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Abstract 20 

Southern Africa hosts regions of exceptional biodiversity and is rich with evidence for the presence and 21 

activities of early humans. However, few records exist of the concurrent changes in climate that may 22 

have shaped the region’s ecological evolution and the development and dispersal of our ancestors. 23 

This lack of evidence limits our ability to draw meaningful inferences between important changes in 24 

the global and regional climate systems and their potential influence in shaping the region’s natural 25 

and cultural history. This paper synthesises the data currently available to define a general empirically-26 

based conceptual model of the spatio-temporal dynamics of climate change as they relate to changes 27 

in the earth’s orbital configurations. The goal is to identify mechanistic links between orbital forcing, 28 

which can be calculated continuously over the past several million years, and environmental responses 29 

to related changes in the major atmospheric and oceanic circulation systems influencing southern 30 

Africa. Once identified, these relationships can be used to infer the most likely trends and patterns of 31 

climate variability for periods and regions for which proxy evidence is not available. 32 

Findings indicate that coherent patterns of change can be observed at wavelengths associated 33 

with ~400-kyr and ~100-kyr cycles of orbital eccentricity. In southeastern Africa, the ~2400-kyr grand 34 

cycle in eccentricity may have had an influence long-term patterns of aridification and humidification, 35 

and the stronger ~400-kyr eccentricity cycle has a significant influence across inter-tropical Africa, 36 

through changes in hydroclimate and monsoon circulation. The attribution of the ~100-kyr cycle to 37 

specific orbital controls depends on location, as it can be determined by eccentricity-modulated direct 38 

insolation forcing or through the combined orbital parameters and earth system responses that drive 39 

the evolution of Pleistocene glacial-interglacial cycles. 40 

Following the onset of the mid-Pleistocene transition (c. 1250-700 ka), the increasing 41 

development of substantial polar ice sheets influence the nature of high-latitude drivers in southern 42 

Africa. In southwestern Africa, records indicate an evolution in climate and circulation systems strongly 43 

correlated with the global benthic δ18O record, suggesting a particular sensitivity to high latitude 44 

forcing. The close correlation between ~100-kyr eccentricity and glacial-interglacial cycles makes it 45 

difficult to determine whether high- or low-latitude drivers dominate in southeastern Africa, but the 46 

spatio-temporal patterning of environmental variability in many records are generally considered to 47 

indicate a degree of high-latitude influence. Records from southeastern and southernmost Africa also 48 

indicate that the influence of low latitude forcing, expressed through the local precessional cycle, is – 49 

at least over the last glacial-interglacial cycles - dependent on eccentricity. Periods of reduced 50 

eccentricity, particularly during periods of extensive high-latitude ice sheet development, result in 51 

diminished influence in direct forcing and an increase in the expression of high latitude forcing, and an 52 
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increasingly positive correlation between the northern and southern tropics at these wavelengths. In 53 

general, the records available allow for a simple conceptual model of the relationship between orbital 54 

parameters and regional climates to be defined, with the strongest relationships existing at longer 55 

timescales, such as the ~400-kyr eccentricity cycle. At finer spatio-temporal timescales, the data 56 

indicate degrees of complexity that are not readily predicted, but the expansion of the regional dataset 57 

will continue to allow for refinements to the conceptual model described. 58 

  59 
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Introduction 60 

Knowledge of past environmental change in southern Africa is fundamentally limited by a lack of 61 

evidence. This is largely due to southern Africa’s arid to semi-arid environment, which hinders the 62 

development of permanent lakes south of ~15°S. Without such perennial, protected sediment traps, 63 

terrestrial records are rare. Where records have been recovered, they are often discontinuous and 64 

poorly dated (see Chase and Meadows, 2007). Only three terrestrial records from the region, from 65 

Lake Malawi (Johnson et al., 2016), Tswaing Crater (Partridge et al., 1997) and Pinnacle Point (Braun 66 

et al., 2019) encompass more than the last glacial-interglacial cycle (125 kyr). Broader inferences 67 

relating to the influence of orbital forcing on regional climates may thus only be drawn from 1) proxy 68 

data recovered from marine records, which may preserve longer sedimentary sequences of both 69 

marine and terrestrial origin, and 2) by extrapolation of relationships observed between these data 70 

and terrestrial records from more recent portions of the geological record. Further complicating this 71 

research is the recognition that prevailing conceptual models for regional climate change only have 72 

limited predictive capabilities, and that significant variability is the result of more complex processes 73 

(e.g. Chase et al., 2017), resulting in substantially greater spatio-temporal heterogeneity in signals of 74 

environmental change (Chase et al., in press; Chase et al., 2019a; Chase and Quick, 2018; Chevalier and 75 

Chase, 2015).  76 

This paper reviews: 1) the general framework of the southern African climate systems that are 77 

considered to have driven the major trends in environmental variability during the late Quaternary, 78 

and 2) how mechanisms both external (i.e. orbital parameters) and internal (e.g. continental ice sheets, 79 

CO2) to the earth system may influence these systems. The goal is to provide a general model for the 80 

use of orbital parameters to infer past climate conditions and trends for periods from which proxy data 81 

is not available. 82 

Southern African climate systems 83 

Southern Africa (considered to be 0°-35°S for the purpose of this paper) experiences much greater 84 

climatic diversity than its Northern Hemisphere counterpart (Peel et al., 2007). This is due to a series 85 

of factors related to the continent’s morphology and latitudinal position. While northern Africa is, with 86 

the addition of the Arabian Peninsula, nearly 8,000 km across from east to west, southern Africa is just 87 

over 3,000 km across. This relatively small area limits the development of high pressure over the 88 

continent and enables the effective incursion of moist air from the adjacent tropical Indian and Atlantic 89 

oceans. In the east, the warmth of the Agulhas Current fosters increased evaporation and the transport 90 

of moisture into the interior (Crétat et al., 2012; Rouault et al., 2002; Tyson and Preston-Whyte, 2000). 91 

In the west, tropical moisture advection from the Atlantic Ocean is generally limited to regions north 92 
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of ~15°S (Crétat et al., 2019; Rouault et al., 2003). Further south, the cold Benguela Current flows 93 

equatorward along the South African and Namibian coasts, limiting evaporation and supressing 94 

convection (Nicholson and Entekhabi, 1987; Tyson, 1986). As a result, a marked east-west rainfall 95 

gradient exists across the subcontinent at these latitudes, and the dominant moisture-bearing systems 96 

are northerly flow over Angola and easterly flow from the Indian Ocean. Southern African climates are 97 

also strongly influenced by extra-tropical systems. Poleward of the subcontinent, the southern 98 

westerlies dominate mid-latitude atmospheric circulation. Perturbations in the westerlies create fronts 99 

that produce the majority of rainfall received by the southwestern Cape (Reason et al., 2002). The 100 

influences of these various systems have strong seasonal biases, with the tropical systems being most 101 

vigorous in the warm summer months, and the extra-tropical frontal systems being most prevalent 102 

during the winter, when the Antarctic anticyclone expands and the zone of frontal activity is displaced 103 

equatorward (Figure 1). 104 

The diversity and distribution of atmospheric and oceanic circulation systems influencing 105 

southern Africa has led to regional distinctions based on the seasonal distribution of rainfall, with most 106 

of the subcontinent comprising the summer rainfall zone (SRZ), and the extreme southwestern margin 107 

being referred to as the winter rainfall zone (WRZ) (Figure 1). Between the SRZ and the WRZ is a 108 

transitional zone, which is influenced by both tropical and temperate systems. This has been referred 109 

to variously as the year-round rainfall zone (YRZ), all-year rainfall zone or aseasonal rainfall zone (ARZ). 110 

The criteria by which these regions have been defined varies, but a commonly employed method is 111 

the percentage of mean annual rainfall during the winter (>66% = WRZ, <33% = SRZ, 33%-112 

66%=YRZ/ARZ; sensu Chase and Meadows, 2007)(Figure 1). Climates in each of these broad regions 113 

are highly variable, ranging significantly in terms of the amount of mean annual precipitation received, 114 

but the purpose of their definition is to delimit the spatial influence of southern Africa’s dominant 115 

moisture-bearing systems and thereby develop mechanistic models for their past variability. 116 

Orbital mechanisms driving long-term climate variability in southern Africa 117 

At their broadest scale, Quaternary climate dynamics are understood to be paced by changes in the 118 

Earth’s orbital parameters (Berger et al., 1984; Chappell, 1973; Hays et al., 1976; Imbrie, 1982; Imbrie 119 

et al., 1984; Milankovitch, 1930). These changes include the shape of the Earth’s orbit (eccentricity), 120 

the degree of Earth’s axial tilt (obliquity) and the direction of the axis at a defined point of Earth's 121 

motion around the sun (precession). Each of these parameters varies at quasi-regular cycles: 122 

eccentricity expressing ~400,000-year and ~100,000-year cycles, obliquity expressing a ~41,000-year 123 

cycle, and precession expressing a ~23,000-year cycle. Respectively, these variables influence the 124 

amount of solar insolation the Earth receives, the intensity of the seasons, and the season in which the 125 

Earth is closest to the sun and receiving the most insolation. While it is generally accepted that these 126 
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orbital changes have paced the timing and amplitude of the glacial and interglacial periods of the 127 

Quaternary, their influence on long-term southern African climate change has been a matter of debate 128 

(e.g. Chase et al., 2019b; Collins et al., 2014; Dupont et al., 2011; Partridge et al., 1997; Stuut et al., 129 

2002). 130 

 The discussion of the role of orbital forcing on southern African climates has often been 131 

structured in terms of remote (high latitude) versus direct (low latitude) mechanisms (Partridge et al., 132 

1997; Thomas and Shaw, 2002; van Zinderen Bakker, 1976). High latitude mechanisms relate to the 133 

development of high latitude ice sheets and the impact of their expansion and contraction (including 134 

ice-rafting and meltwater pulses) on global atmospheric and oceanic circulation dynamics (Chase et 135 

al., 2015; Chevalier and Chase, 2015; Otto-Bliesner et al., 2014; Schefuß et al., 2011; Stuut and Lamy, 136 

2004; Stuut et al., 2002; van Zinderen Bakker, 1967). Consideration of low latitude forcing generally 137 

relates to precession-driven changes in insolation seasonality, and their quasi-direct impact on regional 138 

and local precipitation through their influence on the development of convective and monsoonal 139 

systems (Kutzbach, 1981; Kutzbach et al., 2020; Partridge et al., 1997; Rossignol-Strick, 1983; 140 

Ruddiman, 2006b; Street-Perrott et al., 1990). 141 

In southern Africa, high latitude forcing underpins the broadest conceptual models (Cockcroft 142 

et al., 1987; van Zinderen Bakker, 1976) and is also considered to be a significant factor in driving some 143 

abrupt climate change events (e.g. those associated with Heinrich stadial 1 and the Younger Dryas) 144 

(Chase et al., 2015; Chase et al., 2011; Schefuß et al., 2011). Broadly, these changes are related to 145 

global temperature variability, Northern Hemisphere ice-sheet development and dynamics, and 146 

Antarctic sea-ice extent. Global cooling – initiated by declining high latitude Northern Hemisphere 147 

summer insolation (Milankovitch, 1930), eccentricity (Broecker and van Donk, 1970; Hays et al., 1976) 148 

and the development of major ice-sheets (Ruddiman, 2006a) – is considered to have resulted in a 149 

decrease in rainfall in the SRZ through a reduction in evaporative and convective potential, and thus a 150 

reduction in the amount of moisture advection from adjacent oceans and the potential for 151 

precipitation events (Cockcroft et al., 1987; van Zinderen Bakker, 1976). In the WRZ, it is thought that 152 

this same cooling would have resulted in an expansion of Antarctic sea-ice, an expansion of the circum-153 

polar vortex, and an equatorward shift of the storm tracks embedded in the southern westerlies, 154 

resulting in an increased occurrence of precipitation events in southwestern Africa (Cockcroft et al., 155 

1987; Stuut et al., 2004; van Zinderen Bakker, 1976). 156 

Considering southern Africa’s largely tropical-subtropical position, it is not surprising that an 157 

abundance of evidence exists indicating a strong influence of direct insolation forcing on regional 158 

climates. This evidence has been obtained from both terrestrial (Chase et al., 2019b; Partridge et al., 159 
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1997) and marine sediment records (Collins et al., 2014; Simon et al., 2015), and discussions primarily 160 

relate to variability in orbital precession (~23-kyr cycle) and changes in the range of the African tropical 161 

rainbelt (sometimes considered to be synonymous with the intertropical convergence zone (ITCZ)) 162 

tracking the zone of maximum summer insolation. While notable exceptions exist (e.g. southwestern 163 

Africa; Chase et al., 2019b), changes in hydroclimate associated with precessional forcing generally 164 

manifest as more (less) summer rainfall under higher (lower) summer insolation. Related to seasonal 165 

precipitation and insolation, these changes are thought to have been anti-phase between the Northern 166 

and Southern hemispheres (Kutzbach, 1981; Ruddiman, 2006b), but their strength in both 167 

hemispheres is directly related to changes in eccentricity, which determines the amount of insolation 168 

received. At high latitudes, eccentricity plays a role in determining the timing and duration of glacial 169 

cycles, particularly after mid-Pleistocene transition (MPT; ~1250 - 700 ka; Clark et al., 2006; Lisiecki 170 

and Raymo, 2005; Mudelsee and Schulz, 1997). It should be noted that this role is neither dominant 171 

nor isolated, as is sometimes assumed based on the similarity between the ~100-kyr eccentricity cycle 172 

and the average length of late Pleistocene glacial periods. Rather, eccentricity’s influence is effected 173 

through its impact on precession, which works in concert with obliquity to establish the timing of 174 

glacial-interglacial cycles (Bajo et al., 2020; Huybers, 2006, 2011; Tzedakis et al., 2017). At low latitudes, 175 

eccentricity and precession have a more direct influence on climate, and, as will be shown, can be used 176 

as strong predictors of low latitude climate change over even longer timescales, extending back 177 

millions of years. 178 

Eccentricity 179 

2400-kyr grand eccentricity cycle 180 

While precession is perhaps the most commonly considered parameter in southern Africa – as its 181 

strength and frequency make it most relevant to studies of late Quaternary low latitude climate change 182 

– changes in the precessional index are modulated by changes in eccentricity. Eccentricity varies at 183 

two primary periods relevant to Quaternary science, ~400-kyr and ~100-kyr, but longer “grand cycles” 184 

also exist, such as the 2400-kyr cycle (Boulila et al., 2012; Laskar et al., 2004; Olsen and Kent, 1996; 185 

Pälike et al., 2006a). While much weaker (Figure 2), these cycles have been highlighted as being 186 

significant environmental determinants over long, >106 yr-1 timescales (Crampton et al., 2018; Pälike 187 

et al., 2006b). During the Quaternary Period, these cycles may also have had some influence, as there 188 

is a degree of consistency with long-term trends of Pleistocene hydroclimate in southeastern Africa. 189 

Records of terrestrial sediment flux in marine cores MD96-2048 (Caley et al., 2018) and IODP Site 190 

U1478 (Koutsodendris et al., 2021) off the Limpopo River mouth has been interpreted as reflecting 191 

regional rainfall variability, and from Lake Malawi a δ13C record obtained from leaf waxes is interpreted 192 

as an indicator of vegetation and associated environmental change (Johnson et al., 2016). It should be 193 
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noted that while complexities regarding the interpretation of the δ13Cwax have been highlighted (Ivory 194 

et al., 2018), its coherent relationship with other hydroclimatic proxies from Lake Malawi (e.g. lake 195 

level; Lyons et al., 2015) is considered here to render it suitable for inclusion. At the scale of the 2400-196 

kyr grand cycle in eccentricity, the MD96-2048 and U1478 records indicate patterns of variability prior 197 

to ~500-600 ka that would be consistent with a positive relationship between eccentricity and rainfall 198 

(Figure 3). At Lake Malawi, a similarly consistent, but opposite trend is observed, with increasingly 199 

humid conditions being inferred across the last million years (Johnson et al., 2016; Lyons et al., 2015). 200 

This spatio-temporal patterning of trends has been considered to indicate an equatorward shift of the 201 

southern limit of the African rainbelt (Caley et al., 2018), which is consistent with reconstructions of 202 

dynamics from more recent portions of the geological record (Chevalier and Chase, 2015). That this 203 

signal is not apparent in the LR04 global benthic foraminifera δ18O record (Lisiecki and Raymo, 2005), 204 

which reflects changes in global ice volume, suggests that its influence may be restricted to lower 205 

latitudes. The marked deviation from the positive relationship between the 2400-kyr eccentricity cycle 206 

and terrestrial sediment flux in the Limpopo marine cores, particularly U1478, may relate to 207 

fundamental changes in global circulation systems after the MPT as a result of more extensive high 208 

latitude ice sheets and lower CO2. It should be noted, however, that the chronology of the U1478 209 

record is currently not based on based on an independent oxygen isotope stratigraphy, but employs 210 

the ln(Ti/Ca) record in an interpretive paradigm that  presupposes a negative relationship between 211 

eccentricity and rainfall (Koutsodendris et al., 2021). The result differs notably from the chronology of 212 

the adjacent M96-2048, complicating consideration and comparison at this stage. 213 

~400-kyr eccentricity cycle 214 

 Considering that the ~400-kyr cycle is the strongest and most consistent of the eccentricity cycles 215 

(Figure 2), the expectation is that it will have been a significant determinant of long-term low latitude 216 

climate change, with increased tropical rainfall during periods of higher eccentricity. Across Africa, the 217 

response and interpretations of several long proxy records highlight different aspects of the 218 

environmental change related to eccentricity (Figure 4). The ODP 967 “wet/dry index” (Grant et al., 219 

2017), for example, has been interpreted as having a strong relationship with hydroclimatic variability 220 

and exhibits a positive relationship with the ~400-kyr eccentricity cycle. In contrast, the dust flux 221 

records from ODP 659 (off West Africa; Tiedemann et al., 1994) and ODP 721/722 (off southeastern 222 

Arabia; deMenocal, 1995) have been interpreted in a way that indicates a negative relationship 223 

between humidity and the ~400-kyr eccentricity cycle (higher dust flux during periods of high 224 

eccentricity). The relationship between dust flux and climate is, however, likely more complex (cf. 225 

Trauth et al., 2009). One mechanism controlling variability in these records is almost certainly aridity, 226 

and the related erodibility of the landscape, as the original authors indicate. This aspect of 227 
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environmental change likely explains the overall increase in dust flux to these sites across the 228 

Pleistocene, with the expansion of Northern Hemisphere ice sheets, the establishment of strong 229 

Walker circulation (Ravelo et al., 2004), and more significant arid periods in the Sahara. The positive 230 

correlation between eccentricity and records of both aridity (ODP 659 and ODP 721/722) and humidity 231 

(ODP 967, MD96-2048) at ~400-kyr frequencies, however, demands further consideration, particularly 232 

as sites such as Lake Magadi in Kenya (Owen et al., 2018) and Mukalla Cave (Nicholson et al., 2020), 233 

adjacent to ODP 721/722, indicate more humid conditions under high eccentricity at this frequency. 234 

Trauth et al. (2009) have suggested that dust fluxes at ODP 659 and ODP 721/722 may be significantly 235 

influenced by changes in monsoon circulation, with periods of high eccentricity resulting in increased 236 

aeolian sediment transport to the sites. It seems likely that the dust records are influenced by both 237 

direct insolation, particularly the ~400-kyr eccentricity cycle, and high-latitude forcing, which becomes 238 

a dominant control with the development of the ~100-kyr cycle after the onset of the MPT. 239 

As with the 2400-kyr cycle, there are few records available from southern Africa that are long 240 

enough to be used to confirm and explore the influence of the ~400-kyr cycle. Again, MD96-2048 and 241 

Lake Malawi (Johnson et al., 2016; Lyons et al., 2015) have provided the best continuous records to 242 

date, and both express a ~400-kyr cycle of hydroclimatic variability (Figure 4). Similar to responses 243 

associated with the 2400-kyr cycle, the Lake Malawi lake level record (Lyons et al., 2015) exhibits a 244 

negative relationship with the ~400-kyr eccentricity cycle, while the MD96-2048 Fe/Ca terrestrial 245 

discharge record (Caley et al., 2018) correlates positively with eccentricity at this frequency, as does 246 

the lower resolution record of flowstone development from South Africa’s Cradle of Humankind 247 

(Pickering et al., 2019) (Figure 4). It is interesting to note that while the strength of the ~400-kyr signal 248 

in the Lake Malawi record increases over the last 1300 kyr, it diminishes in the MD96-2048 Fe/Ca 249 

record. This also broadly coincides with the MPT and the change in dominance from ~41-kyr to ~100-250 

kyr cycles in the LR04 global benthic foraminifera δ18O record (Lisiecki and Raymo, 2005) and significant 251 

Northern Hemisphere ice sheet expansion. As with the circulation dynamics relating to the 252 

establishment of wetter conditions in the Zambezi region while regions to the north and south become 253 

more arid seems linked to Northern Hemisphere cooling (Chevalier and Chase, 2015; Schefuß et al., 254 

2011; Wang et al., 2013), it may be that this trend is associated with the post-MPT development of 255 

high latitude ice sheets and perhaps the related development of a more strongly positive Indian Ocean 256 

Dipole (Johnson et al., 2016; Taylor et al., in press; Wang et al., 2015). The concurrent decrease in the 257 

~400-kyr signal in the MD96-2048 Fe/Ca record may be a corollary of this same reorganisation of 258 

atmospheric and oceanic circulation systems influencing the region, also reflecting a shift from low-259 

latitude forcing dominance in southern Africa to a scenario in which high-latitude forcing plays a more 260 

significant role. 261 
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In southwestern Africa, sea-surface temperature records (SSTs) from the ODP175-1082 262 

(Etourneau et al., 2009) and ODP175-1084 marine cores (Marlow et al., 2000) from the Benguela 263 

Upwelling System (Figure 1) spanning the last 4600-kyr do not exhibit a strong ~400-kyr cyclicity 264 

consistent with eccentricity. This is similar to the response of the LR04 δ18O record (Lisiecki and Raymo, 265 

2005), which also exhibits extremely limited variability at this frequency (although the LR04 curve does 266 

express a generally negative relationship with eccentricity at this frequency prior to the MPT). The ODP 267 

1082 and 1084 records, however, do show strong similarities with the LR04 record, both in its overall 268 

Plio-Pleistocene pattern (decreasing SSTs with increase global ice volume), and the development of an 269 

increasingly clear ~100-kyr cycle following the MPT (Figure 6).  270 

~100-kyr cycles 271 

Following the MPT, c. 1250-700 ka, a ~100-kyr glacial-interglacial cycle became a much more significant 272 

aspect of global climate change (Clark et al., 2006; Lisiecki and Raymo, 2005; Mudelsee and Schulz, 273 

1997). The drivers of this cycle remain a topic of active inquiry (e.g. Bajo et al., 2020), as the inception 274 

of prominent interglacial periods are not thought to be determined by the ~100-kyr eccentricity cycle 275 

per se - as may be inferred - but by the combined influence of precession and obliquity, with glacial 276 

periods of the late Pleistocene typically lasting two or three obliquity cycles (80 and 120 years, resulting 277 

in an average ~100-kyr periodicity) (Huybers, 2006, 2011; Tzedakis et al., 2017). This does not, 278 

however, mean the ~100-kyr eccentricity cycle has no influence, as it modulates the precessional cycle 279 

and is thus a significant factor in determining when insolation thresholds are crossed. In southern 280 

Africa, the source of the ~100-kyr cyclicities observed in fossil records depends on whether high or low 281 

latitude drivers are the dominant controls of regional climate dynamics. In regions dominated by high 282 

latitude drivers, changes observed at this wavelength are most likely attributable to the influence of 283 

obliquity and precession at high northern latitudes and the development of associated ice sheets. In 284 

tropical regions, particularly during periods of Earth’s history when significant high latitude ice sheets 285 

were not present, variability at ~100-kyr cyclicities may more likely be driven by changes in direct 286 

insolation as modulated by eccentricity. 287 

The importance of ~100-kyr cycles is evident in only some of the southeastern African records 288 

that extend back over multiple cycles. For example, the MD96-2048 Fe/Ca (Caley et al., 2018) and leaf 289 

wax δ13C records (Castañeda et al., 2016) suggest phases of increased humidity that correlate well with 290 

higher eccentricity. Other records, such as those from Lake Malawi are more ambiguous, with a ~100-291 

kyr cycle being only weakly expressed (Johnson et al., 2016; Lyons et al., 2015), and the Fe/K record 292 

from marine core CD154-10-06P (Simon et al., 2015) indicates – if anything – an opposing response. 293 

These differences may relate to changes in spatial climate response gradients during the Pleistocene, 294 

complex responses to the influences of high and low latitude forcing mechanisms, or limitations 295 
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imposed by the chronologies of some sites. Establishing coherent scenarios that adequately explain 296 

the spatio-temporal variability observed across the region remains an area of active research. 297 

As mentioned above, southeast Atlantic SSTs (Etourneau et al., 2009; Marlow et al., 2000) 298 

exhibit a strong positive correlation with the LR04 benthic δ18O record (Lisiecki and Raymo, 2005), 299 

including ~100-kyr cycles, indicating a strong high latitude influence. Dust records from adjacent 300 

marine cores MD96-2094 (Stuut et al., 2002) and MD96-2087 (Pichevin et al., 2005) indicate more 301 

aeolian sediment transport under stronger wind fields during glacial periods; linked with SSTs through 302 

upwelling and intensifications of the South Atlantic Anticyclone (Etourneau et al., 2009; Little et al., 303 

1997; Marlow et al., 2000). The dust records have been employed to infer environmental conditions 304 

in southwestern Africa, with greater proportions of fine sediments being interpreted as indicating 305 

increased fluvial activity and increased humidity (Stuut et al., 2002). This interpretation demonstrates 306 

– as with the SST records – a strong correlation with the LR04 record, suggesting that cooler global 307 

conditions and more extensive polar ice sheets result in more humid conditions in the region. At these 308 

timescales, and comparing glacial versus interglacial conditions, terrestrial records from the region 309 

(Chase et al., 2019b; Lim et al., 2016; Scott et al., 2004), support these inferences, indicating that the 310 

last glacial period was generally more humid than the Holocene, with changes in potential 311 

evapotranspiration playing a significant role in determining regional water balance (with cooler periods 312 

being generally more humid; Chase et al., 2019b; Lim et al., 2016). However, the available data do 313 

highlight significant contradictions between marine and terrestrial records (a topic that will be 314 

discussed in greater detail in the section addressing ~23-kyr cycles) and care should be taken in 315 

applying these findings to shorter timescales. 316 

In terms of accurately attributing the source of a ~100-kyr signal to low or high latitude 317 

mechanisms, the presence of a ~400-kyr signal and/or the dominance of a ~23-kyr signal that is 318 

consistent with direct insolation (e.g. the Botuverá Cave speleothem record from Brazil (Cruz Jr. et al., 319 

2005)), may provide indications of low latitude forcing dominance. Where these signals are absent or 320 

strongly muted, and a significant ~41-kyr signal is observed, high latitude mechanisms may more likely 321 

be the source of the ~100-kyr cycle. 322 

~41-kyr obliquity cycle 323 

Obliquity (axial tilt) modulates the intensity of seasonality, and primarily affects higher latitudes. As 324 

such – coupled with the length of the cycles in relation to the majority of available records – it is not 325 

surprising that it has not often been identified as a prominent signal in southern African records. In 326 

those records where a ~41-kyr cycle can be identified, its origin has been associated with changes in 327 

high northern latitude insolation and the related evolution of continental ice sheets. It may be 328 



12 
 

important to note, however, that in idealised modelling experiments it has been found that obliquity-329 

induced changes can be observed at low latitudes without changes in high latitude ice sheets (Bosmans 330 

et al., 2015). Under high obliquity scenarios, increased cross-equatorial insolation and temperature 331 

gradients draw increased moisture into the summer hemisphere, resulting in increased tropical 332 

precipitation both north and south of the equator. The influence of this low latitude response remains 333 

to be fully resolved, but it may have played a role in driving low latitude climate variability, particularly 334 

during periods of low global ice volume. 335 

 In southwestern Africa, the ~41-kyr cycles that characterise changes in Plio-Pleistocene global 336 

ice volume prior to the MPT (Lisiecki and Raymo, 2005) were apparently more significant prior to ~2000 337 

ka in SE Atlantic SST records (Etourneau et al., 2009). In southeastern Africa, interpretations of 338 

different records vary, perhaps at least in part as a function of their resolution. Caley et al. have 339 

determined that SST and sea-surface salinity records from marine core MD96-2048 exhibit significant 340 

~41-kyr cycles (Caley et al., 2018; Caley et al., 2011), while records of changes in terrestrial 341 

environments from the same core (Fe/Ca; Caley et al., 2018) are rather dominated by ~100-kyr and 342 

~23-kyr cycles, suggesting perhaps that precipitation in the region is linked to land-sea temperature 343 

contrasts, rather than directly to SSTs (Caley et al., 2018). In contrast, the Plio-Pleistocene records from 344 

the adjacent marine core ODP U1478 (Figure 1) reflecting changes in the same catchment contains 345 

significant ~41-kyr cycles in both SSTs and leaf wax δD, suggesting that SSTs did have a direct influence 346 

on terrestrial climates, at least during the 4000-1800 ka interval (Taylor et al., in press). 347 

Over the last ~200 kyr, the bulk δ13C record from Lake Malawi (Lyons et al., 2015) contains a 348 

significant ~41-kyr cycle  as part of a pattern of variability that bears marked similarities to the glacial-349 

interglacial periods registered in the LR04 benthic δ18O record (Lisiecki and Raymo, 2005). 350 

Palaeovegetation records from marine core MD96-2048 (Castañeda et al., 2016; Dupont et al., 2011) 351 

also reveal changes similar to the glacial-interglacial cycles reflected in the LR04 record, but these 352 

patterns contrast with the MD96-2048 Fe/Ca record (Caley et al., 2018), perhaps indicating that 353 

vegetation change in the basin was more significantly influenced by temperature (Chevalier et al., 354 

2020) or CO2 (Dupont et al., 2019). At these shorter timescales, however, the MD96-2048 Fe/Ca record 355 

is also at odds with other regional records that have similarly been interpreted as reflecting changes 356 

in regional hydroclimates (Chevalier and Chase, 2015; Holmgren et al., 2003; Partridge et al., 1997), 357 

suggesting complexities in either the spatio-temporal patterning of climate anomalies or in the 358 

interpretation of the various proxies. 359 

To further explore the nature of the response to changes in obliquity in SE Africa, semblance 360 

analysis (Cooper and Cowan, 2008) was used to analyse the relationship between terrestrial sediment 361 
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flux from the Limpopo River (interpreted as a proxy for rainfall) and global ice volume. Employing, 362 

respectively, the MD96-2048 ln(Fe/Ca) record (Caley et al., 2018) and the LR04 benthic δ18O record 363 

(Lisiecki and Raymo, 2005), and isolating the 41-kyr obliquity frequency, it can be observed that the 364 

correlation between terrestrial sediment flux and global ice volume associated with axial tilt has 365 

alternated between positive (more rainfall during glacial periods) and negative (less rainfall during 366 

glacial periods) states (Figure 7). Interestingly, considering the 400-kyr component of these results, a 367 

pattern of variability consistent with the expansion of continental ice sheets across the last 2140 kyr is 368 

apparent. Prior to the MPT, increased ice volume is generally negatively correlated with runoff from 369 

the Limpopo Basin. During this period, long-term shifts toward a more positive relationship between 370 

runoff and ice volume occur during phases of increased eccentricity, suggesting a dynamic of wetter 371 

conditions during higher obliquity with eccentricity acting as a significant modulator. This may indicate 372 

1) a muting of tropical rainfall even during the weak pre-MPT glacial periods, and/or 2) a scenario in 373 

which increased obliquity affects regional climates through an increase in cross-equatorial 374 

temperature gradients and strengthened summer moisture transport (Bosmans et al., 2015), a 375 

dynamic that may be amplified under higher eccentricity and insolation. The MPT marks an important 376 

threshold in the relationship between orbital parameters, ice volume and SE African climate. During 377 

and after the MPT, the correlation between Limpopo River runoff and obliquity-induced changes in ice 378 

volume becomes more often positive, indicating increased runoff during phases of low obliquity. 379 

Significantly, this dynamic is most prevalent during periods of low eccentricity, when low latitude 380 

forcing is weakened, supporting the proposal that the relative strength of high and low latitude forcing 381 

mechanisms is critical for ascertaining the regional response to changes in orbital parameters (Chase 382 

et al., in press). 383 

 384 

~23-kyr precessional cycles 385 

The ~23-kyr cycle of orbital precession is, by virtue of its relatively short length as well as southern 386 

Africa’s generally low latitude position, the most widely recognised orbital cycle observed in the 387 

regional records available (e.g. Collins et al., 2014; Partridge et al., 1997; Simon et al., 2015). Its nature 388 

as a determinant of the seasonal distribution of solar insolation means that the cycle engenders an 389 

antiphase response between the Northern and Southern hemispheres, with phases of high boreal 390 

summer insolation also being phases of low austral summer insolation. As such, it has in some cases 391 

led to contradictory interpretations of whether high or low latitude forcing is responsible for a given 392 

~23-kyr signal (cf. Collins et al., 2014; Stuut et al., 2002). In southwestern Africa, this can be 393 

conceptualised either as an expansion/intensification of tropical systems and increased summer 394 

rainfall under increased direct summer insolation (e.g. Collins et al., 2014), or, alternatively, as an 395 
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expansion/shift of the southern westerlies and increase in winter rainfall during cooler conditions 396 

induced by reduced high latitude boreal summer insolation (e.g. Stuut et al., 2002). In southeastern 397 

Africa, this dichotomy can be considered in terms of push and pull factors, with the African tropical 398 

rainbelt either being displaced southward as a result of Northern Hemisphere cooling (e.g. Schefuß et 399 

al., 2011), or drawn southward as it tracks the zone of maximum summer insolation (e.g. Partridge et 400 

al., 1997). 401 

In southern Africa, the influence of precessional forcing appears to be both temporally and 402 

spatially variable. In southeastern Africa, evidence from lacustrine sediments from Tswaing Crater 403 

(Partridge et al., 1997) and from the marine core CD154 10-06P Fe/K record (Simon et al., 2015) (Figure 404 

1) both indicate a strong precessional signal. It should be noted that the Tswaing Crater record of 405 

Partridge et al. (1997) was, based on its dominant 23-kyr cycle, tuned slightly to precession to improve 406 

its chronology for the period between the oldest radiocarbon age and the basal fission track age 407 

estimate. While initially contentious, this tuning is now supported by records such as the CD154 10-408 

06P Fe/K record (Simon et al., 2015) and speleothem records from southernmost Africa’s Cape Fold 409 

Mountains (Braun et al., 2020; Chase et al., in press; Talma and Vogel, 1992). After approximately ~70 410 

ka the relationship between precession and regional hydroclimates begins to break down (Figures 8 411 

and 9), a dynamic that has been assessed and clarified by Chase et al. (in press) through comparisons 412 

with the RC09-166 leaf wax δD record from the northern tropics in the Gulf of Aden (Tierney et al., 413 

2017) and Chinese speleothem composite δ18O record (Cheng et al., 2016). Findings indicate that under 414 

high eccentricity during MIS 5 southeast African tropical rainfall increased during periods of high local 415 

insolation, antiphase to trends in the northern tropics and consistent with Kutzbach’s orbital monsoon 416 

hypothesis (Kutzbach, 1981). However, at ~70 ka – broadly concurrent with the establishment of pan-417 

Arctic ice sheets in MIS 4 (Batchelor et al., 2019) – rainfall variability in southeastern Africa adopts a 418 

signal that is in-phase with the northern tropics. This in-phase relationship persists until the onset of 419 

the Holocene, when high latitude ice sheets retreated and direct local insolation forcing once again 420 

became the dominant driver of southeast African rainfall variability (Chase et al., in press). Additionally, 421 

interpretation of the Cape Fold speleothem δ18O record pre-dating the transition at ~70 ka is generally 422 

consistent with changes in rainfall amount associated with the “amount effect” (Dansgaard, 1964; 423 

Herrmann et al., 2017), consistent with an expanded summer rainfall zone. After ~70 ka, when an 424 

obliquity cycle becomes apparent, speleothem δ18O likely reflects changes in regional temperatures, 425 

suggesting a change in rainfall regimes and a restriction of the zone of tropical dominance (Chase et 426 

al., in press). 427 

Along the southeast African margin, displacements of the African rainbelt associated with high 428 

northern latitude forcing have been cited as a potential control on the spatio-temporal patterns of 429 
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orbital and sub-orbital climate variability across the last 50 kyr (Chevalier and Chase, 2015). Records 430 

from eastern African lake sites such as Lake Tanganyika show clear affinities with high latitude 431 

Northern Hemisphere signals, particularly during MIS 2 and the end of MIS 3 (~10-30 ka), when cold 432 

conditions in the north, and particularly the North Atlantic basin, induce dry conditions at the site 433 

(Tierney et al., 2008). As with the regionally anti-phase response of the Lake Malawi basin at longer 434 

orbital timescales noted above, leaf wax δD records from marine cores GIK 16160-3 (Wang et al., 2013) 435 

and GeoB 9307-3 (Schefuß et al., 2011) reflecting changes in the Zambezi Basin indicate an opposing 436 

response, with the Last Glacial Maximum (LGM; 19-26.5 ka), Heinrich Stadial 1 (HS1; ~18-14.6 ka) and 437 

the Younger Dryas (12.9-11.7 ka) experiencing increased rainfall, as the African rainbelt was displaced 438 

to the south. To the south of the Zambezi, in South Africa, records indicate conditions similar to those 439 

at Lake Tanganyika, apparently constraining the zone of increased precipitation during periods of 440 

Northern Hemisphere cooling to a narrow band between ~15 and 20°S (Chevalier and Chase, 2015). As 441 

the high latitude ice sheets diminished, CO2 increased and global temperatures warmed, direct 442 

precessional forcing once again became the dominant control on long-term climate change throughout 443 

eastern Africa (Chevalier and Chase, 2015). 444 

These findings have important implications for the use of Earth system/general circulation 445 

models (ESMs/GCMs) to study past climate change dynamics in southern Africa. In these models, 446 

insolation is a dominant determinant of low latitude climate change, and as such simulations of palaeo-447 

precipitation often exhibit patterns of variability consistent with precessional cycles (Gordon et al., 448 

2000; Pope et al., 2000), including relatively wetter conditions across much of southern Africa during 449 

the LGM (Engelbrecht et al., 2019; Schmidt et al., 2014; Sueyoshi et al., 2013). Regional data-model 450 

comparisons, however, indicate that when direct insolation forcing is reduced during phases of low 451 

eccentricity other drivers may become more significant (Singarayer and Burrough, 2015), that ESM 452 

performance may be limited in the region (Chevalier et al., 2017) and that such simulations should only 453 

be employed with due caution. 454 

It should be considered too in terms of low latitude forcing that phases of high eccentricity and 455 

strong precessional influence may experience much wetter conditions during summer insolation 456 

maxima, but they also appear – at least in some cases – to experience much drier periods during 457 

summer insolation minima, and long-term climatic variability tends to increase (Lyons et al., 2015; 458 

Scholz et al., 2007). Despite this increased variability, the MD96-2048 record (Caley et al., 2018), 459 

indicates increases in mean humidity consistent with ~2400-kyr, ~400-kyr and ~100-kyr eccentricity 460 

cycles, suggesting that at least in the Limpopo catchment, phases of high eccentricity are associated 461 

with higher humidity. 462 
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Considering the spatial variability of precessional signals, data from a series of rock hyrax 463 

middens from the Namib Desert region on the western margin of southern Africa provide evidence of 464 

the influence of precession over the last 50 kyr. In this region, periods of high summer insolation are 465 

characterised by increased aridity (Chase et al., 2019b). This reflects the combined influence of higher 466 

low latitude insolation reducing atmospheric pressure over the continent, with concomitant high 467 

latitude cooling and steeper hemispheric temperature gradients resulting in intensifications of the 468 

South Atlantic Anticyclone. The increased land-sea pressure gradient led to the advection of cold air 469 

off the SE Atlantic, and drier conditions in the Namib Desert. These findings do raise questions about 470 

the inferences made regarding marine records recovered offshore from Namibia, such as the MD08-471 

3167 leaf wax δD record, which indicates a positive relationship between precipitation and summer 472 

insolation (Collins et al., 2014). One possibility indicated by the authors is that the source of the 473 

sediment fractions analysed for this record lies to the north or east of the Namib Desert. The 474 

persistence of the precessional signal from 10-70 ka (Figure 10) suggests that the source area is not as 475 

far east as Tswaing Crater. However, the Makgadikgadi basin of the middle Kalahari is a major dust 476 

source (Vickery et al., 2013), and the MD08-3167 data may thus reflect conditions in this region. This 477 

spatial heterogeneity of signals may also relate to past dynamics of the Congo Air Boundary, which is 478 

defined by the boundary between Atlantic and Indian ocean air masses, and is associated with the 479 

southern margin of the African rainbelt in southwestern Africa (Howard and Washington, 2019), and 480 

has been invoked as a possible explanation for some aspects of palaeoclimatic variability in the 481 

Makgadikgadi region (Cordova et al., 2017). It should be noted, however, that the few records available 482 

from this region appear to indicate relatively humid Holocene conditions (Burrough et al., 2009; 483 

Burrough et al., 2007; Cordova et al., 2017). While consistent with a precessional driver, these findings 484 

contrast with the MD08-3167 data, which exhibits a markedly drier Holocene (Collins et al., 2014). 485 

Another possibility is that rather than relating to changes in terrestrial environments, the 486 

marine core records of the southeast Atlantic are strongly influenced by changes in terrigenous 487 

sediment source region related to the strength and position of the southeast trade winds and the 488 

descending limb of the South Atlantic Anticyclone (Figure 11). This is suggested by the periodic 489 

inclusion of significant percentages of Restionaceae pollen (Cape reeds) in the region’s marine 490 

sediments (Shi et al., 2001), despite no concurrent changes in this taxon being found at terrestrial sites 491 

from the Namib or Kalahari regions (Cordova et al., 2017; Lim et al., 2016; Scott et al., 2004). Variability 492 

of this wind field maintains a strong precessional signal throughout the last glacial period, driven as it 493 

is in part by changes in inter- and intra-hemispheric temperature gradients that are most pronounced 494 

during glacial periods and most particularly phases of pronounced high-latitude cooling associated 495 

with decreased boreal summer insolation (Figure 11). As such, it may be that the MD08-3167 δD record 496 
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primarily reflects changes in the extent and position of the source region, with sediment being 497 

primarily derived from the arid Namib region during periods of reduced wind strength, and from more 498 

humid regions to the south when the wind field was stronger and more extensive. This scenario - which 499 

could also determine the variability observed in other marine records from the Southeast Atlantic - 500 

would provide a more comprehensive explanation for the variability observed in the MD08-3167 501 

record, including the long-term decrease in δD values across the last glacial period and the relatively 502 

high values during the Holocene (Figure 11), but the resolution of these questions remains a matter 503 

for discussion and comparison with a fuller continental dataset. 504 

Inferences of climate variability in southern Africa based on orbital forcing 505 

Establishing a framework of climate change dynamics and environmental change in southern Africa is, 506 

as mentioned, problematic, as so little evidence is available from the region. This paper establishes in 507 

general terms, based on the records available, the climatic response to changes in earth’s orbital 508 

parameters with the goal of informing inferences of environmental change for periods and regions 509 

where direct proxy evidence is not available. 510 

At the broadest scale, it appears likely that southwestern and southeastern Africa have, 511 

despite the same latitude, experienced markedly different environmental histories, and generally 512 

respond to fundamentally different drivers. In southwestern Africa, SST records from SE Atlantic 513 

marine cores (Etourneau et al., 2009; Marlow et al., 2000) closely mirror the variability observed in the 514 

LR04 global benthic foraminifera δ18O record (Lisiecki and Raymo, 2005), indicating that variability in 515 

this system is closely tied to the development of high latitude ice sheets. A variety of proxy records 516 

obtained from SE Atlantic marine cores spanning the last glacial-interglacial cycle have been 517 

interpreted as indicating windier conditions associated with an intensified/displaced South Atlantic 518 

anticyclone during phases of global cooling (Little et al., 1997; Pichevin et al., 2005; Stuut et al., 2002), 519 

coupled with increased winter rainfall (Shi et al., 2001) and more humid conditions in southwestern 520 

Africa (Stuut et al., 2004; Stuut et al., 2002). While the wind field and upwelling reconstructions appear 521 

robust, inferences of changes in terrestrial environments have been shown to be more complicated, 522 

with significant contradictions existing between marine (Collins et al., 2014; Shi et al., 2001) and 523 

terrestrial records (Chase et al., 2019b; Lim et al., 2016; Scott et al., 2004). The best resolved terrestrial 524 

records indicate that the last glacial period was generally more humid than the Holocene, but that 525 

periods of increased upwelling – concurrent with lower boreal summer insolation – were relatively 526 

arid, driven by the advection of cool, dry air from the Atlantic margin (Chase et al., 2019b). This 527 

suggests that while changes in potential evapotranspiration play a significant role in determining 528 

regional water balance (with cooler periods being generally more humid; Chase et al., 2019b; Lim et 529 

al., 2016), precipitation exhibits a positive relationship with Benguela SSTs (Chase et al., 2015; Chase 530 
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et al., 2019b). This information can be applied to the SE Atlantic SST records to infer general patterns 531 

of terrestrial environmental change along the western continental margin. 532 

In southeastern Africa, at orbital timescales, precipitation variability is most clearly controlled 533 

by changes in eccentricity and precession as they influence the amount and seasonality of direct 534 

insolation. Significant correlations exist between proxy precipitation records and ~100-kyr, ~400-kyr 535 

and perhaps even ~2400-kyr cycles of eccentricity (Caley et al., 2018; Johnson et al., 2016; Lyons et al., 536 

2015). This recognition sheds light on some previously confounding patterns, such as contextualising 537 

the age distributions of the Cradle of Humankind flowstones, which the authors concluded could not 538 

be easily explained by changes in insolation (Pickering et al., 2019). As described above, the Lake 539 

Malawi region and Zambezi basin present an intriguing anomaly along an otherwise relatively 540 

homogeneous climate response gradient spanning much of Africa’s eastern margin (Chevalier and 541 

Chase, 2015; Johnson et al., 2016; Schefuß et al., 2011; Wang et al., 2013). With this exception, 542 

increased eccentricity generally results in increased rainfall/more humid conditions in the eastern 543 

tropics. This relationship, however, apparently weakens during periods of reduced eccentricity and 544 

higher global ice volume. 545 

Based on these records and results, it may be suggested as a general guideline that under low 546 

eccentricity (<~0.035) and high global ice volume (LR04 δ18O values >~4.3‰), the influence of direct 547 

forcing will decline and high latitude forcing may become more significant in the region (e.g. Figure 7). 548 

As discussed above, the impact of this increased influence of high latitude forcing is apparent in the 549 

breakdown of the positive relationship generally observed between precipitation and local summer 550 

insolation at ~23-kyr precessional cycles (Chase et al., in press; Chevalier and Chase, 2015; Partridge et 551 

al., 1997). These periods may have only occurred during the more intense glacial periods of the last 552 

~700-kyr, but precise thresholds are difficult to establish, as the available proxy records and associated 553 

chronologies do not currently enable such exact refinement. These guideline values might, however, 554 

serve as an indicator for when climate predictions based on local insolation values alone may become 555 

less reliable. 556 

The relationships and basic models described here have been defined using data obtained 557 

primarily from the continental margins. While Lake Malawi and Tswaing Crater are located further 558 

inland (~600 km and ~500 km respectively), no suitably resolved long records exist from the continental 559 

interior (see Chase and Meadows, 2007; Singarayer and Burrough, 2015; Thomas and Burrough, 2012). 560 

Records such as the MD08-3167 δD record (Collins et al., 2014) have been suggested to reflect 561 

conditions closer to the interior, but its spatial and environmental significance has yet to be fully 562 

resolved (Chase et al., 2019b; Collins et al., 2014; Singarayer and Burrough, 2015). 563 
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Over shorter timescales, considering finer-scale cycles and events, the relationships described 564 

here become – or are apparently – more  complex. It is clear that the available data pose many 565 

questions that remain to be answered regarding the spatio-temporal nature of the observed anomalies 566 

and their significance in the context of changes in the global climate system. It is concluded though 567 

that the coupled consideration of orbital parameters and global boundary conditions and climate state 568 

provides a useful – if general – indication of the potential of southern Africa’s diverse atmospheric and 569 

oceanic circulation systems to influence regional environments. This may serve as a basis for both 570 

refining ideas regarding the evolution of the region’s biodiversity and human history and enabling 571 

more rigorous hypothesis testing for the role of climate variability as a driver of these processes. 572 
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Figures and figure captions 888 

 889 

Figure 1: Map of southern Africa with 890 

primary atmospheric (white arrows) and 891 

oceanic circulation systems (blue arrows 892 

or cold currents, red arrows for warm 893 

currents) indicated. Terrestrial colour 894 

gradient indicates seasonal distribution of 895 

precipitation, with reds (blues) indicating a 896 

dominance of austral summer (winter) 897 

rainfall linked to tropical (temperate) 898 

moisture-bearing systems. Sites discussed 899 

are indicated by numbered dots as follows: 900 

(1) MD96-2094 (Stuut et al., 2002); (2) ODP 901 

1082 (Etourneau et al., 2009); (3) MD08-3167 (Collins et al., 2014); (4) GeoB 1711-4 (Little et al., 1997; 902 

Shi et al., 2001) (5) MD96-2087 (Pichevin et al., 2005); (6) ODP 1084 (Marlow et al., 2000); (7a-c) Namib 903 

Desert rock hyrax middens (Chase et al., 2019b); (8) MD96-2081 (Peeters et al., 2004); (9) Pinnacle 904 

Point (Braun et al., 2019); (10) Cango and Efflux caves (Braun et al., 2020; Chase et al., in press; Talma 905 

and Vogel, 1992); (11) CD154-10-06P (Simon et al., 2015); (12) Cradle of Humankind; (13) Tswaing 906 

Crater (Partridge et al., 1997); (14) MD96-2048 (Braun et al., 2020; Caley et al., 2018; Caley et al., 2011; 907 

Castañeda et al., 2016; Dupont et al., 2011); (15) ODP U1478 (Taylor et al., in press); (16) GeoB 9311-908 

1 (Dupont and Kuhlmann, 2017); (17) GeoB 9307-3 (Schefuß et al., 2011); (18) GIK 16160-3 (Wang et 909 

al., 2013); (19) Lake Malawi (Johnson et al., 2016; Lyons et al., 2015). 910 
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Figure 2: Power spectrum from continuous 912 

Morlet wavelet transform of 10 Myr 913 

orbital eccentricity data (Laskar et al., 914 

2004).  The cone of influence indicates the 915 

region beyond which there is potential for 916 

edge effects The colour gradient indicates 917 

wavelet power (red = stronger signal), and 918 

the position of ~100-kyr, ~400-kyr and 919 

~2400-kyr eccentricity cycles are 920 

highlighted by white dashed lines. 921 

 922 
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Figure 3: The ~2400-kyr orbital eccentricity 925 

cycle and records interpreted as indicators 926 

environmental variability from Lake Malawi 927 

(Johnson et al., 2016) and marine cores 928 

MD96-2048 (Caley et al., 2018) and Site 929 

U1478 (Koutsodendris et al., 2021) as well 930 

as the LR04 global benthic δ18O record 931 

(Lisiecki and Raymo, 2005). The proxy 932 

records were smoothed to distil comparable 933 

signals using smoothing splines according to 934 

the algorithm of de Boor (2001). 935 
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Figure 4: Comparison of real-value wavelet 937 

power spectra at 400-kyr periods from 938 

continuous Morlet wavelet transforms of: 939 

1) orbital eccentricity data (Laskar et al., 940 

2004), 2) ODP 721/722 dust flux data 941 

(deMenocal, 1995), 3) ODP 659 dust flux 942 

data (Tiedemann et al., 1994), 4) ODP 967 943 

wet/dry index (Grant et al., 2017), 5) 944 

MD96-2048 ln(Fe/Ca) data (Caley et al., 945 

2018), and 6) Lake Malawi (MAL05-1) lake 946 

level reconstruction (Lyons et al., 2015). 947 

The colour gradient indicates real-value 948 

wavelet power (red indicates large positive 949 

anomalies while blue indicates large 950 

negative anomalies). The timing of the 951 

derived 400-kyr cycles is normalised 952 

(standard score) and compared to assess 953 

their phasing. The ~400-kyr eccentricity 954 

cycle is compared to ages and probability 955 

density functions from the Cradle of 956 

Humankind (CoH) flowstones (Pickering et 957 

al., 2019). Map indicates location of sites 958 

considered, and in green the extent of the 959 

African tropical rainbelt (data from 960 

Hijmans et al., 2005; calculated according 961 

to Wang and Ding, 2008). 962 
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 964 

Figure 5: Semblance analysis (Cooper and Cowan, 2008) of Lake Malawi lake level data (Lyons et al., 965 

2015) and MD96-2048 ln(Fe/Ca) data (Caley et al., 2018) with orbital eccentricity data (Laskar et al., 966 

2004). Middle panes indicate real-value wavelet power of proxy records and eccentricity at ~400-kyr 967 

periods (red indicates large positive anomalies while blue indicates large negative anomalies). In the 968 

lower semblance pane, red indicates a semblance of +1 (positive correlation), and blue indicates a 969 

semblance of −1 (negative correlation). 970 
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Figure 6: Comparison of the LR04 global 972 

benthic δ18O record (Lisiecki and Raymo, 973 

2005) with the ODP 1082 sea-surface 974 

temperature record from the Benguela 975 

upwelling system (Etourneau et al., 2009). 976 

Timing of the mid-Pleistocene transition 977 

(MPT; as per Clark et al., 2006) is indicated. 978 
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 980 

Figure 7: Comparison of 1) orbital eccentricity (orange lines; Laskar et al., 2004) with dashed line 981 

showing 400-kyr cycle, and 2) 41-kyr obliquity component from semblance analysis (blue lines and heat 982 

map, with 400-kyr filter depicted as dashed line; Cooper and Cowan, 2008) of the MD96-2048 ln(Fe/Ca) 983 

record, interpreted as reflecting changes in terrestrial sediment flux as a function of changes in rainfall 984 

amount in the Limpopo Basin (Caley et al., 2018) and the LR04 benthic δ18O record reflecting changes 985 

in global ice volume (Lisiecki and Raymo, 2005). Semblance results (in heat map red=positive 986 

correlation and blue= negative correlation) indicate the response of Limpopo Basin to changes in global 987 

ice volume associated with variations in obliquity. Positive (negative) values indicate increased 988 

(decreased) sediment flux during phases of increased ice volume and decreased axial tilt. Prior to the 989 

mid-Pleistocene transition (MPT), a negative relationship generally exists between runoff and 990 

obliquity. Following the MPT, primarily during periods of low eccentricity and weakened low latitude 991 

forcing, runoff appears to increase during glacial periods. 992 
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Figure 8: Orbital eccentricity and austral 994 

summer (DJF) insolation at 25°S (Laskar et 995 

al., 2004), and comparisons of summer 996 

insolation variability with the Tswaing 997 

Crater precipitation reconstruction 998 

(Partridge et al., 1997) and the CD154 10-999 

06P Fe/K record (Simon et al., 2015). 1000 
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1002 

Figure 9: Semblance analysis (Cooper and Cowan, 2008) of austral summer (DJF) insolation at 25°S 1003 

(Laskar et al., 2004), the Tswaing Crater precipitation reconstruction (Partridge et al., 1997) and the 1004 

CD154 10-06P Fe/K record (Simon et al., 2015). Colour in upper panes indicate real-value signal power 1005 

(red indicates large positive anomalies whereas blue indicates large negative anomalies), whereas in 1006 

the lower semblance pane, red indicates a semblance of +1 (positive correlation), and blue indicates a 1007 

semblance of −1 (negative correlation). 1008 
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Figure 10: Comparison of austral summer 1010 

(DJF) insolation at 25°S (Laskar et al., 1011 

2004), quasi-transient HadCM3 Earth 1012 

system model simulation of mean annual 1013 

precipitation at Tswaing Crater (Gordon et 1014 

al., 2000; Pope et al., 2000; Singarayer and 1015 

Valdes, 2010), and the Tswaing Crater 1016 

precipitation reconstruction (Partridge et 1017 

al., 1997). Heat map presents results of 1018 

semblance analysis of HadCM3 and proxy-1019 

based precipitation reconstruction for 1020 

Tswaing Crater (red=positive correlation 1021 

and blue= negative correlation). Green 1022 

shading indicates phases of above average 1023 

summer insolation at Tswaing Crater. The 1024 

dark blue line indicates the ~21 ka period 1025 

used by the PMIP3 models, of which the 1026 

ensemble 21 ka – pre-industrial 1027 

precipitation simulation is shown in the 1028 

lower pane (from Chevalier et al., 2017). 1029 

The location of Tswaing Crater is indicated 1030 

by the orange dot. Inter-model agreement 1031 

on the sign of the anomalies at ~75/90%, 1032 

which correspond to an agreement of 1033 

seven and eight out of the nine models, is 1034 

indicated by red dots/crosses, 1035 

respectively. 1036 
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Figure 11: Comparison of LR04 benthic 1038 

δ18O stack (higher values indicate 1039 

increased global ice volume; Lisiecki and 1040 

Raymo, 2005), boreal summer (DJF) 1041 

insolation at 60°N (Laskar et al., 2004), 1042 

the leaf wax δD record from marine core 1043 

MD08-3167 (lower values indicate more 1044 

humid conditions; Collins et al., 2014), 1045 

and the composite record of SE Atlantic 1046 

wind strength proxies (higher values 1047 

indicate increased wind strength; Chase 1048 

et al., 2019a; data from Farmer et al., 1049 

2005; Little et al., 1997; Pichevin et al., 1050 

2005; Stuut et al., 2002). Blue bars 1051 

highlight periods of low boreal summer 1052 

insolation at precessional wavelengths. 1053 


