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ABSTRACT

We examine the likelihood of early human sea crossings of the southern Red Sea during Pleistocene low
sea-level stands, using palaeotopographic reconstruction of coastlines, modelling of palaeo-tidal flows
and simulation of passive movements using Lagrangian particles. Existing isotopic and geological data
demonstrate that the marine connection between the Red Sea and the Indian Ocean has remained open
for at least the past half million years, ruling out the possibility of a land crossing. Many authors have
argued for the plausibility of a successful sea crossing during the Pleistocene as a southern route for
human dispersal from Africa, especially for the dispersal of Homo sapiens. However, decisive evidence is
lacking. Other authors have preferred the default northern route of land-based dispersal via the Sinai
Peninsula as the more likely option and viewed the southern sea crossing as a barrier rather than a
gateway, especially if tidal flow was much stronger through the narrowed sea channel at low sea levels.
We use Fluidity, a finite element modelling procedure, to model tidal flows and assess their validity by
comparison with modern tide-gauge data. To model palaeotidal flows, we use reconstructions of
palaeoshorelines and coastal palaeotopography extending for 150 km from the Bab al Mandab Strait to
the Hanish Sill region, which take account of eustatic, GIA and tectonic effects. We then simulate passive
movements using Lagrangian particles and a 4th-order guided search Runge-Katta algorithm. We ran
simulations for six days from three different starting points on the African shore and 13 different times in
the tidal cycle. We show that crossing distances are much shorter during the Pleistocene than today with
clear inter-visibility of the opposing shorelines, but that tidal currents were much stronger. We also show
that the highest chances of successful crossing, involving passive rafting or drifting, with a duration of 3
—4 days, are in the vicinity of the islands in the Hanish sill region. With directed rafting or swimming, the
crossing times would be much shorter. We conclude that sea crossings would be easily accomplished
during long periods of the glacial cycle, regardless of hominin status, especially given attractive terres-

trial landscapes and environments on both sides of the southern Red Sea.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

dispersal out of Africa, the hominin species involved, and the most
likely pathways and directions of movement are matters of ongoing

According to a widely held consensus, Africa is the centre of
origin of the earliest developments in the human evolutionary
trajectory, and human colonisation of other parts of the world was
the result of population dispersal out of Africa beginning at about 2
million years ago (Joordens et al., 2013). The number of pulses of

* Corresponding author.
E-mail address: jon.hill@york.ac.uk (J. Hill).

https://doi.org/10.1016/j.quascirev.2022.107719

debate. At least two waves of dispersal are currently recognised, an
earlier one at or soon after 2 Mya by earliest members of the genus
Homo, and a later one by H. sapiens that took place, according to
genomic data, about 70,000 years ago if not earlier (Abbate and
Sagri, 2012; Bolus, 2015; Dennell, 2008; Groucutt et al., 2015;
Lahr and Foley, 1994a; Lopez et al., 2015; Martinez-Navarro, 2010).

The most obvious terrestrial pathway out of Africa from late
Pliocene — early Pleistocene times onwards is the relatively narrow
corridor of land at the northern end of the Red Sea connecting the

0277-3791/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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mouth of the River Nile via the Sinai Peninsula to the southern
Levant, which has generally been assumed to have been the default
option for large terrestrial mammals and early hominins. At its
narrowest, this coastal corridor is a ~50-km-wide semi-arid coastal
plain backed by the foothills and mountains of the Sinai Peninsula.
It would have become wider and potentially more attractive peri-
odically during the Pleistocene, resulting from extension of the
Mediterranean coastline and infilling of the Gulf of Suez during
periods of low sea level (Bailey et al., 2007, 2008; Lambeck, 2004)
and from climatic and vegetational change associated with periodic
‘greening’ of the Sahara and Arabian deserts (Larrasoana et al.,
2013; Petraglia et al., 2019; Rohling et al., 2013). This would have
opened up easier pathways of movement to the east and south into
the Arabian Peninsula as well as northwards to the Levant and
Anatolia. Nevertheless, it would have remained at all periods a
topographic and environmental bottleneck in the larger
geographical setting and one vulnerable to palaeoclimatic
oscillations.

Sea crossings have long been recognised as alternative pathways
of movement both across some of the narrower sea channels of the
Mediterranean and at the southern end of the Red Sea (Fig. 1), and
recent investigations have intensified an interest in these possi-
bilities (Alimen, 1975; Bednarik, 1999; Beyin, 2006; Gaffney, 2021;
Holzchen et al., 2022; Runnels, 2014; Straus, 2001). Moreover, ev-
idence from island SE Asia that rafting across a distance of at least
19 km presumably by Homo erectus to the island of Flores took place
~1 million years ago (Brumm et al., 2010; Dennell et al., 2014) and
that Sahul (Australia and New Guinea) were colonised by sea by at
least 50 ka across distances of 50 km or more by anatomically
modern humans, Homo sapiens (AMH) (Clarkson et al., 2017; Allen
and O'Connell, 2008; Bird et al., 2018) has reinforced an expectation
that similar evidence at earlier dates should be found in other parts
of the world.

The issue of viable pathways out of Africa is of particular
importance to an understanding of hominin dispersals because the
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existence of alternative routes as viable pathways of movement
opens up multiple possibilities for the timings and patterns of
dispersal and species interaction and evolution. However, investi-
gation of these possibilities in Africa and Eurasia has been
hampered: by ambiguities in the available evidence; by pre-
conceptions as to whether sea channels constituted a barrier to
movement or a gateway; by assumptions about the technological
and cognitive capacity of earlier hominin populations to undertake
sea crossings; by uncertainties about the likely mode of sea travel —
whether by accidental drifting (sweepstake movements), swim-
ming, rafting, directional movement, construction of boats with
oars or sails, and use of navigational skills; and above all by absence
of or incomplete information of past coastlines. Holzchen et al.
(2022) have recently modelled potential sea crossings in the
Mediterranean and the Red Sea, with particular reference to such
factors as human physiology, demography, movement and
perception, using low-resolution environmental variables extrap-
olated from modern conditions. Here we use a different modelling
approach to provide a detailed assessment of the palaeotopography
and tidal currents of the southern Red Sea during a low sea-level
stand. In the terminology of Holzchen et al. (2022) we are simu-
lating either passive drifting or passive rafting, but not accounting
for any physiological properties.

1.1. Issues in palaeocoastal and palaeo-oceanographic
reconstruction

A major variable that can have large effects on the interpretation
of sea crossings is changes in the configuration of coastlines, land
bridges, offshore islands, sea distances and ocean currents. Eustatic
sea-level change in conjunction with modern bathymetry is well
recognised as a first order approximation of coastal change. How-
ever, the pattern can be complicated at both the regional and the
local scale by uplift and subsidence associated with glacio-hydro-
isostatic crustal deformation in response to loading and
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Fig. 1. Reconstruction of southern Europe, northern Africa and the Arabian peninsula at around 21 ka based on a modified sea-level construction of Lambeck et al. (2014) A). The
thin line show modern coastlines. The two proposed routes to the Arabian peninsula are show with thick black arrows, along with routes into Europe across the Gibraltar Straits and
via Italy. The southern crossing route of the palaeo-Red Sea is highlighted in B), where thin black indicate the modern coastline and thick black lines indicate the palaeo-coastline.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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unloading of continental ice sheets, of water masses, and of sedi-
ment loads on the seabed, and by tectonic activity associated with
plate motions (Borreggine et al., 2022; Lambeck et al., 2004). All
these processes are widely in evidence in the Mediterranean and
some can have major effects on the reconstruction of coastlines,
especially in the Aegean and as one goes further back in time in the
Pleistocene (Antonioli et al., 2017; Canals et al., 2017; Chiocci et al.,
2017; Lambeck, 1995, 1996; Lykousis, 2009; Sakellariou et al., 2017;
Sakellariou and Galanidou, 2017).

Their potential significance is occasionally recognised in debates
about early sea travel but more rarely acted on (but see Bird et al.
(2018) for a recent example from Australia), while investigation
of the drowned landscapes on the continental shelf where much of
the relevant palaeoenvironmental and archaeological evidence
must be sought is still in its infancy (Bailey, 2013, 2015; Flemming
et al.,, 2017).

Localised geophysical analysis undertaken in relation to specific
archaeological questions demonstrates that the potential for sea
crossings is not simply a matter of reconstructing palaeoshorelines
and sea distances, but also of ocean currents and tidal movements,
especially in narrow channels, where the funnelling of marine
currents produces highly variable conditions including extremes
that can act as an effective deterrent to successful sea crossings,
even over short distances. Ferentinos et al. (2012), for example,
demonstrate that a channel 5—12 km wide remained open between
the Greek mainland and the Ionian islands of Kephallinia and
Zakynthos throughout the Pleistocene and was successfully
crossed, apparently as early as the Middle Palaeolithic period
(accepting the typological dating of the surface assemblages of
stone tools). Conversely, the 2—3 km wide Messinian Strait be-
tween Sicily and Italy, famous in Classical mythology as a sailor's
graveyard, was not successfully crossed until the formation of a
narrow land bridge after ~26 ka at the Last Glacial Maximum (LGM),
at which time Upper Palaeolithic stone industries and mainland
fauna appear on Sicily, a relatively late occurrence attributed to
difficulties of sea crossings because of the high speed of tidal cur-
rents in the Strait (Antonioli et al., 2016). Similarly, there is no ev-
idence for the crossing of the 12 km-strait between the Italian
mainland and the island of Corsica until the Mesolithic period, nor
the 10 km channel between the island of Pianosa and the mainland
until the Neolithic (Castagnino Berlinghieri et al., 2020). These are
relatively short distances compared to the evidence of sea crossings
to Australia or the claims for longer sea journeys across the Medi-
terranean during the Pleistocene (Broodbank, 2014; Ferentinos
et al., 2012; Galanidou, 2014; Howitt-Marshall and Runnels, 2016;
Kaczanowska and Koztowski, 2014; Leppard, 2014b,a; Leppard and
Runnels, 2017; Phoca-Cosmetatou and Rabett, 2014; Runnels,
2014). The point here is that short distances by themselves are no
guarantee of successful sea crossings, and that other variables need
to be considered, especially the configuration of coastlines and
oceanic conditions as they would have existed when relative sea
levels were lower than the present. Recent work has examined the
impact of oceanic conditions and tides on the crossing to Sahul (Kiki
Kuijjer et al., 2022; Bird et al., 2018) using similar methods to those
used here.

1.2. The Red Sea

The southern crossing of the Red Sea has attracted wide atten-
tion as a potential exit from Africa (Bailey, 2010; Beyin, 2006, 2011;
Lahr and Foley, 1994b; Oppenheimer, 2012; Petraglia and
Alsharekh, 2003; Walter et al., 2000). The narrowest crossing at
the present sea level is 29 km at the present day Bab al Mandab
Strait, at the southern most point of the Red Sea. Cultural similar-
ities between the Horn of Africa and southwest Arabia in the
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Neolithic period from ~8 ka onwards suggest the possibility, if not a
definitive demonstration, of sea crossings; and boats made from
bundles of reeds and bitumen were certainly in use in the Persian
Gulf by this time (Carter, 2010; Durrani, 2005). How far back in time
these capabilities can be extended remains uncertain. But, in any
case the southern mouth of the Red Sea would have formed a long
channel much narrower than at present at the LGM, extending for
150 km from the present-day Bab al Mandab northwards to the
Hanish Sill region, with the shortest crossing points, ~5 km, via the
mid-channel islands at the Hanish Sill (Fig. 1; Lambeck et al., 2011).

The seabed at the Hanish Sill is 137 m below present sea level,
which is close to the maximum lowering of sea level during glacial
maxima. However, isotopic data from deep-sea marine-sediment
cores demonstrating continued exchange of seawater between the
Red Sea and the Indian Ocean and modelling of palaeocoastlines
incorporating isostatic and tectonic movements demonstrate that
the marine channel has remained continuously open for at least the
past 500 kyr (Grant et al., 2014; Lambeck et al., 2011; Rohling et al.,
2013). Reconstruction before 500 ka is less certain, due to lack of
older marine-sediment cores and a more limited record of palaeo-
shoreline deposits with which to calibrate the global eustatic sea-
level curve against earth movements. However, geological,
geophysical and neotectonic data indicate that formation of evap-
orites (salt deposits) associated with a closed basin ceased at the
end of the Miocene ~5 million years ago, implying a continuous
marine connection with the Indian Ocean since then. This then
implies that the geometry of the channel has remained largely
unchanged despite progressive opening of the Red Sea, with
deformation resulting from the separation of the Arabian and Af-
rican plates accommodated in adjacent regions such as the Afar
rather than the immediate vicinity of the channel itself (Augustin
et al,, 2019; Bosworth et al., 2019; Inglis et al., 2019a).

Other arguments in favour of this southern crossing are that it
affords a direct route to southern Asia that bypasses the Sinai
bottleneck and therefore offers an alternative pathway that better
explains the apparent divergence in human evolutionary and cul-
tural trajectories between Europe and SE Asia, especially with
respect to AMH (Lahr and Foley, 1994a; Mellars, 2006). More recent
versions of this hypothesis have combined phylogenetic in-
terpretations of mtDNA in modern human populations with
apparent increased evidence for exploitation of marine foods in the
late Pleistocene, and seaborne entry into Sahul, to propose a rapid
dispersal of AMH populations around the rim of the Indian Ocean
from South Africa to Australia at about 70 or 60 ka, fuelled by new
adaptations in seafaring and exploitation of marine resources
developed by cognitively and technologically superior AMH pop-
ulations (Macaulay et al., 2005; Mellars, 2006; Mellars et al., 2013).
Many elements of this model have been challenged, especially the
tight coupling of AMH dispersal, dependence on marine resources,
seafaring, and coast-hugging pathways of dispersal throughout the
7000 km range of AMH expansion around the Indian Ocean rim.
More regionally focused studies of similarities and differences in
stone tool assemblages in NE Africa, Arabia and the Levant, and the
distribution of genetic haplotypes, while suggestive, remain
ambiguous especially regarding specific geographical centres of
origin and pathways of dispersal (Bailey, 2015; Beyin, 2011; Boivin
et al., 2013; Groucutt et al., 2015).

New field investigations in Saudi Arabia directed to resolving
some of these ambiguities have crystallised around two alternative
models of movements into and through Arabia. The ‘palaeodesert’
model emphasises the ‘Northern’ route with opening up of the
Sinai region and the interior of the Arabian Peninsula during wetter
climatic intervals in the Pleistocene. This wetter interval generated
an expansion of grasslands, with streams and lakes, into desert
regions, followed by the widespread dispersal of human and large-
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mammal populations throughout the Arabian Peninsula attested by
numerous archaeological sites including stone tools, fauna and
human traces (Groucutt et al., 2015, 2018; Petraglia et al., 2019).

The alternative model, or southern route, emphasises the close
proximity of attractive terrestrial environments on both sides of the
southern Red Sea with relatively humid climate and a complex
topography of fault-bounded basins and volcanic lavas. These
conditions were conducive to trapping of sediments and water,
ambush hunting of large mammals, and provision of stone raw
materials. The expansion of similar conditions at lowered sea level
onto an extensive and now-submerged territory in the southern
Red Sea would mean improved groundwater supplies and a narrow
sea crossing for long periods of the glacial cycle (Bailey, 2015; Bailey
et al., 2015; Hausmann et al., 2021; Inglis et al., 2019b; Kiibler et al.,
2015; Lambeck et al., 2011; Sakellariou et al., 2019; Winder et al.,
2015). Marine resources, especially molluscs, likely persisted at
the southern end of the Red Sea throughout the glacial-interglacial
cycle as an added incentive to visit the shoreline (Hausmann et al.,
2021; Walter et al., 2000; Sergiou et al., 2022).

These two models are not necessarily incompatible, and both
may have been significant, with greater emphasis on the interior
during interglacial or interstadial episodes of the glacial-
interglacial cycle, and on the coast and its immediate hinterland
during periods of low sea level, a variation supported by more
detailed analysis of climatic records (Rohling et al., 2013). Never-
theless, there is a difference of emphasis with respect to the use of
coastal regions and sea crossings. The palaeodesert model prefers
terrestrial pathways of dispersal along networks of rivers, stream
channels and lakes on a broadly west to east axis, discounting
coastal environments, marine resources and submerged land-
scapes. This model also points to the absence or rarity of coastal
sites with evidence of marine resources around the coastlines of the
Arabian Peninsula before the Holocene. This model therefore treats
the persistence of the sea crossing in the south as a barrier rather
than a gateway. The Southern coastal dispersal model, in contrast,
emphasises the distribution of climatically insensitive landscapes
(sensu King and Bailey, 1985; Bailey et al., 1993, 2011) on both sides
of the southern Red Sea, the availability of fertile marine environ-
ments around the southern coastlines of the Arabian Peninsula as
an added source of food, the significance of submerged landscapes,
the abandonment of the desert interior for long periods of the
climatic cycle, and the impact of sea-level change on the visibility or
survival of coastal sites. Critical to both models are conditions in the
Bab al Mandab — Hanish Sill channel and the relative ease or dif-
ficulty of making the water crossing.

1.3. Red sea tides and palaeotidal modelling

The Bab al Mandab — Hanish Sill channel is a key location for
transfer of water from the Gulf of Aden to the Red Sea. The modern
day channel is over 150 km long and is shallow compared to the Red
Sea and Gulf of Aden basins to the north and south respectively. The
overall flow along the channel is characterised by high salinity flow
from the Red Sea (where evaporation is greater than precipitation)
into the Gulf of Aden (Sofianos et al., 2002). Whilst this is a rela-
tively small flow (0.36 Sv) it has a spatially large signal in the Indian
Ocean (Murray and Johns, 1997). Flow through the straits is
dominated by both low frequency ocean currents and higher fre-
quency tidal motions, where the structure can be split into summer
(June to September) and winter (October to May) flows. The sum-
mer flow is a three-layer system with shallow outflow of the Red
Sea, and intermediate cold, fresh flow into the Red Sea and a deeper
hypersaline flow out of the Red Sea. In winter, this is replaced by a
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two-layer system with hypersaline flow in the deeper layers from
the Red Sea and relatively less saline water inflowing into the Red
Sea at the surface (Murray and Johns, 1997). Peak velocities
(including tidal flow, wind circulation and ocean circulation) were
measured at around 1 m/s during summer 2001, in a series of an-
ticyclone patterns (Sofianos et al., 2002).

In addition to the general ocean circulation described above, the
barotropic tides in the area are relatively straightforward. The tides
in the Red Sea are general semi-diurnal in character, but this can be
irregular and in some places diurnal (Guo et al., 2018). Tides are
largely dominated by the M, tidal constituent (a semi-diurnal lunar
tidal component), but with a significant contribution from the K,
tidal constituent (a diurnal lunar tidal component) also. Due to the
lack of consistent data recording from tidal gauges around the Red
Sea, modelling offers a method of understanding the tidal wave
propagation in the Red Sea. Previous modelling studies (Madah
et al., 2015; Guo et al., 2018) show good agreement to the limited
data available and found that the semi-diurnal tides play a major
role in the spatial distribution of the tidal range, except in the
centre of the Red Sea. However, another study found that whilst the
semi-diurnal tides were crucial, they were also harder to simulate
accurately (Jarosz et al., 2005). The tidal range varies from 1 m at
the Hanish Sill in the northern part of the channel to 2 m at the
southern boundary. Typical tidal currents in the Bab al Mandab
strait, where currents were highest, were found to be between
0.5 m/s (Madah et al,, 2015) or 1 m/s (Jarosz et al., 2005) during
flood conditions. In addition, Jarosz et al. (2005) found only weak
residual currents up to 12 cm/s, focused particularly around the
Hanish Islands. This indicates tides have a minimal role in the
overall transport of water in and out of the Red Sea, but the fastest
tides are significant in terms of instantaneous ocean transport.

However, since the LGM, sea levels have risen, as described
above, changing the characteristics of the flow through the channel.
Previous work has demonstrated the utility of palaeotidal model-
ling in quantifying the changes to tidal hydrodynamics caused by
changes in sea level and coastal geomorphology (e.g. Collins et al.,
2018; Davies et al., 2020; Wilmes and Green, 2014; Haigh et al.,,
2020). Previous work has focused on the European continental
shelf in particular (e.g. Hinton, 1995; Austin, 1991) with later work
incorporating Glacial Isostatic Adjustment (GIA) models to create
palaeobathymetry (e.g. Scourse et al., 2009; Egbert et al., 2004;
Uehara et al., 2006), which take into account spatial variation of the
relative sea-level changes. Similar methods have been used to
simulate geologically ancient palaeotides (e.g. Mitchell et al., 2010;
Wells et al., 2007; Collins et al., 2017). Palaeotidal modelling can
therefore give valuable insights into the changes of tidal dynamics
in ancient landscapes.

Here, we assess the possibilities for early human movement
during the Pleistocene across the southern end of the Red Sea,
focusing in particular on a reconstruction of water currents and
palaeotidal movements through the relatively narrow channel that
developed during low stands along the section to the north and
south of the Hanish Sill. We first describe the palaeotopographic
reconstruction, then detail the tidal modelling, validating the
model using modern data. Using the validated model we then
simulate the palaeotidal flow, simulating rafting behaviour using
passive tracer particles to assess the probability that these particles
complete a journey across the Red Sea. We use these results to
assess the viability of sea crossings for early hominin movements
between Africa and Arabia during sea-level minima.
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2. Methods and materials
2.1. Palaeotopographic/bathymetry reconstruction

The Red Sea bathymetric data used is the GEBCO-08 3” (900 m)
grid dataset (the GEBCO-08 Grid, version 20090202, http://www.
gebco.net) supplemented in the northern Bab al Mandab with
higher resolution PERSGA data (Programme for the Environment of
the Red Sea and Gulf of Aden; Gardline Surveys contractor) held by
the UK Hydrographic Office. The area covers all shoals and channels
south of Hanish with depth accuracies, corrected for sound velocity
and tides, of the order 0.5—1.0 m and an average profile spacing of
108 m (see Lambeck et al., 2011, appendix). The principal feature is
a continuous channel cutting across a broad topographic high with
a sill, the Hanish Sill, ~25 km west of Hanish Island at 42.5°N,
13.75°E, Yemen, extending over ~5 km and at the same location as
originally found by Werner and Lange (1975), such that if sea levels
in the Gulf of Aden were to drop below ~205 m the Red Sea would
become isolated.

Past bathymetry corresponds to present sea level less any sea-
level change that occurred in the intervening period, changes
resulting from sea-floor erosion or sedimentation, from tectonic
land movements, and from changes in ocean volume and water
distribution within the oceans. In the sill area itself, the topography
appears to be smooth with a number of deeps and highs within the
major channel (Lambeck et al., 2011). This along with current ve-
locity measurements suggests that neither sedimentation nor
bedrock erosion has been a major issue here (Mitchell and Sofianos,
2019). Despite a complex thermal-tectonic history of the Red Sea
and Gulf of Aden, with volcanism into Holocene time (Boone et al.,
2021; Bosworth et al., 2019; Smithsonian Institution, 2013), the
African coast of the central and southern parts down to northern
Djibouti appears to have been relatively stable since some time
after the penultimate interglacial and before the Last Interglacial
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(e.g. Plaziat et al., 1998). A more pervasive and systematic cause of
sea-level change on the millennial time scale is the cyclic growth
and decay of the ice sheets that contribute both to a changing ocean
volume and to concomitant land deformation in response to the
changing ice-water loads. These are the GIA effects, for which the
geophysical modelling is well established (Cathles, 1975; Farrell
and Clark, 1976; Peltier, 1998; Mitrovica and Milne, 2003). The
formulation used here is that of Nakada and Lambeck (1987);
Johnston (1993) and Lambeck et al. (2003). One consequence is that
the sea-level change becomes spatially variable and cannot be
described by a single number such as eustatic sea level. Variations
within the Red Sea during the LGM, for example, can be expected to
range between ~-105 m in the northern Red Sea to ~-130 m m in the
central part and ~-115 m at the Hanish Sill, compared with a
globally averaged change of ~-135 m (Lambeck et al., 2011). The
quantification of model parameters that define the response to the
ice-load history are usually partially constrained by the sea-level
observations themselves from areas free of vertical tectonic
movements or for which the tectonic rates can be independently
established. In addition, it is possible to achieve some separation of
tectonic, isostatic and eustatic contributions through an iterative
analysis of the sea level and glacial history evidence. Results for the
Red Sea have been discussed in Lambeck et al. (2011) and used here,
with minor updates from subsequent ice- and earth-parameters
(Lambeck et al., 2014, 2017).

At the LGM the southern Red Sea was reduced to a narrow
channel < 10 km wide at the Hanish sill location and bifurcated into
narrower channels further south (Fig. 2). Profile B corresponds to a
path between Africa and Arabia that involves a minimum water
crossing of ~3 km by island-hopping via the now emerged shoals.
Of some note is that because of the deep incision of the channel this
configuration initially changes only slowly as global sea levels rise.
Only by about 12 ka, when global sea levels were about 60 m below
present, do channel widths expand, rapidly reaching ~25 km. In the
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pre-LGM period global sea levels were below ~50 m for lengthy
periods such that these channel configurations with favourable
crossing widths would not have been ephemeral but would have
existed over intervals of several tens of thousands of years. At no
time in the period relevant to AMH expansion out of Africa was
there a dry land bridge across the southern Red Sea, but the channel
is narrow enough to consider the possibility of crossings by simple
swimming or rafting. The elevated banks during these low-stand
periods would result in obvious inter-visibility between opposing
shores and channels that would have persisted as narrow crossings
for at least 40,000 years in a 100,000-year glacial cycle (Fig. 2 and
supplementary information). Even the widest crossing (site 3,
Fig. 2C) would have clear inter-visibility across the 10 km channel
with sea-levels up to 40 m higher than at the LGM, and therefore
the opposing shore would be visible for the entire duration of the
crossing.

Extending these reconstructions further back in time becomes
less certain, in part because the earlier ice history is less well
known, although the limited information available for the penul-
timate glacial maximum sea levels (Spratt and Lisiecki, 2016) in-
dicates that global sea level and ice volumes were similar to those
for the LGM. Also, the occurrence of the Last Interglacial shorelines
at about their ‘expected’ elevations suggests that tectonic contri-
butions have been secondary such that the Hanish sill results for
the LGM should also be indicative of conditions for the earlier
maximum sea-level lowstand at ~140 ka. Our results and conclu-
sions in general will therefore be applicable to those previous sea-
level lowstands (Lambeck et al., 2011).

2.2. Tidal modelling

To simulate the tides in the Red Sea we use Fluidity, a highly
flexible finite element/control volume modelling framework which
allows for the numerical solution of a number of equation sets
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(Piggott et al., 2008) and has been used in a variety of flow studies
ranging from laboratory-to ocean-scale (e.g. Hill et al., 2012, 2014;
Parkinson et al., 2014; Smith et al., 2016). In a tidal modelling
context, Fluidity has been used to model both modern and ancient
tides on regional and global scales (e.g. Mitchell et al., 2010; Wells
et al., 2010; Collins et al., 2018, 2017; Martin-Short et al., 2015). Full
details of the model equations and discretisation are given in the
supplementary information.

2.2.1. Model setup

Fig. 3 shows the geometry of the model used in this study. The
domain boundaries are composed of contours representative of
shorelines and open boundaries. The domain boundaries were
assembled using QGIS (QGIS Development Team, 2016) and the
meshes were generated using qmesh (Avdis et al., 2018). At the
shorelines the modelling approach does not attempt to capture
shoaling effects, nor the periodic exposure and submergence of
low-lying areas due to tidal inundation. In large-scale models
simulating such effects is impractical, so the minimum depth was
set to 3 m to ensure simulations did not require computationally
expensive wetting-and-drying algorithms. Coastlines were either
derived from GSHHS data (Wessel and Smith, 1996) or the 0 m
contour of the reconstructed bathymetry. The application of the
code requires a number of model parameters and other decisions
that ensure numerical stability of the solutions as well as physically
realistic outcomes. These choices are based on various tidal
modelling tests for different regions with different configurations
and representative results have been adopted here (Martin-Short
et al.,, 2015; Mitchell et al., 2010; Collins et al., 2017, 2018). The
most pertinent parameter that affects the tidal flow and has
greatest uncertainty is the drag coefficient. We have set this to a
value equivalent to clean sand bed (see below) to minimise any
assumptions on bed type both in the modern and palaeo simula-
tions. As part of the stability tests, we also ran a coarser resolution

0 250 500 750km
N

Fig. 3. Map showing tide gauge locations (see supplementary information for details) as blue diamonds, forced boundaries (red line) and no-flow boundaries (black) for the modern
(A) and palaeo (B) domains. Close-ups of the mesh on the palaeo domain can be seen in C and D, as highlighted by the black rectangles. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)
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model to assess the impact of spatial resolution of the model. At
open boundaries the flow is prescribed according to tidal harmonic
data, using the FES 2014 data (Carrere et al., 2015). The simulation
domain extends over the Gulf of Aden, in order to place the open
boundary away from the region of interest and prevent boundary
forcing from affecting the simulation predictive accuracy (Fig. 3A).
For all models, the coastlines and sea bed boundaries were set to
no-normal flow with a drag coefficient of 0.0025 [no units]. A
uniform viscosity field was set as 1.0 (m?s~') across the domain
which ensures stability of the simulations (which have no turbu-
lence parameterisation) but retains the ability to simulate and
resolve large-scale eddies and complex currents. To further prevent
instabilities forming along the forced boundary, an increased vis-
cosity 100.0 m?s~! and Manning drag coefficient (0.25) were used
at the forced boundary, linearly decreasing over a distance of 25 km
to the background levels. All models simulated 60 days of forcing,
starting from initial conditions of zero velocity and zero free surface
elevation. The first 30 days were simulated to allow any transients
induced by the initial conditions to subside and regular tidal pat-
terns to be established. The final 30 days were used for all analyses
presented here. Both the modern and palaeo models were forced
along the boundary in the Gulf of Aden using FES 2014 data with
eight principal tidal components, My, Ky, Sy, 01, Q1, P1, Ny, and Ko.
Together, these constitute the major tidal constituents in the Red
Sea and Gulf of Aden.

The palaeo Red Sea model was set up to be as similar as possible
to the modern, but replacing modern bathymetry-topography
(Section 2.1) with the palaeo-topography at 21 ka from Lambeck
et al. (2011) (see also Fig. 3B). The GIA formulation provides the
change in sea level which when subtracted from the present
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bathymetry provides the palaeo water depths. The palaeoshoreline
then corresponds to the 0 m palaeo-elevation contour. Similar to
the modern set-up, the resolution of mesh varies from 1 km at the
coastline to 25 km away from the coast, with an additional higher
(500 m) resolution in the channel between the Bab al Mandab Strait
and Hanish Sill to capture gyres and other small-scale flow struc-
tures in the area of interest (Fig. 3C and D). Islands smaller than the
grid resolution were removed from the palaeoshoreline model. As
for the modern tidal model, the open boundary was constructed
across the entrance of the Gulf of Aden, where the shorelines were
extended offshore to prevent instabilities arising from possible
inconsistent forcing at the intersection of the open boundary and
the shorelines. All meshes are constructed in gmsh (Geuzaine and
Remacle, 2009) in UTM 37 N projection space. The modern mesh
contains 53,326 elements, whilst the palaeo mesh contains 419,298
elements.

2.3. Simulation of movement

To simulate human movement, we use Lagrangian particles,
which are passive virtual particles that move with the fluid flow.
Particle movement was solved by a 4th-order guided search Runge-
Kutta algorithm at each timestep of the tidal model. We inserted
100 randomly placed particles in three locations (300 detectors in
total - see Fig. 7). The particles were added at 13 different times in
the tidal cycle to examine how the timing of the tidal cycle in-
fluences drifting across the sea. Each of the 13 simulations with
detectors was run for six days. Release times are shown with
reference to free surface height near site 2 in Fig. 4. These particles
represent floating objects and are carried by the instantaneous
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Fig. 4. A) Locations of particle release sites (labelled 1, 2 and 3), with islands in the centre of the straits labelled «, 8, and 7. B) Overview map showing location of panel A. C) Water
surface elevation from the palaeotidal model near site 3. Labelled square boxes show the time at which particles were released for the 13 simulations. Number refers to the output
number of the primary simulation.
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current; as such they simulate drifting of either rafts or individual
humans, with no assisted movement (e.g. swimming or paddling).
The percentage of particles that came within 100 m, 250 m or
500 m of the opposite shore were counted as having completed the
journey within the six day period. These assumptions generate the
minimum percentage of successful journeys. Any directed rafting or
swimming would increase the reported percentage and as such the
success rates are lower bounds, given the assumptions of no
swimming or rafting.

3. Results
3.1. Tidal model validation

To assess model performance when simulating the LGM, we
compared the model against tide gauge data in the Red Sea and Gulf
of Aden using models of different spatial resolution. The model was
run for a total of 60 days, with the first 30 days considered as ‘spin-
up’, so that gauge comparisons could be carried out using 30 days of
simulated tides. Data were then analysed at each tidal gauge and
compared to the data collected. It should be noted that some tidal
gauges only have 14 days of data from which to derive the tidal
constituents. To compare the model against the tide gauges we use
the method of Cummins and Oey (1997), whereby error, &, is
calculated over the L tidal gauges as:

E=L'> "D (1)
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1
2

1

where A is tidal amplitude and ¢ is the phase of each tidal con-
stituent in question. The subscript m refers to the model and o to
observations. Table 1 shows the error calculation from each of the
three modern day runs. In the modern day, the model has an error
of 0.2—0.36 cm for M5 and around 0.24 cm for K; across all 42 tidal
stations, corresponding to a 0.08—1.5% and 2.2% error respectively
according to equation (1). Fluidity appears to over predict the semi-
diurnal components (S; and M) compared to tide gauges, but the
diurnal components show an excellent agreement. Our results
compare favourably to previous simulations of the Red Sea tides
(Madah et al., 2015; Jarosz et al., 2005; Guo et al., 2018), with
similar spatial patterns of My and K; amplitudes and phases.

(A2 + A% — AoAncos(ps — om) 2

)

3.2. Tides at 21 ka

The simulation using the palaeobathymetry shows substantial
changes to the modern tidal regime. The restriction in the Bab al
Mandab straits causes a tidal blockage, preventing any substantial
tidal current from entering the main Red Sea basin (Fig. 5). This
results in a large M, amplitude in the central to northern section of
the straits. Within the Red Sea itself, the My amplitude is greatly
reduced and we conclude that there would be little tidal range
within the Sea at this time. The tidal amplitudes show an increase
in M to the south of the channel in the palaeo domain compared to
the modern, with amplitudes peaking at over 1 m in the Gulf of
Aden. There is a shift in the amphidromic point in the centre of the

Table 1
Model for different coastlines and model resolution for modern tidal simulations.
Model M, error S, error K; error 0, error
GSHHS 0.36 cm (1.50%) 1.05 cm (12.73%) 0.24 cm (2.42%) 0.04 cm (0.71%)
0m 0.20 cm (0.08%) 0.86 cm (11.01%) 0.24 cm (2.23%) 0.04 cm (0.55%)
0 m - coarse res 0.34 cm (1.41%) 1.02 cm (11.94%) 0.24 cm (2.20%) 0.04 cm (0.65%)
M2 Amplitude M2 Phase K1 Amplitude M2 Phase
c
S
(7]
o
[@]
Amplitude (m) Phase (rad) Amplitude (m) Phase (rad)
H ] Il = [ I -
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/
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Fig. 5. Plots of amplitude and phase for the M, (left) and K; (right) for modern (top) and

palaeo (bottom) domains. There is little change in K5, but marked change of M, amplitude

within the Red Sea itself, due to the restriction of the Bab al Mandab channel. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Red Sea to the north and removal of the amphidromic points to the
far north and south of the Red Sea, with a complete reversal of
phase within the Red Sea. The phase in the Gulf of Aden remains
similar to the modern day. The K; amplitude shows little change in
both amplitude and phase, with a minor shift in the amphidromic
point due to the restriction of the Red Sea and a slight decrease in
K7 amplitude in the far north in the palaeo compared to the modern
domain. The large My amplitude in the channel coincides with
substantially increased currents, from a peak speed of around
0.75 m/s to just over 1 m/s. These peak currents also show a shift in
position, from the southern end of the channel in the modern, to
towards the northern half of the channel in the palaeo-domain,
with a concentration of high speed around the islands in the cen-
tral section of the channel.

Tidal velocities show a substantial shift in locations and ampli-
tude. Here, we focus on the maximum flow speed over the 30 day
simulation and on the Bab al Mandab channel. In the modern
simulations, the peak velocities are seen in the southern section of
the channel, peaking at around 0.7 m/s (Fig. 6). In general tidal flow
is simple in the channel during the modern, with linear flow during
ebb and flood tides. More complex flow patterns, including large-
scale gyres, form during slack tide, where outgoing flow occurs
along the coast and flow is into the Red Sea in the centre of the
channel. There is a clear reduction in the lee of islands and over
shallow areas of reef, with more complex flow patterns in those
regions as is to be expected. In the palaeso domain, the highest tidal
velocities are now in the northern section, just south of where the
channel opens into the Red Sea. The reconstruction indicates the
presence of a number of islands here where the tidal flow is
accelerated. Peak speeds are over 1 m/s, with the peak flow di-
rection along the seaway, either to the south or the north. Further
south in the straits, the flow speed is lower, but there is a peak of
just over 0.5 m/s. In addition, the simulation reveals a number of
gyres and other complex flow structures, with a large gyre high-
lighted in the average flow direction (Fig. 6C).
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3.3. Drift locations

To assess the likelihood of traversing the Bab al Mandab channel
without any extensive need to paddle rafts, we simulated how
passive objects would drift in the tidal currents. Analysing the re-
sults over the 13 simulations for each site (1300 particles per site in
total) shows that the percentage of success is dependant on site and
time of journey start (Table 2). Sites 1 and 2 are the most successful
for completing the journey as Site 3 has no successful journeys as
the tidal flow is relatively simple with very little across channel
flow. In contrast, sites 1 and 2 show complex flow and as such show
very different rates of success of crossing the sea here. Using the
500 m distance threshold as a benchmark, Site 1 has an average
success rate of 16.4% whereas Site 2 is 11.45%. The average crossing
time for the journey at Site 2 is only slightly lower at 3.8 days
compared to 3.9 days. The shortest average time for the journey is
from Site 1 and takes 2.9 days on average with 19% of particles
being successful in making the crossing. The quickest time for a
single journey is 1.4 days from Site 2.

The tidal conditions at the time of starting the journey have a
large impact on the success rate. The most successful time for
release was between days 40 and 45 with up to 42 of 200 particles
coming within 500 m of the opposite shoreline from sites 1 and 2.
The least successful time was during the neap tide (around day 48)
with a maximum journey time of 4.6 days. The maximum number
of successful journeys was 13 from 200 particles from sites 1 and 2.
The rapid currents during the spring tide clearly increases the
chances of reaching the opposing shoreline.

In addition, site 2 is close to two large islands (« and ) in the
palaeo-topography. It is therefore very possible to ‘island-hop’ us-
ing the tidal flow from that site (see pathways in Fig. 7). The flow
patterns at these sites are very complex however. In particular
particles released from site 1 were often trapped in a large gyre to
the south of the release site, but north-west of island « (Fig. 7).
Similar pathways also occurred from site 2, but the particles were
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Fig. 6. Plots of maximum tidal flow speed over the 30 simulated days. Upper-left (A) is the modern Red Sea, with the inset showing the Bab al Mandab channel. Lower-left (B) is the
palaeo domain, again with inset showing the straits. Modern flow is much higher within the Red Sea itself, but flow in the straits is much higher (factor of 2) in the palaeo domain
due to the restriction. Panel C shows the mean tidal flow over 30 days at 21 ka. Note the clear eddy formation in the residual tidal flow. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)
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more often accelerated past the offshore gyre west of ¢ and hence
could travel north over 20 km from the start location.

Site 3, at the southern end of the channel shows a very simple
tidal flow, with a tight closure of the tidal ellipse resulting in a
simple ‘back-and-forth* motion of the particles (not shown). With
assisted sailing, the tidal currents, though relatively strong for short
periods, would move vessels to the north or south in a predictable
way and given the overall relatively low tidal velocities in this re-
gion would make the crossing very straightforward.

The starting sites showed considerable differences when look-
ing at how far particles travelled (Fig. 7C). Release from Site 1
resulted in particles travelling 60 and 320 km (over the six days),
which equates to average speeds of 0.11 m/s to 0.61 m/s. Similarly,
Site 2 resulted in distances of 20—190 km (0.039 m/s to 0.37 m/s
average speeds). Both resulted in very complex pathways which
often traversed the gyre seen in the average velocity data (Fig. 6C).
Both sites showed a wide spread of possible distances crossed, but a
reasonable percentage did result in a successful crossing of the

10

channel. In contrast Site 3 shows a narrow range of distances
travelled from 48 to 62 km. This is a result of the very simple
oscillatory tidal flow and the low speed of that flow. Average speeds
of the tidal current here are 0.09 m/s to 0.12 m/s.

The results indicate that crossing in the region where tidal
currents are strongest would be somewhat unpredictable, but a
substantial proportion of particles did land on the opposite coast
without any recourse to directed rafting or swimming. Further
south, the tidal currents are very predictable, but preclude simply
rafting across the straits. To cross here would require directed
rafting or swimming of some kind.

4. Discussion

One of the arguments against the southern dispersal route is
that the Bab al Mandab straits were never dry and therefore
modern humans would have required a sea crossing even at pe-
riods of lowest Pleistocene sea level. Here, we show that for long
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Table 2

Number of particles that come within 500 m of the opposing shoreline, for each site
and simulation. Simulation names refer to those on Fig. 4. Average time is for all
successful journeys from that site. Site three is not shown as no particles came
within 500 m of the opposing shoreline.

Simulation Site Number Number crossed Average Time (days)

120 1 20 433
2 19 3.09
Total 39

498 1 34 3.58
2 8 3.35
Total 42

504 1 28 3.83
2 6 4.80
Total 34

510 1 11 343
2 18 3.11
Total 29

516 1 18 3.92
2 11 3.46
Total 29

540 1 22 4.02
2 9 3.93
Total 31

600 1 20 4.21
2 20 3.48
Total 40

870 1 3 3.83
2 7 4.61
Total 10

876 1 3 3.37
2 6 4.58
Total 9

882 1 4 417
2 5 4.38
Total 9

888 1 3 4.80
2 10 3.84
Total 13

1158 1 19 2.88
2 20 3.58
Total 39

1344 1 28 4.02
2 10 3.12
Total 38

periods of the Pleistocene sea-level cycle, a narrow channel would
have extended for 150 km from the present-day mouth of the Bab al
Mandab to the Hanish Sill region with clear intervisibility between
the opposing shores. We also show that the tidal currents in this
palaeo-channel, though complex, would have allowed for suc-
cessful sea crossings of the simplest kind — by passive drifting or
rafting — and that up to 32% of journeys of this kind in the central
and northern section of the channel reached the opposite coastline.
The flow rates from tides are highest in the centre of the straits
(Fig. 6) at just over 1 m/s. In the shallow regions, the tidal flow is
much slower (0.1-0.5 m/s). Humans can stand without difficulty in
water of up to 1 m depth at these flow speeds (Jonkman et al.,
2008). To cross the straits in this way would have needed knowl-
edge of the current via observation, but given the strong arguments
of early humans living along the coastline in this region (Bailey,
2010; Walter et al., 2000; Inglis et al., 2019b), it is not unreason-
able to assume that they would acquire this knowledge.

The numerical modelling presented here used three sites from
which to randomly place starting particles. These three sites were
chosen to represent three obvious pathways across the straits. Site
1 is the narrowest part of the straits in this reconstruction. How-
ever, it has the most complex tidal flow patterns of the three sites,
with the occurrence of a large gyre to the south which traps par-
ticles for many days. Site 2 was placed near the island chain, with

1
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two large islands « and (, which would make an “island-hopping”
approach possible. Here, we find that the flow paths of particles is
complex, but does intersect with both « and § islands. With careful
choice of where to launch it would be a relatively simple matter to
raft across the channel here; launching at slack tide and reaching
the next island is entirely feasible. To test this idea we performed
two further simulations. Particles were released to the west of the 8
island at release times 120 and 1158. It was found that no particles
reached the opposite side of the straits at time 120, but 5% did at
time 1158 (see supplementary information). Island hopping is
therefore a clear possibility, but more work would be required to
fully examine this idea. Phylogenetic interpretation of mtDNA in
modern baboon populations (Papio hamadryas) living on either side
of the southern Red Sea suggests movement across the southern
Red Sea on at least two occasions during the late Pleistocene, pre-
sumably by accidental drifting (Kopp et al., 2014), which we have
shown is possible within a few days. Our results also support the
conclusions of the agent-based modelling approach of Holzchen
et al. (2022), but with the addition of high-resolution palaeotopo-
graphic and palaeooceanographic detail not available to them.

Site 3 is perhaps the most interesting as the tidal currents are
very simple, with a clear north-south oscillating direction. Passive
drifting here is not possible, but directed rafting or swimming
would be much easier as the maximum tidal current in a given
cycle is as low as 0.2 m/s. The strait is also narrow, around 10 km.
Sustained powered travel at 0.5 m/s would mean reaching the
opposite bank in around 5—6 h, not accounting for the drift caused
by the weak tidal current, which would be roughly orthogonal to
the direction of travel. In comparison, the English Channel is 32 km
wide and is swum in an average time of just over 13.5 h, giving an
average speed of 0.66 m/s (Dover.UK.com, 2022). Moreover, the
contrast between site 3 and sites 1 and 2 shows that crossing the
southern Red Sea would be feasible, regardless of the exact nature
of the tidal flow, for long durations during sea-level lowstands. It
would require further work to establish at what sea level crossing
becomes difficult without powered navigation as the details of the
complex flow patterns would be a strong determinant in that
assessment.

4.1. Model uncertainties

The model presented here contains a number of uncertainties.
They do not affect the overall conclusions, but deserve comment as
factors that offer scope for refinement of particle motions. Firstly,
the model contains no simulation of tidal inundation (also known
as wetting and drying). This is largely due to the relatively coarse
resolution of the bathymetry/topography and hence the mesh near
the coastlines. Secondly, the palaeo-bathymetric reconstruction
does not account for any coastal geomorphological changes
resulting from coastal erosion or offshore sedimentation. It is based
on modern topography with relative sea level change accounted
for. Existing research suggests that the effect of such geomorpho-
logical processes along the coastlines of the southern Red Sea is
relatively minor in comparison with eustatic, GIA and tectonic
modifications of shoreline position (Rasul et al., 2019). Neverthe-
less, the model we have presented here is open to further refine-
ment in the light of more detailed investigation of shoreline
processes. Finally, the model does not include any ocean or wind-
driven currents. We have focused exclusively on tidal currents.
This is because tidal currents and are inherently predictable and
obvious to the human observer, and observation over months or
years will lead to an understanding of their behaviour. Wind and
ocean currents are less easily predicted and hence add additional
unpredictability to the currents. Our focus here was predictable
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currents. Adding ocean and wind-driven currents and assessing the
impact would be interesting future work.

5. Conclusions

Blending palaeo-topographic/bathymetric reconstructions with
palaeotidal modelling shows that, although tidal currents were
faster during glacial maxima than today, the crossing distances
were much shorter. Even without any kind of powered navigation,
up to 32% of passive Langrangian particles came within 500 m of
the opposing shoreline (the effective threshold for defining a suc-
cessful landfall). Once the ability to notice the changes in tidal
currents is factored in, the crossing, though challenging, is most
certainly feasible. Anyone crossing the southern Red Sea at the time
would have sight of the opposing shoreline and if they commenced
the crossing at the right time and location they would have
encountered very little north-south flow for much of the duration.
If powered crossing is factored in, the crossing at the southern-
most part of the channel would be easiest and would take 5—6 h
at a reasonable swimming speed. We conclude that although the
tidal currents in the LGM are likely to have been faster and more
complex than today, they would not have presented an obstacle to
crossing the Red Sea at sea-level minima by either drifting passively
or rafting. These results do not provide definitive proof in favour of
human crossings of the southern Red Sea during Pleistocene low
sea levels. But they demonstrate that the southern crossing can no
longer be dismissed on the grounds of difficulty, distance,
dangerous sea conditions, or risk of failure.
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