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Late Pleistocene climate drivers of early human 
migration
Axel Timmermann1,2 & Tobias Friedrich1

On the basis of fossil and archaeological data it has been 
hypothesized that the exodus of Homo sapiens out of Africa and into 
Eurasia between ~50–120 thousand years ago occurred in several 
orbitally paced migration episodes1–4. Crossing vegetated pluvial 
corridors from northeastern Africa into the Arabian Peninsula 
and the Levant and expanding further into Eurasia, Australia 
and the Americas, early H. sapiens experienced massive time-
varying climate and sea level conditions on a variety of timescales. 
Hitherto it has remained difficult to quantify the effect of glacial- 
and millennial-scale climate variability on early human dispersal 
and evolution. Here we present results from a numerical human 
dispersal model, which is forced by spatiotemporal estimates of 
climate and sea level changes over the past 125 thousand years. 
The model simulates the overall dispersal of H. sapiens in close 
agreement with archaeological and fossil data and features 
prominent glacial migration waves across the Arabian Peninsula 
and the Levant region around 106–94, 89–73, 59–47 and 45–29 
thousand years ago. The findings document that orbital-scale 
global climate swings played a key role in shaping Late Pleistocene 
global population distributions, whereas millennial-scale abrupt 
climate changes, associated with Dansgaard–Oeschger events, had 
a more limited regional effect.

Numerous studies5–7 have postulated that human dispersal and 
evolution were a direct consequence of orbital-scale climate shifts  

(Fig. 1b–d) during the Late Pleistocene (126–11 thousand years ago 
(ka)) and the Holocene (11–0 ka). Every ~21 thousand years decreased 
precession (Fig. 1a) and corresponding higher boreal summer insola-
tion intensified rainfall in northern Africa, the Arabian Peninsula and 
the Levant8, thus generating habitable savannah-type corridors1,2 for  
H. sapiens and a possible exchange pathway between African and 
Eurasian populations, which in turn impacted the subsequent global 
dispersal pattern and gene flow of H. sapiens across Asia, Europe, 
Australia and into the Americas.

Elucidating the response of H. sapiens dispersal to past climate shifts 
has been hindered by the sparseness of palaeoenvironmental data in 
key regions4 such as northeastern Africa, the Levant and the Arabian 
Peninsula, by regional uncertainties of global climate model simu-
lations (see Methods, Extended Data Fig. 3), and by the prevailing 
dating uncertainties of fossil or archaeological records. Here we set 
out to quantify the effects of climate on human dispersal over the last 
glacial period, using a numerical reaction/diffusion human dispersal 
model (HDM, see Methods, Extended Data Fig. 1), which is forced 
by time-varying temperature, net primary production, desert fraction 
(Extended Data Figs 4–6) and sea level boundary conditions (Fig. 1f)  
obtained from a transient glacial/interglacial global earth system 
model simulation9 covering the last 125 ka, an estimate of millennial- 
scale variability and sea level reconstructions10, respectively (see 
Methods). The LOVECLIM climate model used here (see Methods) 
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Figure 1 | Climate drivers. a, Precession (cyan) 
and CO2 concentrations24 (grey). p.p.m.v., parts 
per million by volume. b, Reconstructed25 (blue) 
and simulated (red) North Atlantic temperatures 
(°C) (see Methods). c, Israel (Soreq cave) 
speleothem26 δ18O (orange) and simulated Israel 
desert fraction (brown). d, Turkey hydroclimate 
reconstruction27 (red) and simulated Turkey net 
primary production (NPP) (blue). e, Antarctic 
(Dome Fuji) reconstructed28 (orange) and 
simulated (blue) surface temperature anomalies 
(TS). f, Precession and sea level10. g–j, Simulated 
human density (individuals per 100 km2) for early 
(red), late (blue) and early-without-Dansgaard–
Oeschger events (yellow) exit scenarios in Europe 
(9.5° E, 48.5° N), Arabian Peninsula (56.5° E, 
21.5° N), Levant (37.5° E, 34.5° N) and Australia 
(144.5° E, 19.5° S). Blue (mixed blue/yellow) boxes 
indicate archaeological (archaeological and fossil) 
evidence for H. sapiens18,20,29,30.
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simulates glacial temperature and hydroclimate variability in good 
agreement with some palaeoclimate proxy data9 (Fig. 1b–e, Extended 
Data Fig. 2).

The first climate-forced HDM experiment (scenario A, Extended 
Data Tables 1, 2) covers the time evolution of the past 125 ka (Fig. 2, 
Supplementary Video 1) and accounts for a numerical representa-
tion of gradual human adaptation to environmental conditions (see 
Methods). Diffusing into vegetated regions, the first low-density 
migration wave of H. sapiens reaches the coastline of northeast Africa 
and the Bab-el-Mandeb around 115–106 ka (Figs. 1h, 2, Supplementary 
Video 1). Two rapid dispersals through the migration-favourable 
anomalously wet Arabian Peninsula- and Sinai-corridors (Fig. 1c, 
d, h, i, Extended Data Fig. 4) occur between 107–95 and 90–75 ka. 
Very low densities are simulated for Southern Europe from 95–72 ka  
(Fig. 2). The subsequent dry conditions during the period 71–60 ka 
(Marine Isotope Stage 4, MIS4) (Fig. 1c, d, Extended Data Figs 5, 6) cut 
off the exchange between the populations in northeastern Africa, and 
the rapidly eastward-spreading group in southern Asia (Fig. 2). This 
is in stark contrast to previous suggestions11 of a very active migra-
tion corridor through the southern Arabian Peninsula during this 
time. During the subsequent precession minimum (increased boreal 
summer insolation) around 60–47 ka (Fig. 1a), simulated rainfall 
enhances net primary production in northern Africa, the Levant and 
the Arabian Peninsula (Extended Data Fig. 5) and a second prominent 
migration wave leaves northern Africa (Fig. 1h, i, 2). The onset of this 

prominent wave around 60 ka (Fig. 1g) coincides with the youngest 
estimates of the L3-haplogroup-based age range for the time to most 
recent common ancestor (TMRCA) of 79–60 ka11,12 and the subse-
quent emergence of mitochondrial DNA (mtDNA) haplogroups M, 
N and R. Eventually, this wave merges with the Eurasian population 
and leads to a boost of population density across Europe (Fig. 1g, h) 
and southern Asia. Meanwhile, H. sapiens cross the sea-level-altered 
Indonesian archipelago and arrive in Papua New Guinea and Australia 
around 60 ka (Figs. 1j, 2). For the subsequent period from 60–30 ka 
(MIS3) the model simulates a continuous Africa/Eurasia exchange 
of H. sapiens through the Levant (Fig. 1i) and an additional wave  
(45–30 ka) across the Bab-el-Mandeb and through the Arabian 
Peninsula (Fig. 1h). The dispersal across the Levant region is fur-
ther modulated by the millennial-scale drought/pluvial variability 
associated with Dansgaard–Oeschger stadial/interstadial transitions 
(Fig. 1d, i). Completing the simulated grand journey from Africa 
to the Americas, H. sapiens cross the Bering land bridge into North 
America during the short period from 14–10 ka. With rising sea levels 
the Bering land bridge gets inundated during the glacial termination 
(Supplementary Video 1), thus terminating the genographic connec-
tivity between Asia and North America.

According to this early exit scenario the first H. sapiens arrived in 
Europe, India and Southeast Asia and southern China in low den-
sities (<5 individuals per 100 km2) already between 100–70 ka (see 
Supplementary Video 1, Fig. 3a). Whereas the simulated early arrival 
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Figure 2 | Late Pleistocene human dispersal. Snapshots of the simulated evolution of human density (individuals per 100 km2) over the past 125 
thousand years using the parameters of scenario A (early exit) experiment (see Methods) with full climate (orbital- and millennial-scale) and sea level 
forcing and with human adaptation (see Methods).
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of H. sapiens in these regions is consistent with previous findings13–15, 
it appears to be at odds with a different interpretation of genetic and 
archaeological data16. Furthermore, the simulated low-density arrival 
of H. sapiens in Europe around 90–80 ka (Fig. 2, Extended Data Fig. 7)  
and the subsequent population increase from 60–50 ka challenges 
fossil and archaeological evidence17 placing the European arrival 
of H. sapiens before or around 45 ka. A possible explanation for this 
large discrepancy between model and observational evidence could 
be that the small populations of H. sapiens arriving in southeastern 
Europe after Human Migration Window (HMW) 3 may have been 
assimilated by the prevalent Neanderthal population and that only 
the subsequent wave from the Levant (during HMW4, 60–47 ka) led 
to a gradual transition from a Neanderthal- to a H. sapiens-dominated 
population regime.

A second parameter scenario (scenario B, see Methods, Extended 
Data Tables 1, 2) was run with the HDM to quantify the effect of a 
potential late MIS5a/MIS4 exodus11,16 on the subsequent population 
dynamics (Fig. 3b, Extended Data Fig. 7, Supplementary Video 2). 
According to this scenario, dispersal from central Africa to north-
eastern Africa is inhibited due the prevailing drought conditions in 
north Africa during 116–108.5 ka (MIS5d) and 91.5–84.5 ka (MIS5b) 
(Extended Data Figs 5–7 Supplementary Video 2) and the higher 
human temperature sensitivity chosen for this scenario. This period 
is followed by a very rapid dispersal from Africa into Eurasia across 
the Red Sea and Levant starting in 84 ka (Fig. 1h, i, Extended Data 
Fig. 7). For MIS4 low densities are simulated for the Levant, Arabian 
Peninsula, Southeast Asia and southeastern Europe (Extended Data 
Fig. 7). During HMW4 (60–47 ka, Fig. 1h) a second migration event 
takes place through the Arabian Peninsula and Levant and human 
densities increase in western Europe, the Middle East, India and 
Indonesia, partly due to local environmental conditions, partly due 
to an influx from other areas. This scenario resembles the late sin-
gle southern exit model11 and mtDNA evidence for haplogroup L3. 
Although this scenario explains qualitatively the reconstructed arrival 
times in India16, Europe18, Australia19, and North America (Fig. 3b, 

Supplementary Video 2), it does not explain the early MIS5 presence 
of H. sapiens in the Levant20, the Arabian Peninsula (Fig. 1g,h) and in 
southern China15.

Both scenario A and B clearly reveal the impact of Dansgaard–
Oeschger variability on the desert fraction and habitability of the Levant 
region (Extended Data Figs 5, 6, Fig. 1i). Whereas Dansgaard–Oeschger 
temperature and net primary production effects (Extended Data  
Figs 4, 5) on European, Mediterranean and north African population 
density are visible (Fig. 1g), their overall effect on global human dis-
persal and arrival times is negligible, as demonstrated by repeating 
scenario A without Dansgaard–Oeschger variability (see Methods) 
(Fig. 1g–i, yellow line, Fig. 3c).

To better understand the effect of glacial climate variability on 
the Late Pleistocene global human dispersal compared to non- 
climatic effects, we conducted three additional highly idealized sensi-
tivity experiments (see Methods). For these 125 ka-long simulations 
we ignore the presence of glacial/interglacial climate variability and 
the orbital forcing and just prescribe perpetual climate conditions 
for 105 ka (MIS5c), 70 ka (MIS4), and 21 ka (Last Glacial Maximum, 
LGM). Comparing the times of last continuous human settlement sim-
ulated by scenario A simulation (Fig. 3a) with the corresponding maps 
for the perpetual MIS5c, MIS4 and LGM experiments (Fig. 3d, e, f), 
we find substantial differences in the peopling pattern during the Late 
Pleistocene, which can be understood either in terms of the differences 
in global climate conditions or in terms of sea level.

Here we presented a numerical modelling framework to quantify 
the effects of past spatiotemporal climate and sea level change on the 
global migration patterns of H. sapiens. Consistent with the recently 
proposed early onset multiple dispersal model21 and supported by 
phenotype analyses of early human neurocranial geometries22, we 
found evidence for multiple climate-mediated MIS3–5 dispersal 
and mixing waves across the Africa/Asian nexus. Precession forcing 
served as a key pacemaker for these glacial events which occurred 
around 106–94 ka (HMW2), 89–73 ka (HMW3) and 59–47 ka 
(HMW4) and 45–29 ka and which may have also contributed to 
potential gene flow back into Africa21. The large 59–47 ka disper-
sal event through the Arabian Peninsula, simulated by the HDM 
as well as by a recent demographic model23, probably left the most 
prominent genetic traces in the genome of non-African H. sapiens, 
thus linking it to the TMRCA, the main gene flow patterns and esti-
mated ages of mtDNA markers M and N and of the Y chromosome 
haplogroups M174, M130 and M89. Whether mtDNA evidence can 
be used to unequivocally distinguish between the orbital pulsation 
scenario and the late single-exodus scenario needs to be further 
explored. In addition to the orbital-scale pacing of human disper-
sal, we found modelling evidence for the impact of millennial-scale 
variability on regional population densities (Fig. 1g, h). However, 
according to our simulations the effects of abrupt climate change on 
global population dynamics and the first arrival times were negligible  
(Fig. 3c).

Consistent with a plethora of recent studies14,15,21, our early exit  
climate/human dispersal simulation reproduces an early MIS5 exodus 
of H. sapiens out of Africa and a rapid dispersal along the southern rim 
of Asia into southern China and eventually into Australia during MIS3 
and MIS4 (Supplementary Video 1). Our model simulation also shows 
an almost synchronous early arrival in southern China and in Europe 
around 90–80 ka. Given this plausible scenario, it is perplexing that the 
first H. sapiens fossil in southern China pre-dates the oldest discovered 
fossils of H. sapiens in Europe by about 35–40 thousand years. This 
discrepancy could be reconciled by assuming that the northern route 
into Europe was much more influenced by the biological and cultural 
interaction between H. sapiens and Neanderthals17 than the southern 
route into Asia.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Arrival Times for different dispersal scenarios. a–f, Time 
(ka) since last continuous human settlement for time-varying climate 
conditions following the transient scenario A simulation (early exit 
scenario) (a); scenario B (late exit scenario) (b); scenario A without 
Dansgaard–Oeschger variability (c); and for transient 125 ka simulations 
which use idealized constant climate forcing corresponding to 105 ka (d), 
70 ka (e) and 21 ka (f) (see Extended Data Table 2 for more details).
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METHODS
No statistical methods were used to predetermine sample size. The experiments 
were not randomized the investigators were not blinded to allocation during exper-
iments and outcome assessment.
HDM equations and climate forcing. To simulate human migration out of Africa 
and its subsequent global dispersal under time-varying climate conditions we 
employ a reaction/diffusion model for human density ρ(x,y,t) in each grid point 
(x,y) and at time t. Similar models, also known as modified Fisher–Kolmogorov 
or Fisher–Skellam models have been used in previous idealized human dispersal 
modelling studies31,32. In our HDM the reaction terms (growth G and mortality 
M) are dependent on three key vegetation, climate parameters: net primary pro-
ductivity N(x,y,t), which controls the availability of carbon-based food sources, 
desert fraction d(x,y,t) and temperature T(x,y,t), which are interpreted here as 
key climate stressors that determine the mortality of H. sapiens. Furthermore, 
a quadratic mortality term is included to avoid exponential growth during the 
simulation. The governing equation for ρ (x,y,t) reads:

ρ ρ Γ ρ ρ αρ∂
∂
= ∇ + − −

t
K N x y t M d x y t T x y t[ ( , , )] [ ( , , ), ( , , )] (1)2 2

The growth rate of human density is parameterized as a function of net primary 
productivity N(x,y,t) in terms of Γ(N) = γ{0.5tanh [(N − Nc)/Nw] + 0.4}. Assuming 
that the early human diet consisted largely of grazing mammals, this equation 
captures the notion that the primary productivity in each model grid box is linked 
to the edible biomass. A net primary productivity Nc is required in each grid box 
to maintain human population. We make the assumption that the mortality rate in 
each grid box is strongly controlled by the desert fraction d and the annual mean 
surface temperatures T. Climates with temperature below Tc will abruptly increase 
human mortality. Furthermore, we include a dependence of M on the desert frac-
tion d. Human mortality will increase rapidly—a result of sparse food and water 
resources—if the desert fraction increases beyond dc. Both factors are parameter-
ized as: M(d,t) = μ max{1 + tanh[(d − dc)/dw], 1.67[1 − tanh[(T − Tc)/Tw]]}. The 
explicit equations used here for growth and mortality differ from the simplified 
logistic growth law used in previous studies33.
Coastal express. For coastal points, we assume an alongshore advection with a 
mean alongshore velocity Up (see Supplementary Table 1). The time evolution of 
ρ is then calculated from:

ρ ρ Γ ρ ρ αρ∂
∂
=− ⋅∇ + − −

t
N x y t M d x y t T x y tU [ ( , , )] [ ( , , ), ( , , )]p

2

Accelerated migration along rivers34 is not taken into account. The simulated 
human dispersal represents a strongly idealized scenario, which does not include 
competition or assimilation with H. neanderthalensis, H. erectus or Denisovans. To 
extend the model to a more realistic multi-actor framework would require more 
detailed information on the respective climate sensitivities and better observational 
constraints on the initial population densities.
Island hopping. Short-distance sea-faring is parameterized as a Gaussian decay 
away from the coast with a width of 1°.
Numerical implementation. The HDM is discretized using a first order upwind in 
time and second order central difference in space method. Our numerical imple-
mentation uses a 1° × 1° horizontal grid with a time-step of 1 year. The physical 
model parameters chosen here are listed in Extended Data Table 1.
Orbital-scale simulation. To study the effects of slowly evolving glacial bound-
ary conditions on the climate system and human dispersal we conducted a tran-
sient glacial–interglacial climate model simulation with the earth system model 
LOVECLIM (abbreviated as SIM). The simulation SIM is based on the earth system 
model LOVECLIM35, version 1.1. The atmospheric component of the coupled 
model LOVECLIM is ECBilt36, a spectral T21, three-level model, based on qua-
si-geostrophic equations extended by estimates of ageostrophic terms. The model 
contains a full hydrological cycle, which is closed over land by a bucket model 
for soil moisture and a runoff scheme. Diabatic heating due to radiative fluxes, 
the release of latent heat and the exchange of sensible heat with the surface are 
parameterized. The ocean-sea ice component of LOVECLIM, CLIO37 consists of a 
free-surface Ocean General Circulation Model with 3° × 3° resolution coupled to a 
thermodynamic-dynamic sea ice model. Coupling between atmosphere and ocean 
is done via the exchange of freshwater and heat fluxes, rather than by virtual salt 
fluxes. The terrestrial vegetation module of LOVECLIM, VECODE38, computes 
the annual mean evolution of the vegetation cover based on annual mean values 
of several climatic variables.

Orbital-scale time-evolving ice-sheet boundary conditions in SIM are pre-
scribed by changing ice-sheet orography and surface albedo. The correspond-
ing anomalies were derived from the time-dependent ice-sheet reconstruction 

obtained CLIMBER, 2b earth system model of intermediate complexity39,40. 
Also, in LOVECLIM, the vegetation mask is adjusted to reflect time-evolving 
changes in ice-sheet-covered areas. Time-varying atmospheric greenhouse gas 
concentrations are prescribed in the model following greenhouse gas measure-
ments from the EPICA DOME C ice core24. Another important forcing consid-
ered here is orbitally induced insolation variations that are calculated from the 
algorithm of ref. 41. We employ an acceleration technique, which compresses the 
time-varying external boundary conditions by a factor of 5. Instead of running the 
coupled model for the entire period of 408,000 years42,43 the model experiment 
is 81,600 years long, while covering the entire forcing history of the last 408 thou-
sand years. The acceleration technique is based on the assumption of relatively 
fast equilibration of surface variables to externally driven slow climate change. 
Through previous experimentation42 we have found that an acceleration factor 
of 5 is appropriate for the tasks envisioned here. Whereas, the climate model run 
follows closely the methodology of ref. 9, the current simulation uses a higher 
climate sensitivity, which amounts to ~4 °C per CO2 doubling. The result is a 
more realistic glacial/interglacial amplitude in surface temperatures compared 
to palaeo proxy data (see below).

To validate the model against palaeo proxy data we analyse 140 ka of the SIM 
model simulation (see below). This model simulation does not include the effects 
of millennial-scale variability associated with Dansgaard–Oeschger and Heinrich 
events. This will be added through a secondary model/data-based-procedure (see 
below).

While the full climate model simulation SIM covers 408 thousand years, only the 
last 125 thousand years are used to force the human dispersal model (see schematic 
Extended Data Fig. 1). The variables that will be used as part of the climate forcing 
of the HDM are the simulated changes in temperature [Torb(x,y,t)], net primary 
productivity [Norb(x,y,t)] and desert fraction [dorb(x,y,t)].
Validation of orbital-scale LOVECLIM simulation. To compare the transient 
LOVECLIM simulation SIM with palaeo proxy data, we conduct an empirical 
orthogonal function (EOF) analysis of the simulated sea surface temperatures 
(SST) from 140–0 ka and compare the resulting leading EOF pattern and corre-
sponding principal component with an EOF analysis conducted on 63 palaeo proxy 
SST proxy reconstructions25,44–89. The SST reconstructions25,44–89 used for this 
analysis were required to cover the period from 140–10 ka. The location and the 
leading EOF pattern and corresponding principal component of these palaeo proxy 
data are shown in Extended Data Fig. 2. The model simulation reproduces both, the 
time evolution (Extended Data Fig. 2a) as well as the EOF pattern (Extended Data 
Fig. 2c), in good agreement with the SST proxy data. We find higher EOF load-
ings for extratropical and the some subtropical upwelling regions and somewhat 
damped EOF values for the tropical oceans. The resulting global mean SST time 
series which are based on the model and proxy EOF reconstructions (Extended 
Data Fig. 2c) exhibit a high degree of correlation and a similar magnitude for the 
transitions from the Last Glacial Maximum (LGM, 21 ka) to the early Holocene. 
However the magnitude of the Last Interglacial Ocean warming 130–120 ka is 
somewhat reduced in SIM, compared to the palaeo proxy reconstructions of global 
SST. There is also a reduction of the precessional (21 thousand year period) signal 
in the simulation relative to the palaeo data. Note that for this comparison we have 
made the assumption that annual mean SST in the model can be directly compared 
with a variety of SST proxies25,44–89(such as alkenone, Mg/Ca and assemblage data). 
This requires that the proxies can be interpreted as annual mean, which in some 
regions is not necessarily the case90.

Other direct time series comparisons between simulated physical variables with 
palaeo proxy data are shown in Fig. 1. We find for instance that the magnitude 
as well as the timing of simulated surface temperatures over Antarctica in SIM 
matches the ice-core data well (Fig. 1e). Furthermore, the simulated hydroclimate  
variations in the Levant region bear close resemblance on orbital timescales  
with palaeo proxy reconstructions from speleothems (Fig. 1c) and lacustrine data 
(Fig. 1d).

To assess potential modelling uncertainties in hydroclimate for the selected 
time-slice of the LGM further we compare the simulated anomalies of the rain-
fall ratio between LGM and pre-industrial climate (relative to the pre-industrial 
values) in SIM with other CGCM LGM experiments conducted as part of the 
Palaeomodel Intercomparison Project, phase 3 (PMIP3). The results (Extended 
Data Fig. 3) clearly indicate that in spite of the fact that very similar boundary forc-
ing conditions (greenhouse gas concentrations, ice-sheet topography and albedo 
and orbital forcing) are used, large modelling uncertainties exist in the simulated 
LGM rainfall patterns. Focusing on the particularly important human migration 
corridor of northern Africa, the LOVECLIM SIM experiment agrees well with 
the simulated drying in the CCSM4 and COSMOS-ASO simulations. In contrast 
the IPSL-CM5A-LR, GISS-E2-R and MPI-ESM-P model simulate significantly 
increased glacial rainfall over north Africa. For northern Europe, all CGCMs show 
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an overall drying for glacial conditions. The experimental design of PMIP3 does 
not include transient model experiments, so it is unclear at this stage, whether any 
of the other PMIP models would reproduce for example, the recorded hydrocli-
mate variations over the past 125 thousand years in the Levant region (Fig. 1 d) in 
a qualitatively similar way as LOVECLIM.
Millennial-scale simulation and climate reconstruction. To account for the 
effects of millennial-scale Dansgaard–Oeschger (DO) and Heinrich events91,92 on 
climate and the resulting changes in human dispersal, we reconstructed the cor-
responding anomalies of surface temperature ( ′T m(x,y,t), net primary productivity 
′Nm (x,y,t) and desert fraction ′dm (x,y,t), where the subscript m stands for the 

millennial-scale climate anomalies and the prime symbol denotes the deviation 
from the long-term mean) using a previously conducted transient LOVECLIM 
climate model simulation93, (abbreviated as MIL). This simulation is a climate 
model hindcast of the period 50–30 ka, which includes both orbital scale forcings 
(ice-sheets, greenhouse gas concentrations and orbital changes) and freshwa-
ter-forced millennial-scale climate shifts associated with each observed DO and 
Heinrich event during this period. For this climate model simulation we calculated 
the regression patterns Pi(x,y) between the simulated Iberian Margin SST ′T t( )ib

sim

and the corresponding spatiotemporal fields:
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To reconstruct the millennial-scale anomalies [ ⁎
′T m (x,y,t), ⁎

′Nm (x,y,t), ⁎
′dm (x,y,t)] 

for the entire HDM period 130–0 ka, we multiply the model-based regression  
patterns with the observed high-pass-filtered Iberian margin SST variations25 ′T ib

obs  
that is, ⁎

′T m (x,y,t) = ′T ib
obs (t) P1(x,y); ⁎

′Nm (x,y,t) = ′T ib
obs (t) P2(x,y); ⁎

′dm (x,y,t) =  
′T ib

obs  (t) P3(x,y). The resulting millennial-scale anomaly maps were then added 
back to the corresponding fields of the orbital scale SIM simulation [Torb(x,y,t), 
Norb(x,y,t), dorb(x,y,t)]. The comparison between reconstructed and observed 
Iberian Margin SST variability shows an excellent agreement, on both the orbital 
and millennial timescale (Fig. 1b). Furthermore, we find a good agreement on both 
timescales between reconstructed and simulated hydroclimate variations in the 
Levant region (Fig. 1d).
Climate forcing for HDM simulations. The full climate forcing (temperature, net 
primary productivity and desert fraction) of the HDM is provided by adding the 
directly simulated LOVECLIM variables from SIM Torb(x,y,t), Norb(x,y,t), dorb(x,y,t) 
to the reconstructed millennial-scale anomalies ′T m(x,y,t), ′Nm(x,y,t), ′dm(x,y,t), 
obtained from model/data-based linear regression reconstruction, which uses 
model-derived patterns of millennial-scale variability P1(x,y), P2(x,y), P3(x,y) from 
MIL, and a time series ′T ib

obs  of observed millennial-scale variability from an Iberian 
Margin sediment proxy SST reconstruction. This yields: T(x,y,t) = Torb(x,y,t) + b ′T m
(x,y,t), N(x,y,t) = Norb(x,y,t) + b ′Nm(x,y,t), d(x,y,t) = dorb(x,y,t) + b ′dm(x,y,t), where 
b in the standard HDM simulation is set to 1 (see Extended Data Fig. 1). To further 
test the effect of DO variability on human dispersal, we also conducted one exper-
iment with b = 0 (Fig. 3c). We also include the time-varying coastline into the 
HDM climate driving fields T(x,y,t), N(x,y,t), d(x,y,t).

The orbital and millennial-scale contributions to temperature, net primary 
productivity and desert fraction can again be retrieved statistically through an 
Empirical Orthgonal Function (EOF) analysis of the fields T(x,y,t), N(x,y,t), 
d(x,y,t). The resulting EOF patterns and principal components are depicted in 
Extended Data Figs 4–6. Because of the linear operations conducted, the EOF 
patterns of millennial-scale variability for the respective variables are very similar 
to the regression patterns P1(x,y), P2(x,y), P3(x,y) (not shown).
Transient HDM simulations. To quantify the effects of climate variability 
and human dispersal processes on the dispersal of H. sapiens during the Late 
Pleistocene, the HDM is run in various parameter configurations and for a num-
ber of realistic and more idealized climate scenarios.
Initialization and scenarios. All experiments start from the same initial H. sapiens 
density distribution in central Africa (see Fig. 2, upper left for pattern), repre-
senting idealized initial conditions 125 ka. The results are essentially insensitive 
to moderate 15 degree latitudinal and longitudinal shifts of the initial H. sapiens 
across central Africa. These initial dates are chosen to study how the prominent 
MIS5 precessionally paced openings of savannah-type corridors in northeastern 
Africa during HMW2 and 3 (Fig. 1) would have promoted the subsequent human 
dispersal out of Africa.

By integrating Equation (1) forward in time and using different climate sce-
narios (see Extended Data Table 2) for Net primary productivity (N(x,y,t)), desert 
fraction (d(x,y,t)), surface temperature (T(x,y,t)) and land–sea distribution, we can 
determine the effects of orbital-scale and millennial-scale climate variability on the 
simulated arrival times of H. sapiens in various regions (Fig. 3) for the different sce-
narios. The following forcing scenarios are chosen (see Extended Data Tables 1, 2):

(1) The standard early exit control run (scenario A) (see parameters in Extended 
Data Table 1, left column) simulates the evolution of H. sapiens for the past 125 
thousand years in response to time varying T(x,y,t), N(x,y,t), d(x,y,t), which 
includes orbital-scale and millennial-scale variability. Furthermore, to capture 
an increased adaptability to climate stressors we reduce the values of Tc and 
increase those for dc linearly during the simulation (see Extended Data Table 1). 
Furthermore, the mobility of H. sapiens increases as a function of time in terms 
of diffusion and coastal advection speeds (Extended Data Table 1, left column). 
The results are shown in Fig. 2 and Fig. 3a. The Late Holocene value of K = 42 km2 
year−1 in this simulation is in the range of previous estimates31,33,94 for the Late 
Pleistocene H. sapiens and early- to mid-Holocene of K = 25–76 km2 year−1. Our 
growth rate of 0.4% per year is a factor 3–4 smaller than previous estimates32. The 
simulated population range in scenario A for Europe during the LGM of 0.6 million 
individuals is about 3 times larger than a previous estimate95.

(2) The late exit (scenario B) uses the same overall configuration as Scenario A 
(including same initial condition), but different parameter values (see Extended  
Data Table 1, right panel). The results are shown in Extended Data Fig. 7 and  
Fig. 3b. Most importantly, this scenario uses a higher sensitivity of human mortality 
to temperatures and a smaller initial diffusion rate.

(3) A 125 ka simulation (no DO), based on scenario A, with only orbital-scale 
forcing Torb(x,y,t), Norb(x,y,t), dorb(x,y,t) from SIM and without millennial-scale 
variability associated with Dansgaard–Oeschger and Heinrich events. The arrival 
time results are shown in Fig. 3c and some representative time series in Fig. 1, 
yellow lines.

(4) Four 125 thousand-year-long HDM simulations using constant climate forc-
ing Torb(x,y,t = tc), Norb(x,y,t = tc), dorb(x,y,t = tc) with tc = 105, 70, 21 ka using the 
same parameters as in scenario A. The arrival time results are shown in Fig. 3d–f.
Code availability. The Matlab code of the human dispersion model is available 
upon request from the lead author.
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Extended Data Figure 1 | Schematics of modelling framework adopted for this study.
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Extended Data Figure 2 | Validation of climate model simulation 
for temperature with palaeo sea surface temperature (SST) 
reconstructions. Pattern and temporal evaluation of leading Empirical 
Orthogonal Function (EOF1) of reconstructed and simulated SST. 
a, Principal components of the EOF1 (PC1) for SST from 63 palaeo-

records25,44–89 (orange) covering the period 140–10 ka and simulated SST 
(blue) using every model grid point. b, Globally-averaged SST anomaly 
(K) from EOF1-based reconstruction. Colours as in a. c, EOF1-pattern (K) 
for 63 palaeo records25,44–89 (circles) and simulated SST in global domain 
(shading).
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Extended Data Figure 3 | Comparison of LOVECLIM simulation with 
other PMIP3 CGCM Last Glacial Maximum simulations. a–j, Simulated 
annual mean rainfall differences (LGM versus pre-industrial) relative to 
the pre-industrial long-term annual mean rainfall (%) for ten different 
climate model simulations (MIROC-ESM (a), MIROC-TS (b), MPI-ESM-P 

(c), MRI-CGCM3 (d), GISS-E2-R (e), IPSL-CM5A-LR (f), CCSM4 (g), 
CNRM-CM5 (h), COSMOS-ASO (i) and FGOALS-g2 (j)) conducted as 
part of the Paleo Model Intercomparison Project, Phase 5 (PMIP5) (see 
Methods) and the LOVECLIM model (k) used here.
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Extended Data Figure 4 | Temperature forcing for HDM a, First empirical 
orthogonal functions (EOF) of temperature (°C). b, corresponding 
principal components. First EOF mode captures orbital-scale variability. 
c, Second empirical orthogonal functions of temperature (°C). 

Corresponding principal components are shown in d. Second EOF mode 
captures Heinrich and Dansgaard–Oeschger events. In b, the main Marine 
Isotope Stages (MIS) are indicated with blue shading. In d, the blue 
shading indicates the main Heinrich stadials and the C-events.
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Extended Data Figure 5 | Net primary production forcing for HDM. Same as Extended Data Fig. 4, but for primary production (kgC m−2 yr−1).
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Extended Data Figure 6 | Desert fraction forcing for HDM. Same as Extended Data Fig. 4, but for desert fraction (%).
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Extended Data Figure 7 | Late Pleistocene human dispersal. Snapshots of the simulated evolution of human density (individuals per 100 km2) over 
the past 125 ka using the parameters of the scenario B (Late exit) experiment (see Methods) with full climate (orbital and millennial-scale) and sea level 
forcing and with human adaptation.
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Extended Data Table 1 | Parameters configuration of human dispersal model used in early exit (scenario A) and late exit (scenario B) 
scenarios
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Extended Data Table 2 | Sensitivity experiment conducted with human dispersal model using different climate and dispersal scenarios
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