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Paleoclimate Variability in the Mediterranean
and Red Sea Regions during the
Last 500,000 Years

Implications for Hominin Migrations

by Eelco J. Rohling, Katharine M. Grant, Andrew P. Roberts,
and Juan-Cruz Larrasoaiia

The Mediterranean—Red Sea region has been critical to dispersal of hominids and other species between Africa and
the rest of the world, and climate and sea level are thought to be key controls on migration pathways. Assessing
climate variations, we highlight increased millennial-scale variability at 480—-460, 440—400, 380-360, 340—320, 260—
220, 200-160, 140-120, and 80—40 thousand years ago (ka), which likely caused intermittent habitat fragmentation.
We also find that passageways across the Sahara Desert and the northern out-of-Africa route (from Egypt into the
Levant) were intermittently open during pluvials associated with orbital insolation maxima. No such relationship
is apparent for the southern out-of-Africa route (across the Red Sea). Instead, we present a novel interpretation of
combined sea-level and regional climate control on potential migrations via the southern route, with “windows of
opportunity” at 458—448, 345-340, 272-265, 145-140, and 70-65 ka. The 145-140 ka window seems relevant for
early colonization of Arabia at 127 *+ 16 ka, and the 70-65 ka window agrees with estimates of 65 +5/—8 ka for
the final out-of-Africa migration by the anatomically modern human founder group of all non-Africans. Once they
reached Eurasian Mediterranean margins, populations benefited from a rich diversity of terrain and microclimates,
with persistent favorable conditions in lowlands and potential to occupy higher elevations during milder periods.

Introduction

The Mediterranean—Red Sea region occupies a zone that is
influenced by four major climate systems. From northwest to
southeast, these are (1) the temperate westerlies that affect
Europe, the western Mediterranean, and the northern sector
of the eastern Mediterranean; (2) the dry subtropical con-
ditions that dominate the southern and eastern sectors of the
Mediterranean basin as well as the entire Red Sea region; (3)
the African monsoon, which affects Mediterranean conditions
through inflow of major rivers (Nile, and in the past other
North African drainage systems) and that has caused past
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contractions and expansions of the Sahara desert; and (4) the
Indian Ocean monsoon, which causes seasonal wind reversals
over the southern Red Sea region up to latitudes of 20°-25°N.
No significant rainfall is associated with the Indian Ocean
monsoon over the Red Sea and Arabian Peninsula today, but
the monsoon’s summer rainfall domain may have shifted onto
the southeast margin of the Arabian Peninsula (i.e., Yemen
and Oman) during insolation-driven monsoon maxima such
as those of the Early-Middle Holocene (Conroy and Overpeck
2011).

Climatic gradients over the Mediterranean and Red Sea
region are well illustrated by the updated Képpen-Geiger cli-
mate classification (Kottek et al. 2006; fig. 1). Important mea-
sures of climate variability through time are obtained from a
variety of methods, such as pollen data, lake levels, stable
isotopes from a variety of sedimentary archives, faunal
changes, and others. These data especially supply information
about changes in regional temperature and precipitation re-
gimes. In addition, the Red Sea has in the past decade become
a key region for reconstruction of continuous records of sea-
level fluctuations (Grant et al. 2012; Rohling et al. 19984,
20084, 2008b, 20095, 2010; Siddall et al. 2003, 2004). Finally,
the presence of vast deserts to the south of the Mediterranean
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Figure 1. Summary map of the main climate zones in the study region using the Koppen-Geiger climate classification. A =
equatorial; B = arid; C = warm temperate; D = snow; s = summer dry; f = fully humid; S = steppe; W = desert; w = winter
dry; m = monsoonal; a = hot summer; b = warm summer; k = cold arid; h = hot arid. Modified after Kottek et al. (2006).
A color version of this figure is available in the online edition of Current Anthropology.

and around the Red Sea gives rise to large windblown dust
fluxes into these basins, and reconstructions of those fluxes
through time—notably using marine sediment cores—also
reveal important changes in regional climate conditions.

In this paper, we present an overview of the modern climate
of the region and of the main changes that have been recon-
structed from paleoclimate proxy records for the last 500,000
yr. This overview provides a context for consideration of the
role of climate variability in anthropological and archaeolog-
ical developments at the interface of Africa and Europe.

Modern Climatic Setting
Mediterranean

We summarize modern Mediterranean climate conditions fol-
lowing the recent review of Rohling et al. (20094). The clas-
sical Mediterranean climate is characterized by warm and dry
summers and mild and wet winters. Mean annual precipi-
tation along the Mediterranean ranges from less than 0.12 m
in North Africa, to over 2.00 m in portions of southwest
Turkey and in the eastern Adriatic Sea along the slopes of the
Dinaric Alps (Naval Oceanography Command 1987). Total

evaporation in the entire Mediterranean increases toward the
east, with an average of 1.45 m y~' (Malanotte-Rizzoli and
Bergamasco 1991) to 1.57 m y~ ' (Béthoux and Gentili 1994).

The classical Mediterranean climate is a result of the re-
gion’s location on the transition between temperate westerlies
that dominate over central and northern Europe and the sub-
tropical high-pressure belt over North Africa (fig. 2; Boucher
1975; Lolis, Bartzokas, and Katsoulis 2002). In summer, sub-
tropical high-pressure conditions (and drought) extend from
the southeast in a northwestward direction over most of the
Mediterranean. Polar-front depressions may still reach the
western Mediterranean, but they only exceptionally penetrate
the eastern Mediterranean (Rohling and Hilgen 1991). During
winter, the subtropical conditions shift southward, and the
northern sector of the Mediterranean becomes influenced by
the temperate westerlies with associated Atlantic depressions
that track eastward over Europe. These depression influences
extend from the Mediterranean southeastward across the Le-
vant and into the northernmost sector of the Red Sea (e.g.,
Arz et al. 2003a; Bar-Matthews et al. 2003; Goodfriend 1991;
Matthews, Ayalon, and Bar-Matthews 2000; McGarry et al.
2004; Trommer et al. 2010).
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Figure 2. Atmospheric circulation pattern during Northern Hemisphere summer. The main winds are indicated by arrows.
ITCZ = intertropical convergence zone; H = areas of high sea-level pressure; L = areas of low sea-level pressure. After an adaptation
in Rohling et al. (2009), which compiled information from Rossignol-Strick (1985) and Reichart (1997).

Polar and continental air masses over Europe are channeled
into the Mediterranean basin through gaps in the mountain-
ous topography of the northern Mediterranean margin. Dur-
ing winter and spring, intense cold and dry air flows through
the lower Rhone Valley to reach the Gulf of Lions (the “mis-
tral”), and similar flows extend over the Adriatic and Aegean
Seas (the “Bora” and “Vardar”), where they cause strong evap-
oration and sea surface cooling (e.g., Casford et al. 2003;
Leaman and Schott 1991; Maheras et al. 1999; Poulos, Drak-
opoulos, and Collins 1997; Saaroni et al. 1996; and references
therein). The northerly air flows into the western and eastern
Mediterranean are determined by interaction between an in-
tense low over the central or eastern Mediterranean and
northeastward extension of the Azores High (over Iberia,
France, and southern Britain) or westward ridging of the
Siberian High toward northwestern Europe and southern
Scandinavia (Lolis, Bartzokas, and Katsoulis 2002; Maheras
et al. 1999). Persistent winter low-pressure conditions over
the region result from high Mediterranean sea surface tem-
peratures (Lolis, Bartzokas, and Katsoulis 2002).

The most pronounced basin-wide cold winter events com-
plement cold conditions over Europe and develop in asso-
ciation with positive sea-level pressure anomalies to the west
or northwest of the British Isles and particularly low pressure
over the Mediterranean. An important aspect of winter var-
iability concerns cyclogenesis (formation of new depressions),
which governs precipitation in the northeastern and south-
central sectors of the Mediterranean. Some Atlantic depres-
sions may enter the (western) basin, but most cyclones ob-
served in the Mediterranean form over the basin itself
(Rumney 1968; Trigo, Davies, and Bigg 1999), when cold and
relatively dry northerly air flows extend over warm sea sur-

faces in the northern sectors of the basin. Thus, winter cy-
clones are linked to North Atlantic systems, given that they
represent either (occasional) direct entries of Atlantic synoptic
systems into the Mediterranean basin or secondary lows
formed when Atlantic systems interact with the Alps and lead
to cyclogenesis within the basin (Trigo, Davies, and Bigg
2000).

Over the Mediterranean Sea, cyclogenesis is most frequent
over the Gulf of Genoa and the Ligurian Sea, but the Aegean
Sea is also a major center for winter cyclogenesis (Boucher
1975; Cantu 1977; Rumney 1968; Trewartha 1966; Trigo, Da-
vies, and Bigg 1999). Most Genoan depressions track over
Italy, thereby affecting the Adriatic region, and thence in a
generally eastward direction toward the Aegean Sea and/or
northern Levantine seas (Lolis, Bartzokas, and Katsoulis 2002;
Rumney 1968; Trewartha 1966; Trigo, Davies, and Bigg 1999).
These depressions, along with those that develop over other
centers of cyclogenesis, cause the winter precipitation that is
characteristic of modern Mediterranean climate. Geological
archives indicate that Mediterranean depressions have con-
trolled Mediterranean climate in the Levant as an enduring
feature over glacial-interglacial timescales (Bar-Matthews
et al. 2003; Goodfriend 1991; Matthews, Ayalon, and Bar-
Matthews 2000; McGarry et al. 2004; Rohling 2013; and ref-
erences therein).

Summer rainfall is low around the Mediterranean region,
especially in eastern and southeastern sectors. Some cyclo-
genesis occurs around Cyprus and the Middle East in summer,
but adiabatic descent in the upper troposphere—related to
the Asian summer monsoon—precludes deep convection over
the region and so causes the prevalence of dry summer con-
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ditions (Rodwell and Hoskins 1996; Trigo, Davies, and Bigg
1999).

The African monsoon does not reach directly into the Med-
iterranean basin, and there is no evidence that it ever did
during the Quaternary. It does, however, have (or more ap-
propriately used to have) a “remote” influence on the basin
through Nile River discharge. Before the anthropogenic con-
trol of the Nile, its average discharge was 8.4 x 10" m’ yr™'
(4.5 x 10" m® yr ' in low-flood years to 15.0 x 10" m’
yr~ ! in high-flood years), which from the mid-1960s has dwin-
dled to nearly nothing (Béthoux 1984; Nof 1979; Rohling and
Bryden 1992; Said 1981; Wahby and Bishara 1981). During
the predamming instrumental era, a strong (threefold) inter-
annual variability has been noted between high and low dis-
charge years, mainly due to variability in the monsoon-fed
contribution of the Blue Nile and Atbara rivers (see data
summary in Rohling et al. 20094).

The Nile River comprises two different systems: the White
Nile, which drains the equatorial uplands of Uganda in a
regular, permanent manner; and the Blue Nile and Atbara,
which drain highly seasonal (summer) African monsoon pre-
cipitation from the Ethiopian highlands. Summarizing the
predamming Nile hydrology after Adamson et al. (1980) and
Williams et al. (2000), it appears that up to 30% of the annual
discharge of the Nile originated from the White Nile and a
minimum of 70% of the annual discharge from the Blue Nile/
Atbara. The winter flow was dominated (83%) by the steady
White Nile contribution, and the Blue Nile/Atbara compo-
nent provided 90% of the summer flow (with a peak over
August—October). The White Nile discharge has a much
smaller ratio of change between its annual peak and lowest
monthly value, with a maximum between late September and
January.

It should be noted that the Nile has not always been the
only route for drainage of African monsoon precipitation into
the Mediterranean. During past monsoon maxima (related to
orbitally induced insolation maxima), the extent of the Sahara
desert was much reduced, and there was northward routing
of drainage from the central Saharan watershed into the Med-
iterranean along the wider North African margin (see below
for details).

Red Sea

The Red Sea basin is entirely situated in an arid zone with
very low humidity. Coastal stations record annual rainfall
figures of less than 20 mm in the north and 50-100 mm in
the south (Pedgley 1974). Riverine flow into the basin is neg-
ligible because of the basin’s small watershed (Maillard and
Soliman 1986; Morcos 1970; Siddall et al. 2004; fig. 3). One
of the larger systems that drains into the Red Sea is the Baraka
(Tokar) wadi in Sudan, which today is active 40-70 d yr'
(mainly during autumn). Wadi Baraka discharges 200-
970 x 10° m® water at 18.5°N into the Red Sea (Trommer et
al. 2011; Whiteman 1971), which is equivalent to a maximum
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of only 2 mm y~' when distributed over the entire Red Sea
surface area. Thus, river inflow and precipitation are negligible
throughout the Red Sea region, especially when contrasted
with the high rates of evaporation, which seasonally reach 2
m y ' or more (Maillard and Soliman 1986; Morcos 1970;
Pedgley 1974; Privett 1959; see also Fenton et al. 2000; Siddall
et al. 2004). Evaporation over the Red Sea is seasonally af-
fected by atmospheric circulation changes that are related to
the Indian Ocean monsoon. The most notable feature is a
seasonal wind reversal over the southern Red Sea, the general
nature of which is discussed below. For more details and
modeling, see Jiang et al. (2009).

During winter (October—May), reduction of sensible heat
radiation occurs over the cold landmass of central Asia that
is enhanced by snow-induced high albedo (reflection of in-
solation) over the Tibetan Plateau and Himalayas. This results
in a quasi-stable high-pressure system that extends from Mon-
golia to central Europe, Turkey, and Arabia. The cold, de-
scending air leads to a radial outflow of cold dry air toward
low-pressure areas over the relatively warm Indian Ocean.
The intertropical convergence zone (ITCZ) is displaced south-
ward in winter, to 20°S over East Africa, and the winter north-
east monsoon blows across the Arabian Sea and the Gulf of
Aden toward central Africa (Morcos 1970). A general south-
easterly wind circulation results between a continental de-
pression over central Africa and a continental anticyclone that
extends from Asia to Arabia. Channeling by the rift geometry
of the Red Sea coast then causes strong (6.7-9.3 m s™') winds
to blow from the south or south-southeast over the southern
half of the Red Sea up to about 20°N (e.g., Morcos 1970;
Patzert 1974). Throughout October—December, there is a con-
vergence between these south-southeasterlies and the north-
northwesterly winds that prevail year-round over the northern
Red Sea. This convergence occupies a north-south zone across
the Red Sea at around 20°N (Jiang et al. 2009; Pedgley 1974),
which varies in size and is characterized by low-pressure calms
(Morcos 1970). Jiang et al. (2009) demonstrated that the po-
sition of the convergence zone may be determined by gaps
in the topography, notably the Tokar Gap some 50 km inland
from the Tokar Delta on the Sudan coast, which acts as an
outlet of surface wind from the Red Sea basin in winter (and
as an inlet in summer; see below).

During summer (June—September), the monsoon system
is reversed. The spring melt reduces albedo over central Asia,
and insolation increases, thereby causing the landmass to
warm. This warms the air above, causing it to rise, creating
a quasi-stable low-pressure system over northern India (<995
mb; Morcos 1970), which extends over Pakistan to the Persian
Gulf. The updraft causes humid, relatively cool, maritime air
to flow in from the area of higher pressure over the now
relatively cool Indian Ocean. Latent heat release from con-
densation/precipitation against the flanks of the Himalayas
fuels further deepening of the continental low-pressure cell
and consequently more inflow of maritime air, which rein-
forces the system. The ITCZ reaches its most northerly po-
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Figure 3. Topography of the Red Sea basin. The dashed line delineates the Red Sea watershed. Numbers refer to key sediment core
locations (not used here). After Siddall et al. (2004). A color version of this figure is available in the online edition of Current

Anthropology.

sition (20°N) in July and becomes identified with the front
of the southwest monsoon. This passes north of Aden, and
the southwest monsoon flows in a clockwise direction over
East Africa, the Gulf of Aden, and the Arabian Sea toward
the main monsoon low of northern India (Morcos 1970). At
this time, a general northwesterly circulation is set up on the
western side of the summer Asiatic low-pressure cell. This
causes relatively weak (2.4-4.4 m s ') north-northwesterly or
northwesterly winds to dominate over the entire length of the
Red Sea (e.g., Morcos 1970; Patzert 1974).

Jiang et al. (2009) analyzed regional patterns superimposed
on the general along-axis wind systems, which are more zonal
(west to east or east to west) in nature and that are related
to gaps in the topography along the basin, such as the Tokar
Gap. There are eastward-blowing wind jets in summer
(mainly through the Tokar Gap) and westward-blowing wind
jets in winter from the Saudi Arabian margin (mainly over
the northern Red Sea). Wind speeds in these surface jets can
reach 10-15 m s™', and Jiang et al. (2009) provide clear evi-
dence of atmospheric dust entrainment over the Red Sea.
Jiang et al. (2009:5) further note that “other strong zonal
winds . . . blow from the Egyptian coast eastward across the

Red Sea longitudinal axis. . . . This . . . can also drive dust
storms.”

In the northernmost Red Sea, records of past climate
change have detected an influence of southeast Mediterranean
climate influences that extend across the Middle East (Arz et
al. 2003a; Legge, Mutterlose, and Arz 2006; Trommer et al.
2010). Contemporary climatology suggests that this link func-
tions through winter frontal rainfall associated with Cyprus

lows (El-Fandy 1946; Morcos 1970).

Past Climate Variability

Glacial-Interglacial Changes

Throughout the last three million years, climate variability
over the entire study region has been dominated by the effects
of global ice-age cycles, which were particularly prominent
during the last 500,000 yr (e.g., Lisiecki and Raymo 2005),
with variability that is forced by cyclic changes in the earth-
sun orbital configuration. The astronomical forcing of climate
takes place because of three main processes, namely: changes
in the eccentricity of the earth’s orbit around the sun, with
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climate effects in approximately 100- and 400-kyr cycles;
changes in the tilt of the earth’s rotational axis, with effects
on climate in 41-kyr cycles; and precession of the equinoxes,
with climate effects in cycles of 19- and 23-kyr durations (e.g.,
Berger 1977; Hays, Imbrie, and Shackleton 1976; Imbrie and
Imbrie 1980, 1986; Milankovitch 1941).

Glaciations were strongly focused on the North American
and northern Eurasian locations of continental ice sheets, but
the effects on climate were global. This had global implications
for sea level, with fluctuations between interglacial highstands
up to +10 m (Kopp et al. 2009; Muhs et al. 2011; Rohling
et al. 20085, 2009b) and glacial lowstands at —120 m or lower
relative to present sea level (Rohling et al. 1998a; Waelbroeck
et al. 2002). Methods for constructing continuous records of
sea-level variability now exist for the last half-million years
(Rohling et al. 20095, 2010; Siddall et al. 2003; Waelbroeck
et al. 2002). Model-based deconvolutions of deep-sea stable
oxygen isotope records have also been used to extend the
record over many millions of years (Bintanja, van de Wal,
and Oerlemans 2005; De Boer et al. 2010, 2011), but these
still require independent validation (fig. 4).

Along with enlarged land-ice volumes, another defin-
ing characteristic of glacials was widespread cooling (e.g.,
CLIMAP Project Members 1976; MARGO Project Members
2009; Rohling et al. 2012; Schneider von Deimling et al. 2006).
In the study region, cooling produced a strong gradient from
west to east through the Mediterranean and then to the south-
east along the axis of the Red Sea. Relative to the present,
glacial sea surface temperatures in summer were reduced by
8° =+ 2°C in the westernmost Mediterranean, 5° *= 2°C
around Sicily, and 3° * 2°C in the easternmost Mediterra-
nean; winter sea surface temperatures were reduced by 5° =+
2°C, 3° £ 1°C, and 0°-2.5°C, respectively (Hayes et al. 2005).

Sea Level (m)
2
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In the Red Sea, glacial-interglacial differences in sea surface
temperature were of the order of 3°-4°C (Arz et al. 20035;
Trommer et al. 2011), with a bias toward summer. These
estimates for the Red Sea are in agreement with estimates for
the western Arabian Sea (see compilation of Rohling et al.
2012).

Terrestrial temperature contrasts between glacials and in-
terglacials are typically around 1.3 or 1.5 times larger than
sea surface temperature contrasts (Braconnot et al. 2007;
Lainé et al. 2009). This agrees with estimates by Kuhlemann
et al. (2008) of terrestrial temperature reductions of 12°C in
the northwest Mediterranean region, 7.5°C around Sicily, and
6°C or less to the south and east of Crete. Thus, mean glacial-
interglacial temperature contrasts are expected on land
around the Red Sea. The inferred summer bias in Arz et al.
(2003b) and Trommer et al. (2011) suggests that the 4°-6°C
contrast estimated here may also have some bias toward sum-
mer (i.e., winter contrasts may have been smaller).

A notable southward displacement of climate zones also
occurred in glacials on both orbital and suborbital timescales
(e.g., Wang et al. 2004, 2006), as well as global lowering of
the snow line and associated vertical compression of vege-
tation zones (e.g., Barmawidjaja et al. 1993; Broecker and
Denton 1989; Klein, Isacks, and Bloom 1995; Kuhlemann et
al. 2008). Such snow line and vegetation displacements were
particularly strongly expressed in the mountain ranges along
the northern margin of the Mediterranean (Kuhlemann et al.
2008).

In a general sense, summer circulation/monsoons were
weakened in the Northern Hemisphere during glacial periods,
and winter circulation/monsoons were strengthened (e.g.,
Rohling, Mayewski, and Challenor 2003; Rohling et al. 2009¢
and references therein).

-140 Lt L L L L L

0 50000 100000 150000 200000

250000

300000 350000 400000 450000 500000

Age (years Before Present)

Figure 4. Comparison between three approaches for reconstructing continuous records of sea-level variations. Black is Waelbroeck
et al. (2002), based on coral-calibrated deep-sea stable oxygen isotope data, with uncertainties in gray. The dashed line is the
reconstruction of De Boer et al. (2010, 2011) from a model-based deconvolution of deep-sea stable oxygen isotope records into a
temperature and a sea-level component following the method of Bintanja, van de Wal, and Oerlemans (2005). Dots with (20)
uncertainty bars represent the Red Sea reconstruction on a U-Th-adjusted chronology (Rohling et al. 20095, 2010). Modified after
Rohling et al. (2012). A color version of this figure is available in the online edition of Current Anthropology.
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Opverall, atmospheric dust transport was strongly intensified
during glacials (e.g., Lambert et al. 2008; Larrasoafia et al.
2003; Mayewski et al. 1997; Roberts et al. 2011; Rohling,
Mayewski, and Challenor 2003; Ruth et al. 2007; Trauth, Lar-
rasoafia, and Mudelsee 2009; Winckler et al. 2008), which
attests to increased aridity, stronger winds, and reduced veg-
etation cover (reduced soil cohesion). However, even within
the Mediterranean and Red Sea region, there can be consid-
erable spatial differences in dust flux histories because of spa-
tially different conditions in the various dust source areas.
The western Mediterranean receives dust from northwest Af-
rica/western Sahara, while the eastern Mediterranean receives
dust from the eastern Sahara (Libya, Egypt). The Red Sea
receives influxes of windblown dust from the easternmost
Sahara, Sudan, and Saudi Arabia (Hickey and Goudie 2007;
Jiang et al. 2009; Middleton and Goudie 2001; fig. 5). On
millennial timescales, dust variability from various source ar-
eas varies considerably within and around the Mediterranean
and Red Seas; these variations do not seem to be systematic
between the two basins (Roberts et al. 2011; fig. 6). This
suggests considerable regional differences in the temporal var-
iability of vegetation cover, soil cohesion, and wind patterns/
intensities.

Ice-core records from Greenland and Antarctica reveal that
glacial periods were characterized by strong temperature fluc-
tuations on millennial timescales (fig. 7). Antarctic ice-core
records reveal climate variability that was less abrupt and of

180°W -120° -60°

0° 60°

000

smaller amplitude than that observed in Greenland (Blunier
et al. 1998; EPICA Community Members 2006). Continuous
records of sea-level variability, developed from Red Sea oxygen
isotope records, indicate that within the last glacial cycle,
global ice volume fluctuated on millennial timescales with a
rhythm close to that of variability observed in Antarctic cli-
mate records (Grant et al. 2012; Rohling et al. 2004a, 20095;
Siddall et al. 2003, 2008).

Greenland ice-core records and North Atlantic marine sed-
iment records provide evidence of particularly strong climate
fluctuations that have become known as Dansgaard-Oeschger
cycles, which include the particularly cold Heinrich events
(e.g., Broecker 2000; Dansgaard et al. 1993; Grootes et al.
1993; Hemming 2004). In many records, these millennial-
scale fluctuations appear as an alternation between more in-
tense and less intense glacial conditions, and the Heinrich
events are often particularly cold/intense. Western Mediter-
ranean sea surface temperature strongly fluctuated in close
agreement with the Dansgaard-Oeschger cycles and Heinrich
events (Cacho et al. 1999, 2000, 2001; Frigola et al. 2007;
Martrat et al. 2004; Rohling et al. 1998b).

Dansgaard-Oeschger oscillations in the Northern Hemi-
sphere were related to Antarctic (Southern Hemisphere) tem-
perature cycles through a systematic out-of-phase relationship
(e.g., Blunier and Brook 2001; Blunier et al. 1998; EPICA
Community Members 2006; Stocker and Johnsen 2003). In
this relationship, which has become known as the “bipolar

120° 180°E

90°

Lingtai, Zhaojiachuan _., -~ f

3 L,g\b\

00

-30°

-60°

Figure 5. Major global dust sources and locations of dust records. Dust flux contours (mg m > yr ') are shown in oceans surrounding
dust sources (after Duce et al. 1991). Locations of dust records discussed are indicated (ocean drilling program sites 659: Tiedemann,
Sarntheim, and Shackleton 1994; 721: deMenocal, Bloemendal, and King 1991; 967: Larrasoafa et al. 2003; and the Zhaojiachuan
and Lingtai loess sections: Sun et al. 2006). Site KL09 is the Red Sea record presented in Rohling et al. (20084, 2009b) and Roberts
et al. (2011). Modified after Roberts et al. (2011). A color version of this figure is available in the online edition of Current

Anthropology.
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Figure 6. Comparison of sea-level and dust records for the Red Sea, circum-Sahara region, and Chinese loess plateau. a, Central
Red Sea sea-level reconstruction (Rohling et al. 20095, 2010). b, Environmental magnetic IRM900 mT@AF120 mT proxy for
windblown hematite (Hem.) in Red Sea core KL09 (gray) compared with the stacked Chinese loess grain size record from Zhaojiachuan
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temperature seesaw,” the magnitude of warming in the South-
ern Hemisphere is proportional to the duration of cold ep-
isodes in the Northern Hemisphere (e.g., EPICA Community
Members 2006; Stocker and Johnsen 2003). Siddall et al.
(2010) identified during which intervals of the last 500,000
yr such millennial-scale climate variability has been particu-
larly pronounced and found that this was the case at 480—
460, 440-400, 380-360, 340-320, 260-220, 200-160, 140-120,
and 80—40 ka (fig. 7). Because of the global nature of this
variability, it may be expected that these intervals of generally
enhanced climate variability will be noticeable in records from
Africa and Eurasia even if the exact nature of the variability
may differ between regions.

Northern high-latitude cooling events particularly affected
the northern sectors of the Mediterranean region because of
cold air outbreaks that were channeled toward the basin
through gaps in the mountain ranges along its northern limits,
which also triggered atmospheric instability over the Medi-
terranean and had implications for regional precipitation re-
gimes (e.g., Casford et al. 2003; Frigola et al. 2007; Kuhlemann
et al. 2008; Rohling et al. 1998b, 2002b). Thus, vegetation
(pollen) records from the western Mediterranean and north-
ern sector of the eastern Mediterranean also reflect the strong
effects of northerly (Greenland-style) climate influences (e.g.,
Allen et al. 1999; Kotthoff et al. 2008; Moreno et al. 2002;
Miiller and Pross 2007; Sanchez-Goni et al. 2002; Tzedakis
1999, 2009; Tzedakis et al. 2004).

From the Red Sea area, relatively little is known about
climate variability. It was always dry, with high windblown
dust input, but this input nevertheless reveals intensity var-
iations that are closely similar to those observed on the Chi-
nese loess plateau (Roberts et al. 2011). This suggests that the
main climate influences over the central Red Sea (with respect
to windblown dust input) were dominated by atmospheric
circulation/wind changes that reflect the larger westerlies-
dominated Northern Hemisphere climate variability and
Indian-Asian monsoon variability (e.g., Porter and An 1995;
Rohling, Mayewski, and Challenor 2003).

African Monsoon Changes

Superimposed on the glacial cycles, the entire Mediterranean
region is strongly affected by monsoon intensity variations,
which are dominated by Northern Hemisphere insolation
changes that mainly reflect the influences of precession and
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eccentricity (e.g., COHMAP Members 1988; Kutzbach and
Gallimore 1988; Kutzbach and Guetter 1986; Kutzbach and
Street-Perrott 1985; Rossignol-Strick 1985). African monsoon
maxima are well known to have been associated with inso-
lation maxima. Freshwater flooding from the African margin
into the Mediterranean during these times caused collapse of
deepwater formation, eventually resulting in deepwater an-
oxia. These events are easily recognized in eastern Mediter-
ranean sedimentary sequences because organic carbon pres-
ervation led to the formation of characteristic black organic
rich layers, called sapropels (e.g., Rohling 1994 and references
therein).

The Mediterranean sapropel record reflects the more in-
tense African monsoon maxima, and individual sapropels
have been dated (Emeis et al. 2000; Hilgen 1991; Hilgen et
al. 1993; Kroon et al. 1998; Lourens, Wehausen, and Brumsack
2001; Lourens et al. 1996) based on the ages of precession-
driven insolation maxima that are known from astronomical
solutions (Berger 1977; Laskar et al. 2004; Milankovitch 1941).
A particularly straightforward summary table of ages is given
for the main sapropels by Kroon et al. (1998), after Lourens
et al. (1996). These datings may be important for archaeo-
logical, anthropological, and biogeographical studies because
they provide a chronological framework that may help us to
date and understand, for example, past migration pulses
through the Sahara desert region (e.g., Drake et al. 2011;
Osborne et al. 2008) or past humid phases associated with
fossil hominid finds (e.g., Brown, McDougall, and Fleagle
2012; McDougall, Brown, and Fleagle 2005, 2008). The sap-
ropel record indicates that there have been more than a hun-
dred of such strongly developed African monsoon maxima
over the past couple of million years (Larrasoana, Roberts,
and Rohling 2013).

During times with intensified African monsoon circulation,
the spatial extent of the Sahara Desert was much reduced,
which has become known as “greening of the Sahara,” when
the African monsoon penetrated farther northward than to-
day (Larrasoafa, Roberts, and Rohling 2013). This penetra-
tion was partly due to orbital forcing and partly resulted from
northward expansion of vegetation into the previously more
reflective desert, which in turn triggered further northward
penetration of the monsoon front in a “vegetation-albedo
feedback process” (e.g., Brovkin et al. 1998; Claussen et al.
1998; Foley et al. 2003). During intense monsoon maxima,

and Lingtai, Chinese loess plateau (from Sun et al. 2006, with minor age adjustments in Roberts et al. 2011). ¢, d, e, and f, respectively,
compare the Red Sea dust record (gray) with dust records from EPICA Dome C, Antarctica (Lambert et al. 2008); ODP Site 659,
off northwest Africa (Tiedemann, Sarntheim, and Shackleton 1994); ODP Site 967, eastern Mediterranean Sea (Larrasoana et al.
2003); and ODP Site 721, Arabian Sea (deMenocal, Bloemendal, and King 1991). Vertical dashed lines coincide with Red Sea dust
peaks at the glacial terminations and are shown to assist comparisons between panels. The Red Sea records are shown for consistency
on the same chronology (Rohling et al. 20095, 2010) as used in Roberts et al. (2011). This chronology is (subtly) updated within
the last 150,000 yr in figures 7 and 8 based on the latest age controls developed by Grant et al. (2012). A color version of this

figure is available in the online edition of Current Anthropology.
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Figure 7. Comparison of different records of climate variability including polar ice-core records, sea level, and Mediterranean
temperature variability. a, EPICA Dome C ice-core stable hydrogen isotope proxy for temperature, Antarctica (Jouzel et al. 2007).
b, The Red Sea sea-level record in the pre-150 ka interval on the chronology of Rohling et al. (20095, 2010) and in the post-150
ka interval on the latest chronology using the age constraints developed by Grant et al. (2012). ¢, Sea surface temperature in the
Alboran Sea, westernmost Mediterranean (Martrat et al. 2004). d, Stacked North-GRIP ice-core oxygen isotope proxy for temperature,
Greenland (gray; Wolff et al. 2010), and—for clarity—a 21-point moving average smoothing (black). Bars at the bottom indicate
intervals of particularly pronounced millennial-scale climate variability after the analysis of Siddall et al. (2010). A color version of
this figure is available in the online edition of Current Anthropology.

the monsoon front appears to have penetrated northward past
the central Saharan watershed (at about 21°N), and seasonal
runoff occurred from the central Saharan mountains into the
eastern Mediterranean along the wider North African margin
(Drake et al. 2011; Osborne et al. 2008; Paillou et al. 2009;
Rohling et al. 20024, 20044, 2004b). Such drainages will have
presented green corridors along which humans and animals
may have migrated across the otherwise arid region (Drake
et al. 2011; Osborne et al. 2008). These ideas integrate a wide
variety of evidence for past increases in precipitation and
water availability throughout the currently hyperarid Sahara,
including the distributions of animal and human fossils, sed-
imentological data, lake-level reconstructions, etc. (e.g., Ar-
mitage et al. 2007; Cremaschi 2002; Drake et al. 2011; Gasse
2000; Gaven et al. 1981; Kuper and Kropelin 2006; Larrasoafia,
Roberts, and Rohling 2013; Mandell and Simmons 2001; Pa-
chur 2001; Pachur and Altmann 2006; Pachur and Braun
1980; Szabo, Haynes, and Maxwell 1995). Records of African
monsoon variability reveal that centennial- to millennial-scale

decreases/collapses in monsoon intensity occurred during sev-
eral monsoon maxima and that these roughly coincided with
intrusions of northerly cooling events into the Mediterranean
basin (e.g., Casford et al. 2003; Gasse 2000; Mercone et al.
2001; Osborne et al. 2008; Rohling et al. 20024, 20025, 2004b;
Scrivner, Vance, and Rohling 2004).

It is important to note that there is no evidence that the
African monsoon penetrated at any time directly into the
Mediterranean basin. Rainfall gradient and isotope recon-
structions in the Levant indicate that rain in that region was
always sourced from the north and west, from the Mediter-
ranean, even during monsoon maxima (Bar-Matthews et al.
2003; Goodfriend 1991; Matthews, Ayalon, and Bar-Matthews
2000; McGarry et al. 2004; Vaks et al. 2007). Moreover, Tze-
dakis (2009) presented a compelling case that times of
insolation-driven African monsoon maxima were not char-
acterized by enhanced summer precipitation around the
northern and eastern Mediterranean, as had been often sug-
gested before (e.g., Rohling and Hilgen 1991; Tzedakis 2009;
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and references therein). Pollen data indicate that summer
aridity was enhanced at these times and that any enhanced
rainfall likely took place in winter (with some possible regional
exceptions); that is, typical Mediterranean climate conditions
were intensified (Tzedakis 2009).

During opposite phases of the precession cycle, the mon-
soon was weak, and the (hyper)arid Sahara desert was spatially
extended, similar to the present, without watercourses
crossing it to the wider North African margin. Orbital cyclicity
in the African monsoon is obvious in records of windblown
dust fluxes from the Sahara (e.g., Larrasoana et al. 2003; Lour-
ens, Wehausen, and Brumsack 2001; Trauth, Larrasoana,
Mudelsee 2009; Wehausen and Brumsack 2000), which re-
flects insolation forcing of the African monsoon.

Indian Monsoon Changes

Variations in the Indian Ocean monsoon circulation, which
affect the wind field over the southern sector of the Red Sea
region, have been documented especially by marine sedi-
mentary records from the Arabian Sea (e.g., Almogi-Labin et
al. 2000; Clemens and Prell 1990, 2003; Clemens et al. 1991;
Ivanochko et al. 2005; Prell and Kutzbach 1987; Reichart,
Lourens, Zachariasse 1998; Rostek et al. 1997; Schmiedl and
Leuschner 2005; Schultz, von Rad, and Erlenkeuser 1998; Sir-
ocko et al. 1993) and by speleothem records from Oman and
Socotra (Burns et al. 2003, 2004; Fleitmann et al. 20034,
20035, 2004, 2007). Long Arabian Sea records provide con-
vincing evidence for a predominant control of orbital pre-
cession and thus insolation on the Indian monsoon intensity,
similar to the African monsoon. Speleothem data from Oman
(Fleitmann et al. 20034, 2003b, 2004, 2007) indicate that the
precipitation regime of the Indian Ocean monsoon expanded
to affect the southeastern margin of the Arabian Peninsula
during the Early to Middle Holocene summer southwest
Monsoon maximum, whereas that region currently (during
the opposite precession phase) is unaffected (Conroy and
Overpeck 2011).

Trommer et al. (2011) described the timing of a somewhat
more humid interval in the central Red Sea Bakala (Tokar)
wadi catchment and found that this started immediately fol-
lowing the last interglacial sea-level highstand and lasted sev-
eral thousand years. This relative timing agrees with the period
of deposition of the deep-sea anoxic event known as sapropel
S5 in the eastern Mediterranean (Grant et al. 2012), which is
also recognized as a humid interval in the speleothem record
of Soreq cave, Israel, which reflects the last interglacial African
monsoon maximum (Bar-Matthews, Ayalon, and Kaufman
1997, 2000; Bar-Matthews et al. 1999, 2003). U-series dating
of the Soreq cave record demonstrates that the last interglacial
African monsoon maximum dates to 128—120 ka. This agrees
with datings from Dongge cave, China, for the last interglacial
maximum of the Asian monsoon, from 129.3 = 0.9 to 119.6
+ 0.6 ka (Yuan et al. 2004). On millennial scales, therefore,
the timing of monsoon maxima seems to be roughly similar
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for all three major monsoon systems (African, Indian, and
Southeast Asian).

Red Sea records contain no evidence for any major pre-
cipitation/vegetation changes associated with monsoon max-
ima; the area appears to have remained (hyper)arid. Monsoon
variability, however, affected Red Sea oceanography through
changes in the wind field over the basin (Biton et al. 2010;
Trommer et al. 2011), and strong windblown dust variations
over time support the notion of important fluctuations in
wind forcing over the basin (Roberts et al. 2011; Rohling et
al. 2008a).

Millennial-scale variability in windblown dust records of
the central Red Sea is coherent with millennial-scale changes
in Arabian Sea productivity (Rohling et al. 20084; Schultz,
von Rad, Erlenkeuser 1998) as well as with Chinese loess
records (Porter and An 1995; Roberts et al. 2011; Sun et al.
2006). This links Arabia with winter-dominated climate var-
iability as recorded in Greenland ice-core records (Rohling,
Mayewski, and Challenor 2003). In short, there is good evi-
dence that colder conditions in Greenland coincided with
intensified winter-type atmospheric circulation over Asia,
which also affected Arabia, possibly through the winter
(northeast) monsoon.

Implications and Conclusions

Conditions Relevant to Proposed Migration Routes
across the Southern Red Sea

Sea level. The intense ice-age cycles of the last 500,000 yr
have been associated with important variability in global sea
level over a range of 120 m or more below the present to
perhaps 10 m above the present (fig. 4). The Strait of Bab-
el-Mandab in the southern Red Sea, which connects the basin
with the open ocean, is highly sensitive to sea-level change
because it is (today) only 137 m deep. This is of the same
order as past sea-level drops during glacial maxima, and there
have consequently been many proposals of a potential mi-
gration route across the southern Red Sea, assuming that a
passage between Africa and Arabia may have emerged during
times of maximum glacial sea-level lowstands.

Fernandes, Rohling, and Siddall (2006) evaluated the con-
cept of emergence of a southern land bridge between Africa
and Arabia and concluded that there is no evidence for it at
any time during the last 500,000 yr. Emergence of a land
bridge in the strait would rapidly lead to desiccation within
the highly evaporative Red Sea, with deposition of evaporites
within a matter of several centuries in the open basin and
within a matter of years to decades in shallow coastal envi-
ronments. Moreover, there is evidence of substantial persistent
local water depths above the sill in the strait of at least 15 m
(Fernandes, Rohling, and Siddall 2006) and up to 35 m (Biton,
Gildor, and Peltier 2008); for the Last Glacial Maximum, the
passage depth has been estimated as up to 25 = 4 m (Lambeck
et al. 2011). For lower water depths, inflow from the open
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ocean would have become sufficiently restricted for basin-
wide development of extreme salinities in excess of about 75
practical salinity units (psu). There is evidence that salinities
at times rose above 49 psu, causing local extinction of plank-
tonic foraminifera (Fenton et al. 2000 and references therein).
However, salinities remained below 75 psu given that higher
values would have also caused the local extinction of all pter-
opods and all benthic foraminifera, which did not happen
(Fenton et al. 2000; Rohling et al. 1998a).

Regardless of the above, the strait passage was much shal-
lower and narrower than today during glacial sea-level low-
stands (Lambeck et al. 2011; Rohling et al. 19984; Siddall et
al. 2004). This is especially clearly illustrated by a recent ad-
vanced reconstruction of strait morphology during the Last
Glacial Maximum (Lambeck et al. 2011), which takes into
account detailed hydrographic data for the present-day strait,
sea-level change during the Last Glacial Maximum, and a
model for isostatic change components. Lambeck et al. (2011)
also present arguments about older glacial lowstands and sup-
port the notion that an open passage remained in existence.
In summary, it is evident from the combined studies that any
migration across the southern Red Sea during glacial sea-level
lowstands would have (a) benefited from the fact that the
marine passage was strongly reduced in width, and (b) def-
initely included some element of swimming, rafting, or nav-
igation.

Climate conditions. Another important control on potential
migrations across the southern Red Sea concerns regional
climatic conditions. For example, was enough water and food
available to sustain migrating animals/humans on either side
of the strait? This question has come to the fore because of
a recent proposal (Armitage et al. 2011) that an early wave
of human migration out of Africa occurred across the south-
ern Red Sea, with migration toward and across the strait
region during the penultimate glacial maximum (the “Saa-
lian”) and subsequent spreading across/along the Arabian
Peninsula during the monsoon maximum of the last inter-
glacial (about 128-120 ka).

Red Sea sedimentary records provide important insights
into regional climatic conditions. Windblown dust concen-
trations have been measured in exactly the same sedimentary
sequences that were used to reconstruct the Red Sea sea-level
record. This dust record clearly illustrates that the transition
between the Saalian glacial and the last interglacial was char-
acterized by extreme fluxes of windblown dust, which reflect
high winds and pronounced aridity in the region (Roberts et
al. 2011). Organic geochemical data, also from the same sam-
ple sequence, demonstrate that (lightly) enhanced humidity
in the Red Sea region—the most likely local expression of the
last interglacial summer monsoon maximum—first developed
only after the sea-level highstand had peaked and sea level
had started to drop again (Trommer et al. 2011). Data from
Oman suggest that relatively more humid conditions may
have started to develop earlier, from about 135 ka (Fleitmann
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et al. 2003b; Vaks et al. 2007), a little later than in the eastern
Sahara (from 140 ka; Osmond and Dabous 2004; Szabo,
Haynes, and Maxwell 1995; Vaks et al. 2007).

It would be an oversimplification to assume a simple suc-
cession from low sea level to favorable climate for migration
across the Arabian Peninsula during the transition from the
Saalian glacial to the last interglacial. The data instead reveal
considerable complexity across that transition, highlighting
that the sea-level lowstand and the climatically more favorable
conditions were separated by at least 5,000 yr of arid regional
conditions and sharp sea-level rise (Roberts et al. 2011). This
does not exclude the possibility that the southern route out
of Africa was employed at this time. But if it was, then the
animals/humans involved must have been resilient to signif-
icantly adverse environmental conditions. We note that a sim-
ilar sequence of events is observed for almost all glacial ter-
minations. In the next section, we elaborate a new view of
more promising migration intervals.

A new concept: “windows of opportunity” for southern mi-
gration out of Africa. Our sea-level and windblown dust rec-
ords, sampled from the same central Red Sea sediment se-
quence (Rohling et al. 20084, 20095, 2010; Roberts et al. 2011)
are shown in figure 8. The last 150,000 yr are shown on a
new chronology (Grant et al. 2012, which is tightly con-
strained relative to the U-Th dated Soreq Cave record from
Israel; Bar-Matthews, Ayalon, and Kaufman 1997; Bar-
Matthews et al. 1999, 2000, 2003). Before 150 ka, the records
are shown on a chronology developed (Rohling et al. 2009b)
by correlation with the European Project for Ice Coring in
Antarctica (EPICA) Dome C temperature proxy record on
the EDC3 chronology (Jouzel et al. 2007) with an adjustment
that accounts for radiometric datings of past sea-level high-
stands (Rohling et al. 2010).

The horizontal light gray bar in figure 8 highlights relatively
low dust fluxes similar to those of the Holocene. During times
with such relatively low dust fluxes, we suggest that the re-
gional climate may have been most favorable for habitation/
migration in contrast to the intervening intervals with high
dust fluxes, which attest to more intense winds and lower soil
cohesion due to even lower soil moisture and even more
scarce vegetation cover than today. The vertical light gray bars
identify periods when both (a) sea level stood 100 m or more
below the present, so that the marine connection to be crossed
in the Strait of Bab el Mandab would have been only some
6 km wide (cf. Last Glacial Maximum reconstruction of
Lambeck et al. 2011); and (b) dust fluxes were relatively low.
These highlighted intervals therefore represent periods with
relatively favorable conditions (windows of opportunity) for
potential migrations between northeast Africa and southwest
Arabia via a southern route. There is increasing evidence that
the southern route was used for the final migration out of
Africa by AMHs (e.g., Derricourt 2005; Fernandes et al. 2012).

The highlighted periods of significant sea-level lowstands
were also characterized by emerged continental shelves
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Figure 8. Direct comparison between (a) the latest version of the Red Sea sea-level reconstruction, with the pre-150 ka interval on
the chronology of Rohling et al. (20095, 2010) and the post-150 ka interval on the new chronology of Grant et al. (2012), and (b)
central Red Sea dust proxy data, including the Ti/Ca ratio from core-scanning XRF analysis (gray) and hematite concentration data
from environmental magnetic analyses (smooth line; see also Roberts et al. 2011; Rohling et al. 2008a). Data originate from a single
sampling of the same sedimentary sequence, which ensures unambiguous phase relationships between the various records. Light
gray bars are explained in the text. Horizontal bars at bottom indicate intervals of particularly pronounced millennial-scale climate
variability, after the analysis of Siddall et al. (2010; see also fig. 7). A color version of this figure is available in the online edition

of Current Anthropology.

around the Arabian Peninsula. These provided excellent hab-
itation and migration potential for animals and humans, es-
pecially if the enhanced hydraulic head due to sea-level low-
ering led to enhanced freshwater seepage on the emerged
shelves from groundwater reservoirs (e.g., Parker and Rose
2008). Such seepage exists even today on the shelves, in sub-
marine form (Ghoneim 2008; Parker and Rose 2008). The
emerged shelves may therefore have presented an excellent
habitat with gentle topography, freshwater availability, and an
abundance of coastal/marine resources. If emerged shelves
were key migration/habitation zones, then much of the an-
thropological record may now be under water.

Several windows of opportunity for migration along the
southern route out of Africa within the last half-million years
are highlighted in figure 8. These windows date to about 458—
448, 345-340, 272265, 145-140, and 70-65 ka. The interval
of 145-140 ka may be relevant with respect to a tentative early
migration of AMHs that led to early inhabitation at the Hor-
muz region of the Arabian Gulf with an oldest dating of 127
+ 16 ka (Armitage et al. 2011). That population is thought
to have been “unsuccessful” in that it did not leave any de-
scendants (Fernandes et al. 2012). Instead, all non-African
humans originate from a more recent migration out of Africa
dated with various molecular clock approaches at around 57—
65 ka, with an upper age bound of 70-65 ka based on East
African data (Fernandes et al. 2012). This age range of 65

+5/—8 ka is in remarkable agreement with our window of
opportunity of 70-65 ka for a southern route migration out
of Africa. The chronological uncertainties for our records in
that interval are less than 1,000 yr (Grant et al. 2012). Hap-
lotype dispersal maps suggest that the migration at around
65 ka followed the southern route out of Africa and that
Arabia was the first staging post in the spread of AMHs
around the world (Fernandes et al. 2012).

Conditions Relevant to Habitation of and Migration
through the Sahara

Migration potential through the Sahara Desert was compre-
hensively assessed by Drake et al. (2011). Their abstract says
it all:

Both animals and humans populated it [the Sahara] during
past humid phases. . . . More animals crossed via this route
than used the Nile corridor . . . [and] many of these species
are aquatic. This dispersal was possible because during the
Holocene humid period the region contained a series of
linked lakes, rivers, and inland deltas comprising a large
interlinked waterway, channeling water and animals into
and across the Sahara. . . . This system was last active in
the early Holocene when many species appear to have oc-
cupied the entire Sahara. Human dispersals were influenced
by this distribution. . . . Lacustrine sediments show that the
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“green Sahara” also existed during the last interglacial (~125
ka) and provided green corridors that could have formed
dispersal routes at a likely time for the migration of modern
humans out of Africa.

Both periods highlighted in that study are well-known
insolation-driven African monsoon maxima. The Holocene
period is known to correspond to eastern Mediterranean sap-
ropel S1 and the last interglacial period to sapropel S5 (e.g.,
Larrasoafia, Roberts, and Rohling 2013; Osborne et al. 2008;
Rohling and Hilgen 1991; Rohling et al. 20024, 2004b; Scriv-
ner, Vance, and Rohling 2004).

Archaeological observations around exclusively rain-fed de-
pressions on the Libyan Plateau suggest that monsoonal sum-
mer rains from central Africa periodically penetrated at least
as far north as Kharga (roughly 25°N) during the Holocene
monsoon maximum despite the fact that conditions during
that pluvial phase seem to have remained drier than during
earlier Quaternary pluvial phases (Mandel and Simmons
2001). This suggestion that the Holocene monsoon maximum
was of a relatively low intensity compared with previous Qua-
ternary monsoon maxima has been corroborated by quan-
titative reconstructions of effects of the Holocene and last
interglacial monsoon maxima in the eastern Mediterranean
(Rohling 1999; Rohling et al. 2004b). Hence, past monsoon
maxima—datings for which can be obtained from the astro-
nomical ages of insolation-driven monsoon maxima (Emeis
et al. 2000; Hilgen 1991; Hilgen et al. 1993; Kroon et al. 1998;
Lourens et al. 1996, 2001)—represent times of enhanced hu-
midity that may have been crucial for migrations through the
otherwise hyperarid Sahara “barrier” between sub-Saharan
Africa and the Mediterranean/Levantine regions (Larrasoaiia,
Roberts, and Rohling 2013).

As mentioned above, several African monsoon maxima
(e.g., the Holocene and last interglacial) have been interrupted
by centennial- to millennial-scale periods of reduced mon-
soon intensity. Hence, potential routes for migration through
the Sahara region remained intermittent, subject to periodic
returns of harsh conditions.

Finally, hypotheses that invoke an importance of periods
of rapid, millennial-scale climate variability for developments
and/or migrations of hominins and their food sources—for
example, through intermittent habitat fragmentation—may
benefit from the objectively identified episodes of generally
(globally) enhanced millennial-scale climate variability (Sid-
dall et al. 2010). We have indicated these intervals (480-460,
440-400, 380-360, 340-320, 260-220, 200-160, 140-120, and
80—40 ka) in figures 7 and 8.

Conditions Relevant to Migrations through the Levant

Conditions for migrations through the Levant are normally
poor because of hyperarid conditions in the Sinai-Negev re-
gion. However, data from a north—south array of caves high-
light a window of time between 140 and 110 ka when this
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region was intermittently more humid (especially between 133
and 122 ka) and thus more hospitable (Vaks et al. 2007). This
closely matches data that indicate more humid conditions in
the Egyptian Sahara (Osmond and Dabous 2004), which sug-
gests a high probability that a pathway existed through the
Levant for migrations out of Africa between about 140 and
110 ka, with possible extension to 85 ka, after which hyperarid
conditions were reestablished (Vaks et al. 2007).

Derricourt (2005) reviewed climatic and archaeological
studies to conclude that the Levantine route was the most
likely route of early (pre-85 ka) migrations out of Africa in
contrast to the youngest (post-85 ka) migration, which he
links more to a southern route across the Bab-el-Mandab
Strait (see above). Early AMH finds from Qafzeh and Skhul
in the Near East date to between 119 *+ 18 and 81 =+ 13 ka
(e.g., Armitage et al. 2011; Griin et al. 2005; Petraglia 2011;
Shea 2008). Genetic data indicate that this migration did not
leave any descendants in the modern human population out-
side Africa, which instead can be traced back to a migration
out of Africa that took place around 65 ka, likely via a south-
ern route (Fernandes et al. 2012; see above).

For Levantine migration routes, the key control may have
been exerted by development of pluvial episodes as recorded
and accurately dated in cave speleothem deposits (e.g., Der-
ricourt 2005; Shea 2008; Vaks et al. 2007). These intermittently
more humid conditions in the Levant are closely related to
monsoon maxima associated with Northern Hemisphere in-
solation maxima. It should be emphasized that monsoon
maxima, with “greening of the Sahara,” were not limited to
only interglacial insolation maxima but occurred also during
insolation maxima within glacial times (e.g., Larrasoaiia, Rob-
erts, and Rohling 2013; Larrasoaiia et al. 2003; Liu et al. 2012).

The control by pluvials that applies to the Levantine route
is considerably more straightforward than the windows of
opportunity control we have proposed in “A new concept:
‘windows of opportunity’ for southern migration out of Af-
rica” for the southern route, which requires a combination
of low sea level and concomitant interludes of relatively fa-
vorable climate conditions. These windows of opportunity
are not simply aligned with monsoon maxima but instead
reflect millennial-scale episodes of relatively favorable climate
within glacial maxima.

Conditions along the European Margin of the Mediterranean

As recorded in Greenland ice cores, the European margin of
the Mediterranean has been strongly affected by intense cli-
mate swings that originate in the North Atlantic region. Cold
events were transmitted to the Mediterranean by northerly
air outbreaks through gaps in the mountainous topography
around the northern margin of the Mediterranean, especially
over the northwest Mediterranean, the Adriatic Sea, and the
Aegean (e.g., Casford et al. 2003; Frigola et al. 2007; Kuhle-
mann et al. 2008; Moreno et al. 2002; Rohling et al. 19985,
2002b). During the Holocene, a strong temporal coincidence
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has been found between the northerly cooling events and

archaeological transitions in the northeastern sector of thc—

Mediterranean region (Clare et al. 2008). Because of resultant
atmospheric instabilities within the Mediterranean basin,
northerly cooling events may have had an amplified effect on

snow line lowerings and vegetation-zone migrations in th¢=*

Mediterranean region (e.g., Kuhlemann et al. 2008 and ref-

erences therein). -

Despite this glacial variability, the Mediterranean region
during glacial times was a refugium with relatively mild con-
ditions for plants and animals, avoiding the much more severe
climatic stress over the main Eurasian landmass to the north

of the Alps/Carpathians (e.g., Blondel 2009; Tzedakis 2009).~

The region’s great diversity of terrain and microclimates,
drainage patterns, and accentuated relief with many rock shel-

ters and caves would have been conducive to a relatively rich

variety of exploitable plant and animal food sources and to
camp locations. From a climatic point of view, therefore, it
is likely that habitation and migration were possible through-
out this region even during severe glacials, especially in low-
lands and coastal plains, and that there was the potential to
range into higher elevations during periods with milder con-
ditions.
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Figure Captions

Figure 1. Summary map of the main climate zones in the study region using the
Koppen-Geiger climate classification. C is warm temperate; B is arid; A is
equatorial; D is snow; s is summer dry; f is fully humid; S is steppe; W is desert;
w is winter dry; m is monsoonal; a is hot summer; b is warm summer; k is cold
arid; and h is hot arid. Modified after Kottek et al. (2006).

Figure 2. Atmospheric circulation pattern during Northern Hemisphere summer.
The main winds are indicated as arrows. ITCZ = Inter-Tropical Convergence
Zone; H = areas of high sea-level pressure; L = areas of low sea-level pressure.
After an adaptation in Rohling et al. (2009), which compiled information from
Rossignol- Strick (1985) and Reichart (1997).

Figure 3. Topography of the Red Sea basin. The dashed line delineates the Red
Sea watershed. Numbers refer to key sediment core locations (not used here).
After Siddall et al. (2004).

Figure 4. Comparison between three approaches for reconstructing continuous
records of sea-level variations. Black is Waelbroeck et al. (2002) based on coral-
calibrated deep-sea stable oxygen isotope data, with uncertainties (grey). Green
dashed line is the reconstruction of De Boer et al. (2010, 2011) from a model-
based deconvolution of deep-sea stable oxygen isotope records into a
temperature and a sea-level component, following the method of Bintanja et al.
(2005). Red dots with orange (20) uncertainty bars represent the Red Sea
reconstruction on a U-Th adjusted chronology (Rohling et al., 2009b, 2010).
Modified after Rohling et al. (2012).

Figure 5. Major global dust sources and locations of dust records. Dust flux
contours (mg m~2 yr-1) are shown in oceans surrounding dust sources (after
Duce et al., 1991). Locations of dust records discussed are indicated (Ocean
Drilling Program sites 659 (Tiedemann et al.,, 1994), 721 (deMenocal et al., 1991),
and 967 (Larrasoafia et al., 2003), and the Zhaojiachuan and Lingtai loess
sections (Sun et al., 2006)). Site KL09 is the Red Sea record presented in Rohling
et al. (2008b, 2009b) and Roberts et al. (2011). Modified after Roberts et al.
(2011).

Figure 6. Comparison of sea level and dust records for the Red Sea, circum-
Sahara region, and Chinese Loess Plateau. (a) Central Red Sea sea-level
reconstruction (Rohling et al., 2009b, 2010). (b) Environmental magnetic
IRM900 mT@AF120 mT proxy for windblown hematite (Hem.) in Red Sea core
KLO09 (grey) compared to the stacked Chinese loess grainsize record from
Zhaojiachuan and Lingtai, Chinese Loess Plateau (red; from Sun et al., 2006, with
minor age adjustments in Roberts et al., 2011). Panels (c), (d), (e), and (f),
respectively, compare the Red Sea dust record (grey shading) with dust records
from EPICA Dome C, Antarctica (Lambert et al., 2008), ODP Site 659, off
northwest Africa (Tiedemann et al., 1994), ODP Site 967, Eastern Mediterranean
Sea (Larrasoana et al., 2003), and ODP Site 721, Arabian Sea (deMenocal et al,,
1991). Vertical dashed lines coincide with Red Sea dust peaks at the glacial
terminations and are shown to assist comparisons between panels. The Red Sea
records are shown for consistency on same (Rohling et al., 2009b, 2010)
chronology as used in Roberts et al. (2011). This chronology is (subtly) updated



within the last 150,000 years in Figures 7 and 8, based on the latest age controls
developed by Grant et al. (2012).

Figure 7. Comparison of different records of climate variability including polar
ice core records, sea level, and Mediterranean temperature variability. (a) The
EPICA Dome C ice-core stable hydrogen isotope proxy for temperature,
Antarctica (Jouzel et al,, 2007); (b) the Red Sea sea-level record in the pre-150 ka
interval on the chronology of Rohling et al. (2009b, 2010) and in the post-150 ka
interval on the latest chronology using the age constraints developed by Grant et
al. (2012); (c) sea surface temperature in the Alboran Sea, westernmost
Mediterranean (Martrat et al., 2004); and (d) in grey the stacked North-GRIP ice-
core oxygen isotope proxy for temperature, Greenland (Wolff et al., 2010), and -
for clarity - in black a 21-point moving average smoothing. Blue bars at the
bottom indicate intervals of particularly pronounced millennial-scale climate
variability, after the analysis of Siddall et al. (2010).

Figure 8. Direct comparison between: (a) the latest version of the Red Sea sea-
level reconstruction, with the pre-150 ka interval on the chronology of Rohling et
al. (2009b, 2010) and the post-150 ka interval on the new chronology of Grant et
al. (2012); and (b) central Red Sea dust proxy data, including the Ti/Ca ratio
from core-scanning XRF analysis (grey), and hematite concentration data from
environmental magnetic analyses (red) (see also Rohling et al., 2008b; Roberts et
al, 2011). Data originate from a single sampling of the same sedimentary
sequence, which ensures unambiguous phase relationships between the various
records. Yellow bars are explained in the text. Blue bars indicate intervals of
particularly pronounced millennial-scale climate variability, after the analysis of
Siddall et al. (2010) (see also Figure 7).
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