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556 Geological Society of America Bulletin, May/June 2004

BOOKMAN (KEN-TOR) et al.

Figure 1. (A) The general geographic setting of the Mediterranean. (B) Average annual rainfall in millimeters over the drainage basin
area of the Dead Sea (shaded). (C) A detailed location map of the Dead Sea with contour intervals of 100 m below sea level and 200 m
above sea level. (D) North-south cross section of the Dead Sea basin. Note that the southern shallow, flat basin is flooded only above
the sill elevation at 402 mbsl.

role in the lake-level history, because the
southern basin acts as a large evaporation sur-
face that can buffer lake-level rise.
Here, we present a lake-level curve for the

Dead Sea that we have reconstructed for the
past 4000 yr. The curve is based on radiocar-
bon dating of sedimentary sequences that are
exposed along the recently retreating western
shores of the Dead Sea. A composite level
curve was established by using information

from two sites representing different but con-
temporaneous depositional environments.
Combining complementary information from
the two sites enables the reconstruction of a
high-resolution curve, which in turn repre-
sents the hydrologic history of the region dur-
ing the late Holocene. The reconstructed lev-
els are then compared with the chronology of
the Near East cultures to assess possible links
between climate change and cultural shifts.

SEDIMENTOLOGY AND LAKE-LEVEL
INTERPRETATION

The interpretation of different depositional
environments described in contemporaneous
exposures is the key for reconstructing the
Dead Sea lake-level curve. Paleolimnological
data for accurate lake-level history is best ac-
quired from a combination of synchronous
lake-level indicators in the different deposi-

Source: Bookman et al. (2004) 
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The Dead (Salt) 
Sea 
!
Paleo-indicator of 
hydroclimate variability 
in the Levant



Dead Sea Levels — LGM to present

Dead Sea level (DSL) 
curve is a composite 
based on geological 
evidence from paleo-
shore levels and lake 
sediment cores. The 
record was constructed 
in studies by Bartov et 
al. (2002), Migowski et 
al. (2006), and 
Bookman et al. (2004). 
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The backdrop: The Mediterranean - a 
hotspot of projected Subtropical Drying
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Jerusalem Rainfall 

P and E climatology: 
rainfall (positive values) 
and potential 
evaporation (negative 
values) in mm

Source: Overview of Middle East Water Resources, USGS, 1998 �5
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The instrumental record: Central Levant multi-
decadal rainfall variability
Low-pass, ranked 
(values between -0.5 
and 0.5), October to 
April rainfall 
variations in different 
Levant rain gauge 
stations during the 
19th and 20th 
century.  
!
Brown colors indicate 
negative anomalies 
(dry years) and green 
ones are positive (wet 
years).
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The instrumental record: Central Levant multi-
decadal rainfall variability
Low-pass, ranked 
(values between -0.5 
and 0.5), October to 
April rainfall 
variations in different 
Levant rain gauge 
stations during the 
19th and 20th 
century.  
!
Brown colors indicate 
negative anomalies 
(dry years) and green 
ones are positive (wet 
years).
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The (relatively short) instrumental record displays a coherent multi-
decadal pattern in Levant rainfall variations. 
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Hemispheric rainfall teleconnections

Annual (Oct-Sep) Jerusalem precipitation correlated with precipitation elsewhere. Time 
series were smoothed by 1 pass of a 2-nd order binomial filter. 	


Precipitation from GPCC 1930-1995. Areas with significant correlations are circled.
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Atlantic 
Ocean

What is causing this hemispheric pattern?



Jerusalem rainfall -- Atlantic SST link
Jerusalem ppt: annual 
anomaly(bars) and its 
20-yr lowpass series 
(red line) and lowpass 
North Atlantic SST 
anomaly.  
!
Correlation with SST (right) 
and SLP (below) (Data: Oct 
1856 - Sep 1857 to Oct 1996 
- Sep 1997) 

!
!!

Anomalies are wrt  the 1961-1990 mean
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Top: Observed, annual 
mean surface air 
temperature anomaly  (°C) 
regressed on the 20th 
century AMV index. 
Bottom: The same as 
above but for precipitation 
(mm/mo). 
!
AMV links winter 
(Mediterranean) and 
summer (African summer 
monsoon) variations over 
land because its SST 
footprint varies little 
throughout the year.

Atlantic Multidecadal Variability (AMV)
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Ting et al. (2009) 

ITCZ shifts 
northward



Cyprus Low: The rain-
causing mechanism 

Right (top & bottom): The short-term 
(synoptic) pattern. Composite maps for 10 
days with heavy rainfall in Israel
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Figure 4. (Continued)

over the same region (Figure 6(b)). The SLP and 500-hPa correlation maps (Figure 6(a) and (c), respectively)
resemble the main features of the first canonical correlation patterns for winter type coupled variability
(precipitation and geopotential heights) explaining the largest part of the Mediterranean rainfall variability
(Dunkeloh and Jacobeit, 2003). This regional pattern is referred to as the Mediterranean Oscillation (MO)
(Conte et al., 1989), and has opposite pressure/height and rainfall anomalies between the western and eastern
Mediterranean area.

The most extreme correlation found (−0.74) for the 500-hPa gph over any of the fields examined
demonstrates the EM upper-level trough (or the EM trough) as the major synoptic-scale factor for rainfall in
the study region.

5. TELECONNECTIONS ON THE GLOBAL SCALE

To assess the global circulation anomalies with which south Levant rainfall is associated, we first calculated
the correlations between our rainfall data set and the standard global teleconnection indices (described in
Section 1 and details in Appendix A). The maximum correlation for the entire period was found with
the EA/WR index, R = 0.51. A marginal improvement in the correlation was gained by combining the
EA/WR and Tropical/Northern Hemisphere (TNH) indices, yielding R = 0.54. The NCP (not part of the
standard set), especially customized for Israel (Kutiel and Benaroch, 2002), yielded only the second best
correlation, 0.4. The ENSO indices yielded a correlation smaller than 0.3 and the NAO, a value of only
0.09.

Correlation maps of global coverage, including both hemispheres, were extracted for various fields such
as temperature, wind components and gph for various levels up to the stratosphere. As one may expect,
the correlation centers located farther from the vicinity of the study area are weaker and less distinct than
those described above in Section 4. However, several remote distinct patterns were found. We assumed

Copyright © 2005 Royal Meteorological Society Int. J. Climatol. 26: 55–73 (2006)
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Regression of the wintertime 500 hPa and sea 
level pressure fields on the AMV index

AMV winter circulation anomalies
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When the AMV is in its warm 
phase both surface and 
upper level wintertime 
anomalous flows over the 
Eastern Mediterranean (EM) 
are directed from south to 
north indicating a weakening 
of cold-air supply from the 
north and the potential for 
cyclogenesis is reduced. In 
both fields there is 
anomalous low pressure 
over the western 
Mediterranean and 
anomalous high pressure 
over the EM.
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Holocene Dead Sea Levels
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Litt et al. (2012)
Fig. 5. (a) Probability for the occurrence of the respective biome conditional on the fossil pollen spectra (Fig. 2), (b) climate reconstructions in terms of marginal probability density
(pdf) for winter temperature, and (c) for annually accumulated precipitation. The gray color gradient maps the marginal probability density, i.e. dark gray regions indicate time slices
where a climate reconstruction is less uncertain than for those where lighter colors are prevalent. The full lines the interdecile range, and the hatched area the interquartile range.
Thick black lines mark the mode, thick white lines the expectation value, and thin white lines partial linear trends. (d) Lake level elevations of the Holocene Dead Sea that were
determined independently (Migowski et al., 2006; Stein et al., 2010).

T. Litt et al. / Quaternary Science Reviews 49 (2012) 95e105 101
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(2005)

Simulation of precession forcing - winter
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Between 7ka BP and the 
present, as North Atlantic 
SST cooled, SLP rose 
over the E subtropics 
intensifying the mean 
northerly flow of 
wintertime cold air from 
Europe into the 
Mediterranean Basin.
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6K−0K change in lake mass

−100 −50 0 50 100

Left: Simulated 6K–0K change in lake mass, 
expressed as a percentage of 0K lake mass 
such that a 100% increase indicates a 
doubling of lake mass (Tierney et al. 2011).!
!
Below: Present-day correlation.!
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Late Holocene 
fluctuations 
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Late Holocene Dead Sea Level 
fluctuations (Enzel et al., 2003) 
are correlated with Alpine glacier 
advance/retreat record 
(Holzhauser et al., 2005) - a 
proxy for Atlantic SST 
fluctuations (Denton and 
Broecker, 2008) and with 
Keigwin (1996) Sargasso SST.

265 Y.Enzeletal./QuaternaryResearch60(2003)263–273
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Figure 5 Comparison between the Great Aletsch glacier (bottom; Switzerland) and the west-central European lake-level records (top; after
Magny, 2004) over the last 3500 years. Dotted lines' in the lake-level record indicate an uncertain chronology

(5) Dated to C. AD 1200 1300, phase 2 could have begun as

early aS AD 1100 as shown by regional lake-level data

(Magny, 2004).

(6) Phase began a little before AD 1394 (tree-ring date) as

documented by a sediment sequence of Lake Ilay, Jura

(Magny, 2004). This last phase marks a long-lived phase of

higher lake-levels coinciding with the LIA. Some records

indicate a tripartition of this phase which preceded a

subcontemporaneous lowering. Based on instrumental

data, the historical lake-level record of Lake Neuchatel

clearly shows that before the artif-icial correction in

1876 1879, the water level experienced a mean lowering

by c. 0.7 m during the period 1853 1876 in comparison

with the relatively higher water level during the period
1817 1853, i.e., during the final part of the LIA (Quartier,

1948).

Thus, the Late Holocene appears to be punctuated by two

major phases of higher lake level at 1550 1150 and 800-

400 BC (episodes 5 and 1) and two periods of pronounced

lowering at 1150 800 and 250 650 BC.

Discussion

Comparison of glacier and lake-level records

Figure 2 shows evidence that, despite differences in size and

location, the variations of the Great Aletsch, the Gorner and

the Lower Grindelwald glaciers show strong similarities over

the last 3500 years. As far as can be judged from available data,

the three ice-streams experienced nearly synchronous advances

at c. 1000 600 BC, AD 500 600, 800-900, 1100-1200 and

-1300 1860. The lack of data documenting any advance of the

Lower Grindelwald and Gorner glaciers from 400 BC to AD 400

may be paralleled with the long recession phase of the Great

Aletsch glacier at this time, and hence interpreted as a possible
indication that neither glacier experienced any expansion

during this period. Moreover, the advance of the Lower

Grindelwald glacier, well dated by tree rings to AD 820 834,

higher
lake
level
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lake
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2000 AD
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r

 at COLUMBIA UNIV on December 21, 2009 http://hol.sagepub.comDownloaded from 

Enzel et al., 2003

Holzhauser et al., 2005
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Late Holocene Dead Sea Level 
fluctuations (Enzel et al., 2003) 
are correlated with Alpine glacier 
advance/retreat record 
(Holzhauser et al., 2005) - a 
proxy for Atlantic SST 
fluctuations (Denton and 
Broecker, 2008) and with 
Keigwin (1996) Sargasso SST.
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400 BC (episodes 5 and 1) and two periods of pronounced

lowering at 1150 800 and 250 650 BC.

Discussion

Comparison of glacier and lake-level records

Figure 2 shows evidence that, despite differences in size and

location, the variations of the Great Aletsch, the Gorner and

the Lower Grindelwald glaciers show strong similarities over

the last 3500 years. As far as can be judged from available data,
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Late Holocene 
fluctuations 
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Late Holocene Dead Sea Level 
fluctuations (Enzel et al., 2003) 
are correlated with Alpine glacier 
advance/retreat record 
(Holzhauser et al., 2005) - a 
proxy for Atlantic SST 
fluctuations (Denton and 
Broecker, 2008) and with 
Keigwin (1996) Sargasso SST.

to sea surface changes during the past several decades, it is reasonable to interpret the foraminiferal 
isotopic data mostly in terms of  SST change.

When the 18O data from each subcore are plotted together on a calendar time scale (27), it is clear 
that the same features are present in each subcore (28). Within each subcore 18O values reach a 
minimum ~500, 900, and 1100 years ago (Fig. 4A). Using these data, I solved the paleotemperature 
equation (26) after applying Deuser's disequilibrium correction (18) of  +0.2 per mil to the 18O 
value of  G. ruber and assuming that the average salinity was 36.5 per mil. I then stacked the 
temperature proxy data from the two subcores by averaging results in 50-year bins (Fig. 4B). In 

general, these results indicate that there have been century-scale changes in SST of  1° to 2°C 
throughout the past few thousand years in the Sargasso Sea. In the last half  of  the record there was a 
1.5°C oscillation from a minimum SST 1500 to 1700 years ago to a maximum 900 to 1000 years ago, 
to a minimum 300 to 400 years ago. Since the Little Ice Age, SSTs in the northern Sargasso Sea 

increased by ~1°C. Actual SST changes may have been even greater than indicated in Fig. 4B, in that 
the sediment may have been mixed differentially by burrowing (~5 cm) as sedimentation rates 

changed, and because stacking the 18O data may have attenuated the signal. From the raw 18O 
data of  BC-004D (Fig. 4A), calculated SST 350 years ago was 21.5°C, about 1.5°C colder than the 
modern annual average.

Fig. 4. (A) Oxygen isotope ratios of  the 
surface dwelling planktonic foraminifera 
G. ruber from Bermuda Rise BC-004 plotted 

versus calendar age. Open symbols, 
BC-004A; solid symbols, BC-004D. Bars 
above the abcissa are a schematic 
representation of  proxy data for episodes of  
glacial expansion in southern Norway (35) 

and summer temperature variability in 
Fennoscandia reconstructed from tree rings 
(34). For the tree ring data, temperature 
maxima and minima are shown by thicker 
bars. For the glacier data, the bars represent 
two early periods of  expansion (but not to 
LIA limits), followed by the range of  age 
estimates for attainment of  the LIA 
maximum (35). These terrestrial data, which 
are downstream of  the North Atlantic, are 
generally consistent with the 18O data 
(maxima correspond to cooling; minima to 
warming). (B) Sea surface temperatures 
calculated from the 18O data in (A), after 

averaging the data in 50-year intervals, plotted with the annual average of  SST measured at Station "S" since 
1954 (from Fig. 3). Although, as discussed in the text, about one-third of  SST variability calculated from 18O 
values (before stacking) may actually reflect salinity change in the Sargasso Sea, it is clear that on centennial and 
millennial time scales, SST variability has been greater than has been measured over the past four decades at Station 
"S." [View Larger Version of  this Image (33K GIF file)] 
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(5) Dated to C. AD 1200 1300, phase 2 could have begun as

early aS AD 1100 as shown by regional lake-level data

(Magny, 2004).

(6) Phase began a little before AD 1394 (tree-ring date) as

documented by a sediment sequence of Lake Ilay, Jura

(Magny, 2004). This last phase marks a long-lived phase of

higher lake-levels coinciding with the LIA. Some records

indicate a tripartition of this phase which preceded a

subcontemporaneous lowering. Based on instrumental

data, the historical lake-level record of Lake Neuchatel

clearly shows that before the artif-icial correction in

1876 1879, the water level experienced a mean lowering

by c. 0.7 m during the period 1853 1876 in comparison

with the relatively higher water level during the period
1817 1853, i.e., during the final part of the LIA (Quartier,

1948).

Thus, the Late Holocene appears to be punctuated by two

major phases of higher lake level at 1550 1150 and 800-

400 BC (episodes 5 and 1) and two periods of pronounced

lowering at 1150 800 and 250 650 BC.

Discussion

Comparison of glacier and lake-level records

Figure 2 shows evidence that, despite differences in size and

location, the variations of the Great Aletsch, the Gorner and

the Lower Grindelwald glaciers show strong similarities over

the last 3500 years. As far as can be judged from available data,

the three ice-streams experienced nearly synchronous advances

at c. 1000 600 BC, AD 500 600, 800-900, 1100-1200 and

-1300 1860. The lack of data documenting any advance of the

Lower Grindelwald and Gorner glaciers from 400 BC to AD 400

may be paralleled with the long recession phase of the Great

Aletsch glacier at this time, and hence interpreted as a possible
indication that neither glacier experienced any expansion

during this period. Moreover, the advance of the Lower

Grindelwald glacier, well dated by tree rings to AD 820 834,
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Summary
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• Instrumental observations and paleoclimate proxies reveal a long-
term, naturally occurring pattern of hydroclimatic variability in the 
Levant in anti-phase with changes in North Africa (Sahel), and in-
phase with Europe (Alps) and North America. 

• This pattern of variability is orchestrated by multidecadal to 
millennial SST changes in the North Atlantic 

No. Atl. SST (-) = Levant ppt (+) = Sahel ppt (-) = Alps 
snow (+) = No. Amer. ppt (+)  

• Atlantic SST impact is carried over to the Levant by an 
“atmospheric bridge”: enhanced high pressure over the East 
Atlantic when SSTs are cold, forces cold air bearing troughs to 
deepen over the east Mediterranean, enhancing regional 
cyclogenesis and bringing more rain to the Levant. 

• There are abrupt events (which are associated with millennial ice-
rafting events in the No. Atl.) that break the anti-phase Levant-Sahel 
pattern.


