (Cacho et al., 1999). The resulting EM2 flux
of ≈90 g · m−2 · yr−1 is some four times higher than the dust flux
measured by Dı́az-Hernández and Miranda Hernández (1997)
in southern Iberia. Therefore, EM2 is unlikely to be indicative of
eolian input. EM1 much better represents the variability of eo-
lian input as its relative contribution and flux values of 12% and
18 g · m−2 · yr−1 respectively are in the range of modern values.

EM3, with a median size <6 µm, likely represents the finest
sediment supplied by rivers. Irregular and intense winter pre-
cipitation events characteristic of the Alboran Sea’s northern
watershed, in combination with the scarce vegetation cover, mo-
bilize large amounts of silt-sized sediments that are finally trans-
ported to and deposited in the Alboran basin. The intermediate

end-member (EM2) may also result from the watershed of the
Alboran Sea when rains are strong. Torrential rains could lead
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FIG. 3. End-member modelling results of grain-size data of core MD 95-2043. (a) Maximum, mean and minimum frequencies recorded in each size class;
(b) coefficients of determination (r2) plotted against grain-size for different end-member solutions (2, 3, 4, 5 and 10 EM); (c) mean coefficient of determination

versus the number of end-members (see text for explanation); (d) grain-size distributions for the end-members of the three end-member solution. Present-day

a
Saharan dust grain-size distribution is also shown. (e) Time series of EM1, EM2

to the presence of coarser fluvial particles in the sediments in
response to more vigorous continental runoff. Therefore, both
EM2 and EM3 likely represent fluvially transported sediments,
one related to the finest fraction and the other to the coarser silt
particles supplied to the basin after torrential rains.

Our interpretation of the three end-members is in agreement
with the sorting index record (Fig. 2e) in that periods with fre-
quent eolian events are coeval with poorly sorted terrigenous

sediments because of the apparent mixing between eolian and
fluvial particles (clearly shown for HE4). Therefore, the down-
nd EM3 relative abundance.

core particle size distribution agrees well with the hypothesis
of a sustained fluvial sediment input during the period 48,000–
28,000 cal yr B.P. that was punctuated occasionally by pulses of
enhanced eolian contributions.

Si/(Si + K) Index for Fluvial versus Eolian Inputs

Saharan dust is well know for its elevated quartz contents

(Guieu and Thomas, 1996), thus enabling silicon (Si) abun-
dances to be used as an indicator of dust input. Since biogenic
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FIG. 4. MD 95-2043 time series of wind- and aridity-related proxies: (a) proportional contribution of the eolian end-member, (b) Si/(Si + K) ratio, (c) alcohol
k

index n-hexacosanol/(n-hexacosanol + n-nonacosane) from Cacho et al., (2000),
with (e) the Polar Circulation Index (PCI) calculated in GISP2 ice core (Mayews

opal contents are very low in Alboran Sea sediments (Masqué
et al., 2002) we assume here the total Si content of the bulk sedi-
ments to represent the total terrigenous input. Fluvially delivered
clays, notably illite, are potassium (K) enriched and thus we ap-
ply the Si/(Si + K) ratio as an index to assess the relation between
eolian and fluvial sediment contributions. The Si/(Si + K) index
is expected to be related to the mixing between the eolian and
fluvial components as well as variations in the grain-size of the
terrigenous material.
The Si/(Si + K) index along core MD95-2043 follows the
same pattern of variation as the grain-size records in that the
and (d) steppic vegetation abundance from Sánchez-Goñi et al. (2002) compared
i et al., 1994).

Si/(Si + K) maxima correlate with maximum values in the eo-
lian end-member EM1 during the cold phases of the D/O cycles,
a pattern that is particularly well developed during the time in-
terval 28,000–40,000 cal yr B.P. (Fig. 4a, 4b). To date there is
no evidence reported of changes in the extension of the Sahara
desert belt at millennial timescales. Therefore, from our data we
cannot distinguish between increases of wind intensity as the ul-
timate cause for increased Si/(Si + K) values or expansion and
increasing proximity of Saharan dust sources during the D/O

stadials. However, modeling studies consistently indicate that
the changes dust deposition off Africa are primarily driven by
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dust transport and not so much by increased aridity in the dust
source region (Mahowald et al., 1999). We take this as circum-
stantial evidence that both proxies, the EM1 and the Si/(Si + K)
ratio primarily monitor changes in eolian dust transport driven
by varying wind intensity.

DISCUSSION

Past terrigenous input of lithogenic components to the
Alboran Sea are the result of eolian and fluvial sediment sup-
ply. The records of both components along IMAGES Core MD-
95-2043 exhibit a millennial-scale cyclicity that shows a close
structural relation to D/O climatic cyclicity seen in the Greenland
ice core records. Comparison of the grain-size and geochemical
records from core MD95-2043 with the down-core variability of
other marine and terrestrial proxies along the same core enables
to investigate the timing and the mechanisms involved in these
millennial climatic changes.

Glacial-Wind Regimes in the Western Mediterranean Region

Abrupt changes occur within the grain size and geochemi-
cal records that suggest higher dust transports from the Saharan
region to the Alboran Sea occurred during cold stadial periods
of the D/O cycles (Fig. 4a, 4b). Similar increases in dust (and
salt) transport are documented in the Greenland ice records, no-
tably the Polar Circulation Index (PCI, Fig. 4c; Mayewski et al.,
1994) which suggests an intensification of the Northern Hemi-
sphere atmospheric circulation during the cold stadial phases, a
contention that is further supported by coeval increases in loess
deposition in Asia (An, 2000; Porter and Zhisheng, 1995) and by
monsoon records (Leuschner and Sirocko, 2000; Schulz et al.,
1998). Within the Western Mediterranean Sea, similar inten-
sification of wintertime northwesterly winds has been inferred
that resulted in an increased rate of formation of WMDW (Cacho
et al., 2000; Rohling et al., 1998). Such changes in WMDW ven-
tilation are particularly well documented in the down-core record
of the alcohol index along core MD95-2043 (Fig. 4c; Cacho
et al. 2000). This index represents the relationship between two
molecular biomarkers (n-hexacosanol and n-noncacosane) that
have the same terrestrial source but follow different pathways of
degradation behavior in the water column and sediments. Com-
parison of Saharan wind proxies (Fig. 4a, 4b) with those from
higher latitude wind systems (Fig. 4c, 4e) illustrates the co-
occurrence of increased wind strength during the cold phases
over a wide latitudinal range. We can thus infer that both wind
systems, the high-latitude northwesterlies and the low-latitude
Saharan winds, display a similar pattern of variation during
the last glacial period. Together with a coeval intensification
of atmospheric transports over Greenland, this suggests a close
mechanistic linking of glacial atmospheric circulation across the
latitudes.

At present, atmospheric pressure gradients over the North

Atlantic region that are driving the NAO system exert primary
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control on dust transports from the Saharan region, with dust
transports being increased during phases of increased pressure
gradients (high-NAO index; Moulin et al., 1997). On NAO-
related timescales, variations in Sahel rainfall over the last cen-
tury are highly correlated with colder SST in the North Atlantic
Ocean (Folland et al., 1986) thus pointing to an ocean–climate
teleconnection between the high and low latitudes. Similar links
between North Atlantic oceanography and climatic conditions
over the Sahel zone have been observed for Holocene period
in paleoclimatic records. A coexistence of cold North Atlantic
and warm South Atlantic SST with periods of severe drought in
the Sahara zone is documented in several paleoclimatic records
from continental Africa (Lamb et al., 1995; Street-Perrot et al.,
2000). In addition, numerical modeling points to a close link-
ing between cold North Atlantic SST and mean annual cooling
and increased aridity in subtropical Africa (deMenocal, 1995).
Cooling of North Atlantic SSTs also strengths the subtropical
Atlantic high-pressure cell, thus causing dust transports from
the Saharan desert to be increased. A range of paleoclimatic
evidence points to an increase in Sahelian aridity and merid-
ional dust transports during periods of colder SST in the North
Atlantic.

Our records provide compelling evidence that this cross-
latitudinal teleconnection also operated during the last glacial
period and that it was particularly sensitive to the D/O climatic
oscillations. In fact, evidence has been presented that the de-
creased northward marine heat transport during HE and the
cold D/O stadial periods resulted in a warming of the tropi-
cal Atlantic (Rühlemann et al., 1999) thereby increasing the
meridional temperature gradient between the cold high-latitude
and the warm tropical Atlantic. Applying the modern concepts
of atmospheric circulation and environmental controls on at-
mospheric pressure gradients, this should have resulted in an
increased intensity of the northwesterly wind system (Schiller
et al., 1997). The invasion of extremely cold surface waters
during these periods into the Mediterranean Sea (Cacho et al.,
1999) would have further enhanced the influence of the north-
westerlies on western Mediterranean climates. These meteo-
rological conditions would have caused enhanced aridity
(Street-Perrot et al., 2000), more intense Saharan winds (Moulin
et al., 1997) and, ultimately, increased meridional transport
of Saharan dust to the Alboran Sea. The potential role of such
a mechanism for driving glacial climatic variability at millennial
timescales has been postulated in several studies (i.e., Sánchez-
Goñi et al., 2002) but the details remain unclear because the
influence of the large glacial ice caps over North America and
Europe also play a part in modifying the atmospheric dynamics
over the North Atlantic region. Nevertheless, the sedimento-
logical and geochemical records of core MD95-2043, notably
their linking with atmospheric circulation patterns, suggest that
NAO-type atmospheric patterns may have caused the down-
Alboran Sea.
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Glacial-Precipitation Patterns in the Western
Mediterranean Sea

Climatic conditions in the Alboran borderlands during the
last glacial period have been studied previously using pollen
records from core MD95-2043 (Sánchez-Goñi et al., 2002). Os-
cillations of atmospheric moisture contents between more arid
and more humid conditions have been inferred from alternat-
ing dominance of steppic pollen taxa during the cold D/O sta-
dial periods and deciduous and evergreen Quercus pollen dur-
ing the warmer D/O interstadial periods. Arid conditions were
especially extreme during the HE that constitute the most ex-
treme cold events, as is illustrated by the maximum abundance
of steppic or semidesert vegetation pollen (Artemisia, Chenopo-
diaceae, Ephedra) (Fig. 4d). These vegetation changes occurred
rapidly, within 150 yr or less, and occurred in parallel with se-
vere cooling of Alboran SST. Sánchez-Goñi et al. (2002) have
proposed that a glacial atmospheric oscillation similar to the
present-day NAO system was the primary driving force behind
pluvial conditions on the Iberian Peninsula. It thus appears con-
ceivable to infer that arid and cold climatic conditions that are
documented in our records during the D/O stadial periods were
caused by a rapid and prolonged change in atmospheric patterns
at were similar to today’s high NAO index patterns. Such in-
rences are further supported by pollen records from terrestrial
s that controlled the Alboran record during HE and D/O stadial periods.

sequences in Italy and Greece that show a dominance of dry con-
ditions during D/O stadial periods over the entire Mediterranean
region (Allen et al., 1999; Tzedakis, 1999). The correlation of
our proxies of wind intensity and pollen data points to southern
Iberia aridity variations in association with transport intensity
changes as the most viable candidates to explain the D/O vari-
ability in our record (Fig. 5).

CONCLUSIONS

Geochemical records of terrigenous contributions to the
Alboran Sea sediments have been established along IMAGES
Core MD95-2043 to evaluate the variation of fluvial versus eo-
lian inputs during the last 28,000–48,000 cal yr B.P. The records
display a down-core variability that is similar in structure to the
D/O climatic variability seen in the Greenland ice-core records.
The data indicate an increase of Saharan wind intensity during
D/O stadial periods and the Heinrich events. Existing pollen
records along the same core, notably increased abundances of
steppic pollen taxa, indicate enhanced aridity on the southern
Iberian Peninsula during these periods. This combined proxy
pattern provides compelling evidence for a highly sensitive re-

sponse of the low-latitude atmospheric system to the D/O cli-
matic cycles.
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We suggest that the observed proxy pattern is best explained
by a variability in wind systems and precipitation patterns over
the Mediterranean region that was driven by rapid switches
between two modes of atmosphere circulation over the North
Atlantic region. In one mode atmospheric pressure gradients in
the North Atlantic region were high so that northwesterly wind
intensity over the Mediterranean area was increased. This mode
would arise in response to decreased North Atlantic SST that
was driven by a slowdown thermohaline overturn and decreased
northward marine heat transport during D/O stadial periods and
the Heinrich events. This would have favored both drier condi-
tions and more intense Saharan winds, which ultimately resulted
in increased meridional transport of Saharan dust. We therefore
suggest that records of eolian and fluvial sediment supply that
we generated for the Alboran Sea are best explained by an at-
mospheric pressure gradient seesaw similar to today’s North
Atlantic Oscillation system. This glacial atmospheric oscilla-
tor operated on a millennial timescale causing prolonged states
of climate that are very similar to the much shorter periods of
today’s NAO extremes.
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