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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 column). 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 for simulated SST in global 
domain (shading).





Extended Data Figure 4 | Temperature forcing for HDM. a, First empirical 
orthogonal function (EOF) of temperature (°C). b, The corresponding 
principal component. First EOF mode captures orbital-scale variability. 
c, Second empirical orthogonal function of temperature (°C). The 

corresponding principal component is 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.





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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