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RESUME

Le nord de I’ Afrique a traversé des périodes humides connues sous le nom de périodes
humides africaines ou périodes pluviales du Sahara au courant du Pléistocene tardif et
de I’Holocéne qui auraient pu avoir un impact sur la dispersion des humains a travers
I’ Afrique. Cependant, peu est connu & propos des changements sur les extrémes
climatiques dans le Centre-Sud de 1’Afrique, associés a ces cycles et leurs impacts
potentiels sur le déplacement des humains. Dans cette étude, nous utilisons un modéle
climatique régional afin de simuler des périodes archétypes du Sahara vert, ainsi que
désertique, sous des conditions d’insolation estivale boréale élevée et faible, et étudions
les impacts résultant des changements climatiques et leurs extrémes en Afrique centrale
et australe, notamment dans la région centrale, la Zambie. Nos résultats indiquent des
conditions plus chaudes et seches sous les conditions du Sahara vert par rapport aux
périodes du Sahara désertique. Plus précisément, les périodes de sécheresse sont
allongées, et les températures extrémes simulées sont plus chaudes en Zambie dans la
simulation du Sahara vert. Nos résultats suggerent que lors des périodes du Sahara
désertique, la Zambie aurait possiblement offert de meilleures conditions
environnementales pour les hominidés dans le grand plateau centrafricain. En revanche,
les périodes du Sahara vert ont offert les conditions inverses, forcant potentiellement
les populations d’hominidés de se disperser a travers les grandes vallées vers le plateau
centrafricain ainsi que vers le nord via le Sahel et le Sahara.

Mots-clés :  Sahara vert, Zambie, extrémes climatiques, dispersion des humains,

Holocéne moyen.



INTRODUCTION

Des preuves archéologiques et paléontologiques récentes suggérent une origine
panafricaine complexe pour notre espece, Homo sapiens, dans lesquelles 1’ Afrique
subsaharienne (ASS) a joué un réle majeur (Hublin et coll., 2017 ; Scerri, 2017,
Stringer & Galway-Witham, 2017 ; Klein & Richard Klein, 2019 ; Wilkins, 2021). Il
est cru que la variabilité climatique antérieure en ASS, plus particuliérement en Afrique
tropicale du Sud, peut avoir influencé la dynamique des populations humaines et leur
évolution a I’échelle du continent africain (Blome et coll., 2012 ; John E. Kutzbach et
coll., 2020). Elle influe également le développement socioéconomique contemporain
de cette région, par exemple la sécurité alimentaire et les conditions d’hébergement
décentes. L’acces a 1’eau potable y est une importante contrainte, nous imposant
comme objectif le besoin de préserver cette ressource dans un endroit ou I’agriculture
pluviale domine (IFAD, 2013). Il est donc impératif d’identifier les facteurs qui
contrdlent le développement du réseau hydrologique et les cycles climatiques qui les

influencent.

L’ASS est dominée par un plateau central de plus de 1 million de km?, qui s’étend du
rift africain jusqu’a la zone tropicale humide (Daly et coll., 2020). Le plateau est drainé
par le Zambeze, le troisieme plus grand réseau hydrologique du continent africain. Ce
systeme de drainage, qui passe par la Zambie avant de s’écouler dans 1’océan indien,
est considéré par les archéologues d’étre un important corridor biogéographique,
influengant potentiellement le comportement des occupations d’hominidés dans la
région pendant 1’age de la pierre avec de potentielles répercussions sur 1’évolution
humaine en Afrique. (Larry Barham, 2000 ; Burrough et coll., 2019 ; Colton et coll.,
2021).



La région ASS est située dans les tropiques, elle a ainsi un climat de moussons avec
une grande variabilité de précipitation annuelle et interannuelle (Mason et coll., 1997 ;
Richard et coll., 2001; Fauchereau et coll., 2003) d’ou I’importance de comprendre les
facteurs pouvant avoir une incidence sur cette variabilité. Les moussons sont un
déterminant majeur des climats tropicaux régionaux. Sur des échelles de temps
annuelles et interannuelles, trois différents flux d’humidité de surface influencent les
régimes de pluie dans I’ASS, particuliérement dans le Centre-Sud de 1’Afrique
(Torrance, 1972 ; Nicholson, 1996). Le déplacement méridional de la zone de
convergence intertropicale (ZCIT) conduit I’humidité, qui provient initialement de la
mousson sud-est de I’ Afrique durant la saison humide, une période de pluie abondante
de novembre a avril, avec un pic de précipitation de décembre a février. Le « Congo
Air Boundary » divise les vents d’alizés soufflant de I’est des vents saisonniers de la
mousson, permettant la rencontre du flux d’humidité provenant de I’ Atlantique, et du
flux provenant de I’océan indien (Nicholson, 2002). Cependant, la durée des saisons
séches et humides de la mousson ouest-africaine démontre des variations significatives
d’échelles de temps allant d’interannuelle, décennale et plus longue. Par exemple, une
période de pluie abondante s’est abattue sur le Centre-Sud de I’ Afrique en janvier 2013
et a mené a des inondations avec des journées de pluie enregistrées dépassant les
200 millimétres sur une période de dix jours dans quelques régions (Manhique et coll.,
2015). Par ailleurs, une grave secheresse a touché le sud de I’ Afrique en 1991-1992 et
a mené a une baisse dans la production de cultures et de réserves alimentaires (\Vogel
& Drummond, 1993).

Le continent africain a subi plusieurs dérives climatiques depuis le Miocéne tardif (il y
a~11,6 a 5,3 ma), I’événement le plus notable étant les périodes humides africaines, au
cours desquelles les moussons africaines se sont intensifiees et la ZCIT s’est déplacée
vers le nord, transformant les zones arides, tel que le Sahara, en habitats mésiques
(Gasse, et coll., 1990 ; deMenocal & Tierney, 2012).



Les périodes humides africaines

Plusieurs archives paléoclimatiques ont démontré que le nord de 1’Afrique a connu
d’intenses phases seéches et humides. Le désert du Sahara actuel et le Sahel (zone de
transition entre le Sahara et les foréts tropicales africaines) ont jadis été des zones
contenant davantage de végétation avec un mélange de foréts et de prairies, et des lacs
(Yu & Harrison, 1996 ; Gasse, 2000; Castafieda et coll., 2009). Les archives
paléoclimatiques disponibles témoignent de 1’existence de cycles humides et arides
(Hoelzmann et coll., 1998 ; deMenocal et coll., 2000 ; Hély et coll., 2014 ; Tierney et
coll., 2017), et nous indiquent que 1’oscillation entre un Sahara sec et un Sahara humide
aeu lieu depuis le Miocene tardif (Larrasoafia et coll., 2013 ; deMenocal et coll., 1995 ;
Drake et coll., 2008). La plus récente de ces périodes humides africaines est survenue
au cours de I’Holocene entre 11 000 et 5 000 ans avant le présent (A.P.). L existence
de paléolacs et des assemblages de pollen de végétation de type savane sont quelques
exemples de données qui démontrent la présence d’un Sahara humide et vert par le

passé.

La période humide africaine résulte de I’influence de la géométrie orbitale de la Terre
(précession) sur la mousson (Berger, 1978). Quand la Terre est davantage rapprochée
du Soleil pendant 1’été boréal et plus éloignée durant I’hiver boréal par rapport a
I’actuel, les étés plus chauds dans I’hémisphére nord augmentent le contraste thermique
terre-mer, causant une progression vers le nord de la circulation de Hadley. Cela permet
a la mousson ouest-africaine de pénétrer davantage vers le nord du continent africain
(Kutzbach, 1981 ; Gaetani et coll., 2017). On assiste alors a une augmentation drastique
de la précipitation dans la région saharienne, a un verdissement dans le désert du Sahara
et a une migration de la végétation sahélienne qui atteint 28-30° N (Hély et coll., 2014).
Au total, 230 périodes humides africaines ont été identifiées depuis le Miocéne,

soulevant la question ; comment la variabilité climatique de la région saharienne



africaine a-t-elle pu influencer I’évolution et la dispersion des hominines au cours du

Pléistocene a 1’échelle panafricaine (Larrasoaiia et coll., 2013) ?

Plusieurs études antérieures suggeérent que les corridors pluviaux créés dans la région
saharienne pendant les périodes humides africaines pourraient avoir favorisé la
dispersion des hominines (Szabo et coll., 1995 ; Osborne et coll., 2008 ; Castafieda et
coll., 2009 ; Drake et coll., 2011 ; Smith, 2012, Hublin et coll., 2017). Plus récemment,
des chercheurs ont proposé que 1’évolution de notre espéce, Homo sapiens, ait pu se
dérouler a 1’échelle continentale suite aux cycles climatiques favorisant les contacts
entre les populations dans le «berceau de I’humanité », en Afrique du Sud, et les
populations hominines ailleurs en Afrique, notamment en Afrique du Nord (Hublin et
coll., 2017 ; Richter et coll., 2017). Cependant, les routes exactes utilisées et le modele
de dispersion au sein de 1’Afrique sont méconnus (Agusti & Lordkipanidze, 2011 ;
Abbate & Sagri, 2012 ; Reynolds, 2015, Timmermann & Friedrich, 2016). Une
dynamique similaire est suggérée pour la zone tropicale sud de I’ Afrique, ou le plateau
central et le désert du Kalahari ont alterné entre des conditions arides et relativement
humides, limitant potentiellement la distribution des populations d’hominidés, et
renforgant I’importance des cours d’eau importants, par exemple le Zambeze comme
un potentiel refuge (Burrough et coll., 2019). Le r6le de la variabilité climatique sur
I’évolution des hominidés est reconnu depuis le début des recherches
paléoanthropologiques puisque cela affecte la distribution des habitats favorables pour
la survie humaine (deMenocal, 2004 ; Potts et Faith, 2015).

Des études récentes ont souligné de quelle fagon le renforcement de la mousson ouest-
africaine peut influencer le climat de régions éloignées, et ce, par la suppression d’El
Nifio (Pausata et coll., 2017a), une augmentation dans le taux de précipitation des
moussons dans I’hémisphére nord (Sun et coll., 2019), un décalage vers le nord de la
mousson asiatique (Piao et coll., 2020), ou des changements dans 1’activité tropicale

cyclonique (Pausata et coll., 2017b). Jusqu’a maintenant, peu d’études ont examiné
4



I’impact du verdissement du Sahara en combinant la précession, la couverture végétale
et la réduction de poussiére atmosphérique, et en étudiant leur impact sur le climat dans
des régions eloignées, telle la zone sud-tropicale de 1’ Afrique et plus particuliérement

en Zambie.

Le but ultime de cette étude est donc d’analyser les changements climatiques associés
aux périodes humides et séches du Sahara dans 1I’ASS, plus particuliérement les
changements dans les événements extrémes de température et de précipitation en

Zambie, qui occupe une place centrale dans la zone sud-tropicale de I’ASS.

Le présent mémoire est structuré comme suit: le chapitre 1 présente un article
scientifique rédigé en anglais. La description du modé¢le, le lieu d’étude et son climat,
la conception expérimentale et les indices climatiques extrémes sont abordes dans la
section 2. Les résultats sont présentés dans la section 3 qui est divisée en sous-sections :
1) changements dans la température moyenne annuelle et saisonniére, 2) changements
dans la précipitation moyenne annuelle et saisonniere, 3) changements dans les indices
extrémes de température, 4) changements dans les indices extrémes de précipitation et
5) changements dans les cycles saisonniers annuels moyens de température et de
précipitation. Finalement, une discussion des retombées pour notre compréhension du
modele d’évolution de notre lignée, ainsi que la compréhension des variables clés
influencant 1’hydrologie du secteur et son potentiel économique se retrouvent a la
section 4. La section 5 comprend les figures, annexes ainsi que la bibliographie et

compléte le mémoire.






CHAPITRE I

EXTREMES CLIMATIQUES EN ZAMBIE ENTRE LES PERIODES DE SAHARA
VERT ET HUMIDE ET IMPACTS SUR LA DISPERSION DES HUMAINS

Ce chapitre est composé d’un article scientifique rédigé en quatre différentes sections.
La section 1 inclut I’introduction au sujet. La méthode utilisée pour 1’analyse des
résultats est présentée dans la section 2 de I’article. La section 3 dévoile I’ensemble des
résultats de la recherche ainsi que leur analyse. Pour conclure, la section 4 discute des
résultats et en fait la synthése.
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ABSTRACT

Northern Africa experienced humid periods known as African humid periods or Green
Sahara periods during the late Pleistocene and Holocene. The waxing and waning of
the African Monsoon over the last several million years raises the question of how the
climatic variability in the African Saharan region could have influenced the evolution
and dispersion of hominins in Africa. Little is yet known about the changes in climate
extremes in 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.

Keywords: Green Sahara, Zambia, climate extremes, hominid dispersal.



10

1.1 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 & Richard Klein, 2019 ; Scerri, 2017; Stringer &
Galway-Witham, 2017 ; Wilkins, 2021). Past climate variability in SSA, and
specifically in South Tropical Africa, is believed to have influenced human population
dynamics and evolution at the scale of the African continent (Blome et al., 2012 ; John
E. Kutzbach et al., 2020). Today, climate variability affects the socioeconomic
development in this region, including food security and decent housing conditions.
Therefore, it is imperative to identify the factors that control the development of a

hydrological network and the climatic cycles that influence it.

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 the northwest by the Upemba Rift (Daly et al., 2020).
The plateau is drained by the Zambezi, the third-largest hydrological network on the
African continent. This drainage system, which passes through Zambia before flowing
into the Indian Ocean, 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 oscillations over a range of
timescales, from interannual to interdecadal and longer periods (Mason & Jury, 1997 ;
Richard et al., 2001 ; Fauchereau et al., 2003). On interannual timescales, for example,

heavy rainfall can affect the region with daily precipitation locally exceeding 200 mm

10
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(Manhique et al., 2015). Prolonged droughts, such as the one in 1991-1992, can also
occur, causing crop failure and decreased livestock production (Vogel & Drummond,
1993). On longer timescales, the African continent has undergone pronounced climate
shifts since the late Miocene (~11.6 to 5.3 Ma years ago). The most notable of these
events is 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 (Gasse et al., 1990 ; deMenocal & Tierney, 2012) and affecting the
climate worldwide (Pausata et al., 2017a, b ; Sun et al. 2019 ; Piao et al., 2020 ; Pausata
et al., 2021 ; Dandoy et al., 2021). Evidence for AHPs exists in diverse paleoclimatic
records (Hoelzmann et al., 1998 ; deMenocal et al., 2000 ; Hély et al., 2014 ; Tierney
etal., 2017) and the last AHP occurred between about 11000 and 5000 years ago, when
the present-day Sahara Desert was vegetated with a mixture of forests and grasslands,
and several large lakes were present (Yu & Harrison, 1996 ; Gasse, 2000 ; Castafieda
et al., 2009).

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 than
today, leading 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 (Kutzbach, 1981 ; Gaetani et al., 2017). This brings heavy precipitation
to the Saharan region (Kutzbach & Liu, 1997 ; Tierney et al., 2017) and leads to the
greening of the present Sahara Desert, with Sahel-like vegetation reaching as far north
as 28-30°N (Hély et al., 2014). The waxing and waning of the WAM over the last eight
million years (Larrasoafa et al., 2013) may have impacted human evolution and

dispersal throughout Africa.
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Previous studies suggest that pluvial corridors created in the Sahara region during the
AHPs may have favored hominin dispersals, influencing human evolution (Szabo et
al., 1995 ; Osborne et al., 2008 ; Castafieda et al., 2009 ; Drake et al., 2011 ; Smith,
2012 ; Hublinetal., 2017). 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 (Agusti & Lordkipanidze, 2011 ; Abbate
& Sagri, 2012 ; Reynolds, 2015 ; Timmermann & 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

watercourses 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 extremes in southern Tropical Africa with a focus
on its central region, Zambia. The goal of this research is to shed light on the changes
in precipitation and temperature variability and extremes in the region associated with
the waxing and waning of the WAM. These results may then help constrain the impact

of climate change on the course of human evolution and dispersal.
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This paper is structured as follows: the data and methodology are described in Section
2, the results are presented in Section 3, and the discussion and conclusions are

presented in Section 4.

1.2 Data and methods

1.2.1 Model description

The Regional Climate Model (RCM) employed in this study is the developmental
version of the Canadian Regional Climate Model 5™ 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
parameterizations include the Kain & Fritsch (1990) deep-convection and Kuo-
transient (Kuo, 1965) shallow-convection schemes, as well as the large-scale
condensation scheme (Sundqvist et al., 1989) the correlated-K scheme for solar and
terrestrial radiations (Li & Barker, 2005), a sub-grid-scale mountain gravity-wave drag
(McFarlane & A., 1987) and low-level orographic blocking (Zadra et al., 2003), a
turbulent Kinetic energy closure in the planetary boundary layer and vertical diffusion
(Benoit et al., 1989 ; Delage & Girard, 1992 ; Delage, 1997), and a weak V° lateral
diffusion. The land-surface scheme, however, is changed from Interaction Sol-
Biosphere-Atmosphere (ISBA) used at CMC for the Canadian LANnd Surface Scheme
(CLASS) (Verseghy, 2000, 2008) 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. 2010, 2012).
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1.2.2 Study area and its climate

The model domain covers the entire SSA (10°N-35°S; 15°W — 55°E) with a primary
focus on Zambia (Figure 1.1). 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
major hydrological system that drains central Africa. Recent studies have highlighted
archeological evidence of hominin occupations in the area from the middle Pleistocene
onwards as well as evidence of important climatic fluctuations (Barham et al., 2011 ;
Colton et al., 2021 ; Burke et al., 2021).

Central southern Africa is a region that lies in the tropics and experiences a monsoon
climate with high annual and interannual rainfall variability (Mason & Jury, 1997;
Richard et al., 2001 ; Fauchereau et al., 2003). At these timescales, three different
contributions of surface airstreams influence the rainfall pattern in central southern
Africa (Nicholson, 2019). Firstly, southeastern trade winds originate over the Indian
Ocean to the east and the south of Africa as well as northeasterly 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 African 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
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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.

1.2.3 Experimental design

We use model output from global simulations carried out by Pausata et al. (2016) and
Gaetani et al. (2017) 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 1.1): 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 (LlIps). The other two
idealized simulations are performed under middle Holocene (MH) solar orbital forcing
6000 years ago. 2) Concerning the Llps 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 those for the Llps simulation. This
experiment represents the high insolation — dry Sahara (Hlps), 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
Pl 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 (Hlgs). Each simulation is 30 years long. The Llps is the reference simulation
for desert Sahara conditions and low boreal summer insolation, while the Hlgs is the

reference simulation for the green Sahara state and high boreal summer insolation.
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Daily maximum and minimum temperatures and precipitation are used to analyze the

changes in climatology and climate extremes.

1.2.4 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 Detection 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. These indices fall
into four categories, i.e., absolute indices, threshold indices, duration indices, and
percentile indices. 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 temperature
does not fall below 20°C. We also considered the number of consecutive dry days
(CDD) that constitutes the maximum number of 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 statistical significance of
the changes was estimated based on the Student two-tailed t test (Yuen & Dixon, 1973)
and the non-parametric Wilcoxon signed-rank test (Wilcoxon, 1945) at the 5%

significance level.
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1.3 Results

In this section, we first present the annual and seasonal climatological 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 1.3.1). We then investigate how climatological changes during
high insolation periods are reflected in terms of changes in climate extremes over
Zambia relative to low insolation periods (Subsection 1.3.2). Finally, we discuss
changes in the seasonal cycle of temperature and precipitation at specific sites in
Zambia (Subsection 1.3.3).

1.3.1 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 temperature for
the LIps simulation ranges from 16 to 22°C in Zambia (Figure 1.2a). More specifically,
mean temperatures of 17.4°C, 17.5°C, and 21.4°C were simulated 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 — NOAA?Y),
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

L https://www.ncei.noaa.gov/access/monitoring/products/
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cooler in Lusaka (16.1°C), followed by NE Zambia (16.5°C) and Central Luangwa
River Valley (20.4°C) (Figure 1.2d). The observed 1961-1990 dry season temperature
is 18.3°C in Lusaka (NOAAL), which is 2.2°C warmer than the simulated temperature
for the region. As for the Llps humid season (November—April), simulated
temperatures in the region range mainly between 18°C and 24°C (Figure 1.2 g). In the
Central Luangwa River Valley, it is considerably warmer than 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 (NOAAL).

The mean annual temperature in the insolation alone (Hlps) experiment compared to
LIps generally shows a slight significant cooling over Zambia, up to 0.5°C in the north-
western area (Figure 1.2b). The only exception is represented by the region in the
southeastern part, where the mean annual temperature is not significantly affected by
changes in insolation alone (Figure 1.2b). During the dry season, the Hlps 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 significant change (Figure 1.2e). During
the wet season, a slight but significant cooling is simulated in the Hlps experiment
compared to the Llps simulation over most of Zambia, peaking in the northern area
with anomalies of up to 0.5°C (Figure 1.2h). The significant cooling also characterizes
the region of the three selected areas with negative anomalies of approximately 0.25°C.
The greening of the Sahara and dust reduction (Figure 1.2c) show statistically
significant warm anomalies between 0.25°C and 0.50°C for the entire Zambian
subdomain relative to the Llps experiment. Over the central and eastern parts of the
subdomain, the dry season temperature is higher than in the Llps experiment, by up to

0.6°C in the NE part of Zambia (Figure 1.2f), whereas the western part does not show
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a significant change compared to the Llps experiment. Finally, in the wet season,
significant positive anomalies occur in the region with up to 0.5°C (Figure 1.2i) in the

Hlgs simulation relative to the Llps experiment.

In summary, slight cooling is simulated in all seasons for the Hlps 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 Llps.

1.3.2 Changes in the annual and seasonal climatology of precipitation

The annual mean rainfall in Zambia ranges between 2 and 6 mm/day in the Llps
simulation (Figure 1.3a), 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, about 3.7 mm/day for River Valley, and up to 4.2 mm/day for NE Zambia. The
observed 1961-1990 precipitation in Lusaka is lower than that in the LIps simulation,
amounting to approximately 2.4 mm/day (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 (Figure 1.3d), which compares well to the 1961-1990 Lusaka’s
observed precipitation reaching 0.13 mm/day (NOAAL). During the wet season, i.e.,
from November to April (Figure 1.4g), 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 1961-1990 observed precipitation for Lusaka is 4.7 mm/day (NOAAL), which is
1.2 mm/day lower than the simulated precipitation.

Changes in the climatological mean precipitation over the study region do not show a
clear signal in the Hlps experiment relative to the Llps. In particular, the orbital forcing
experiment alone (Hlps) does not lead to statistically significant changes in annual
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precipitation for most of Zambia (Figure 1.3b). As the dry months are characterized by
scarce rainfall, no large change in precipitation is expected, with no significant changes
in precipitation in the Hlps experiment relative to the LIps during the dry season (Figure
1.3e). 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 Llps (Figure 1.3h) in NE
Zambia; however, the precipitation changes are generally statistically non-significant

in all the locations.

The Hlgs experiment relative to the LIps shows a slight decrease in annual rainfall over
the three study locations, being most pronounced in Lusaka (0.2 mm/day) (Figure 1.3c).
Moreover, a significant reduction in precipitation (up to 0.25 mm/day) is simulated in
the Hlgs experiment across central southern Africa during the dry season (Figure 1.3f).
In the wet season, the Lusaka region sees significant reductions in precipitation of 0.25
mm/day in the Hlgs experiment relative to the Llps (Figure 1.3i).

In summary, significant negative changes in precipitation are simulated in the Hlgs
experiment over the whole Zambia subdomain in the dry season, and over the CAP
(0.25 mm/day) in the wet season. The overall annual precipitation slightly decreases in
Lusaka (0.2 mm/day) in the Hlgs experiment relative to the Llps, although the changes
are not significant. The Hlps experiment does not show any significant annual and

seasonal change relative to Llps.

1.3.3 Changes in climate extremes: indices of temperature

Changes in solar insolation alone (Hlps) lead to a temperature increase for the hottest
day of the year (TXx) of up to 1.2°C relative to the LIps experiment, throughout Zambia,
especially in the southern part (Figure 1.4a). In contrast, the lowest temperature of the
year (TNn) is lower in the Hlps experiment (Figure 1.4c). Relative to the Llps, it
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exhibits a decrease of up to 0.5°C in TNn in the NE part of Zambia, and 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 Hlps experiment for the River Valley relative to the LIps simulation.
On the other hand, no statistically significant TRn change was detected for NE Zambia
and Lusaka (Figure 1.4e).

When considering the changes in Saharan vegetation and dust concentration (Hlgs),
the pattern in TXx changes is similar to the Hlps pattern, however, the positive
anomalies are amplified with values 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) (Figure 1.4b). The pattern in TNn
changes for the Hlgs experiment is comparable to that of the Hlps, although the
negative anomalies are amplified: 1.5°C over the CAP and nearly 1°C in the Central
Luangwa River Valley (Figure 1.4d). The River Valley has seen a significant increase
of 14 TRn in the Hlgs experiment relative to the Llps, while no statistically significant
TRn change was simulated for the two other locations (Figure 1.4f).

Overall, our results show that Sahara greening plays an important role in affecting
temperature extremes, leading to more extreme temperatures in southern tropical
Africa for both the low and high values relative to Hlps and LIpssimulations with major

differences between the Central Luangwa River Valley and the CAP.
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1.3.4 Changes in climate extremes: indices of precipitation

The orbital forcing alone (Hlps) causes an increase in the drought duration over the
entire Zambia subdomain (Figure 1.5a) as shown by the changes in consecutive dry
days annual means (CDD). 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
increased, ranging from 7 mm in Lusaka (7%) and the Central Luangwa River Valley
(5%) to nearly 13 mm in NE Zambia (8%) (Figure 1.5c). No significant change in the
total number of rainy days (R1mm) is simulated under insolation forcing alone (Figure
1.5e).

Saharan vegetation and reduction in dust concentrations (Hlgs) increase the CDD over
all of Zambia, amplifying the anomalies observed in the Hlps experiment, particularly
in the southern and western parts of the country (Figure 1.5b). An increase of 27 CDD
is simulated in the Central Luangwa River Valley, more than doubling compared to the
Hlps, and the lowest increase is now found in NE Zambia with 25 CDD relative to the
LlIps. The longest duration of dry spells is simulated in Lusaka, with an increase of over
a month (39 days) in CDD relative to the LIps experiment. The RX5d index presents
similar, albeit weaker, results for the Hlgs simulation as for the Hlps (Figure 1.5d), with
all the changes being not statistically significant. In the Hlgs experiment, the number
of rainy days (R1mm) is significantly decreased by up to 12 days in Lusaka, followed
by NE Zambia and Central Luangwa River Valley with a decrease of 11 and 9 days
respectively relative to the Lips (Figure 1.5f).

In summary, the combined effect of increased boreal summer insolation and Sahara

greening causes drying in the study region during all seasons. Drought duration is
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enhanced in the Hlgs, 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 LIps experiment. A significant decrease in rainy days is shown by Hlgs relative

to the LIps during the wet season over the whole region where the selected areas lie.

1.3.5 Regional changes in seasonal cycles of mean temperature and
precipitation
In this section, we present the temperature and precipitation seasonal cycles of all three
experiments; for simplicity, we only show NE Zambia; however, the results are similar
for all of Zambia. The temperature 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 Hlps simulation relative to the Llps
(Figure 1.6a). The temperature increase is nearly 0.5°C in September and November,
with a significant peak of approximately 1.5°C in October. Throughout the remainder

of the year, no significant temperature changes were simulated in the Hlps experiment.

Saharan vegetation change and dust reduction during a Green Sahara state (Hlgs)
present similar result. 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 Llps. As
in the Hlps, the Hlgs shows no statistically significant temperature change throughout

the rest of the year relative to the Llps.
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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
Llps (Figure 1.6b). Rainfall increases up to 2.5 and 3 mm/day for Hlps and Hlgs in
December and January, respectively. A small reduction of nearly 0.5 mm/day is
simulated for both HI simulations relative to the LIps 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 simulations relative to the LI experiment is associated with
an increase in the divergence aloft that intensifies in the Hlgs relative to Hlps (Figure
1.7). Such an increase in the divergence aloft enhances arid conditions during the dry
season over Zambia (Figures 1.3e and f, 1.5a and b). The average monthly temperature
increases in the pre-monsoonal season (August through November) in the Hlgs relative
to the Lips. The fall and early winter temperatures (February to June) are instead below
average. Such anomalous behavior is identical in the Hlps and Hlgs 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 Hlgs are larger than in
the Hlps in austral winter due to warmer advection as the temperature in central and
eastern equatorial Africa are remarkably higher (compare panels e and f in Figure 1.2).
The more pronounced anomalies simulated in the Hlgs relative to the Hlps experiments

highlight the far-reaching role of vegetation.
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1.4 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 (Hlgs) remarkably impact temperature and rainfall in SSA and Zambia, in
particular. During the Hlps, the changes in annual and seasonal temperature in Zambia
are small, being only slightly warmer than in the Llps. From September to November,
temperature and precipitation extremes change significantly under Hlgs conditions
relative to the low insolation and dry Sahara (LIps) 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
(R1mm) decreases by approximately 10 days in Lusaka relative to the LIps experiment,
which has a total of 102 rainy days per year. This means that, in the Hlgs experiment,
there is a 10% reduction in the number of rainy days per year. Droughts also become
more extended under Hlgs conditions relative to the Llps 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 Hlgs experiment relative to the Llps is very similar to the Hlps, but

it is more intense, highlighting the central role of the West African Monsoon in altering
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atmospheric circulation over Africa and hence affecting southern 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 Hlgs 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 extremes (Figures 1.4a
and b) as well as a higher number of tropical nights (Figures 1.4e and f). Temperature
extremes in Zambia are recorded in the pre-monsoonal dry season, i.e., from September
to November, which coincides with the increase in insolation in the region. The
decrease in insolation during the boreal summer and fall (January to May) is causing
lower monthly mean temperatures up to the beginning of winter (Figure 1.6a),
explaining the drop in low-temperature extremes (Figures 1.4c 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 between December and May.

Although we use the middle Holocene and pre-industrial boundary conditions and
orbital forcing, our simulations can be seen as archetypal of other high and low boreal
summer insolation forcing. However, MH orbital forcing was 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 — 8,000 years ago; Otto-
Bliesner et al., 2016).

The extreme conditions seen in our Hlgs 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
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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 drainages such as the Zambezi and its tributaries, such as the Luangwa River,
would have been critical to hominin survival, guiding their seasonal mobility (Barham,
2000 ; Burrough et al., 2019). The fluctuation between 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 (Colton et al., 2021 ; Burke et al., 2023). 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 in 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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Table 1.1

TABLEAUX

Boundary conditions prescribed for pre-industrial (PI) reference control

and mid-Holocene (MH) climates.

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

Llbs Pl 0 Desert Pl
Hlos MH 6000 Desert Pl
Hlcs MH 6000 Shrubs Reduced
Table 1.2 List of 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
Annual maximum number of consecutive days with Rain
CDD Rate (RR) <1 mm Days
RX5d Annual maximum consecutive 5-day precipitation amount ~ Mm
R1mm Annual number of days with RR >1 mm Days
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FIGURES
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Figure 1.1 Study area: entire regional climate model domain and the Zambia subdomain
(black rectangle) and the three subregions more extensively discussed (colored dots).
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Figure 1.2 Mean temperature for Low Insolation Dry Sahara (LIps) experiment (a-c) and
anomalies for the High Insolation — Dry Sahara (Hlps) (d-f) and 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 Llps. Non-statistically significant
anomalies at the 5% significance level are hatched.
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Figure 1.3 Mean precipitation for Low Insolation - Dry Sahara (LIps) experiment (a-c) and
anomalies in the High Insolation - Dry Sahara (Hlps) (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 Llps. Non-statistically significant
anomalies at the 5% significance level are hatched.
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Figure 1.4 Changes in the temperature of the annual hottest day (TXx, (a) and (b)),
coldest night (TNn, (c) and (d)), and in the number of tropical nights (TRn (e) and (f))
for the Hlps and Hles experiments relative to the LIps simulation. Non-statistically
significant anomalies at the 5% significance level are hatched.
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Central Luangwa River Valley

-

Figure 1.5 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 (R1mm
(e) and (f)) for the Hlps and Hlgs experiments relative to the Llps simulation. Non-
statistically significant anomalies at the 5% significance level are hatched.
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Figure 1.6 a) Temperature and b) precipitation climatological seasonal cycle in
northeastern Zambia (10.82°S; 33.07°E) for Llps (blue), Hlps (red), and Hles (green)
simulations. Error bars indicate the standard error of the mean.
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Figure 1.7 Meridional and vertical circulation. a) Climatological meridional
circulation (contours, m/s) and vertical motion (shaded) averaged between 22°E and
35°E for the period May-October (MJJASO) and their changes for b) Hlps and ¢) Hlgs
relative to pre-industrial (Lips). Positive (blue) values of vertical motion indicate
downward motion while positive values of meridional circulation indicate northward
direction. Hatched areas cover the areas where the changes are not statistically
significant at 5% of the significance level.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY FIGURES

Standardized Temperature Index (STI)

In this study, we used the Standardized Temperature Index (STI). It represents the
probability of the occurrence of a temperature value when compared with temperature
values over a longer period. This can be useful in identifying unusually hot and cold

periods.

T—Tx*
oT

Where

T = Temperature

STl =

T = Mean temperature
ot = Standard deviation of temperature

STI values are categorized into different groups.

« Extremely hot» when STI>=2.00

« Very hot» ! STI>=1.50and < 2.00
« Moderately hot» " STI>=1.00and <1.50
« Near normal» " STI< 1.00and >-1.00
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« Moderately cold» " STl <=-1.00 and > -1.50
« Very cold» " STl<=-1.50and >-2.00
« Extremely cold» " STI<=-2.00

Standardized Precipitation Index (SPI)

We also use the Standardized Precipitation Index (SPI), which was originally described
by McKee et al. (1993). As for STI, SPI represents the probability of occurrence of a
precipitation value when compared with precipitation values over a longer period.

It is useful for identifying droughts and floods.

It is based only on precipitation and can be used on different timescales such as 3-, 6-,
9-, 12-, 24-, and 48-month time scales.

A 12-month SPI is a comparison of the precipitation for 12 consecutive months with
the same 12 consecutive months during all previous years of available data. The SPI at
these time scales shows long-term precipitation patterns. Because these time scales are
the cumulative result of shorter periods that may be above or below normal, the longer
SPIs tend toward zero unless a specific trend occurs.

spy =2
op

Where
P = Precipitation
P = Mean precipitation

op = Standard deviation of precipitation
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Similar to the STI, SPI values are categorized into different groups.

« Extremely wet» when  SPI>=2.00

« Very wet» " SP1>=1.50 and < 2.00
« Moderately wet» " SPI>=1.00 and < 1.50
« Near normal» ! SPI< 1.00and >-1.00
« Moderately dry» " SPI <=-1.00 and > -1.50
« Very dry» " SPI <=-1.50 and > -2.00
« Extremely dry» ! SP1<=-2.00

40

In this study, we developed an algorithm that averages the maximum temperature
(TMAX) and minimum temperature (TMIN) for 30 years of data in a square that
roughly covers Zambia (8°-18°S; 22°-32°E) to reproduce density charts for both

temperature variables and the three simulations (LIps, Hlps, Hlas).
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Figure S1 Density for the May to October (May-Oct) averaged maximum daily
temperature in the 22-32°E; 8-18°S Zambia region for Llps (blue), Hlps (orange), and

Hlgs (green) simulations.

During the dry season, we can observe two means in Figure S1 for all three
experiments. Under LI conditions, the graph shows that the means are closer to each
other, meaning maximum daily temperatures are less extreme than under HI conditions.
Also, the right side of the graph shows that higher daily maximum temperatures occur

more frequently under HI conditions.
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Figure S2 Density for November to April (Nov-Apr) averaged maximum daily
temperature in the 22-32°E; 8-18°S Zambia region for Llps (blue), Hlps (orange), Hlgs

(green) simulations.
For the Hlps experiment, we can see the mean daily maximum temperature shift to the

right, meaning warmer temperatures during the day. We also notice that both sides

show more extreme temperatures under HI conditions.
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MAY-OCT ZAMBIA MIN DAILY TEMP (8-18S, 22-32E)
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Figure S3  Density for May to October (May-Oct) averaged minimum daily
temperature in the 22-32°E; 8-18°S Zambia region for Llps (blue), Hlps (orange), Hlgs

(green) simulations.

Here, the graph shows that the minimum daily temperature has mainly two means.
Under HI conditions, the left mean shift to the left compared to LI conditions, meaning
more extreme cold temperatures. Furthermore, the right mean shift to the right under
HI conditions compared to LI conditions, meaning more extreme hot temperatures for

the mimimum daily temperature throughout the dry season.
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Figure S4  Density for the November to April (Nov-Apr) averaged minimum daily

temperature in the 22-32°E; 8-18°S Zambia domain for LIps (blue), Hlps (orange), and

Hlgs (green) simulations.

The graph for the minimum daily temperature throughout the wet season mainly shows
that under HI conditions, the standard deviation increases compared to LI conditions.
It shows that the mean is nearly the same, however, we can notice more extremes in
both cold and hot minimum daily temperatures for the HI conditions compared to the
LI conditions.
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Lips+Hlgs : 2-30yr STI-12 for 3 regions in Africa CS

Northeastern Zambia (10.825,33.07E)
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Figure S5 Llps + Hlgs 12-month Standardized Temperature Index (STI-12) (black
line) for 2-30 years in Northeastern Zambia, Central Luangwa River Valley, and

Lusaka locations. The dashed red line follows a linear trend.
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Lips+HIgs : 2-30yr SPI-12 for 3 regions in Africa CS

Northeastern Zambia (10.825,33.07E)
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Figure S6 Llps + Hlgs 12-month Standardized Precipitation Index (SPI-12) (black

line) for 2-30 years in Northeastern Zambia, Central Luangwa River Valley, and

Lusaka locations. The dashed red line follows a linear trend.
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CONCLUSION

Afin de compléter cette étude, nous avons réalisé trois expériences en utilisant le
modele régional canadien du climat (MRCC6) a haute résolution dans le but d’étudier
le role de la haute insolation par précession, de la couverture végétale dans le Sahara
et de la diminution de poussiere sur le mouvement des hominidés en Afrique
subsaharienne lors des périodes chaudes du Sahara vert durant 1’Holocene moyen, il y
a environ 6000 ans. Grace aux observations paléoclimatiques, nous savons que cette
période chaude transformait 1’ Afrique du Nord en environnement plus favorable pour
les hominidés, puisque le Sahara était dorénavant recouvert de végétation du fait que

I’insolation estivale causée par le changement en précession a renforcé la MOA.

Deux expériences avec un climat de 1’Holocéne moyen ont été comparées par rapport
a I’ére préindustrielle, la premiére étant celle qui correspond au forgage orbital durant
I’Holocéne moyen (étés plus chauds dans I’HN) qui renforce les moussons et la
deuxieme qui englobe la réduction de poussiere et la couverture végétale dans le Sahara
pendant I’Holocéne moyen. Cela a permis de constater que les changements dans la
végétation et la réduction de poussiere lors des périodes de haute insolation en été
boréal (Hlss) ont un impact sur la température et la précipitation en ASS et

particulierement en Zambie.

Nos simulations démontrent un décalage vers 1’avant de la précipitation au cours de la
mousson estivale et une aridité accrue lors de la saison séche. La réduction de
précipitation durant la saison séche dans les simulations a haute insolation par rapport

a celle de basse insolation est associée a une divergence en altitude qui s’intensifie lors
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de périodes du Sahara vert et une haute insolation en été dans I’HN par rapport a une
période seche (Figure 1.7). Une telle augmentation de la divergence en altitude renforce
les conditions arides pendant la saison seche en Zambie (Figures 1.3e, fet 1.5a, b). La
température mensuelle moyenne augmente lors de la saison précédant la mousson (aodt
a novembre) dans I’expérience Hlgs par rapport a I’expérience Llps. La température
automnale et au commencement de 1’hiver (février a juin) est plutét sous la moyenne.
De telles anomalies sont identiques dans les expériences Hlps et Hlgs, puisqu’elles sont
principalement conduites par les changements en insolation, c’est-a-dire une
augmentation tard en hiver et au printemps (d’aott a novembre) et une réduction durant
I’été et I’automne (décembre a mai). Toutefois, les anomalies de températures dans
I’expérience Hlgs sont plus importantes que dans 1’expérience Hlps lors de 1’hiver
austral, car les advections en température dans le centre/est équatorial de I’ Afrique sont
plus chaudes (Figure 1.2 e et f). Les anomalies en température simulées sont davantage
marquées dans la Hlgs comparé aux expériences Hlps et soulignent le réle majeur de
la végétation. Tandis que les changements annuels de température dans la simulation
Hlps sont faibles, étant Iégérement supérieurs comparés a la simulation Llps, et ce,
surtout de septembre a novembre; les changements en température et précipitation sont
significatifs sous la simulation Hlgs par rapport a la simulation Llps. Les extrémes
climatiques sont d’autant plus grands lors des périodes de haute insolation, comme on
peut le voir dans les diagrammes de densité de températures maximales et minimales
journalieres en Zambie (Figures S1 a S4). En effet, lors de la saison séche (Figures S1
et S3), les températures simulées minimales et maximales journaliéres en Zambie
s’¢loignent de la moyenne des deux coOtés par une distribution des températures plus
étalée (plus grand écart-type). Nous avons ainsi des températures minimales plus
froides et des températures maximales plus chaudes, ce qui pourrait avoir modifié
I’habitat et I’environnement des hominidés tels que la faune et la flore, rendant la
disponibilité de la nourriture plus difficile, et de ce fait méme forcer les hominidés a

aller ailleurs. Pour les trois régions d’étude, I’index STI-12 suit une courbe linéaire de
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-1 (modeérément froid) & 1 (modérément chaud) pour une période de haute insolation
avec végeétation dans la région sahélienne et une réduction de poussiére (Hlgs)
comparée a une période de basse insolation (LIps) (Figure S5). Egalement, on peut
constater ces extrémes climatiques via les indices TXx et TNx qui sont plus extrémes
sous les conditions Hlgs, avec une augmentation jusqu’a 3°C et une réduction jusqu’a
1,5°C. Le nombre de jours pluvieux (R1mm) diminue de pres de 10 jours a Lusaka, et
le nombre simulé de jours pluvieux pour la simulation Llps dans la région équivaut a
102, ce qui correspond a une diminution de pres de 10 % pour le nombre de jours
pluvieux par année dans la capitale. Les sécheresses sont egalement relativement
prolongées sous les conditions Hlgs par rapport & Llps, avec une augmentation de
I’indice CDD de plus d’un mois dans le sud du pays. Globalement, nous avons vu des
températures plus chaudes lors des périodes humides africaines dans la zone tropicale
sud de I’ Afrique. Les résultats ont démontré notamment un contraste majeur entre le
CAP et la Central Luangwa River Valley pour ce qui est des changements de
précipitation et la durée des sécheresses, renforgant 1’importance des cours d’eau
majeurs comme le fleuve Zambeéze et la riviere Luangwa en tant que ressources clés

pour la mobilité saisonniére des hominines, particulierement lors de la saison séche.

A grande échelle, les changements simulés résultent des changements dynamiques dans
I’atmosphere, induits par le renforcement de la mousson ouest-africaine, plutdét qu’un
effet direct des changements dans le taux de poussiére en Zambie, ceux-ci étant
négligeables. Les anomalies modélisées vues dans la simulation Hlgs par rapport a Llps
sont tres similaires a Hlps, quoique plus intenses, soulignant la force de la mousson
ouest-africaine, qui peut altérer la circulation atmosphérique sur tout le continent
africain et de ce fait méme affecter la zone tropicale sud. En Zambie, nous pouvons
constater I’impact de la topographie sur ces changements par des conditions plus arides
produisant des contrastes dans les conditions pour le plateau central par rapport au

drainage du Zambeze lors du Higs relatif au Llps. Les changements en insolation
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pendant I’Holoceéne moyen (c’est-a-dire plus d’insolation de juin a novembre et moins
d’insolation de décembre a mai) sont responsables pour les tempeératures extrémes
(Figures 4a et b) ainsi qu’a un plus grand nombre de nuits tropicales (Figures 4e et f).
Les températures plus extrémes en Zambie sont enregistrées juste avant la mousson
lors de la saison seche, de septembre a novembre, ce qui coincide avec 1’augmentation
en insolation dans la région. La réduction en insolation durant 1’été boréal et I’automne
(de janvier a mai) provogue une baisse dans les températures moyennes mensuelles
jusqu’au début de I’hiver (Figure 1.6a), expliquant la réduction en basses températures
extrémes (Figures 1.4c et d). Par conseéquent, les changements en extrémes de
température, malgré aucun changement ou un faible refroidissement dans la moyenne
annuelle, sont essentiellement dus a ’augmentation en insolation de juillet a novembre

ainsi qu’a la réduction en insolation de décembre a mai.

Bien que nous utilisions les conditions aux limites et le forcage orbital de I’Holocéne
moyen et préindustriel, nos simulations peuvent étre considérées comme un archétype
des autres forcages de basse ou haute insolation boréale estivale. Toutefois, le forcage
orbital lors de I’Holocéne moyen était loin d’étre extréme: par exemple, ’insolation
estivale était beaucoup plus intense durant 1’Eémien (il y a 128,000 — 122,000 ans) ou
méme lors du début de I’Holocéne (il y a 11,000 — 8,000 ans).

Des conditions extrémes dans le scénario Hlgs pourraient avoir eu un impact sur
I’évolution des hominines et sur leur répartition spatiale a 1’échelle continentale et
régionale. Ces conditions étaient possiblement d’autant plus extrémes durant d’autres
périodes de haute insolation, lorsque les changements en insolation étaient plus grands
que ceux simulés par nos expériences. Toujours selon nos simulations, le plateau
central africain a recu moins de pluie durant la saison seche, de mai a octobre, sous les
conditions vécues lors de la période humide africaine, c’est-a-dire avec un nombre de

jours secs consécutifs plus grands et ainsi, des conditions plus arides.
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A I’échelle régionale, les savanes zambiennes, qui forment une partie du plateau central
africain, pourraient avoir été moins favorables pour ’habitation humaine, notamment
pendant la saison seche dorénavant allongée. Ceci est vrai pour toutes les périodes
humides africaines pendant le Plio-Pléistocéne, car I’obliquité est le stimulateur des
périodes humides africaines. En Zambie, alors que le CAP devenait moins hospitalier,
les ressources offertes par le drainage du Zambeéze et de la riviere Luangwa qui en fait
partie auraient été critiques pour la survie humaine, guidant leurs mouvements
saisonniers (Barham, 2020 ; Burrough et coll., 2019). A un moment ol les systémes
hydrologiques se sont développés dans le Sahara et le Sahel, ouvrant des « corridors
verts » de mouvement et ainsi un échange génétique et culturel sur 1’échelle
continentale. Etant donné la cyclicité des périodes humides africaines comme
évenements climatiques, qui concordent avec les dépositions sédimentaires par
exemple, dans la vallée Luangwa (Colton et coll., 2021 ; Burke et coll., 2023), cela
implique une cyclicité dans le patron des occupations humaines et dans la chronologie
des migrations de population a I’échelle de 1I’Afrique comme récemment suggéré
(Hublin et coll., 2017).

En conclusion, les résultats de cette étude démontrent que les périodes humides
africaines affectent la zone tropicale sud de I’Afrique en la rendant plus aride
globalement, contraignant potentiellement le mouvement des hominines a un moment
que le déplacement a travers le Sahara aurait pu étre possible. Cela aurait pu renforcer
le role des grands cours d’eau comme la riviere Luangwa, qui aurait agi comme une
zone refuge et de corridor biogeographique (Barham, 2000 ; Barham et coll., 2011).
Poursuivre les recherches archéologiques dans les régions telles que le bassin de
Luangwa pourrait confirmer si les fluctuations climatiques avaient été le moteur des
occupations humaines et du mouvement dans la région pendant la préhistoire (Burke
et coll., 2023).
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