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central southern Africa associated with these cycles and their potential impacts on human migration. In this
study, we use a regional climate model to simulate archetypal Green and Desert Sahara periods under high and
low boreal summer insolation and investigate the resulting changes in climate variability and extremes in South
Tropical Africa, with a focus on Zambia. Our results indicate drier and warmer conditions under Green Sahara
conditions relative to the Dry Sahara periods. In particular, an increase in the length of droughts and higher
temperature extremes have been simulated over the Zambian region in the Green Sahara experiment. Our results
suggest that during the Dry Sahara periods, Zambia may have offered better environmental conditions for
hominin populations than the Central African Plateau (CAP). In contrast, the Green Sahara periods offered
opposite conditions, potentially encouraging hominins to disperse through the large river valleys into the CAP
and northward into the Sahel and Sahara.
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1. Introduction

Recent archaeological and paleontological evidence suggests a
complex, pan-African origin for our species, Homo sapiens, in which Sub-
Saharan Africa (SSA) played a key role (Hublin et al., 2017; Klein and
Richard Klein, 2019; Scerri, 2017; Stringer and Galway-Witham, 2017;
Wilkins, 2021). Past climate variability in SSA, and specifically in South
Tropical Africa, is believed to have influenced human population dy-
namics and evolution at the scale of the African continent (Blome et al.,
2012; John E. Kutzbach et al., 2020)

The central plateau in the SSA is drained by the Zambezi, the third
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system is considered by archaeologists to be an important biogeographic
corridor, potentially influencing the pattern of hominin occupation of
the region during the Stone Age with potential repercussions on human
evolution in Africa (Larry Barham, 2000; Burrough et al., 2019; Colton
et al., 2021).

Precipitation rates during the monsoon season exhibit large oscilla-
tions over a range of timescales, from interannual to interdecadal and
longer periods (Fauchereau et al., 2003; Mason and Jury, 1997; Richard
et al., 2001). On interannual timescales, for example, heavy rainfall can
affect the region with daily precipitation locally exceeding 200 mm
(Manhique et al., 2015) as well as prolonged droughts, such as the one in
1991-1992 (Vogel and Drummond, 1993). On longer timescales, the
most notable climate shifts are the so-called African Humid Periods
(AHPs), during which the West and East African Monsoon intensifies and
the Intertropical Convergence Zone (ITCZ) is displaced northward,
transforming the hyper-arid Sahara Desert into a mesic environment
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(deMenocal and Tierney, 2012; Gasse et al., 1990) and affecting the
climate worldwide (Dandoy et al., 2021; Pausata et al., 2017a; 2017b;
Pausata et al., 2021; Piao et al., 2020; Sun et al., 2019). The last AHP
occurred between about 11000 and 5000 years ago (Castaneda et al.,
2009; P. deMenocal et al., 2000; Gasse, 2000; Hély et al., 2014; Hoelz-
mann et al., 1998; Tierney et al., 2017; Yu and Harrison, 1996) and
AHPs are a direct response of the African monsoon to the precession
cycle, a periodic variation in Earth’s orbit around the sun (Berger,
1978). During AHPs, the Earth is closer to the sun during boreal summer
and farther away during boreal winter compared to today, which leads
to warmer summers and colder winters in the Northern Hemisphere. The
warmer summers in the Northern Hemisphere caused a northward
extension of the Hadley circulation, which allowed the West African
Monsoon (WAM) to penetrate further north (Gaetani et al., 2017;
Kutzbach, 1981). The waxing and waning of the WAM over the last eight
million years (Armstrong et al., 2023; Larrasoana et al., 2013) may have
impacted human evolution and dispersal throughout Africa thanks to
pluvial corridors created in the Sahara region (Castaneda et al., 2009;
Drake et al., 2011; Hublin et al., 2017; Osborne et al., 2008; Smith,
2012; Szabo et al., 1995). Researchers have recently proposed that our
human lineage evolved on a continental scale, as climatic cycles
reconnected populations in the “cradle of humankind’’ in South Africa
with populations elsewhere in Africa (Hublin et al., 2017). The exact
dispersal routes are still a subject of debate, but AHPs are thought to
have influenced their development (Abbate and Sagri, 2012; Agusti and
Lordkipanidze, 2011; Reynolds, 2015; Timmermann and Friedrich,
2016). A similar dynamic is suggested for the south tropical zone of
Africa, where the Central Plateau and the Kalahari Desert cycled from
arid to relatively humid conditions, potentially limiting the distribution
of hominin populations and enhancing the importance of major water-
courses such as the Zambezi as potential “refugia’ (Burrough et al.,
2019).

To our knowledge, no study has hitherto investigated the impact of
AHPs in Tropical Africa south of the equator. The geographic position of
this region, which lies between southern Africa and the East African Rift,
where hominins likely first evolved, and northern Africa, where the most
ancient proof of the existence of Homo sapiens is known (Hublin et al.,
2017; Richter et al., 2017), means that this region is critical for our
understanding of the dynamics of human biocultural evolution in Africa.

In this study, we use a regional climate model to simulate archetypal
Green and Desert Sahara periods under high and low boreal summer
insolation and investigate the changes in climate variability and ex-
tremes in southern Tropical Africa, focusing on its central region,
Zambia. This research aims to shed light on the changes in precipitation
and temperature variability, and extremes in the area associated with
the waxing and waning of the WAM. These results may help constrain
the impact of climate change on the course of human evolution and
dispersal.

2. Materials and methods
2.1. Study area and its climate

SSA is dominated by a central plateau of more than 1 million km?,
bordered to the northeast by the Western Rift of Tanzania and Malawi,
to the southeast by the Luangwa and Upper-Zambezi Rifts, and to the
northwest by the Upemba Rift (Daly et al., 2020). The model domain
covers the entire SSA (10°N - 35°S; 15°W — 55°E) (Fig. 1a) with a pri-
mary focus on Zambia (Fig. 1). Three areas within Zambia were chosen
for more detailed analysis: Northeastern Zambia (10.82°S; 33.07°E),
Central Luangwa River Valley (13.19°S; 31.71°E), and Zambia’s capital
city, Lusaka (15.42°S; 28.28°E). Lusaka is located at the southern end of
the Central African Plateau (CAP). We chose the Central Luangwa River
Valley because it forms part of the Zambezi watershed, a primary hy-
drological system that drains central Africa. Recent studies have high-
lighted archaeological evidence of hominin occupations in the area from
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Fig. 1. Study area: entire regional climate model domain with the Zambia
subdomain (black rectangle) as well as the three subregions more extensively
discussed (colored dots).

the middle Pleistocene onwards, as well as evidence of critical climatic
fluctuations (Barham et al., 2011; Burke et al., 2021; Colton et al.,
2021). Central southern Africa is a region that lies in the tropics and
experiences a monsoon climate with high annual and interannual rain-
fall variability (Fauchereau et al., 2003; Mason and Jury, 1997; Richard
et al., 2001). At these timescales, three different contributions of surface
airstreams influence the rainfall pattern in central southern Africa
(Nicholson, 2019). Firstly, southeastern trade winds that originate over
the Indian Ocean to the east and the south of Africa, as well as north-
easterly monsoonal flow from the Indian subcontinent. All of them are
thermally stable with subsiding dry air (Nicholson, 2019). Warm and
humid easterly trade winds meet at the ITCZ. When the high insolation
season in boreal summer occurs, the ITCZ moves northward toward the
area of low pressure over the Sahara Desert and the dry southeast trades
control the central southern Africa climate. On the contrary, in January,
when the ITCZ is further south, heavy rain is expected in central
southern Africa as the convergence zone moved southward (Nicholson,
2019). The third airstream is a westerly flow that comes from the South
Atlantic Ocean and converges with the two latter easterly currents
(Nicholson, 2019). The airstream flows across the Congo basin and cools
to saturation due to the high elevation of eastern Africa, bringing heavy
rain (Nicholson, 2019). The Southeastern Africa monsoon is associated
with a period of heavy rainfall lasting from November to April with the
precipitation peaking from December to February.

2.2. Model description

The Regional Climate Model (RCM) employed in this study is the
developmental version of the Canadian Regional Climate Model 5th
generation (CRCM5) based on the Global Environment Multiscale 4
(GEM4) model (Girard et al., 2014; McTaggart-Cowan et al., 2019)
developed by the Recherche en Prévision Numérique (RPN) and the
Canadian Meteorological Centre (CMC). The subgrid-scale physical pa-
rameterizations include the Kain and Fritsch (1990) deep-convection
and Kuo-transient (Kuo, 1965) shallow-convection schemes, as well as
the large-scale condensation scheme (Sundquist et al., 1989), the
correlated-K scheme for solar and terrestrial radiations (Li and Barker,
2005), a sub-grid scale mountain gravity-wave drag (McFarlane & A.,
1987) and low-level orographic blocking (Zadra et al., 2010), a turbu-
lent kinetic energy closure in the planetary boundary layer and vertical
diffusion (Benoit et al., 1989; Delage, 1997; Delage and Girard, 1992),
and a weak V° lateral diffusion. The land-surface scheme, however, is
changed from the Interaction Sol-Biosphere-Atmosphere (ISBA) scheme
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used at CMC for the Canadian LAnd Surface Scheme (CLASS) (Verseghy,
2000, 2010) to its most recent version, CLASS 3.6. For these simulations,
16 soil layers are used, reaching a depth of 10 m. The standard CLASS
distributions of sand and clay fields, as well as the bare soil albedo
values, are replaced with data from the ECOCLIMAP database (Masson
et al., 2003). Finally, the interactive thermodynamic 1-D lake module
(FLake model) is also used (Martynov et al., 2012).

2.3. Experimental design

We use model output from global simulations carried out by Gaetani
et al. (2017) and Pausata et al. (2016) with an Earth System Model
(EC-Earth version 3.1) at a horizontal resolution of 1.125° x 1.125° and
62 vertical levels for the atmosphere to drive regional simulations at the
lateral and lower boundaries at a horizontal resolution of 0.11° (~12
km).

We carry out the following three simulations (Table 1 and 2): 1) the
pre-industrial (PI) climate in which PI greenhouse gases (GHGs) and
current vegetation cover are prescribed to represent the low insolation —
dry Sahara case (LIpg). The other two idealized simulations are per-
formed under middle Holocene (MH) solar orbital forcing 6000 years
ago. 2) With respect to the Llpg simulation, we only change in the first
MH sensitivity simulation the GHGs and the orbital forcing which are set
as MH, following the Paleoclimate Intercomparison Project phase 3
(PMIP3) protocol (Taylor et al., 2009). The boundary conditions are the
same as the for the LIpg simulation. This experiment represents the high
insolation — dry Sahara (HIpg), i.e., a transition state at the end of the
AHPs. 3) In the second MH experiment, the lower and lateral boundary
conditions are changed as well, using output from a global model
experiment in which the Saharan surface (11°-33°N, 15°W-35°E) was
changed from desert to shrubs, and PI dust concentrations are reduced
by up to 80% (for more details see Gaetani et al. (2017) and Pausata
et al. (2016). This experiment represents the high insolation — green
Sahara (HIgg). Each simulation is 30 years long. The Llpg is the reference
simulation for desert Sahara conditions and low boreal summer insola-
tion, while the Hlgg is the reference simulation for the green Sahara state
and high boreal summer insolation. Daily maximum and minimum
temperatures and precipitation are used to analyze the changes in
climatology and climate extremes.

2.4. Climate extreme indices

Daily temperature and precipitation data are used to calculate
extreme climate indices. Here, we use temperature and precipitation
climate indices defined by the Expert Team on Climate Change Detec-
tion and Indices (ETCCDI) (Zhang et al., 2011). They defined a set of
extreme climate indices based on temperature and precipitation. In this
study, we examine the changes in selected indices for the 30 years of
each simulation, as we display their spatial distribution over the entire
SSA domain. From the 27 available indices in the ETCCDI, we selected
the six most commonly used (Table 1.2). In particular, we chose the
annual maximum daily maximum temperature or the hottest day of the
year (TXx), the annual minimum daily minimum temperature or the
coldest night of the year (TNn), and the number of tropical nights per
year (TRn), that is, the number of nights in which the minimum tem-
perature does not fall below 20 °C. We also considered the number of
consecutive dry days (CDD) that constitutes the maximum number of

Table 1
Boundary conditions prescribed for the pre-industrial (PI) reference control and
mid-Holocene (MH) climates.

GHGs  Orbital forcing years B.P.  Saharan vegetation  Saharan dust

LIps PI 0 desert PI
HIps MH 6000 desert PI
Hlgs MH 6000 shrubs reduced

Quaternary Science Reviews 321 (2023) 108367

Table 2
List of the six climate indices used in this study out of the 27 from ETCCDI and
their definitions.

Label Definition of index Unit
TXx Annual maximum value of daily maximum temperature °C
TNn Annual minimum value of daily minimum temperature °C
TRn Annual number of nights with temperature <20 °C Nights
CDD Maximum number of consecutive days with RR < 1 mm Days
RX5d Annual maximum consecutive 5-day precipitation amount mm
Rlmm Number of days with RR > 1 mm Days

consecutive days in a given year with precipitation less than 1 mm, that
is, the longest dry spell of the year. The annual maximum precipitation
amount fallen over five consecutive days (RX5day), which is used to
identify prolonged heavy rainfall events, and the number of wet days per
year in which the daily precipitation exceeds 1 mm (R1mm). The sta-
tistical significance of the changes was estimated based on the Student
two-tailed t-test (Yuen and Dixon, 1973) and the non-parametric Wil-
coxon signed-rank test (Wilcoxon, 1945) at the 5% significance level.

3. Results

In this section, we first present the annual and seasonal climatolog-
ical changes in the temperature and precipitation distribution in the SSA
domain during the high boreal summer insolation periods relative to the
reference period of low boreal summer insolation (Subsection 3.1). We
then investigate how climatological changes during high insolation pe-
riods are reflected in terms of changes in climate extremes over Zambia
relative to low insolation periods (Subsection 3.2). Finally, we discuss
changes in the seasonal cycle of temperature and precipitation at spe-
cific sites in Zambia (Subsection 3.3).

3.1. Changes in the annual and seasonal climatology of temperature

Zambia lies in the tropics, and its climate is characterized by two
seasons: a dry season from May to October with a core ranging from
June to August and a wet season from November to April, peaking from
December to January. The annual mean temperature for the Llpg
simulation ranges from 16 to 22 °C in Zambia (Fig. 2a). More specif-
ically, mean temperatures of 17.4 °C, 17.5 °C, and 21.4 °C were simu-
lated in our three sub-regions (northeastern Zambia, Lusaka, and central
Luangwa River Valley, respectively). The model has a cold bias in the
region of approximately 2-2.5 °C. For instance, in Lusaka, the present-
day observed annual mean temperature is 19.9 °C for the 1961-1990
period (National Oceanic and Atmospheric Administration — NOAA1),
whereas the simulated pre-industrial temperature is approximately
17.5 °C. In the dry season, from May to October, the simulated seasonal
mean temperature is slightly cooler in Lusaka (16.1 °C), followed by NE
Zambia (16.5 °C) and Central Luangwa River Valley (20.4 °C) (Fig. 2d).
The observed 1961-1990 dry season temperature is 18.3 °C in Lusaka
(National Oceanic and Atmospheric Administration —- NOAA'), which is
2.2 °C warmer than the simulated temperature for the region. As for the
LIps humid season (November-April), simulated temperatures in the
region range mainly between 18 °C and 24 °C (Fig. 2g). In the Central
Luangwa River Valley, it is considerably warmer than in the two other
locations because of its lower elevation as it reaches a seasonal mean of
22.3 °C compared to 18.4 °C in NE Zambia and 18.8 °C in Lusaka. The
observed 1961-1990 humid season temperature is 2.7 °C warmer than
the simulated temperature in Lusaka with an average of 21.5 °C (Na-
tional Oceanic and Atmospheric Administration — NOAADY).

The mean annual temperature in the insolation alone (HIpg) exper-
iment compared to LIpg generally shows a slight significant cooling over

1 https://www.ncei.noaa.gov/access/monitoring/products/.
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Fig. 2. Mean temperature for Low Insolation Dry Sahara (LIps) experiment (a—c) and anomalies for the High Insolation — Dry Sahara (HIpg) (d—f) and the High
Insolation — Green Sahara (HIgs) (g-i) simulations for the annual (a, d, g), May-October (b, e, h) and November-April (c, f, i) climatology relative to LIps. Non-

statistically significant anomalies at the 5% significance level are hatched.

Zambia, up to 0.5 °C in the north-western area (Fig. 2b). The only
exception is represented by the region in the south-eastern part, where
the mean annual temperature is not significantly affected by changes in
insolation alone (Fig. 2b). During the dry season, the HIpg exhibits small
significant cold anomalies over southwest (SW) Zambia near Lusaka, up
to approximately 0.25 °C, whereas temperatures in the northeast (NE)
near the Central Luangwa River Valley region do not show any signifi-
cant change (Fig. 2e). During the wet season, a slight but significant
cooling is simulated in the HIpg experiment compared to the Llpg
simulation over most of Zambia, peaking in the northern area with
anomalies of up to 0.5 °C (Fig. 2h). The significant cooling also char-
acterizes the region of the three selected areas with negative anomalies
of approximately 0.25 °C.

The greening of the Sahara and dust reduction (Fig. 2c¢) show sta-
tistically significant warm anomalies between 0.25 °C and 0.50 °C for

the entire Zambian subdomain relative to the LIpg experiment. Over the
central and eastern part of the subdomain the dry season temperature is
higher than in the LIpg experiment, by up to 0.6 °C in the NE part of
Zambia (Fig. 2f), whereas the western part does not show a significant
change compared to the LIpg experiment Finally, in the wet season,
significant positive anomalies occur in the region with up to 0.5 °C
(Fig. 2i) in the Hlgg simulation relative to the LIpg experiment.

In summary, slight cooling is simulated in all seasons for the Hlpg
experiment relative to the Llps, being more pronounced in the wet
season. Whereas significant warming during the entire year is shown in
the Hlgs compared to the Llpg.

3.2. Changes in the annual and seasonal climatology of precipitation

The annual mean rainfall in Zambia ranges between 2 and 6 mm/day
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in the LIpg simulation (Fig. 3a), with higher precipitation amounts in the
northern section of the country. For example, the model simulates an
annual rainfall of 3.1 mm/day for Lusaka, of about 3.7 mm/day for River
Valley and of up to 4.2 mm/day for NE Zambia. The observed
1961-1990 precipitation in Lusaka is lower than that in the Llpg simu-
lation, amounting to approximately 2.4 mm/day (National Oceanic and
Atmospheric Administration - NOAA'). During the dry season, from
May to October, precipitation is very low with a simulated rainfall mean
below 0.5 mm/day across the region (Fig. 3d), which compares well to
the 1961-1990 Lusaka’s observed precipitation reaching 0.13 mm/day
(National Oceanic and Atmospheric Administration — NOAA'). During
the wet season, i.e., from November to April (Fig. 4g), the main part of
the annual precipitation occurs in Lusaka with an average of 5.9 mm/
day of rainfall throughout that season, Central Luangwa River Valley
averaged 6.9 mm/day and NE Zambia received 7.8 mm/day. The
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1961-1990 observed precipitation for Lusaka is 4.7 mm/day (National
Oceanic and Atmospheric Administration —- NOAA'), which is 1.2 mm/
day lower than the simulated precipitation.

Changes in the climatological mean precipitation over the study re-
gion do not show a clear signal in the HIpg experiment relative to the
LIps. In particular, the orbital forcing experiment alone (HIpg) does not
lead to statistically significant changes in annual precipitation for most
of Zambia (Fig. 3b). As the dry months are characterized by scarce
rainfall, no large change in precipitation is expected, with no significant
changes in precipitation in the Hlpg experiment relative to the Llpg
during the dry season (Fig. 3e). During the wet season, an increase in
precipitation in most locations of up to 0.6 mm/day is simulated in the
HIps experiment relative to the LIpg (Fig. 3h) in NE Zambia; however,
the precipitation changes are generally statistically non-significant in all
the locations.
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Fig. 3. Mean precipitation for Low Insolation - Dry Sahara (LIps) experiment (a-c) and anomalies in the High Insolation - Dry Sahara (HIps) (d-f) and in the High
Insolation Green Sahara (Hlgs) (g-i) simulations for the annual (a, d, g), May-October (b, e, h) and November-April (c, f, i) climatology relative to LIps. Non-

statistically significant anomalies at the 5% significance level are hatched.
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The Hlgs experiment relative to the LIpg shows a slight decrease in
annual rainfall over the three study locations, being most pronounced in
Lusaka (0.2 mm/day) (Fig. 3c). Moreover, a significant reduction in
precipitation (up to 0.25 mm/day) is simulated in the Hlgg experiment
across central southern Africa during the dry season (Fig. 3f). In the wet
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season, the Lusaka region sees significant reductions in precipitation of
0.25 mm/day in the Hlgs experiment relative to the LIpg (Fig. 3i).

In summary, significant negative changes in precipitation are simu-
lated in the HIgg experiment over the whole Zambian subdomain in the
dry season, and over the CAP (0.25 mm/day) in the wet season. The

Northeastern Zambia
a Central Luangwa River Valley

= Lusaka
o
.Q .@ .@
D - ©

Fig. 5. Changes in the annual consecutive dry days (CDD, (a) and (b)), 5-day maximum precipitation (RX5day, (c) and (d)), and in the number of rainy days (R1lmm
(e) and (f)) for the HIpg and HIgs experiments relative to the LIps simulation. Non-statistically significant anomalies at the 5% significance level are hatched.
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overall annual precipitation slightly decreases in Lusaka (0.2 mm/day)
in the Hlgg experiment relative to the LIpg, although the changes are not
significant. The HIpg experiment does not show any significant annual
and seasonal change relative to Llpg.

3.3. Changes in climate extremes: indices of temperature

Changes in solar insolation alone (Hlpg) lead to a temperature in-
crease for the hottest day of the year (TXx) of up to 1.2 °C relative to the
LIps experiment, throughout Zambia, and especially in the southern part
(Fig. 4a). In contrast, the lowest temperature of the year (TNn) is lower
in the HlIpg experiment (Fig. 4c). Relative to the Llpg it exhibits a
decrease of up to 0.5 °C in TNn in the NE part of Zambia, a more notable
decrease of 0.7 °C is simulated in the Lusaka and Central Luangwa River
Valley region and a decrease of up to 1.5 °C in the southwestern part of
the country, including the CAP (1 °C). An increase in the number of
tropical nights (TRn) of about five nights is simulated for the Hlpg
experiment for the River Valley relative to the LIpg simulation. On the
other hand, no statistically significant TRn change was detected for NE
Zambia and Lusaka (Fig. 4e).

When considering the changes in Saharan vegetation and dust con-
centration (Hlgg), the pattern in TXx changes is similar to the Hlpg
pattern, however, the positive anomalies are amplified with values of up
to 3 °C in the SE part of the country, including Central Luangwa River
Valley and Lusaka locations. Over the CAP, the temperature anomalies
are slightly less pronounced (~2 °C) (Fig. 4b). The pattern in TNn
changes for the Hlgs experiment is comparable to that of the Hlpg,
although the negative anomalies are amplified: 1.5 °C over the CAP and
nearly 1 °C in the Central Luangwa River Valley (Fig. 4d). The River
Valley has seen a significant increase of 14 TRn in the Hlgs experiment
relative to the Llpg, while no statistically significant TRn change was
simulated for the two other locations (Fig. 4f).

Overall, our results show that Sahara greening plays an important
role in affecting temperature extremes, leading to more extreme tem-
peratures in southern tropical Africa for both the low and high values
relative to HIpg and LIpg simulations with major differences between the
Central Luangwa River Valley and the CAP.

3.4. Changes in climate extremes indices of precipitation

The orbital forcing alone (HIpg) causes an increase in the drought
duration over the entire Zambia subdomain (Fig. 5a) as shown by the
changes in consecutive dry days (CDD) annual means. This increase is
generally not significant, except for the SE area. The CAP region,
including Lusaka, presents the higher CDD anomalies with an increase of
23 days (22%), followed by the NE part of Zambia with 22 days (34%),
and finally the Central Luangwa River Valley region with an increase in
CCD of 12 days (16%). The 5-day maximum precipitation amount
(RX5day) also intensified as rainfall increases, ranging from 7 mm in
Lusaka (7%) and the Central Luangwa River Valley (5%) to nearly 13
mm in NE Zambia (8%) (Fig. 5¢) although this change is generally not
significant over the all Zambia. No significant change in the total
number of rainy days (Rlmm) is simulated under insolation forcing
alone (Fig. 5e).

Saharan vegetation and reduction in dust concentrations (Hlgg) in-
crease the CDD over all of Zambia, amplifying the anomalies simulated
in the Hlpg experiment, particularly in the southern and western parts of
the country (Fig. 5b). An increase of 27 CDD is simulated in the Central
Luangwa River Valley, more than doubling compared to the HIpg, and
the lowest increase is now found in NE Zambia with 25 CDD relative to
the LIpg. The longest duration of dry spells is simulated in Lusaka, with
an increase of over a month (39 days) in CDD relative to the Llpg
experiment. The RX5d index presents similar, albeit weaker, results for
the Hlgg simulation as for the Hlpg (Fig. 5d), with all changes being not
statistically significant. In the HIgg experiment, the number of rainy days
(R1mm) is significantly decreased by up to 12 days in Lusaka, followed
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by NE Zambia and Central Luangwa River Valley with a decrease of 11
and 9 days respectively relative to the Llpg (Fig. 5f).

In summary, the combined impact of increased boreal summer
insolation and Sahara greening caused drying in the study region during
all seasons. Drought duration is enhanced in the Hlgg, as shown by the
number of consecutive dry days, especially over the CAP (39 days),
followed by the Central Luangwa River Valley (27 days), compared to
the LIpg experiment. A significant decrease in rainy days is shown by
HIgs relative to LIpg during the wet season over the whole region where
the selected areas lie.

3.5. Regional changes in seasonal cycles of mean temperature and
precipitation

In this section, we present the temperature and precipitation sea-
sonal cycle of all three experiments; for simplicity, we only show NE
Zambia; however, the results are similar for all of Zambia. The tem-
perature peaks in the pre-monsoonal season with the warmest month in
October, while the coldest season is from May to July with the coldest
month in June. The rainfall seasonality is characterized by a dry season
with no or little rainfall from May to October and a rainy season from
November to April.

The seasonal temperature cycle shows a temperature increase at the
end of the dry season, from September to November, in the HIpg simu-
lation relative to the LIpg (Fig. 6a). The temperature increase is nearly
0.5 °C in September and November, with a significant peak of approx-
imately 1.5 °C in October. Throughout the remainder of the year, no
significant temperature changes were simulated in the HIpg experiment.

Saharan vegetation change and dust reduction during a Green Sahara
state (HIgg) present similar results. However, the temperature change is
amplified from September to November, with higher significant values
of nearly 1.5 °C and 2 °C in September and November, respectively, and
a peak in October of about 2.5 °C relative to the LIpg. As in the Hlpg, the
Hlgs shows no statistically significant temperature change throughout
the rest of the year relative to the Llpg.

In the HI simulations, the climatological seasonal precipitation cycle
exhibits an increase during the core of the humid season in December
and January, relative to the LIpg (Fig. 6b). Rainfall increases by up to 2.5
and 3 mm/day for HIpg and Hlgg in December and January, respectively.
A small reduction of nearly 0.5 mm/day is simulated for both HI sim-
ulations relative to the Llpg at the start of the humid season in October
and November and at the start of the dry season in March and April.
Throughout the rest of the year, from May to September, no statistically
significant precipitation change is simulated.

In conclusion, our simulations show a shift forward in the rainfall
associated with the summer monsoon and enhanced aridity in the dry
season. The decrease in precipitation in the dry season in the HI simu-
lations relative to the LI experiment is associated with an increase in the
divergence aloft and subsidence at the surface that intensifies in the
HIgs relative to Hlpg (Fig. 7). Such an increase in the divergence aloft
enhances arid conditions during the dry season over Zambia (Fig. 3e and
f, and 5a and b). The average monthly temperature increases in the pre-
monsoonal season (August through November) in the Hlgs relative to
the Llpg. The fall and early winter temperature (February to June) are
instead below average. Such anomalous behavior is identical in the HIpg
and HIgg experiments, as it is mostly driven by the changes in solar
insolation with an increase in late winter and spring insolation (August
to November) and a decrease during summer and fall (December to
May). However, the temperature anomalies in the Hlgg are larger than in
the Hlpg in austral winter due to warmer advections as the temperature
in the central and eastern equatorial Africa are remarkably higher
(compare panels e and f in Fig. 2). The more pronounced anomalies
simulated in the Hlgg relative to the Hlpg experiments highlight the far-
reaching role of vegetation.
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Fig. 6. a) Temperature and b) precipitation climatological seasonal cycle in northeastern Zambia for LIpg (blue), HIpg (red), and Hlgs (green) simulations. Error bars

indicate standard errors of the means.

4. Discussion and conclusions

In this study, we show that vegetation changes over the Sahara and
the associated reduction in airborne dust concentrations during periods
of high boreal summer insolation (HIgs) remarkably impact temperature
and rainfall in SSA and Zambia, in particular. During the Hlpg, the
changes in annual and seasonal temperature in Zambia are small, being
only slightly warmer than in the LIpg. From September to November,
temperature and precipitation extremes change significantly under Hlgg
conditions relative to the low insolation and dry Sahara (LIpg) case. In
particular, the hottest day (TXx) and the coldest night of the year (TNx)
become more extreme with an increase of up to 3 °C and a decrease of up
to 1.5 °C, respectively. The number of rainy days (Rlmm) decreases by
approximately 10 days in Lusaka relative to the LIpg experiment, which
has a total of 102 rainy days per year. This means that, in the Hlgg
experiment, there is a 10% reduction in the number of rainy days per
year. Droughts also become more extended under Hlgg conditions
relative to the LIpg conditions, with an increase in CDDs of over a month
in the southern part of Zambia. Overall, the model simulates hotter AHP
conditions in southern tropical Africa. The results also show a major
difference in rainfall changes and the length of droughts between the

CAP and the Central Luangwa River Valley. These results highlight the
potentially crucial role played by the Zambezi drainage and the
Luangwa River Valley as key water resources for seasonal hominin
mobility, especially during the dry season.

The simulated changes in temperature and precipitation over Zambia
are largely a result of changes in solar insolation and the modification in
the atmospheric dynamics induced by the strengthening of the West
African Monsoon. In general, the anomaly pattern seen in the Hlgg
experiment relative to the Llpg is very similar to the HIpg, but it is more
intense, highlighting the central role of the West African Monsoon in
altering atmospheric circulation over Africa and hence affecting south-
ern tropical Africa. In Zambia, the impact of these changes is also
influenced by local topography, with distinctly drier and more drought-
prone conditions in the Central Plateau relative to the Zambezi drainage
during the HIgg relative to the Llps. The insolation changes during the
mid-Holocene (i.e., higher insolation from June to November and lower
from December to May) are responsible for the higher temperature ex-
tremes (Fig. 4a and b) as well as a higher number of tropical nights
(Fig. 4e and f). Temperature extremes in Zambia are recorded in the pre-
monsoonal dry season, i.e., from September to November, which coin-
cide with the increase in insolation in the region. The decrease in
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insolation during the boreal summer and fall (January to May) is causing
lower monthly mean temperatures until the beginning of winter
(Fig. 6a), explaining the drop in low temperature extremes (Fig. 4c and
d). Therefore, changes in temperature extremes, despite no changes or
slight cooling in the annual mean, are essentially due to increased
insolation between July and November and decreased insolation be-
tween December and May.

Although we use the middle Holocene and pre-industrial boundary
conditions and orbital forcing, our simulations can be seen as an
archetypal of other high and low boreal summer insolation forcing.
However, MH orbital forcing were far from being extreme: for example,
summer insolation was much stronger during the Eemian
(128,000-122,000 years ago) or even during the early Holocene
(11,000-8000 years ago; Otto-Bliesner et al., 2016).

The extreme conditions seen in our Hlgg scenario, may have altered
patterns of hominin mobility, thus affecting the course of hominin
evolution in Africa and were likely even more extreme during other HI
periods, when insolation changes were even larger than those simulated
in our experiments. According to our simulations, the CAP experienced
less rainfall during the dry season, from May to October, under AHP
conditions with an increase in the number of consecutive dry days and
more arid conditions. On a regional scale, the savanna landscapes of the
CAP would consequently have changed, becoming less favorable for
human habitation, especially during the extended dry season. As the
CAP became less hospitable, the resources offered by large river drain-
ages such as the Zambezi and its tributaries, such as the Luangwa River,
would have been critical to hominin survival, guiding their seasonal

10

mobility (Barham, 2000; Burrough et al., 2019). The fluctuation be-
tween more aridity during the AHPs and less aridity during the dry
Sahara in the Luangwa Valley also has implications for the inferred
depositional history of the region and thus, the regional archaeological
record (Burke et al., 2023; Colton et al., 2021). More arid conditions in
the CAP, which would have seasonally constrained human mobility,
occurred at a time when hydrological systems in the Sahel and the
Sahara were activated, opening “green corridors” that would have
facilitated genetic and cultural exchange on a continental scale, once
again highlighting the importance of Central African river systems.
Given the recurrence of the AHPs, our results would imply a cyclicity in
the pattern and the timing of population migration across northern and
central Africa with serious implications for the pattern of hominin
evolution, as has recently been suggested (Hublin et al., 2017).

In conclusion, the results of this study show that AHPs affect
Southern Tropical Africa, making it a more arid environment overall -
possibly constraining hominin mobility at a time when movement across
the Sahara Desert would have been possible. This could have enhanced
the role of large river systems such as the Luangwa River, which would
have acted as refugia and biogeographic corridors (Barham, 2000;
Barham et al., 2011). Perhaps not coincidentally, hominin occupations
of the Luangwa valley occurred under more arid conditions (Colton
et al., 2021). Continuing archaeological research in the Luangwa Basin
may help resolve whether climatic fluctuations drove patterns of human
occupation and movement in the area during prehistory (Burke et al.,
2023).
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