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Figure 1. A: Location of study area of Dead
Sea (DS) and Greenland Ice Sheet Project 2
(GISP2) core. Trajectories of rain-bearing air
masses are shown as dotted gray lines. B:
Maximum extent of paleo–Lake Lisan in
brown. Sites mentioned in text: MSD—Mas-
sada; PZ—Perazim. C: Polished sample of
Lisan sediments. Varve comprises dark clas-
tic sublaminae deposited during winter
floods and overlying light-colored aragonite
sublaminae inorganically precipitated during
summer. D: Depth vs. age plot of Lisan sam-
ples. Zero point of 17.7 6 1 calendar (cal.) ka
was used to anchor floating varve chronol-
ogy. Bars indicate radiometric dates: black is
radiocarbon and red is U-Th. Bar lengths in-
dicate 2s errors.

ABSTRACT
Documentation of short-term climate variability during the

glacial period has been limited by the availability of well-dated
high-resolution archives. Here we present a paleoclimate recon-
struction from varved lacustrine sediments of Lake Lisan, Dead
Sea Rift, for ca. 26.2–17.7 (calendar) ka. The age is based on a
floating varve chronology anchored to radiometric dates. Our re-
construction indicates that small ice-rafting events (a, b, c, and d),
as well as Heinrich events in the North Atlantic, are associated with
the Eastern Mediterranean arid intervals. Study of seasonal sub-
laminae yields evidence of several additional decadal- to century-
scale arid events that correlate with cooler temperatures at higher
latitudes. Analyses in the frequency domain indicate the presence
of periodicities centered at 1500 yr, 500 yr, 192 yr, 139 yr, 90 yr,
and 50–60 yr, suggesting a solar forcing on climate.

Keywords: paleoclimate, Heinrich events, Near East, solar forcing,
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INTRODUCTION
Detailed investigations of the Greenland ice cores (e.g., Dansgaard

et al., 1993; GRIP Members, 1993; Grootes and Stuiver, 1997) and
ocean sediments (e.g., Bond et al., 1997; Bard et al., 2000) have shown
that the last glacial period was marked by millennial-scale climate os-
cillations, termed Dansgaard-Oeschger (D-O) events, which are at
times overprinted by Heinrich (H) events—ice armadas launched dur-
ing the most intense cold phase preceding the D-O cycles (Bond et al.,
1997). The role of solar forcing on the millennial-scale climate changes
during the glacial period has attracted considerable attention (May-

ewski et al., 1997; van Geel et al., 1999). However, a lack of high-
resolution archives comparable to the Greenland ice cores has limited
geoscientists’ ability to document and understand climate instability on
decadal time scales during the late Pleistocene. With a view to studying
short-term climate variability in the Eastern Mediterranean, we have
carried out detailed investigations on the varved sediments comprising
the upper member of the Lisan Formation, deposited (Haase-Schramm
et al., 2004) between ca. 26.2 and 17.7 calendar (cal.) ka in Lake Lisan,
the late Pleistocene precursor of the Dead Sea.

STUDY AREA AND METHODOLOGY
Much of the catchment area of Lake Lisan comprises Mesozoic

and Cenozoic limestones and dolomites and Neogene–Quaternary ba-
salts. A majority of the winter storm tracks that reach the northern and
central parts of Israel originate in the Atlantic Ocean and pass over
northern and central Europe (Rindsberger et al., 1983) (Fig. 1A); the
warm Mediterranean Sea acts as a secondary center for cyclone for-
mation and moisture uptake during winter (Wigley and Farmer, 1982).
In summer the belt of moist westerly winds shifts northward, and the
subtropical high-pressure area with its subsiding air brings warm and
dry conditions to the region. The stability of the present climate in the
Eastern Mediterranean must also be considered in the context of the
North Atlantic Oscillation (NAO) (Cullen and deMenocal, 2000)—a
seesaw of atmospheric pressure difference between the Icelandic low
and the Azores high that dominates the present-day wintertime tem-
perature and precipitation across the Atlantic and the Eastern Mediter-
ranean (Hurrell, 1995).

For this study, we sampled the upper member of the Lisan For-
mation located beneath the archaeological site of Massada (Fig. 1B).
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Figure 2. Comparison of Lisan (L) data with oxygen isotope record
from Greenland Ice Sheet Project 2 (GISP2); pairs of lines in each
plot represent data in 20 yr (thin colored line) and 100 yr (thick gray
line) bins. Drier events in Lake Lisan (and colder events in GISP2
record) are marked in yellow, and interstadial 2 (IS-2) peaks are in
blue. Decadal-scale events are shown by thin dotted lines. Scale for
higher-resolution data is on left axis, and scale for coarser-resolution
data (thick gray line) is on right axis. A: GISP2 oxygen isotope data
(from Quaternary Isotope Laboratory, University of Washington). B:
Clastic percentages in Lake Lisan sediments; peaks indicate aridity.
Major boundaries of climate change are marked by black arrows in
both A and B. Gypsum layer (light gray band in B–C) at top of Lisan
section has been correlated with Heinrich 1 (H1) event; position of
other ice-rafting events in North Atlantic (a, b, c, d, and H2) that
correlate with drying events in Lake Lisan are shown in C. Small
green triangle on left axis in B and C indicates average value of
parameter for entire interval.

This member consists of laminated aragonite and silty detritus that
were deposited continuously during a highstand of the lake (Bartov et
al., 2003). The studied section is topped by a gypsum layer that was
deposited during an arid episode, marking a decrease in freshwater
input to the lake and lake-level decline (Stein et al., 1997). The varves
(Fig. 1C) are composed of seasonally deposited clastic and aragonite
sublaminae. The dark clastic sublaminae, deposited during winter
floods, consist mainly of fine- to medium-silt–sized and sand-sized
quartz and calcite, clay, dolomite, and rare feldspars. The white ara-
gonite sublaminae were precipitated from the upper layer of the lake
during summer evaporation. Their formation requires inflow of

into the lake from the catchment area during winter floods (Stein2HCO3

et al., 1997). The relationship between the thickness of the seasonal
summer and winter sublaminae reflects subtle shifts in limnological
conditions and the proximity to the shoreline (Schramm, 1997). In arid
intervals, the reduced inflow of during winter results in thinner2HCO3

aragonite (summer) sublaminae, but the relative proximity of the site
to the shoreline also results in the deposition of thicker clastic (winter)
sublaminae, causing the varves to be relatively clastic rich. The reverse
situation, i.e., relatively lower clastic sublaminae thickness and in-
creased aragonite precipitation, is seen during periods of higher lake
levels and distal shorelines. Because the intraannual shifts reflect cli-
mate variations, we have expressed the seasonal sublaminae thickness-
es as percentages of the total varve thickness.

The chronology of the studied section of the Lisan Formation is
based on a floating varve chronology (see Appendix DR11 for details)
anchored to U-series data and accelerator mass spectrometry 14C dates
on organic macrofossils. The latter have been calibrated with the Calib
4.3 program (Stuiver et al., 1998). The sample at 4.28 m depth (beyond
the range of Calib 4.3) has been calibrated by using the data available
in Schramm et al. (2000). The upper gypsum layer, a prominent re-
gional stratigraphic marker found at both Massada and Perazim, is
correlated with the H1 event (Haase-Schramm et al., 2004). The U-Th
age of the sample directly underlying this gypsum layer at Perazim,
correlated with the top of the studied section at Massada, is 17.4 6
0.8 cal. ka. The weighted linear-regression fit to the radiometric dates
provided the zero point of 17.7 6 1 cal. ka (2s) for anchoring the
floating varve chronology.

The data are grouped into bins of 100 yr and 20 yr to facilitate
comparison with the Greenland Ice Sheet Project 2 (GISP2) d18O rec-
ord (Grootes and Stuiver, 1997; Stuiver and Grootes, 2000). Time-
series analysis used the multiple-taper spectral-analysis method (Ghil
et al., 2002). The results were rechecked with the Analyseries 1.2 soft-
ware (Paillard et al., 1996), which was also used for cross-spectral
analyses.

RESULTS AND DISCUSSION
Figure 2 shows the 20 yr and 100 yr averages of Lisan data (Figs.

2B, 2C), and their comparison with the GISP2 d18O (Fig. 2A) (Stuiver
and Grootes, 2000) and the North Atlantic record (Bond et al., 1997).
Such a comparison also facilitates resolution of decadal-scale features
modulating the larger century-scale events. In this paper we deal ex-
clusively with the decadal- and century-scale climate changes. The
d18O record in the Greenland ice cores reflects mainly paleotemperature
changes (Jouzel et al., 1997). We identified 13 century-scale arid pe-
riods (bars labeled as L-1 to L-13 in Figs. 2B and 2C) characterized
by higher-than-average clastic percentages in the Lisan sediments. The
shorter-duration decadal events are shown by dotted lines. In all the

1GSA Data Repository item 2004093, Appendix DR1, varve counting
protocol, is available online at www.geosociety.org/pubs/ft2004.htm, or on re-
quest from editing@geosociety.org or Documents Secretary, GSA, P.O. Box
9140, Boulder, CO 80301-9140, USA.

events the changes seem to have occurred over decadal or shorter time
scales. The timings of the H1 and H2 ice-rafting events in the North
Atlantic and their correlation with the Greenland ice-core data were
taken from Bond et al. (1997). The events are very well correlated in
both records, but there are occasional timing discrepancies, within dat-
ing uncertainties, that are most likely attributable to counting errors in
one or both of the records.

The similarities between the GISP2 d18O (Fig. 2A) and Lisan
clastic percentages (Fig. 2B) suggest a close coupling between the cli-
mate in Greenland and the Eastern Mediterranean for this period. The
century-scale twin structure of the interstadial 2 event (IS-2, marked
by blue bars), as seen in 18O enrichment in the GISP2 core (Fig. 2A),
was also documented in Lisan sediments by lower clastic percentages
indicating wetter periods. The Lisan event L-11 (ca. 23.9 cal. ka) marks
a major arid phase with increased clastic content (;40% above aver-
age) and is correlatable with the H2 event in the North Atlantic and a
cold period (ca. 24 cal. ka) preceding the IS-2 event in the Greenland
ice core record (Fig. 2A). An independent confirmation of a fall in the
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Figure 3. Spectral analyses. Thin gray line indicates 95% confidence
level. Significant periodicities are labeled in years. Asterisk indicates
periodicities that are significant at 90% confidence level. A: Multiple-
taper spectral analysis of clastic percentages from Lisan varves. B:
Coherency between Lisan clastic percentages and Greenland Ice
Sheet Project 2 oxygen isotope data calculated from cross-spectral
analyses using sampling interval of 20 yr.

level of Lake Lisan ca. 23.8 cal. ka comes from the dating of beach
ridges (Bartov et al., 2003). It is interesting to note that arid events
L-3, L-7, L-9, and L-13—marked by an ;25% increase (above aver-
age) in clastic percentages and correlated with smaller shifts in the
GISP2 d18O record—also coincide with ice-rafting events a, b, c, and
d in the North Atlantic (Bond et al., 1997). These relationships provide
the first evidence that the smaller ice-rafting events in the North At-
lantic have also had a significant impact on the Eastern Mediterranean
climate and suggest a strong link between the Eastern Mediterranean
climate and the North Atlantic ice-rafting events. This link is under-
standable because the majority of storm tracks responsible for precip-
itation in the Eastern Mediterranean originate in the North Atlantic
(Fig. 1A); the warmer Mediterranean Sea provides a secondary source
of moisture. In view of this storm-track pattern, there is a strong pos-
sibility that events L-1, L-2, L-4, L-5, L-6, L-8, L-10, and L-12, which
also correlate with colder events in Greenland, have their origin in
processes operating in the North Atlantic. It is likely that cooler surface
waters in the Western Mediterranean (Cacho et al., 2000) enhanced the
aridity during events L-11, L-12, and L-13 in Lake Lisan.

Spectral analysis of the ;8500-yr-long clastic percentage data
show statistically significant periodicities (Fig. 3A) centered at 1500,
540, 192, 139, 90, and 50–60 yr. The 1500 yr periodicity is within the
range of the ;1470 6 500 yr cycle reported from the North Atlantic
(Bond et al., 1997) and attributed to solar forcing (Bond et al., 2001).
An ;512 yr periodicity during the Holocene has been reported from
the spectral analyses of the polar circulation index (Mayewski et al.,

1997), D14C residual series (Stuiver and Braziunas, 1993), and marine
sediments (Sarnthein et al., 2003), and is considered to be solar
(Sarnthein et al., 2003). The 192 yr and 90 yr periodicities are close
to, and possibly represent, the solar De Vries (;203 yr) and Gleissberg
(;88 yr) cycles. Analysis of the late-glacial 10Be data from the Green-
land ice cores has also revealed the presence of the De Vries periodicity
(Wagner et al., 2001). Periodicities in the 120–160 yr and 50–60 yr
range during the Holocene have also been reported from tree-ring D14C
data (Stuiver and Braziunas, 1993) and the Greenland oxygen isotope
record (Stuiver et al., 1995). The cross-spectral analyses of the GISP2
d18O record and the clastic percentages in Lisan varves (Fig. 3B) fur-
ther confirm the correspondence of these periodicities and demonstrate
the close link between the Eastern Mediterranean and the high-latitude
climates, even on decadal and centennial time scales.

The results of the spectral analyses of the Lisan data suggest a
solar influence on climate during marine oxygen isotope stage (MIS)
2. The mechanism by which solar forcing can induce changes in cli-
mate is unclear, as the small magnitude of the variations in the solar
output requires an amplifying mechanism to explain the effect on cli-
mate (van Geel et al., 1999; Beer et al., 2000; Carslaw et al., 2002).
One proposed mechanism (Svensmark and Friis-Christensen, 1997) is
correlation between cosmic-ray flux (which is inversely correlated with
solar activity) and global cloud cover—the effect is greater at higher
latitudes. Increased cloud cover has been linked to cooling. The second
mechanism (Haigh, 1996) suggests that changes in ultraviolet radiation,
accompanying solar variability, can cause changes in stratospheric
ozone. Ozone reduction during times of reduced solar irradiance can
cause northern-latitude cooling, a southward shift of the northern sub-
tropical jet, and a decrease in the northern Hadley circulation (Haigh,
1996)—possibly leading to an increase in drift ice in the North Atlantic
(Bond et al., 2001). A coincidence of reduced solar activity with in-
creased ice-rafted debris in the North Atlantic during the Holocene was
documented by Bond et al. (2001), who hypothesized that this cooling,
through changes in the North Atlantic surface hydrography, may have
affected the deep-water production, thus providing a mechanism for
amplifying the solar changes. A similar coincidence of reduced solar
activity, as deduced from 10Be flux in the GISP2 record (Fig. 2C of
Finkel and Nishiizumi, 1997), during arid events L-1, L-6, L-8, L-9,
L-11, and L-13 is also observed (note that events L-9, L-11, and L-13
also correlate with ice-rafting events in the North Atlantic). However,
the poor time resolution (;160 yr) of the 10Be record during the ca.
26.2–17.7 cal. ka interval precludes a more detailed comparison with
the Lake Lisan sedimentary record.

The rapidity of change as seen in the Lisan record would also
suggest a role for atmospheric transfer of the solar forcing to the East-
ern Mediterranean from the North Atlantic. We propose two possible
mechanisms: (1) changes in the generation and paths of cyclone tracks
in the North Atlantic due to surface cooling (during reduced solar ac-
tivity), possibly accompanied by a reduction in the cyclonic uptake of
water, and/or (2) an internal climate-forcing mechanism—the NAO.
Various studies have discussed the probable link of the NAO to solar
variability (e.g., Gimeno et al., 2003). Regardless of its triggering
mechanism (solar or internal), some role for the NAO is suggested by
the presence of the 65 yr periodicity in the cross-spectral analyses (Fig.
3B) that is in the 65–70 yr range of the Schlesinger-Ramakutty NAO
periodicity (Schlesinger and Ramakutty, 1994). Analyses of annual Lis-
an data additionally reveal the presence of subdecadal NAO periodic-
ities. However, NAO does not account for all the contemporary vari-
ance in the Mediterranean precipitation (Cullen and deMenocal, 2000).
It is likely that other factors involving changes in storm tracks or shifts
in the atmospheric circulation patterns also played an important role
in governing climate during MIS 2. In any case, considering the At-
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lantic origin of most of storm tracks reaching the Eastern Mediterra-
nean, a role for the North Atlantic (either though changes in deep-
water formation or through ocean-atmosphere interaction) in
transmitting the solar forcing is highly plausible, although the details
of the transfer mechanism must await the availability of additional
high-resolution data from the circum-Atlantic.

In summary, our high-resolution data demonstrate the presence of
short-term climate variability in the Eastern Mediterranean climate dur-
ing MIS 2 and indicate a close link between the Eastern Mediterranean
aridity and high-latitude cooling on decadal and centennial time scales.
The spectral analyses point to a solar forcing of climate, possibly am-
plified through processes operating in the North Atlantic.
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