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Significance

 Thick salt deposits punctuate a 
220 kyr sediment core from the 
Dead Sea, documenting 
extended arid episodes in the 
Eastern Mediterranean (EM) 
during interglacials. Aridity 
occurred either at times when 
the Earth orbital perihelion 
coincided with boreal fall or 
when the northern North Atlantic 
abruptly cooled during glacial–
interglacial transitions. Models 
show that both cases exhibit a 
strong wintertime latitudinal sea 
surface temperature gradient in 
the North Atlantic, a poleward 
shifted jet stream and storm 
track, sea level pressure rise in 
the subtropics, and rainfall 
decline in the EM, as verified by 
the composition of the Dead Sea 
sediment core. A similar 
sequence of events impacts 
present-day EM, as the North 
Atlantic latitudinal SST gradient 
intensifies under greenhouse 
gas-forced climate change.
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The mechanisms underlying the current greenhouse gas (GHG) forced decline in 
Mediterranean rainfall remain a matter of debate. To inform our understanding of the 
current and projected drying, we examined extended arid intervals in the late Quaternary, 
Eastern Mediterranean (EM) Levant indicated by substantial salt deposits in a Dead Sea 
sediment core covering the past 220 kyr. These arid events occurred during interglacials, 
when the Earth was at perihelion to the sun in boreal fall and during glacial–interglacial 
transitions, associated with icesheet melting. Climate models forced with realistic late 
Quaternary insolation variations show that when the Earth is closest to the Sun in boreal 
fall, the North Atlantic latitudinal surface temperature gradient in the winter intensifies. 
In response, the overlying midlatitude North Atlantic jet stream and the extratropical 
storm track move poleward while sea-level pressure rises in the subtropics. These changes 
bring about a weakening of the Mediterranean storm track and a decline in rainfall over 
the entire basin. During glacial–interglacial transitions, meltwater from continental 
icesheets forced abrupt subpolar North Atlantic cooling. This also strengthened the 
latitudinal surface temperature gradient, likely causing similar atmospheric response 
and aridity in the Mediterranean. There is a strong resemblance between this paleo-
climate scenario and the climatic changes corresponding to the present and projected 
GHG drying of the EM. Hence, the late Quaternary palaeohydrology of the Dead Sea 
indicates an important North Atlantic centered response to external forcing, which leads 
to Mediterranean drying and is relevant in the present.

drought | interglacials | insolation cycles | Eastern Mediterranean | Dead Sea

 Multimodel climate assessments project gradual drying and warming for the Mediterranean 
region during the 21st century, as the concentration of atmospheric greenhouse gases 
(GHGs) increases ( 1   – 3 ). In the Eastern Mediterranean (EM), the drying has already 
emerged from the background of the prevailing interannual variability ( 4 ,  5 ). Here, pre-
dictions indicate that precipitation rates could decline by 20% or more by the end of this 
century ( 6 ,  7 ) raising concern for a region where water availability is naturally constrained 
and societies throughout history were water stressed ( 8   – 10 ).

 Reliably quantifying the rate, spatial distribution, and intensity of future drying is 
crucial for adaptation. Yet, individual model projections of the impending Mediterranean 
drying are widely spread, hampering preparedness ( 11 ,  12 ). Underlying the uncertainty 
in model projections is insufficient knowledge of the fundamental mechanisms governing 
the drying, including explaining why the drying in the Mediterranean Basin stands out 
when compared to other subtropical regions ( 2 ,  3 ,  13     – 16 ). Improved understanding of 
long-term Mediterranean drying mechanisms can help address model uncertainty and 
improve the reliability of model projections.

 Hydroclimate sensitivity to external influences has been recognized in many studies of 
the Mediterranean climate ( 1 ,  3 ,  14 ,  17 ). In the EM ( Fig. 1 ), a sharp hydroclimatic gra-
dient between the temperate climate zone of southeastern Europe and the arid climate of 
the Sahara-Arabia desert explains the regional sensitivity to climate variability and change 
( 18 ). To understand the physical mechanisms governing extended arid states in the EM, 
we investigate late Quaternary climate variations during interglacial warm epochs. During 
interglacials, temperatures were comparable to the present, continental icesheets were 
reduced close to present day state, and climate changes were externally forced by large 
orbital insolation swings ( 19 ). Here, we focus on the EM’s long-term hydroclimate changes 
during three interglacial intervals: the Holocene, between ~11,700 y ago (11.7 ka) and 
the present, and the two previous interglacial intervals of Marine Isotope Stages (MISs) 
5 and 7, ~70 to 130 ka and ~185 to 220 ka, respectively. The region’s hydroclimate changes 
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are revealed in a sediment core extracted from the bottom of the 
terminal Dead Sea Lake in the southern Levant.        

 The 456 m long sediment core was retrieved from the lake 
bottom by the International Continental Drilling Program (ICDP) 
Dead Sea Deep Drilling Project (DSDDP) during 2010–2011 
( 20         – 25 ). The composition of the sediment core ( Fig. 2A  ) and its 
geochemical properties confirm previous observations that, during 
the Holocene and recent interglacials, the lake volume was smaller, 
and its levels were much lower than during the adjacent glacials 
( Fig. 1  and  22 ,  23 ,  26 ). These dramatic changes were driven mainly 
by a considerable reduction in precipitation during the interglacials 
compared to the glacials ( 23 ,  27 ,  28 ). Importantly, the sediment 
core interglacial segments (highlighted in  Fig. 2B  ) included thick 
deposits of halite (salts) ( 22 ), which indicate multicentury intervals 
of significant regional aridity. These deposits and their cause are 
the focus of the present study.        

 Conspicuous swings from wet to arid states in the EM during 
the last interglacial were the subject of a recent paper by Kiro et al. 
( 24 ). That study related the changes to the cycles of boreal summer 
and winter insolation, including an assessment of the seasonal 
distribution and sources of moisture that fed the regional precip-
itation. The paper highlighted the fact that around 125 ka, when 
the Earth in orbit was closest to the Sun in boreal summer ( Fig. 2 ) 
and furthest from the Sun in winter, the DSDDP core indicates 
the presence of a very wet climate ( Fig. 2B  ). The precipitation 

moisture source at that time included a roughly similar proportions 
of tropical and Mediterranean components ( 24 ). However, as 
time went on, the contribution from the Mediterranean source 
declined, achieving a significant minimum at ~116 ka. Kiro et al. 
used climate model simulations forced with the insolation at 
125 ka (within the core wet interval) and 120 ka (within an arid 
interval) ( Figs. 2B   and  3B  ). The model simulated the change from 
a wet climate at 125 ka to a dry climate at 120 ka, thus indicating 
that orbital insolation changes were the cause. At 125 ka, the 
wetness resulted from a northward spread of the North African 
summer (June–August) monsoon rains into the Middle East as 
well as an intensification of the winter (December–February) rain-
fall in the Mediterranean Basin ( 24 ). At 120 ka, the simulated 
African summer monsoon was confined to its present state and 
the winter rainfall in the Mediterranean had declined (further 
﻿Discussion  below).

         Focusing on the insolation impact on Mediterranean winter 
(December–February), Kutzbach et al. ( 33 ) showed, based on time-slice 
simulations of the climate at 125 ka and at 115 ka, that Mediterranean 
winter rainfall was larger when winter insolation was at minimum 
(125 ka) than when it was at a maximum (115 ka). They related the 
increased winter rainfall to an overall reduction in the Northern 
Hemisphere wintertime equator-to-pole surface temperature gradient, 
the consequential contraction of the winter Hadley Cell, the equatorward 
displacement of the westerlies, and the weakening of the subtropical high 

Fig. 1.   The Eastern Mediterranean (EM) region and the embedded Levant (with boundaries marked by the heavy dashed contour), showing surface elevation 
(in m, colors) and the climatological rainy season (October–April) precipitation (black contours every 100 mm with a dashed contour for the 50 mm contour). 
The climatology is calculated for the years 1961–1990 from the Global Precipitation Climatology Center analysis (29). The insert at the Top and Right shows the 
details of Dead Sea watershed basin (in darker yellow). The map also shows the lake at its mid-20th century state (darker blue) and the last glacial maximum 
(~26 to 24 ka) (in lighter blue). The location of the DSDDP coring site is marked with a red star.
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over the Mediterranean. Conversely, high boreal winter insolation (e.g., 
at 115 ka) led to a stronger than normal equator-to-pole surface tem-
perature gradient, a northward expansion of the winter Hadley Cell, 
poleward shifting of the westerlies, and a stronger ridge and a dry climate 
over the Mediterranean.

 Both refs.  24 ,  33 ) interpreted the interglacial swings in aridity in 
terms of the precession cycle of boreal summer and winter insola-
tion. A different take on the role of orbital insolation in Northern 
Hemisphere winter was proposed by Hall et al. ( 34 ) using an atmos-
pheric model coupled to a simple representation of the world 
ocean—a single, motionless water layer. Like Kutzbach et al., they 
found that insolation cycles (primarily precession) force changes in 
the latitudinal gradient of wintertime surface temperature, leading 
to a response in the atmosphere like that noted by Kutzbach et al. 
However, Hall et al. produced a transient simulation of the insola-
tion impact, covering the last 160,000 y in an accelerated-time 
strategy ( 34 ). The long, continuous simulation enabled a direct 
correlation between insolation forcing and the variability of 
Northern Hemisphere climate. In result, the simulated December–
February climate variability was in phase not with wintertime inso-
lation variability, but with insolation in the preceding season. This 
lagged response occurs because the thermal inertia of the upper 
ocean requires that the full impact on the winter climate be deter-
mined by the insolation forcing a season earlier. According to ref. 
 34 , dry winter states in the subtropics are the outcome of maxima 
in the fall insolation precession cycle, i.e. when the Earth is closest 
to the Sun in boreal fall. The strong latitudinal insolation gradient 
in this state (SI Appendix, Fig. S2 ) forces a strong latitudinal surface 
temperature gradient in the ensuing winter ( 34 ), which forces a 
poleward shift in the core of the overlying midlatitude westerlies 
and the storm track, away from the subtropical zone. Consistently, 
winter sea level pressure rises in the subtropics and falls over the 
pole, featuring a circulation change to a state akin to the present 

positive phase of the wintertime northern annual mode (NAM) 
( 35 ). This is a compelling argument, but it is based on a model with 
a very simple ocean, in which the memory of the oceanic mixed 
layer is set via a tunable parameter; it thus requires observational 
verification.

 Verification emerges when we reevaluate the timing of the salt 
layers in the Dead Sea core using an age model ( 25 ) and assess 
how these dry layers correspond with different orbital and glacial 
configurations. We find that salt layers occurred during fall inso-
lation maxima, as expected in ref.  34 . Drying is also indicated 
during glacial to interglacial transitions, when glacial meltwater 
pulses abruptly cooled the subpolar North Atlantic, forcing a 
strong latitudinal surface temperature gradient. Using these find-
ings, we put forward a unified hemispheric mechanism that 
explains both types of salt deposition intervals, which is also appli-
cable for understanding the hemispheric changes that lead to 
Mediterranean drying under GHG forcing. 

Composition of the DSDDP Core during 
Interglacials

 The hypersaline, terminal Dead Sea Lake ( Fig. 1 ) lies at the lowest 
land point on Earth, at ~439 m below mean-sea-level (m bmsl). The 
Lake receives water and sediments from a ~40,000 km2  watershed 
fed in its northern part by precipitating Mediterranean storms. 
December–February are the wettest months, when most of the EM 
lies under a weak mid-tropospheric, longwave trough and an elon-
gated band of surface low-pressure that stretches over the sea, featuring 
a dynamical guide for the west-to-east moving Mediterranean 
cyclones ( 18 ,  27  and SI Appendix, Fig. S1A﻿ ). These systems draw 
moisture from the sea to feed convective clouds that precipitate over 
the surrounding land areas ( 36 ,  37 ). The Dead Sea southern water-
shed resides in a mostly arid, desert climate. This area is occasionally 

A

B

C

Fig. 2.   The composition of the sediment core and relation to insolation changes in the late Quaternary: (A) The lithology of the DSDDP core as a function of core 
depth (in m); (B) the core as a function of time (in 1,000 y B.P.—ka). The color key describing the facies in the lithology is on the right, spanning dry to wet states 
from Bottom to Top. The circles in (A) and (B) mark the dated tie points (25). The Bottom panel (C) depicts the months of July (21 June–20 July) and September (21 
August–20 September) insolation at 30°N relative to the respective, present-day insolation in W/m2 as a function of time. Present-day insolation is 474.4 W/m2 in June 
and 410.4 W/m2 in September. In (B) and (C), the glacial segments’ opacity has been increased to emphasize the lithological changes during the interglacial epochs.
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disturbed by floods that drain into the lake from the mountains of 
southern Jordan and the Negev Desert in dry wadis. This is how rains 
fed by tropical moisture from the direction of permanent Red Sea 
Trough (SI Appendix, Fig. S1A﻿ ) reach the lake ( 38 ).

 The chronologically varying composition of DSDDP core 
( Fig. 2 ) and its lithological and chemical constituents confirm 
that the lake has undergone large volume and level fluctuations, 
increasing during the glacials and declining during the intergla-
cials ( 23 ,  25 ,  26 ). During the glacial epochs of MIS 2, 3, and 4 
(core depths of ~95 to 200 m and ages of ~15 to 70 ka) ( 25 ,  27 ) 
and MIS 6 (core depths of ~325 to 395 m and ages of ~135 to 
190 ka), the Dead Sea levels were high ( 23 ,  26 ,  39 ) and the 
sediments were primarily laminated sequences of alternating 
aragonite and detritus (denoted aad,  ( 40 ,  41 ) and  Fig. 2A  ). These 
sediments are indicative of large amounts of freshwater, fed by 

ample rains from wintertime Mediterranean cyclones, entering 
the lake from the northern watershed mainly through the Jordan 
River ( 28 ,  40 ,  41 ). Occasionally, relatively drier glacial intervals 
are identified by deposits of gypsum ( 42 ). Lake levels were sig-
nificantly lower during the interglacials: the Holocene (MIS 1, 
core depths of 0 to ~77 m and ages of 0 to 11.7 ka), MIS 5 (core 
depths of ~190 to 320 m and ages of ~70 to 129 ka), and MIS 
7 (core depths of ~395 to 455 m and ages of ~190 to 220 ka) 
( 25 ,  27 ,  39 ). During these warm epochs, the core material is 
composed of alternating “wetter” deposited of marly detritus 
and washed into the lake by local floods, “semidry” intervals of 
gypsum, and “dry” sequences of halite (salt) layers, some tens of 
meters thick ( Fig. 2 ). The latter represent regional hyperarid 
intervals with severely reduced freshwater flow into the lake and 
increased evaporation ( 20 ,  22   – 24 ). 

Fig. 3.   Salt layers deposited in the Dead Sea during the recent interglacials and insolation at 30° N during the equinox and solstice months of the year: March, June, 
September, and December (with September insolation highlighted) (A) MIS 7 and (B) MIS 5. The salt layers are depicted by vertical brown bars and their extent in time 
is a direct function of the bar location and thickness according to the updated G2020 chronology (Materials and Methods). The numbers in purple above each panel 
indicate the core depths (in m) and times of the respective dated tie points. The insolation is relative to present day insolation in W/m2 during the respective month. 
The light blue bar in panel B marks the time of cold interval of HS11 according to ref. 30. (C) The Holocene salt deposits as a function of time with September insolation 
at 30°N drawn as in panels A, and B. Added to this figure is the time series of δ18O from the Greenland ice core (NGRIP) (31) that marks the cold interval from the 
Bølling-Allerød (BA) to the Younger Dryas (YD). The hatchings depict layers of evaporates (halite and gypsum) according to core downhole logging measurements (32) 
meant, among other, to determine lithological information where it could not be recovered from the core itself (e.g., in the presence of air holes, Materials and Methods).
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Previous Interglacials—MIS 7 and MIS 5. In the DSDDP core, 
MIS 7 and 5 (highlighted in Fig.  2B) are divided into several 
subintervals: MIS 7c (~212 to 220 ka), 7b (~201 to 212 ka), and 
7a (~190 to 201 ka) and MIS 5e (~116 to 129 ka), 5d (~109 to 
116 ka), 5c (~96–109 ka), 5b (~95 to 86 ka), and 5a (~70 to 85 
ka). These subintervals roughly correspond to the successive large 
amplitude peaks and troughs of the summer precession cycles 
(19). Thick salt and salty mud layers (dark brown and light brown 
in Fig. 2B) during MIS 7c, MIS 7a, MIS 5e, and MIS 5c, are 
aligned with the peaks of the September insolation cycles at 30°N 
(Fig. 2C). The salt layers alignment with maximum fall insolation 
during MIS 7 (~212.5 to 216.5 ka and ~190 to 193.5 ka) and MIS 

5 (~116 to 123 ka and at ~110 ka) are unmistakable in Fig. 3A and 
B, where only the salt and salty mud layers are portrayed. These 
salt layers’ density and duration appear to be roughly proportional 
to the intensity of the September insolation peak, and when the 
insolation peak is low, during MIS 5a at ~76 ka, no salt appears.

 During the transition from the glacial MIS 6 into MIS 5e, a 
sequence of gypsum, salt, and salty mud appears at a depth interval 
of ~320 to 305 m, corresponding to ages of ~134 to 128 ka, 
according to the DSDDP chronology (25, hereafter G2020) 
( Fig. 2 A  and B   and SI Appendix, Fig. S3A﻿ ). This sequence coin-
cides with the rise in summer insolation and increase in atmos-
pheric GHG concentrations and the termination of the glacial 

Fig. 4.   Climate model simulated surface temperature and atmospheric circulation changes between maximum and minimum fall insolation: In color: the difference 
during winter (December–February) in (A) sea level pressure (slp), (B) surface temperature (ts), (C) mid tropospheric westerly winds U @500, and (D) vertical cross-
section of the tropospheric westerly wind component (B) between two runs of the NCAR CCSM3.0 forced with insolation and greenhouse gas conditions at 120 ka 
(maximum fall insolation) and a run forced by insolation and greenhouse gas concentrations at 130 ka (minimum fall insolation). The contours in (C) and (D) 
show the climatological average zonal wind. Panel (E) shows the difference in precipitation in the Northern Hemisphere sector surrounding the Mediterranean. 
Here, the difference is expressed as a percentage of the climatological rainfall, the latter derived from an extended pre-industrial climate simulation with the 
same model. The model experiment is described in ref. 51.
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MIS 6. The entrance of glacial meltwater and the large-scale ice-
berg surges into the North Atlantic from the surrounding land 
icesheets at that time brought about the Heinrich Stadial (HS) 11 
( 30 ,  43   – 45 ). This correspondence between aridity and HS11 
( Fig. 3B  ) echoes the significant drops in Dead Sea levels that coin-
cided with HS events during MIS 4, 3, and 2 ( 46 ,  47 ).  

The Last Deglaciation and Holocene. During the Holocene (MIS 
1), between 11.7 ka and the present (Fig. 3C), the fall precession 
cycle amplitude was about half as large as that of MIS 7 and most 
of MIS 5 (Fig. 3A and B). It is expected therefore that the control 
of insolation on Holocene climate would have been weaker than 
during these previous interglacials. During the Holocene the salt 
content in the water was high due to dissolution of the Mount 
Sedom salt diapir (in the southern Lake watershed) during the 
preceding wet MIS 2 glacial interval when the Lake level was 
very high (39, 48). This preconditioned the system to a readier 
sedimentation of salt during dry periods and can explain why the 
deglaciation and Holocene core composition is rather complex, 
displaying alternating (seemingly incoherent) sequences of dry 
(salt and gypsum) and wet (mud and aad) facies (Fig. 3C).

 The transition from the Last Glacial Maximum (LGM) to the 
Holocene is marked at a core depth of ~89 m in an interval that 
extends to a depth of ~70 m, displaying several layers of salt and 
salty mud, separated by layers of mud ( Figs. 2A   and  3C   and 
﻿SI Appendix, Fig. S3B﻿ ). This interval is reminiscent of the interval 
associated with HS11, during the MIS 6 to MIS 5e transition. 
Dating this interval required a revision of the G2020 chronology 
(Materials and Methods , SI Appendix, Fig. S4 ). With this revision, 
this interval extends from ~14.2 to ~9.7 ka. In the context of the 
global climate record, this falls between the termination of the 
abrupt Bølling warming (at ~14.5 ka) and the ensuing colder 
climate reversal, extending through the Allerød to when warming 
resumed after the Younger Dryas [YD, ( 49 ,  50 ), ~12.9 to 11.7 
ka], at the start of the Holocene ( Fig. 3C   and SI Appendix, Fig. S4 ).

 After 9.7 ka, an extended, relatively wet interval occurred in the 
lake watershed, lasting until ~6.5 ka ( Fig. 3C  ). This wet interval 
was interrupted around 8 ka by a salt layer, lasting about 500 y. 
Later, between ~6.5 and ~3 ka ( Fig. 3C   and SI Appendix, Fig. S3B﻿ ), 
a long arid salt-layered interval appears. This interval, which echoes 
(albeit in a weaker form) the arid ~116 to 123 ka interval of MIS 
5e, extends during the shallow maximum in fall insolation 
( Fig. 3C  ). The last three millennia of the Holocene record were 
generally wet, albeit interrupted by three short droughts, marked 
by salt deposits. Overall, the DSDDP core facies of the Holocene 
epoch, between 9.7 ka and the present, suggest a wet–dry–wet 
pattern, echoing the change in boreal fall insolation, as can also be 
seen from changes in the lake level ( 17 ).   

Discussion and Implications for Present-day 
Mediterranean Drying

 The composition of a Dead Sea sediment core during the last three 
interglacials—MIS 5, 7 and the Holocene—and during the 
glacial-to-interglacial transitions, displays extended intervals of 
significant aridity in the Levant. Such aridity implies long spells 
in which the Mediterranean wet season, centered on the winter 
months of December to February, experienced severely reduced 
cyclonic activity and therefore reduced rainfall. Understanding 
the dynamical mechanisms that governed these arid events is rel-
evant to understanding the present-day and projected GHG-
forced drying of the Mediterranean.

 The arid Levant intervals of MIS 7 and 5 happened when the Earth 
was in orbital perihelion during the boreal fall season ( Figs. 2B   and 

 3A  and B  ). This observation corroborates the Hall et al. ( 34 ) modeled 
dynamical response to insolation forcing during boreal winter 
(Introduction ). A more recent time-slice model experiment performed 
by Otto-Bliesner et al. ( 51 ), leads to consistent conclusions. This 
experiment was carried out with the Community Climate System 
Model, Version 3 (CCSM3)—a climate model with a full dynamical 
ocean.  Fig. 4  shows the difference between the climate at 120 ka (a 
maximum in the fall precession cycle) and at 130 ka (a minimum in 
the fall precession cycle), two states distinguished by a large difference 
in the fall latitudinal insolation gradient (SI Appendix, Fig. S2 ). Note 
that this CCSM simulation at 130 ka included only the orbital inso-
lation and GHG concentration increase in the forcing. It did not 
include the icesheet discharges and thus did not simulate HS11 and 
the related prominent subpolar cooling. The differences in key climate 
indicators associated with the insolation change display a strong lat-
itudinal sea surface temperature (SST) gradient in the North Atlantic 
( Fig. 4B  ), with very cold conditions over the polar cap, the Labrador 
Sea, and the subpolar gyre region. South of the boundary between 
the subpolar and subtropical gyres, the 120 to 130 ka SST difference 
is positive, with a narrow maximum in SST along the gyre boundary. 
These changes are consistent with North Atlantic SST changes related 
to fall insolation variations in figure 6 of ( 34 ). They indicate the 
increase in the SST gradient under the core of the midlatitude westerly 
winds and the North Atlantic storm track, where the atmosphere is 
most responsive to surface forcing ( 52 ,  53 ). Accordingly, the CCSM3 
sea level pressure responds by rising in the subtropical belt and declin-
ing over the polar latitudes ( Fig. 4A  ) and the North Atlantic jet stream 
shifts poleward ( Fig. 5 C  and D  ). These figures too are consistent with 
the insolation-forced circulation changes depicted in ref.  34 . The 
resulting decline in winter rainfall in the Mediterranean Basin is dis-
played in  Fig. 4E  , which shows the CCSM3 simulated December–
February precipitation difference between maximum and minimum 
fall insolation state as percent of the climatology. The Mediterranean 
Basin rainfall difference between the driest and wettest states varies 
from 60% of normal along the North African coast to weak relative 
drying along the southern European coast. In the Levant, the model 
indicates a drying that is close to half of the climatological amount. 
This result is consistent with ref.  34  and with the DSDDP core evi-
dence for an extended arid interval centered on ~120 ka. At 130 ka, 
the core does not show wetness because of the occurrence of H11. 
Wetness resumed later, around 125 ka, as shown in ref.  24 .                

 In both model experiments, ( 34 ) ( 51 ), the changes forced by a 
strong fall insolation, likely included dynamical feedbacks such as 
further cooling of the subpolar region occurs due to positive 
wind-evaporation-SST feedback as the overlying westerly winds 
strengthened. This can explain the large cooling in the Labrador Sea 
and the western subpolar gyre seen in figure 6 of ( 34 ) or here in 
 Fig. 4B  . Another conceivable feedback associated with strong fall 
insolation is a modification of Europe’s surface air temperature due 
to the strengthening of the marine air transport from the North 
Atlantic. When a positive NAM-like circulation prevails, European 
winters are warm ( 35 ) and the wintertime surface temperature gradi-
ent between the continent and the Mediterranean is reduced—leading 
to a less vigorous cyclonic activity over the Sea ( 54 ). Positive feedback 
is also likely to arise from changes in northern North Atlantic winter-
time sea ice cover in response to the changes in the NAM ( 55 ).

 The glacial-to-interglacial climatic transition leading to Levant 
aridity occurred twice in the DSDDP record, once before the onset 
of the last interglacial and again before the Holocene. As noted 
above, these two events coincided with HS11 and the Bølling- 
Allerød–YD (BA-YD) interval. During both these intervals, the 
initial postglacial warming of the Northern Hemisphere was inter-
rupted abruptly forced by the marked release of icebergs and melt-
water from the collapsing continental icesheets into the northern D
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North Atlantic. The resulting buoyant upper ocean freshwater layer 
prevented vertical mixing and overturning and led to a strong cool-
ing of the subpolar North Atlantic. The normal poleward transport 
of warm water from the subtropics, in the form of intergyre mixing 
or by the Atlantic Meridional Overturning Circulation (AMOC), 
was interrupted—leading to persistent colder surface temperatures 
in the north ( 30 ,  56   – 58 ) guaranteeing that a strong latitudinal SST 
gradient along the intergyre boundary persisted for decades ( 59 ). 
The strong subtropical-to-subpolar SST gradient would have forced 
an atmospheric response like that seen in  Fig. 4 , albeit from a type 
of forcing different from fall insolation cycle. This sequence of events 
has been seen in many coupled ocean–atmosphere climate simula-
tions of changes associated with the injection of freshwater into the 
subpolar region ( 60 ,  61 ) and in simulations of the atmospheric 
response to such ocean conditions ( 52 ,  53 ).

 Using the updated G2020 chronology (Materials and Methods ), 
we find that two major salt layers were deposited in the Dead Sea 
during the LGM to Holocene deglacial interval, between 16.71 to 
9.71 ka ( Fig. 3C  ). The first salt layer occurred between ~14.2 ka and 
12.5 ka. The beginning of the interval roughly corresponds to the 
occurrence of a strong pulse of meltwater (Meltwater Pulse 1A, or 

MWP1A) dated at ~14.1 ka ( 62 ). The MWP1A led to cooling of the 
subpolar region and subsequently a major weakening of the AMOC 
during the YD ( 56 ,  57 ). The ensuing strengthening of the latitudinal 
SST gradient can explain the concurrent EM drought. This dry inter-
val was interrupted by a ~1,000-y long wet period with layers of aad  
and mud indicating that the YD itself between ~12.5 ka and ~11.7 ka, 
the coldest time during the transition, was mostly wet ( 63 ). The sec-
ond salt deposit occurred during the early Holocene, beginning at 
~11.5 ka and continuing until ~10 ka [the timing is consistent with 
coastal observations, ( 63 )]. The latter dry interval occurred during 
the post YD warming. However, it is roughly consistent with the 
Preboreal Oscillation ( 61 ), a cooling event that began with a meltwa-
ter pulse (MWP1B) dated at ~11.33 ka ( 62 ,  64 ). While deserving 
further scrutiny of the core and its chronology, it appears that these 
salt deposits coincided with events associated with collapses of the 
Northern Hemisphere continental icesheets. These collapses led to 
strong subpolar Atlantic cooling that strengthened the North Atlantic 
latitudinal SST gradient and to intervals of aridity in the Levant.

 20th Century observations and model projections forced by 
increased GHG concentrations display an increased North Atlantic 
latitudinal SST gradient. This change is driven by the warming of the 

Fig. 5.   Climate model projections of surface temperature and circulation changes associated with the drying of the EM: In color in panels (A–C) are intermodel 
anticorrelation between the trend per degree of global warming in CMIP6 Middle East precipitation and the trend per degree of global warming in sea level 
pressure (slp) surface temperature (ts) and 500 hPa zonal mean winds (u @ 500), respectively, as simulated when forced by historical and the SSP5-85 scenario 
between 1,850 and 2,100. Superimposed on the colors, in gray contours, are the temporal anticorrelations between observed wintertime (December–February) 
Middle East precipitation and the observed wintertime slp, ts, and u@500 fields calculated over the years 1940 to 2022. We plot anticorrelation (the negative of the 
correlation) for easier comparison to Fig. 5. (D) Blue dots: Scatterplot of the trends of CMIP6 simulations of Middle East precipitation (as fraction of climatology and 
normalized by the trend in global mean surface temperature, GMT) against the respective model trends in the difference between SST in subtropical and in the 
subpolar North Atlantic (also normalized by the trend in GMT). The sectors used to calculate the regional averages are shown in an insert in panel D. The red star 
in (D) marks the observed 1940–2022 trends per degree of global warming in this scatter plot. For more information regarding this figure, Materials and Methods.
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subtropical North Atlantic (like all subtropical ocean regions), while 
the subpolar North Atlantic cooled (and may remain cold relative to 
the subtropics and tropics) likely related to freshwater flow from the 
Arctic ( 16 ,  58 ). This creates a situation analogous to the cooling of the 
North Atlantic high latitudes during the glacial-to-interglacial transi-
tions. These observed and modeled changes in the SST gradient are 
associated with a stronger, more northward (and extended eastward) 
midlatitude jet ( 52 ,  53 ,  65 ). Consistently, a reduction in Mediterranean 
cyclogenesis activity has been observed and simulated ( 2 ,  3 ,  36 ,  37 ). 
This matches the sequence of events associated with the response to a 
fall insolation maximum during interglacials ( 34  and  Fig. 4 ). That the 
present and past changes display similar SST circulation patterns is 
demonstrated in  Fig. 5 , which shows (in gray contours) the observed 
fields of surface temperature and atmospheric circulation changes cor-
relation with the observed decline of winter precipitation in the Middle 
East. The contours are superimposed on current global climate model 
depictions of the same rainfall-circulation relationship (in color) cal-
culated as explained in Materials and Methods . There is a large degree 
of similarity between the results displayed in  Fig. 4  and those shown 
in  Fig. 5 , particularly in the North Atlantic-Europe-Mediterranean 
sector of the Hemisphere, suggesting that the same physical mecha-
nisms are involved in the precession-forced EM precipitation decline 
and in the observed present day and model projected EM drying. 
Moreover,  Fig. 5D   shows that in the models, a simple index of the 
North Atlantic latitudinal SST gradient linearly explains 25% of the 
variance of the scatter (i.e., uncertainty) in EM rainfall projections. It 
also shows that the sensitivity to the changes in this gradient is much 
larger in observations than in any of the models.

 The importance of North Atlantic latitudinal SST gradient for 
the ongoing GHG related drying of the Mediterranean has been 
evident in the recent study of Delworth et al. ( 16 ), which showed 
that even if GHG concentration were drawn down in the future, 
the Mediterranean will likely continue to experience a decline in 
rainfall as long as the subpolar North Atlantic remained cold while 
the subtropics are warm. More careful study of the impact of past 
insolation changes, the resulting SST response, and the impact on 
the atmospheric circulation on the Mediterranean, including the 
sensitivity of SST changes related to North Atlantic subpolar gyre 
cooling, is warranted not only for understanding the past but also 
for resolving model discrepancies and understanding future climatic 
changes in the Atlantic–Europe–Mediterranean sector.  

Materials and Methods

Composition of a Dead Sea sediment core (Figs. 2 and 3): We used the DSDDP 
core lithology from DSDDP coring site 5017-1-A from the deepest basin of the 
Dead Sea (20, 22, 23). In plotting the Holocene section in Fig. 3C, we also used 
data collected in downhole logging of gamma ray information to fill in several air 
gaps in the extracted core. These measurements distinguish between evaporites, 
halites and gypsum, and other facies (32).

Chronology revision (Figs.  2 and 3 and SI  Appendix, Figs.  S3 and S4): 
Throughout the core, we used the G2020 chronology as discussed and presented 
in ref. 25, with two exceptions. One exception is the interval between 70.11 
(9.7 ka) and 98.51 m (16.7 ka) in the LGM–Holocene transition. The latter change 
is based on record of deuterium to hydrogen in leaf waxes (δDwax) from the DSDDP 
core material, which reflects the changes in the isotopic composition of EM rainfall 
(66). That record shows that δDwax is enriched (shows relatively high values) during 
the cold glacial era and depleted (low values) during the warm interglacials. The 
core δDwax becomes progressively depleted after the LGM and then suddenly 
becomes enriched and then depleted again (SI Appendix, Fig. S4), echoing the 
δ18O pattern in the Greenland NGRIP ice core during the BA-YD interval (31) in 
shape but not in terms of the ages (SI Appendix, Fig. S4). The G2020 chronology 
over this interval was based on the radiocarbon record for the core. As argued in 
ref. 66, ignoring a single 14C analysis at a depth of 89.25 m as too young, allowes 
for a better fit to the NGRIP record. Taking the δDwax data into account, we have 

modified the chronology for the 70.11 to 98.51 m interval, adding two new tie 
points (at 79.71 m and 12.58 ka and 89.42 m, and 14.44 ka) to make the δDwax 
record consistent with the NGRIP δ18O record (SI Appendix, Fig. S4). The second 
exception is during MIS5e. There, the tie point at 258.18 m should have an age 
of 120 ka (rather than 119 ka, which was a typo in G2020), and between that 
point and 328.87 m we now recommend a single tie at 316.24 m, 129 ka. Ages 
are linearly interpolated between the tie points, as seen in SI Appendix, Fig. S3.

Paleoclimate Modeling (Fig. 5): The CCSM3 described in ref. 51 incorporated an 
atmosphere GCM coupled to a three-dimensional, dynamical ocean model, which was 
run to a steady equilibrium state, forced with insolation and atmospheric GHG concen-
tration for three MIS 5e time slices: 130 ka—corresponding to a fall insolation minimum, 
125 ka—with a maximum in summer insolation, and 120 ka—with a maximum in fall 
insolation. The monthly and seasonal averages over the last 30 y of each run, represent 
the mean annual cycle forced by insolation at these three climatic states (51).

Observed and future climate projections (Fig. 5 and SI Appendix, Fig. S5): Panels 
A–C of Fig. 5 show, in color, the CMIP6 intermodel correlation (67) between the 
long-term trend in EM precipitation and the trend in Northern Hemisphere surface 
temperature, 500 hPa zonal wind and sea level pressure, respectively. To facilitate a 
direct comparison with Fig. 4, we multiply the correlation values by −1, so that the 
maps show the change in surface temperature and atmospheric circulation related to 
the drying in the EM. The correlation is done over a 43-model ensemble as in ref. 67. 
EM precipitation is defined by the average over the Middle East—latitudes 30 to 38°N 
and longitude 34 to 50°E. The models were forced with historical GHG and aerosol 
concentrations between 1850 and 2014 and SSP5-85 forcing after, until 2100. Using 
the trend over this long interval (1850–2100) and the SSP with the highest emissions 
(SSP5-85) emphasizes the role of GHG as the external forcing agent. For each model, 
the trend in each field was normalized by the trend in that model’s global mean sur-
face temperature (GMT). Normalizing the trends in this way removes the intermodel 
differences due to climate sensitivity and allows an unambiguous assessment of 
the uncertainty in the EM drying that is directly attributable to uncertainty in the 
circulation response to external forcing. The results demonstrate a model consensus 
regarding what Northern Hemisphere temperature and circulation anomalies that 
govern the models’ EM precipitation trend over the 1850–2100 interval.

We further use the difference in SST between the North Atlantic subtropics 
(latitudes 25 to 45°N; Longitude from 60 to 30°W) and SST in subpolar sector 
(latitudes 45 to 65°N; longitudes 60 to 30°W) as a proxy of the latitudinal SST gra-
dient to show, in Fig. 5D, the model-by-model relationship between the normalized 
(by model GMT) trend in Middle East precipitation and the normalized trend in North 
Atlantic latitudinal SST gradient during 1850–2100. The correlation between the two 
variables over the 43-member ensemble is −0.49. Fig. 5D also shows in the red 
star the observed trend in precipitation and SST gradient for the period 1940–2022, 
normalized by the observed GMT for that period. The distance of the observations 
from the cluster of simulated trends suggests a larger sensitivity of the observed 
precipitation to changes in the latitudinal SST gradient than any of the models.

The gray contours overlying the colored panel in Fig. 5 show the negative of the cor-
relation between the observed time series of winter precipitation in the EM (calculated 
by averaging gridded rainfall TS4.06 data from Climate Research Unit at the University 
of East Anglia (68) over the Middle East domain) and the change in wintertime SST, 
mid-troposphere zonal wind (U500), and sea level pressure (SLP) in the Northern 
Hemisphere, all taken from ERA5 between 1940 and 2022 (69). The same observed 
correlations plots are shown separately in color in SI Appendix, Fig. S5.

Data, Materials, and Software Availability. Previously published data were 
used for this work (22, 23, 25, 31, 32, 51, 66).
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