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a b s t r a c t

Paleoclimatic changes in South Africa, especially around the southern Cape region, are of intense
interdisciplinary interest; as this is an important area in the context of human evolution, hosting several
prominent archaeological sites such as Blombos Cave (located near today's shoreline). In this study, we
investigate the sensitivity of climate of coastal southern Africa to changes in glacial variations in sea level
and associated land extent, by performing a model sensitivity experiment. Employing a high-resolution
(12 km grid spacing) regional climate model (WRF), output from a global model simulation at 70
thousand years ago (ka) is downscaled twice: First using the present-day coastline, then with an esti-
mated coastline position at 70 ka; keeping all other forcing factors identical. Thus we focus on the
response of the local climate to an expanded land surface area equivalent to a glacial sea level low stand
scenario. Our results reveal that the climate of previously coastal localities shows strong continental
characteristics when sea level drops, as the coastline moves away, and a coastal plain is exposed. This is
most evident from the year-round warmer days and cooler nights, with up to 6 �C increases (decreases)
in daily maximum (minimum) temperatures. This result also extends to extremes. For instance, at the
archaeological site of Blombos Cave, temperature extremes (1st and 99th percentiles) of the modelled
marine climate become 25- to 75-fold more probable as the coastline shifts. We also find year-round
reductions (5e40%) in the amount of precipitation within the region, owing to local modifications in
near-surface atmospheric circulation caused by the exposed land. The reductions in precipitation are
accompanied by a significant drop in the annual number of rainy days (31 days locally at Blombos Cave).
Simulated changes also vary seasonally, with more pronounced and widespread changes in temperature
and precipitation occurring during summer. Through isolating and quantifying the effects of land extent
variation, our approach demonstrates, for the first time, the role of coastline position in shaping local
climate around near-coastal environs. Our results have significant implications for future studies
exploring the influence of local coastline changes on early human settlement and mobility patterns.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Climate, and its variation across multiple spatial and temporal
scales, is recognized as a likely key factor in the survival, migration
and evolution of Homo sapiens and its extinct relatives (such as
Neanderthals) during the last glacial cycle (Eriksson et al., 2012;
Timmermann and Friedrich, 2016; Rae et al., 2020; Raia et al., 2020;
piens Behaviour (SapienCE),
orway.
rk).
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Timmermann, 2020). However, the robustness of any possible
causality relationship between climate and humans is directly
dependent on how well past climate is reconstructed. Climate
modelling is a powerful tool in this respect, yet, most global models
do not provide the level of detail necessary to reflect regional to
local scale features. As a result, they miss potentially important
information regarding the local environments in which early
humans and other hominins lived. For instance, variations in sea
level (Lambeck and Chappell, 2001), and associated changes in
coastal land extent have potential to significantly affect local-to-
regional climate, where early humans often dwelled (Fisher et al.,
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2020) and travelled through (Lesnek et al., 2018). These influences
are important to consider over areas where decreasing/increasing
sea levels can result in significant exposure/coverage of coastal
plains. Local climatic and ecosystem impacts of such changes in
coastal regions have not been studied in detail.

One such region is the southern coast of modern South Africa.
The area is highly sensitive to glacial oscillations in sea level, as the
Agulhas Bank to its south is known to have been regularly exposed
at times of marine regression (Cawthra et al., 2018). For instance, a
moderate drop in sea level during a glacial period would signifi-
cantly shift the coastline, revealing an extensive coastal plainwhere
humans and animals could live and thrive (Fig. 1b). This region also
hosts major archaeological sites such as Blombos Cave, Klipdrift
Shelter, Klasies River, Diepkloof Rock Shelter and Pinnacle Point 13B
(Fig. 1) (Henshilwood et al., 2014; Henshilwood, 2012; Texier et al.,
2013; Marean et al., 2007; Wurz, 2002). During interglacials, when
sea level was high, people inside Blombos Cave would have looked
Fig. 1. a) Full domain of the regional climate model utilized in this work (WRF), along
with the present day (1991e2020) annual precipitation totals and annually averaged
sea surface temperatures (data from ERA5 reanalysis). b) Detailed view of the southern
Cape region and adjacent areas (dashed rectangle in a)). Exposed land at 70 ka (with
respect to present) is shown in grey. Locations of the five archaeological sites cited in
the text are also marked. Color maps are after Crameri (2018). (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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out at the ocean, from which they collected large amounts of
shellfish and other marine resources. During times of decreased
sea-level, only a few thousand years later, they would overlook a
coastal plain, where herds of grazing animals could be hunted. This
exposed landscape, known as the Palaeo-Agulhas Plain (Marean
et al., 2020), would have been a rich but entirely different
ecosystem, alsowith a different local climate compared to the rocky
coastline of earlier times.

Here, we add the broader regional to local climate context to the
story and examine the ways in which regional features, namely
land-ocean contrasts and highly resolved topography, modulated
the impacts of large-scale changes, such as those driven by orbital
forcing. To do this we use a regional climate model that has a high
level of spatial detail (12 km), focusing on the coastline shifts
arising from sea level change. We concentrate on the time around
~70 ka (onset of MIS 4) as this was a period with significant dis-
coveries in Blombos Cave as well as a time when a large area of the
coastal plain was exposed. We pay particular attention to changes
at Blombos Cave locality as there is ongoing effort for proxy-based
climate reconstructions here too, some of which are to be used in
follow-up work that will combine data and modelling. Our exper-
imental model set-up in this study allows us to isolate the effects of
the coastline shift on local climate at Blombos and other archaeo-
logically important coastal sites in the region. We believe this will
allow for a clearer interpretation and contextualization of future
results from data-model comparison, and also of archaeological
findings from the area.

The rest of the paper is structured as follows. Section 2 provides
background concerning present and past climate in the region.
Section 3 details the methods and protocols for global and regional
climate modelling. Results and discussion are presented in Section
4, followed by summary and conclusions in Section 5.
2. Present and glacial climate in the region

South Africa is situated in an area of the south-north transition
from temperate (in southern Cape) to subtropical and tropical
zones. Climate models agree that the entire region was cooler
during the last glacial, with mean temperatures at the Last Glacial
Maximum 2e6 �C lower than the present day (Stone, 2014). Despite
the equatorward shift of isotherms in the glacial era, this was still
an area of climatic transition, where both midlatitude and tropical
weather systems had an influence (Engelbrecht et al., 2019).
Accordingly, the amount and seasonality of precipitation have had a
large spatiotemporal variation through the late Pleistocene (Simon
et al., 2015; Braun et al., 2019) and the Holocene (Strobel et al.,
2020). Today, the eastern part of the country, tropically influ-
enced and neighboring the warm Indian Ocean, is remarkably
wetter compared to the west (Fig. 1a). Most rainfall in the east falls
during austral summer (DJF) due to the regional monsoon circu-
lation, when the ITCZ is at its southernmost position. Long-term
variability of summer rainfall is linked to insolation changes,
mostly to the orbital precession cycle (Partridge et al., 1997; Simon
et al., 2015; Caley et al., 2018).

Today, the amount of precipitation falling in austral winter in-
creases toward the west (Fig. 1b), with moisture arriving mainly
from the relatively cooler Atlantic Ocean. It is often carried towards
the region by midlatitude depressions, guided by the meanwesterly
circulation. Still, it is the semi-permanent subtropical high-pressure
system over the southern Atlantic that dominates the area. As de-
pressions tend to follow a rather southerly, marine track (Eichler and



Table 1
WRF simulations performed at 70 ka.

GCM name and version RCM (WRF)
Simulation at 70 ka

Sea Level
Difference wrt Present

NorESM-1F Control (CTRL) 0 m
NorESM-1F Exposed Land (ExpLand) �80 m
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Gottschalck, 2013); they quickly weaken or rain out evenwhen they
move onshore, usually unable to reach the rain shadows inland. The
result is a generally drier western half of the country (compared to
the eastern half), where winter precipitation dominates, but is
confined to the southwestern and southern Cape regions (Fig. 1b).
For instance, the Blombos Cave area receives 56% of its rainfall
during the winter half year (Fick and Hijmans, 2017), and the annual
total is 500e600mm; yet these amounts are halved only ~100 km to
the north (Cole et al., 2018, Fig. 1b in this paper). Variability of past
winter rainfall in the region is less well understood (compared to
summer), due to uncertainties regarding the position and strength of
southern hemisphere westerlies (Sime et al., 2013).

Coastline shifts and associated changes in land extent over the
last glacial period may well have made their own imprint on local
climate, modifying key surface variables such as temperature,
precipitation, wind direction and speed, which often vary within
short distances, especially between coastal areas and their imme-
diate hinterland. It is therefore relevant, in the context of climate
influence on humans, to demonstrate how the local climate
responded to a retreating shoreline and an expanding coastal plain.

3. Methods

In this study we aimed to isolate the local to regional climate
effects of coastline changes. To do this we took a nested modelling
approach where a global coupled general circulation model (GCM)
was used to generate forcing data for a much higher resolution
limited area regional climate model (RCM). Then, using a coastline
reconstruction for the period around 70 ka, we performed a time-
slice experiment with present and past coastlines. The methods
underlying these approaches are detailed in the following
subsections.

3.1. Global model protocol

We used the fast version of the Norwegian Earth System Model
(NorESM1-F) to conduct the global simulation at 70 ka. NorESM1-F
shares many similarities with the Community Climate System
Model version 4 (CCSM4), except that the ocean component is
replaced with the Miami Isopycnic Coordinate Ocean Model
(MICOM). NorESM1-F uses the same atmosphere-land grid as
CCSM4, with a horizontal resolution of F19 (~2�) and 26 vertical
levels in the atmosphere component. The ocean e sea ice compo-
nent uses a new tripolar grid with a nominal 1� horizontal reso-
lution. There are 53 vertical layers in the ocean component.
Detailed information can be found in Guo et al. (2019). Orbital
parameters were taken from Berger and Loutre (1991), greenhouse
gas levels from Martínez-Botí et al. (2015), and a global mean sea-
level (GMSL) drop of 75 m from (Rohling et al., 2014). We also
modify the land-sea distribution arising from the GMSL variations
at that time. This GMSL drop makes the Bering Strait closed, and
much of the East Siberian continental shelf, Sahul Shelf, and the
Sunda Shelf exposed. The experiment was initialized from the
Levitus temperature and salinity (Levitus and Boyer, 1994), and
then integrated for 3200 years. The model output has a temporal
resolution of 6 hours for the atmosphere, 24 hours for land surface,
and 1 month for the ocean.

3.2. Regional model protocol

The RCM employed in this study is the Weather Research and
Forecasting Model (WRF). WRF is a limited area, non-hydrostatic
3

atmospheric model that is widely used in climate and weather
research to obtain spatially detailed information (Powers et al.,
2017). In this study, WRF version 4.5.1 (Skamarock et al., 2019)
has been set up on a single domain encompassing the entire African
continent south of the equator (0� - 50�S, 0� - 55�E; Fig. 1b), at a
horizontal resolution of 12 km, and on 35 vertical levels between
the surface and ~50 hPa level. The WRF model was used to
downscale the output generated by the global NorESM simulation
described in the previous subsection and to estimate the sensitivity
of regional climate to coastline position. One complete downscaling
experiment is a combination of two continuousWRF runs of 10 and
20 years. The forcing data for these two periods were sampled from
the NorESM output such that the 30-year temperature and pre-
cipitation means of the 20 grid points around southern Africa
(Supp. Fig.) are closest to their long-term averages in the entire
NorESM output. The aim was to force WRF with climatological
boundary conditions obtained over the 160-year NorESM time slice
and minimize the influence of internal variability. Such a con-
struction helps ensure that the experiments isolate the effects of
changing coastlines and avoids results being influenced by anom-
alously warm, cold, wet or dry years or periods. An extra year was
prepended to the beginning of each WRF run period as model-spin
up time. That year was not included in the analyses. The following
options were used for WRF model physics: Single moment 6-class
scheme for microphysics (Hong and Lim, 2006), CAM scheme for
longwave and shortwave radiation (Collins et al., 2004), Unified
NoahModel for the land surface (Tewari et al., 2004), ETA similarity
scheme for the surface layer (Janjic, 2002), Yonsei University
Scheme for planetary boundary layer (Hong et al., 2006), and
KaineFritsch scheme for cumulus parameterization (Kain, 2004).

The twoWRF simulations performed at 70 ka, CTRL and ExpLand,
are shown in Table 1. The only difference between these two sim-
ulations is their land-sea mask (explained inmore detail in the next
subsection). The WRF source code was modified accordingly in
order for the model to use correct radiation values, as done in Yoo
and Galewsky (2016). High resolution sea surface temperature
(SST) input fields for WRF simulations were created using the
anomaly method described by Haywood et al. (2010) and Zhang and
Yan (2012). This approach ensures an improved representation of
SSTs in the regional model, compared to using the raw SST output
from the global model directly. It thus results in a more realistic
simulation of near surface variables and precipitation, especially
over coastal areas. In this study, the method was implemented by
adding monthly long-term differences between modern SSTs and
NorESM pre-industrial SSTs (i.e., the anomaly) to the monthly, raw
SST fields of NorESM at 70 ka. Long term monthly mean SSTs were
obtained from the ERA5 reanalysis (Hersbach et al., 2020), averaged
over the 1981e2000 period at each month. Raw NorESM SST fields
were first regridded into ERA5 grid (0.25� resolution), using the
ESMF regrid routine of the NCAR Command Language (NCL).
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3.3. Coastline changes

To simulate the effects of glacial variation on coastal land extent,
the WRF land-sea mask was modified for the ExpLand simulation,
assuming a sea level drop of 80 m at 70 ka with respect to present
day (Fig. 1b, ExpLand stands for exposed land). �80 m is the
maximum likelihood estimate of relative sea level at 70 ka as
reconstructed by Grant et al. (2012), with the lower and upper
bounds of the 95% confidence interval at ~ 70 and 90 m, respec-
tively (Supp. Fig.). This record correlates well with the sea level
index points determined by Cawthra et al. (2018) for the southern
continental shelf of South Africa, in addition to having lower age
uncertainties and a higher temporal resolution compared to other
available sea level reconstructions (Spratt and Lisiecki, 2016). For
the ExpLand simulation, each original land grid cell in the model
topography was lifted by 80 m. Newly exposed cells were deter-
mined using ETOPO1 bathymetry data (NOAA National Geophysical
Data Center, 2009). Vegetation type of the exposed cells were set to
the dominant type in the neighboring cells. Present day land extent
was used in the control (CTRL) simulation. Present day vegetation
cover was used in both simulations, with the exception of urban
and crop cells, which were replaced with the dominant vegetation
type from the neighboring cells.

4. Results and discussion

Sensitivity of the southern African climate to changes in sea
level and associated land extent is assessed by comparing output
from the two RCM simulations, ExpLand and CTRL. Both simulations
were driven by boundary conditions provided by the same GCM
output at 70 ka. They are identical in all respects, except for their
land-sea masks (see Section 3.3 and Fig. 1).

Differences in the 30-year averages of ExpLand and CTRL simu-
lations were analyzed. There is no indication of significant large-
scale circulation differences between the two (not shown). This is
as expected given the experimental design, but is nonetheless
important as it confirms that internal variability within the RCM
domain does not have a strong impact. Large differences in tem-
perature and precipitation occur only over and around coastal re-
gions, where areas previously covered by ocean (CTRL) are exposed
due to the sea-level drop (ExpLand). These differences are a direct
response to the shifting coastline, which puts many present-day
coastal sites far from the ocean, making them relatively more
continental.

4.1. Surface air temperature

Mean temperatures inland are slightly lower in the ExpLand
simulation compared to CTRL (Fig. 2), owing to the lower sea level
and therefore an overall higher topography. Differences in daily
maximum and minimum temperatures, along with surface wind
anomalies, are shown for the southern Cape and adjacent regions in
Fig. 3. This figure is a clear demonstration of the fact that, as the
shoreline retreats, areas that were once coastal and are now inland
switch to a more continental climate, with cooler nights and
warmer days. Where the amplitude of nighttime cooling is greater
than daytime warming, there is a decrease in mean temperatures
compared to the CTRL simulation (Fig. 2). Likewise, stronger day-
timewarming (compared to nighttime cooling) leads to an increase
in the mean temperature. Austral winter (JJA) nighttime cooling is
especially pronounced over the Palaeo-Agulhas Plain, with a mean
decrease of 2e5 �C compared to the CTRL simulation (Fig. 3). While
4

daytime warming in austral winter is modest (~2 �C), it is much
larger in austral summer (DJF), with increases of over 5 �C around
western Cape, and 3e4 �C in the south in the ExpLand simulation. It
is worth noting that the magnitude of these temperature changes
are of the same order as the estimated differences between Last
Glacial Maximum and pre-industrial by global models (Stone,
2014). Moreover, changes during austral summer, especially the
daytime temperature increases, extend well inland, where the
climate was already continental before the coastline shift (Fig. 3,
right panel). This appears to be the result of the surface winds
having an increased northerly component in the ExpLand run in
summer, inducing a land breeze mechanism that should further
lessen the maritime influence. This also highlights the importance
of local wind changes in modulating coastal climates, even when
there is no large-scale signal.

Overall, the coastline shift results in a significant increase of the
diurnal temperature range. This also leads to lower winter and
higher summer mean temperatures, as nighttime cooling and
daytime warming/reduced sea-breeze dominate during winter and
summer, respectively. These changes are shown in more detail in
Fig. 4 for the WRF grid cell that is closest to Blombos Cave. In all
months (except March), the lower quartile of daily minimum
temperatures after the coastline shift (ExpLand) is entirely within
the lower 1st percentile of the same variable before the shift (CTRL).
In June and July, ~40% of dailyminimums in the ExpLand simulation
would be outliers (i.e. lower 1st percentile) in the CTRL. This means
that, owing only to coastline shift, the probability of having an
exceptionally cold night around Blombos Cave (by the control
simulation's marine climate standard), increases from 1% to
25e30% in all months (except March), and to ~ 40% in June and July.
The shift in summer maximum temperatures is even more
remarkable owing to the northerly component of the surface wind
difference. More than 50% of all ExpLand daily maximums from
November to February lie beyond the upper 1st percentile in the
CTRL simulation (Fig. 4); while the same metric is greater than 75%
from December to January. In other words, the probability of get-
ting a ‘one in a hundred’ summer heat event increases 50- to 75-
fold with the coastline shift.

These changes in the temperature regime were detected in the
analysis of extremes (Fig. 5) and selected climate indices (Figs. 8
and 9) as well. Due to the coastline shift, monthly absolute
maximum (minimum) temperatures shift to higher (lower) values,
putting the vast majority of the monthly extremes in the ExpLand
simulation outside the ranges of extremes in the CTRL simulation
for the Blombos Cave locality (Fig. 5). During the warmer half of the
year (November to March), all the warm monthly temperature
extremes simulated in ExpLand are warmer than those in CTRL
(Fig. 5), further highlighting the local effects related to changes in
the sea breeze during summer (Fig. 3). The warmest extreme for
Blombos Cave locality in ExpLand is ~15 �Cwarmer than that in CTRL
(Fig. 5). Likewise, the mean annual number of days with a Tmax
greater than 25 �C (summer days) or a Tmin less than 5 �C at
Blombos Cave jumps from almost none (0.1 and 0.6, respectively) in
CTRL to 40.6 and 30.1 in ExpLand, respectively (Fig. 9). These more
continental temperatures in the ExpLand simulation are a region-
ally consistent climatic feature of the areas where the coastline
retreats (Fig. 8). As evident from the more numerous summer days
(Fig. 8), daytime warming over previously coastal localities is
especially strong. This is in contrast with inland locations where the
same metric shows a slight decrease due to the 80 m elevation
increase in the ExpLand simulation.



Fig. 2. 30-year difference in mean surface air temperature (blue/red shadings) and surface winds (grey vectors) between ExpLand and CTRL simulations at 70 ka. Top: Austral winter
(JJA). Bottom: Austral summer (DJF). Statistically significant differences in temperature (t-test, 95% confidence level) are hatched. Present coastline is plotted. (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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4.2. Precipitation

Long-term mean ExpLand - CTRL differences in precipitation
indicate local reductions of 5e40% along the southern and western
Cape coasts and over exposed land as the coastline shifts seaward
(Fig. 6, left panel). Lower amounts of precipitation in the ExpLand
simulation are likely due to increased frictional drag on low level
winds caused by the extra land mass near coastal areas, which
5

prevents marine moisture from penetrating further inland. This is
evident, for instance around Blombos Cave, from the easterly and
northwesterly wind difference vectors in austral winter and sum-
mer, respectively (Fig. 6), indicating a slowdown of moisture-laden
low-level flow from the ocean. Also, around Blombos, there is a
relatively larger area of reduced precipitation in austral summer
compared to winter, extending towards inland (Fig. 6). This owes to
the weaker southerly component of surface winds in summer in



Fig. 4. Daily maximum, minimum and mean surface air temperatures at around Blombos Cave locality through the 30-year simulation period of WRF model at 70 ka, for both
ExpLand and CTRL simulations. Only the long-term monthly averages are shown for daily means (black diamonds), whereas daily extremes are summarized as box-and-whisker
plots. End of whiskers denote the 99th (1st) percentile for daily maximum (minimum) temperatures at each month. For the sake of readability, lower (upper) whiskers of daily
maximums (minimums) are not shown.

Fig. 3. 30-year mean difference in daily maximum, minimum and mean surface air temperatures (blue/red shadings), and surface winds (grey vectors); between ExpLand and CTRL
simulations at 70 ka, for austral winter (JJA, left) and austral summer (DJF, right). Areas of statistically significant temperature differences (t-test, 95% confidence level) are hatched.
All visible wind anomaly vectors denote statistically significant speed differences either of the u or the v-wind. Present coastline is plotted. Locations of the archaeological sites in
Fig. 1b are also marked. (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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Fig. 5. Monthly absolute maximum and minimum surface air temperatures (box-and-whisker plots) at around Blombos Cave in each of the 30 years at 70 ka, for both ExpLand and
CTRL simulations. End of whiskers denote upper 99th and lower 1st percentiles at each month. Stars show long-termmeans of monthly extremes. Percentage values at the bottom of
the plot indicate the portion of the extremes in the ExpLand simulation that are within the range of extremes in CTRL simulation, at each month.

Fig. 6. 30-year mean difference in precipitation amounts (brown/green shadings, left panel), precipitation minus evaporation values (brown/green shadings, right panel) and
surface winds (overlain grey vectors), between ExpLand and CTRL simulations at 70 ka. Areas of statistically significant changes (t-test, 95% confidence level) are hatched. Pre-
cipitation minus evaporation values on the exposed land areas are masked. All visible wind anomaly vectors denote statistically significant speed differences either of the u or the v-
wind. Present coastline is plotted. Locations of the five archaeological sites in Fig. 1b are also marked. (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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Fig. 7. Monthly precipitation amounts (box-and-whisker plots) at around Blombos Cave in each of the 30 years at 70 ka, for both ExpLand and CTRL simulations. End of whiskers
denote upper 99th and lower 1st percentiles for monthly precipitation at each month. Stars show long-term monthly means.
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ExpLand (note the northerly component of the wind difference
vector in Fig. 6), which was not simulated for winter. Accordingly,
the reduction in summer rainfall (25%) around Blombos Cave is
greater than in winter (16%) and other seasons. Nevertheless, there
is less rainfall around the Cave in the ExpLand simulation at every
month of the year (Fig. 7), corresponding to a statistically signifi-
cant 17% reduction in the annual precipitation amount with respect
to the CTRL simulation.

Contributing to the decreasing precipitation amounts, there are
significantly fewer rainy days in the southern and western Cape
coasts in response to the coastline shift (Fig. 8). The largest changes
occur near the southern coast, with the mean annual number of
rainy days (daily precipitation �1 mm) for the Blombos Cave area
falling from 152 to 121 (Fig. 9). Statistically significant increases
were simulated for the maximum length of dry spell within a year
too (Fig. 8), though these changes are not as strong as the decrease
in the number of rainy days, especially over the southern Cape
coast. The mean length of longest dry spell rises from 13.9 to 16.1
days for the Blombos Cave area (Fig. 9). There is no significant
change in the 5-day maximum precipitation amounts.

The drying implied by the precipitation decline is not entirely
corroborated by the changes in precipitation minus evaporation (P-
E) from CTRL to ExpLand (Fig. 6, right panel). P-E values decrease
less than precipitation does, since surface evaporation drops in
tandem with rainfall (not shown). Increases in mean temperatures
from CTRL to ExpLand are confined to austral summer months and
are smaller compared to the changes in daily extremes (Fig. 4), so
this might play a role in keeping P-E changes smaller, by sup-
pressing further evaporation in the ExpLand simulation. Note also
that the changes in P-E over the exposed land areas in the right
panel of Fig. 6 are masked, as evaporation from sea and land are not
comparable.
8

5. Summary and conclusions

In this study we employed a targeted modelling approach to
demonstrate the influence that coastline shifts had on local cli-
mates in the southern Cape of South Africa around 70 ka . Our re-
sults indicate substantial local-to-regional changes, arising solely in
response to land extent variations. The overall effect of the coast-
line retreat on the previously coastal localities is a shift to more
continental temperature regimes that feature warmer days and
summers, also cooler nights and winters. Additionally, we found
significant year-round reductions in rainfall amounts and in the
number of rainy days. All these changes are especially pronounced
along the southern coast, where the areal extent of the exposed
land due to seaward coastline shift is the largest along the Cape
coast. Our regional climate model simulations allow for more de-
tails to emerge, demonstrating a seasonally and locally varying
response in both temperature and precipitation to coastline retreat.
Specifically, changes are stronger and spread further inland in
summer compared to winter near Blombos Cave, with a large in-
crease in daytime temperatures and somewhat more pronounced
precipitation reduction. These are attributable to seasonally
distinct modifications in the local atmospheric circulation and in
the sea breeze mechanism, which arise solely because of the
exposed land.

While it is beyond the scope of the present work to make causal
links between climate and early human behaviour, the results here
do provide some support for a link between coastline position, local
climate and human behaviour. If ancient humans chose to live close
to the shoreline because the sea, besides providing food, also
moderated temperatures and enhanced rainfall, then at least some
of those coastal people may have chased the shoreline as it moved
away. This way, they could have reached the environment and
climate they were used to and preferred. The increases in the
simulated interseasonal and diurnal range of temperatures when



Fig. 8. 30-year mean difference in four selected climate indices, between ExpLand and
CTRL simulations at 70 ka. Areas of statistically significant changes (t-test, 95% confi-
dence level) are hatched. Present coastline is plotted. Locations of the five archaeo-
logical sites in Fig. 1b are also marked.

Fig. 9. Selected four climate indices (box-and-whisker plots) around Blombos Cave in
each of the 30 years at 70 ka, for both ExpLand and CTRL simulations. End of whiskers
denote upper 99th and lower 1st percentiles. Stars show long-term means.
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the coastline moved further away as sea levels dropped (Figs. 3 and
4), as well as the reduction in precipitation (Figs. 6 and 7), suggests
that the marine-to-continental climate transition might have trig-
gered this behaviour. These shoreline-following groups of ancient
people could have found more space to explore across the
expanded coastal plain, which is known to have provided
numerous coastal routes for migration and resource acquisition
(e.g., Armitage et al., 2011). Recent findings from Blombos Cave
(Haaland et al., 2020) support this view as they indicate increased
mobility of hunter gatherers during times of relatively distant
seashore, with shorter but more frequent visits to the cave. We
speculate that the local increase in the continentality of climate due
to the moving shoreline, which are quantified for the first time in
our study, may have been a factor in determining mobility patterns
of early humans.

There are still many additional questions to consider. One relates
to the relative role of the coastline shift compared to that of orbital
9

and greenhouse gas forcing. Although our results suggest that the
marine-to-continental climate transition in southern Africa due to
the moving coastline might have been large enough by itself to
influence early humans, we do not yet know whether these
changes would be amplified or dampened in the presence of other
climate forcings. Research on this question is ongoing and will be
the subject of a follow-up manuscript, which will investigate the
climatic evolution of the region using both models and proxy data
from Blombos Cave. Other questions such as, just how much these
environmental changes mattered for the development of techno-
logical and symbolic culture are outstanding. Despite good agree-
ment between the physical climate models and the evidence of
human activity in Blombos Cave, even with future evidence from
paleoproxies; any causal link between climate and human devel-
opment is necessarily speculative. An intriguing future direction
would be to integrate regional scale environmental information
with human agency using agent-based models to better explore
how early humans interacted with their local environment. While
thesemodels have been used extensively to explore large-scale (e.g.
out of Africa) migration and dispersion, they have yet to be applied
in local to regional contexts such as that of southern Africa.
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