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1) Supplementary Figures
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Supplementary Figure 1. Timeseries of observation proxies used in this study (black lines) and modelled precipitation for comparable regions generated using the HadCM3BB-v1.0 coupled climate model (blue line). High-resolution variability is absent from the model data due to the snapshot approach that we use. The proxies, associated citation, and locations are summarised in Table 1 and Figure 1a. The region where modelled precipitation is averaged is given above each panel. Note the changes in the x-axis.
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Supplementary Figure 2. Timeseries of detrended proxies (black) and orbital components derived using SSA, showing precession (red), obliquity (blue), and 100kyr-eccentricity (orange) frequencies extracted and reconstructed from the observations. The methodology is described in the Methods. Only orbital cycles that are 75% confident according to a stochastic (Markov) process are shown (see Methods). The proxies, associated citation, and locations are summarised in Table 1 and Figure 1a. Note the changes in the x-axis.
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Supplementary Figure 3. Timeseries of orbital cycles with high and low eccentricity and obliquity, and maximum and minimum precession periods shown as red and blue phases respectively. These are used to calculate the orbital cycle anomalies.
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Supplementary Figure 4. Regional modelled precipitation (black, left axis) and P-E (orange, right axis) timeseries generated using the HadCM3BB-v1.0 coupled climate model. African regions are defined in Figure 1a and the Methods. The coefficient of determination (R2) between regional precipitation and P-E is shown in each panel heading. 
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Supplementary Figure 5. Timeseries of modelled regional precipitation (black) and orbital components derived using SSA, showing precession (red), obliquity (purple), 100kyr-eccentricity (orange), and 400kyr-eccentricity (blue) frequencies extracted and reconstructed from the precipitation timeseries.  The methodology is described in the Methods. African regions are defined in Figure 1a and the Methods. The extracted orbital components are offset in order to aid comparison with the regional precipitation timeseries. 
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Supplementary Figure 6. Timeseries of the model boundary conditions used in the snapshot simulations, showing (top to bottom) orbital parameters with 100kyr-eccentricity (orange), precession (red), 400kyr-eccentricity (blue), obliquity (purple), CO2 concentration (ppm; green) and approximate ice volume (106km3; blue) as calculated from the ice sheet model of de Boer, et al. 1.
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Supplementary Figure 7.  Same as the model component of Figure 1 but for the sensitivity experiments (see Methods). Panels a-j are for the model forced only with orbital parameters (Orb-Only), and panels k-t are for the model forced with orbital and GHGs parameters (Orb-GHG).
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Supplementary Figure 8. Composite annual, boreal summer and winter, precipitation and wind climatologies for the all_forcing simulations during maximum and minimum precession phases and the anomaly between the two (max-min). a-c) annual precipitation (mm/day) and wind vectors at maximum and minimum precession and the anomaly, d-f) annual wind speed (m/s) and vectors at maximum and minimum precession and the anomaly. g-l) same as a-f but for JJA months. m-r) same as a-f but for DJF months. Precession phases are defined in Supplementary Figure 3. Only the differences that are considered 95% confident according to a student t test are shown (right panels).
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Supplementary Figure 9. Composite boreal summer (JJA) and winter (DJF) latitude-height climatologies for the all_forcing simulations during periods of precession maxima (PMax), precession minima, and the difference between the two climatologies. a-c) JJA latitude-height plots for the region identified in pink in Supplementary Figure 8a, showing lagrangian tendency of air pressure (filled colour contours; pa/s) where negative (positive) values represent upward (downward) motion, and meridional wind (black vectors). d-f) JJA latitude-height plots showing temperature (filled colour contours; °C), geopotential height (black line contours; m) and relative humidity (green line contours; %). Solid (dashed) contours represent positive (negative) differences. g-i) same as a-c but for DJF months. j-l) same as d-f but for DJF months. Precession phases are defined in Supplementary Figure 3. Only the differences that are considered 95% confident according to a student t test are shown (right panels). 
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Supplementary Figure 10. Timeseries of modelled all_forcing East African precipitation (mm/day), the Indian Ocean Walker Circulation (IWC) Index and the Indian Ocean Dipole (IOD) Index. East African precipitation is average over 15°S-0°N and 30°E-40°E. The IWC index is defined as the difference between Omega500 (i.e. atmospheric uplift) averaged in the East Indian Ocean (10°S–10°N, 94°E–104°E) and the West Indian Ocean (10°S–10°N, 40°E–50°E) as defined in Sharma, et al. 2, where more negative values represent stronger circulation. The IOD index is defined as the difference in SSTs between the West equatorial Indian Ocean (10°S-10°N - 40°E-50°E) and the southeast equatorial Indian Ocean (10°S-0°N - 90°E-105°E) as defined by Saji and Yamagata 3, where more negative values indicate a more negative IOD. 
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Supplementary Figure 11. Composite Indian Ocean all_forcing sea-surface temperatures (°C) during precession maxima, minima. and the anomaly between the phases. Precession phases are defined in Supplementary Figure 3. Only the differences that are considered 95% confident according to a student t test are shown (right panel).
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Supplementary Figure 12. Same as Supplementary Figure 8 but for the Orb-Only simulations at high and low 100-kyr eccentricity. This therefore represents the insolation-only component of the eccentricity forcing. 100kyr eccentricity phases are defined in Supplementary Figure 3.
[image: ]
Supplementary Figure 13. Same as Supplementary Figure 9 but for the Orb-Only simulations at high and low 100-kyr eccentricity. This therefore represents the insolation-only component of the eccentricity forcing. The region is identified in the pink box in Supplementary Figure 12c. 100kyr eccentricity phases are defined in Supplementary Figure 3.
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Supplementary Figure 14. Timeseries of modelled Southeast African precipitation (mm/day), Agulhas Current sea-surface temperatures (°C) for each of the sensitivity experiments, the associated wavelet for the all_forcing experiment SSTs, and a proxy reconstruction of the Agulhas current (°C). a) Southeast African precipitation averaged over 30°S-22°S and 26°E-32°E (green line) and SSTs averaged over 30°S-25°S and 31°E-35°E for each sensitivity experiment; Orb_only (blue), Orb_GHG (red) and all_forcing (black). b) Proxy reconstruction4 of Agulhas Current SSTs (orange) and modelled Agulhas Current SSTs from the all_forcing experiment. c) associated morlet wavelet power spectrum for Agulhas Current all_forcing SSTs demonstrating key orbital frequencies. The thick contour encloses regions with a 95% confidence level as determined by a red-noise process.
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Supplementary Figure 15. Composite boreal winter (DJF) precipitation and wind climatologies for the all_forcing simulations at high and low 100kyr-eccentricity phases and the anomaly between the two (max-min). a-c) DJF precipitation (mm/day) and wind vectors at high and low eccentricity and the anomaly, d-f) DJF wind speed (m/s) and vectors at high and low eccentricity and the anomaly. 100kyr eccentricity phases are defined in Supplementary Figure 3. Only the differences that are considered 95% confident according to a student t test are shown (right panels).
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Supplementary Figure 16. Composite Indian Ocean all_forcing sea-surface temperatures (°C) during high and low 100kyr eccentricity and the anomaly between the phases (high-low). Eccentricity phases are defined in Supplementary Figure 3. Only the differences that are considered 95% confident according to a student t test are shown (right panel).
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Supplementary Figure 17. Same as Supplementary Figure 8 but for high and low obliquity phases. Obliquity phases are defined in Supplementary Figure 3.
[image: ]Supplementary Figure 18. Same as Supplementary Figure 12 but for high and low obliquity phases. The region is identified in the pink box in Supplementary Figure 17. Obliquity phases are defined in Supplementary Figure 3.
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Supplementary Figure 19. North and South African precipitation anomalies (mm/day) at each precession minima and maxima phase and the corresponding obliquity (°), with colours representing the eccentricity of the orbit. The linear regression relationship for each eccentricity category is shown as a line. a) Precession minima precipitation anomalies in North Africa (10°N-20°N - 20°W-40°E) and obliquity (°) categorised by eccentricity. b) Precession maxima precipitation anomalies in South Africa (15°S-25°S - 20°W-40°E) and obliquity (°) categorised by eccentricity. 
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Supplementary Figure 20. Cross-validation results for pollen–mean annual precipitation (MAP) calibration models. The panels show the observed vs. predicted MAP values for six calibration models: weighted averaging (WA), weighted averaging-partial least squares (WA-PLS), maximum likelihood response curves (MLRC), the modern analogue technique (MAT), random forest (RF), and the boosted regression tree (BRT). Ten repeats of ten-fold cross-validation were run for each model using the modern pollen and climate datasets. The cross-validation performance for each calibration model is summarized with three figures: coefficient of determination (R2), the root-mean-square error of prediction (RMSEP), representing a typical prediction error for all samples, and the maximum (max.) bias, calculated as the largest mean of prediction residuals found for any of the 10 equal-length segments of the calibration data climate gradient and representing a “worst case” prediction error for a specific environment. 
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Supplementary Figure 21. Datasets used to build the pollen-climate calibration models, including 1571 surface pollen samples (dots) and modern mean annual precipitation from the WorldClim 2.1 dataset (colours).












2) Mechanisms of modelled orbital forcing

 (UPDATE Figure 2-3 and check correct figure links)

In this section we will identify the mechanisms determining how orbital forcing influences the African hydroclimate. We have performed an additional set of sensitivity experiments (see Methods) in order to isolate the direct insolation effects of orbital forcing (Orb-only), with the additional indirect impacts on greenhouse gas (Orb-GHG) and ice sheet forcing (all_forcing). We have repeated the SSA decomposition of the modelled precipitation for each sensitivity experiment (see Methods), as shown in Supplementary Figure 7. 

We consider each orbital cycle seasonally, as their impact is heavily seasonally dependant. We have isolated time periods of high and low eccentricity/obliquity and minimum and maximum precession as shown in Supplementary Figure 3. African regions where discussed in the text are defined in Figure 1a and the Methods. A summary of the mechanisms presented here is provided in Figure 2. 

Precession 

Precession is the dominant forcing of the modelled African hydroclimate over the past 800kyrs (Figure 1g), with a spatial imprint as a North-South interhemispheric antiphase (Figure 1k). Periods of precession minima (enhanced Northern Hemisphere summer insolation) result in increased annual precipitation in Northern Africa (Figure 1k, Supplementary Figure 8c), whereas precession maxima (enhanced Southern Hemisphere summer insolation) is associated with increased annual rainfall in Southern and Eastern Africa.  Precession is modulated by both 100kyr and 400kyr eccentricity, thus during periods of high eccentricity there is enhanced precession forcing across Africa at both precession minima and maxima phases. Conversely, during low eccentricity there is reduced precession forcing across Africa during both precession phases. This North-South African precession antiphase is a robust feature that has been identified in numerous modelling and observation studies5-9. Furthermore, the influence of precession on tropical monsoon precipitation has been well established 5,10,11.

The sensitivity experiments (Supplementary Figure 7f, j, p, t, Figure 1g, k) demonstrate that the spatial imprint of precession is driven primarily by insolation change, and is not significantly influenced by either ice sheet or greenhouse gas forcing. However, the addition of ice sheet forcing has been shown to reduce the amplitude of precession forcing in Northern Africa during low 100-kyr eccentricity (glacials)12. This increases the comparative difference between high and low eccentricity precession minima phases. This feedback was identified in Armstrong, et al. 12, who concluded that the impacts of precession minima were suppressed during low 100-kyr eccentricity (glacials) due to ice sheet albedo-driven cooler temperatures. There is also evidence for this in the observation record from proxies11,13-15 and sapropels6,16,17, as discussed in Armstrong, et al. 12. 

Supplementary Figure 9 shows the boreal summer (JJA) and winter (DJF) latitude-height composite seasonal climatologies during periods of precession maxima, minima and the anomaly. Enhanced summer insolation is associated with a stronger Hadley Circulation in the summer hemisphere (Supplementary Figure 9a-c, g-i). In the Northern Hemisphere, enhanced boreal summertime (JJA) insolation at precession minima (Supplementary Figure 9a-f) is associated with a stronger Hadley Circulation as indicated by enhanced uplift, an increase in the strength and northward extent of the summer West African Monsoon (WAM) system, a more positive north-south meridional temperature gradient which shifts the rainbelt and ITCZ Northward, and a strengthening and warming of the sub-tropical westerly jet. These feedbacks are discussed in depth in Section 4 of Armstrong, et al. 12. This enhances boreal summer (JJA) rainfall across Northern and Central Africa (Supplementary Figure 8g-l). In Northern Africa, this increases annual precipitation and drives the well documented North African Humid Periods which are paced by eccentricity modulated precession11,14,18-20. 

In Southern Hemisphere Africa, precession maxima enhances austral summer (DJF) rainfall (Supplementary Figure 8m-r). This increases annual precipitation across Southern and Eastern Africa. This enhancement at precession maxima has been identified in a number of proxy records9,21-26. However, the mechanism that drives increased precession maxima precipitation has not been explored in similar detail to the precession minima response. Here, we identify that South and Eastern Africa have different mechanisms which increase rainfall at precession maxima. 

In South Africa, precession maxima-driven changes in rainfall are linked to the strength of the convective DJF rainbelt 25, occasionally referred to as the South African Monsoon27. One of the main components of this regions convective rainfall is the Angola Low pressure system28 and the Congo Air Boundary29, which determine the influx of Atlantic moisture into the region. The DJF zonal omega anomalies (Supplementary Figure 9g-i) show increased uplift at precession maxima throughout much of the troposphere from 30°S to 0°N, which in addition to the meridional wind vectors, indicate enhanced Hadley Circulation and convective activity. This is characteristic of a stronger and more expansive DJF rainbelt, or South African Monsoon, in Southern Africa. This is due to a positive DJF temperature anomaly (Supplementary Figure 9j-l), which results in a positive geopotential height anomaly throughout the troposphere, indicating enhancement of the Angolan Low pressure system at precession maxima. Evidence indicates that this system is critical in determining South African rainfall28. There is also an increase in relative humidity from -40°N to 5°N which fuels enhanced precipitation. The specific source of this moisture remains uncertain without additional sensitivity experiments. It may be due to an increase in the moisture transport from the Equatorial or Southeast Atlantic. Alternatively/additionally it may be sourced from the South Indian Ocean via Tropical Temperature Troughs, which studies show bring a large proportion of moisture into South Africa and are responsible for feeding the Angolan Low and generating South African summertime (DJF) precipitation30,31. In summary, enhanced DJF insolation at precession maxima increases South African temperature and relative humidity, which increases convection and consequently precipitation.

In East Africa, precession maxima influences the regions boreal winter ‘short rains’ via a different mechanism. This reflects the regions different winter moisture source, which is via the Northeasterly trade wind off the Indian Ocean (Supplementary Figure 8m-r). Studies indicate that East African precipitation is strongly coupled to Indian Ocean SSTs32. These determine the strength of the local Indian Ocean Walker Circulation (IWC), which subsequently influences the Indian Ocean dipole (IOD), which is the dominant driver of natural variability in the Indian Ocean33. 

There remains significant uncertainty regarding the response of the Walker Circulation to external forcings such as temperature change34. Similarly, how the background climate state influences IWC and IOD variability remains unclear. This is evident in the disparity between model and proxy studies investigating glacial and interglacial influence on Walker Circulation strength35-38. Similarly, studies diverge as to the response of the Walker Circulation to future anthropogenic warming scenarios2,39-42 . A multi-modelling comparison study assessing the response of the Indian Ocean to glacial-interglacial boundary conditions concluded that it was highly model dependant, with no coherent response to different paleo and future forcing scenarios43. Studies investigating the mid-Holocene, a period of precession minima, also diverge. Some conclude that IOD strength and variability were reduced43-45, whereas other studies indicate that the IOD was stronger46-49. A model study specifically investigating the impact of precession on the IOD50 concluded that precession-driven insolation change influenced Indian Ocean zonal temperatures, with air-sea feedbacks resulting in a more positive IOD during phases of increased boreal summer insolation (i.e. at precession minima). This is the opposite to what we observe in HadCM3BB-v1.0. 

Supplementary Figure 10 shows the timeseries for annual East African precipitation (averaged over 15°S-0°N and 30°E-40°E), the IWC Index2 (defined as the difference between Omega500  averaged in the East Indian Ocean; 10°S–10°N, 94°E–104°E, and the West Indian Ocean; 10°S–10°N, 40°E–50°E) where more positive (negative) values represent weaker (stronger) circulation, and the IOD Index3 (defined as the difference in SSTs between the West equatorial Indian Ocean; 10°S-10°N - 40°E-50°E, and the southeast equatorial Indian Ocean; 10°S-0°N - 90°E-105°E) where positive (negative) phases are associated with enhanced (decreased) rainfall in East Africa33,51,52.  There is strong correlation between East African precipitation and the two indexes. During precession maxima, there is a decrease in the strength of the IWC and a more positive IOD, a mechanism linked to increased East African rainfall33,51,52. In contrast, precession minima is associated with a stronger IWC, a more negative IOD, and consequently reduced DJF East African rainfall. This is contrary to the results of Wang, et al. 50, who suggest a more positive IOD at precession minima. The greater sensitivity of East Africa rainfall to enhanced DJF insolation (rather than JJA insolation at precession minima) reflects the modelled seasonal distribution of regional rainfall, which is heavily concentrated in the ‘short-rains’ austral summer months. 

This change in the zonal circulation is linked to Indian Ocean SST anomalies. During precession maxima, there is comparatively more warming in the West Indian Ocean than the Indo-Pacific Warm Pool region in the East Indian Ocean (Supplementary Figure 11). As a result of this, there is reduced uplift off Western Indonesia, slowing the IWC (Supplementary Figure 10), decreasing convergence over Eastern Africa and the West Indian Ocean, and resulting in a more positive IOD Index. This enhances rainfall formation in Eastern Africa during precession maxima phases.

In the Southern tip of West Africa (i.e. Liberia, Cote d’Ivoire and Ghana) an opposing response is evident compared to the rest of Northern Hemisphere Africa, with enhanced annual precipitation at precession maxima (Figure 1k).  This is a response to a northward shift and/or expansion of the Western section of the DJF ITCZ, which subsequently extends further over West Africa at precession maxima (Supplementary Figure 8m-r). This may be due to a change in the meridional temperature gradient which shifts the ITCZ northward. This pattern is in agreement with the two West African proxies (BOS, C. Afr) analysed in this study (Figure 1k). 

It is evident that precession forcing enhances precipitation in the Hemisphere in which summer occurs during the perihelion. From an insolation perspective, precession has no impact on annual mean values as opposing seasonal changes cancel each other out. However, because subequatorial African rainfall is dominated by summer convective systems, enhanced summer insolation has a greater precipitation impact than decreased winter insolation. This highlights a non-linear response of the climate system to altered seasonal insolation, which gives rise to an annual-mean climate response to precession53. With precipitation, this broadly manifests itself as an increase in the hemisphere with enhanced summertime insolation and a decrease concurrently in the other hemisphere.

In Central Africa, the annual impact of precession on precipitation variability is weaker (Figure 1g). This is because at either the maxima or minima phase of the precession cycle, the increase in summertime precipitation is balanced by a similar decrease in winter precipitation (Supplementary Figure 8c, g-i, m-o). This indicates a linear response to precession in this region, resulting in a limited change to annul precipitation. This reflects the lack of seasonality and the year-round nature of precipitation in Central Africa, with the primary rainfall season being the Autumn (SON). 

Annual precipitation in Northern Hemisphere Africa exhibits greater sensitivity to precession minima than the Southern Hemisphere to precession maxima, resulting in greater relative increase in North African precipitation during precession minima (Table 2). Indeed, Northern Hemisphere monsoons have previously been shown to be more sensitive to precession than southern monsoons54. 

Eccentricity (100 & 400kyr)

The influence of eccentricity on African precipitation is multi-faceted. We shall consider it as having three mechanisms; its modulation of precession forcing, its direct influence on insolation, and the indirect impact of 100kyr-eccentrictiy on ice sheet extent, greenhouse gas concentrations (GHGc), and the associated feedbacks.

High (low) eccentricity is associated with a small increase (decrease) in insolation. For the 400kyr-eccentrcitiy cycle, the spatial imprint is a Northwest-Southeast antiphase (Figure 1h). At high (low) eccentricity, West, Central and areas of Southwest Africa are drier (wetter), and North, East and Southeast Africa are wetter (drier). The 100kyr-eccentricity cycle includes feedbacks associated with greenhouse gas concentration and interglacial/glacial feedbacks55,56. The model indicates that the dominant imprint of 100kyr eccentricity is a North – South antiphase, a similar pattern to that demonstrated by precession (Figure 1i). High (low) eccentricity interglacial (glacial) periods are characterised by a wetter (drier) Northern, Central and Southeastern Africa, and drier (wetter) Southern and Eastern Africa.  This pattern of enhanced precipitation at high 100kyr-eccentricity in the Northern Hemisphere tropics, and reduced precipitation in the Southern Hemisphere tropics has been identified in previous modelling and proxy studies57. 

We first consider the role of eccentricity modulating the precession cycle. Note that the SSA-extracted eccentricity signals in Figure 1d-e and h-i do not incorporate the modulation effect of eccentricity on precession, which is included in the precession anomaly (Figure 1g,k) This is highlighted in the extracted precession components shown in Supplementary Figure 5. High (low) 400kyr and 100kyr eccentricity is associated with enhanced (reduced) precession forcing across Africa, concurrently in both Hemispheres. In South and Eastern Africa, an increase in precession variability at high eccentricity occurs against a background of reduced overall precipitation, i.e. precipitation becomes more variable but within a drier climate. In contrast, in North and Central Africa an increase in precession variability at high eccentricity occurs within a wetter environment. 

The amplitude of this modulation also varies depending on the hemisphere. In Northern Africa, the contrast between high and low eccentricity precession forcing is comparatively stronger than in the Southern Hemisphere. Armstrong, et al. 12 identified that ice sheet feedbacks act to suppress precession minima phases during low eccentricity in the Northern Hemisphere (as discussed), which is not the case in the Southern Hemisphere. As a result, there is greater contrast in precipitation variability between low and high eccentricity precession phases in Northern Africa, than in Southern Africa, i.e., a larger modulated high-low eccentricity contrast in the Northern Hemisphere. This is evident in the regional precipitation timeseries (Supplementary Figures 4 and 5). 

Next, we can use the sensitivity experiments to understand what forcings drive the eccentricity anomalies in Figure 1h-i. The orbit-only (Orb-only) impact of eccentricity (Supplementary Figure 7g-h) represents the insolation only component of the eccentricity signal. The spatial anomaly and amplitude are very similar for both 400kyr and 100kyr eccentricity and demonstrates a Northwest-Southeast antiphase. Thus, at high (low) eccentricity, West and Southwest Africa are drier (wetter), and North, Central, East and Southeast Africa are wetter (drier). 

We first explore the mechanisms that drive the direct insolation response to eccentricity.  Supplementary Figures 12 and 13 show the composite precipitation and wind, and the latitude-height climatologies, for high and low 100kyr-eccentricity for the Orb-Only simulations. These composite anomalies are equivalent for the 400kyr-eccentricity variability (not shown), and therefore the mechanisms are considered to be the same. The latitude-height omega climatology demonstrates that there is an increase (decrease) in the strength of the boreal summer (Supplementary Figure 13a-c) and winter (Supplementary Figure 13g-i) Hadley Circulation at low (high) eccentricity periods, and the wind anomalies indicate stronger (weaker) seasonal Northeasterlies and Southeasterlies (Supplementary Figure 12).  This is in agreement with previous paleo-climate studies58-60.

This demonstrates that the insolation-only anomaly is broadly driven by changes in the strength and extent of the Hadley Circulation, which in turn influences the seasonal position and intensity of the African rain-belt. Hadley circulation strength has been shown in modelling work to be strongly dependant on tropical temperatures and strengthens (weakens) in a colder (warmer) climate40,59,61-64, such as during low (high) eccentricity glacial (interglacial) periods. There is evidence for this in observations, indicated by strengthened (weaker) trade winds during low (high) eccentricity periods65-71. This Hadley Cell and trade wind variability has been attributed primarily to changes in global mean surface temperature, which influences the meridional temperature gradient, subtropical static stability and the height of the tropopause59. 

In boreal summer (JJA) when rainfall peaks in North Africa, low eccentricity is associated with enhanced mid-tropospheric uplift over Central Africa and subsidence over North Africa, indicating enhancement of the Hadley Circulation (Supplementary Figure 13a-c). This results in the strengthening of the dry North Easterly Saharan Harmattan trade winds at low eccentricity (Supplementary Figure 12j-l), which has also been identified in North and West African dust records66,68-70,72. This enhanced subsidence, in addition to cooler conditions and reduced humidity (Supplementary Figure 13d-f), acts to reduce boreal summer precipitation across North Africa at low eccentricity. This also moves the key region of convection which defines the rainbelt more south, particularly in Western Africa, which enhances West Africa rainfall at low eccentricity (Supplementary Figure 12g-i).  In contrast, at high eccentricity there is a weaker Hadley Cell, reducing subsidence over North Africa (Supplementary Figure 13a-c), which in addition to warmer temperatures and increased humidity (Supplementary Figure 13d-f), increases North African precipitation. This also drives a North-easterly expansion/shift in the rainbelt which reduces precipitation in West Africa, although it remains high (Supplementary Figure 12g-i).

In Austral summer (DJF), low eccentricity is associated with enhanced uplift over South Africa at approximately 10°S (Supplementary Figure 13g-i), and increased mid-tropospheric subsidence over Central Africa, again indicative of strengthened Hadley Circulation. This is also evident in stronger South Atlantic trade winds and an eastward shift in the position of the south Atlantic Cyclone which bring moisture into Southwest Africa (Supplementary Figure 12p-r). This enhancement of glacial Southeasterlies trade winds has also been identified in South African pollen and dust proxies73-75. Enhanced uplift may contribute in driving a stronger Angolan Low pressure system, and increased humidity (Supplementary Figure 13j-l) fuelled by strengthened trade winds and/or transport via TTTs and/or reduced evapotranspiration31. This results in increased precipitation in South Africa at low eccentricity (Supplementary Figure 12a-c, m-o) despite colder temperatures. In contrast, there are drier conditions in Central Africa reflecting increased subsidence. High eccentricity is associated with weaker DJF Hadley Circulation resulting in reduced uplift (Supplementary Figure 13g) and moisture (Supplementary Figure 13j) which reduces South African rainfall, and decreased subsidence in Central Africa which increases rainfall (Supplementary Figure 13g-i). 

The addition of GHG and ice sheet forcing has very little impact on the spatial imprint and amplitude of 400kyr-eccentricity (Supplementary Figure 7q, Figure 1h). Therefore, the modelled anomaly for 400kyr-eccentricity (Figure 1h) is a direct response to insolation change, its impact on temperature and consequently on the Hadley Circulation. In contrast the addition of GHGc and Ice sheet forcing, which are both feedbacks of 100kyr eccentricity and therefore vary on the same timescale (Supplementary Figure 6), influence the imprint of the 100kyr eccentricity signal (Supplementary Figure 7r, Figure 1i). This forcing can be considered as the in-direct 100kyr-eccentricity response. 

The addition of GHG forcing primarily increases 100kyr-eccentricity variability in Central and Southern Africa (Supplementary Figure 7r). This enhances wetter (drier) and drier (wetter) conditions in Central and South Africa respectively, at high (low) 100kyr-eccentricity. This is due to the influence of GHGs on temperature, which reinforces the Hadley Circulation anomalies (not shown). At low (high) eccentricity, decreased (increased) GHG concentrations contribute to colder (warmer) temperatures, which strengthens (weakens) the Hadley Circulation further and reinforces the anomalies discussed above. There are numerous modelling studies that have indicated weakening of the Hadley Circulation in response to increased GHG conditions40,62,64,76,77.

With the addition of GHG forcing a different regime emerges in the southern half of the Limpopo River Basin in Southeast Africa compared to the rest of South Africa, which demonstrates wetter (drier) conditions at high (low) eccentricity (Supplementary Figure 7r). Observations indicate that precipitation variability in this region is positively correlated to SSTs in the Agulhas Current system78,79. The strength and temperature of this current has been linked to recirculation in the Indian subtropical gyre80, the strength of which is linked to the position of the South Atlantic Westerlies and the subtropical front (STF)4,81,82. Colder conditions, such as during glacials, have been linked to a equatorward shift in the Westerlies and STF, which slows the Indian subtropical gyre, weakening and cooling the Agulhas Current82. 

The sea-surface temperature (SST) timeseries representing this current (30°S-25°S - 31°E-35°E) for each of the sensitivity experiments are shown in Supplementary Figure 14a. There is a clear correlation between southern Southeast African precipitation (30°S-22.5°S - 26.25°E-33.75°E) and the all_forcing SST timeseries. The Orb_GHG and all_forcing experiments demonstrate clear obliquity and eccentricity variability in the SST timeseries (Supplementary Figure 14a), as clarified by the wavelet plot for all_forcing (Supplementary Figure 14c). This is not evident in the Orb_Only experiment. This indicates that the eccentricity and obliquity variability in this current is primarily linked to the impact of GHGc. Comparison of the all_forcing SST timeseries with a SST proxy reconstruction of this current4 (Supplementary Figure 14b) shows strong similarities, with both displaying eccentricity and obliquity forcing. 

The positive annual precipitation anomaly in the Southern half of the Limpopo Basin in Southeast Africa at high eccentricity is driven by the boreal winter (DJF) eccentricity anomaly (Supplementary Figure 15a-c). The wind anomalies indicate an intensification of the South Atlantic DJF westerlies at high eccentricity (Supplementary Figure 15d-f), and a poleward shift in the STF. This is likely a response to higher temperatures due to increased GHG concentrations.  Studies indicate that this STF shift intensifies the subtropical gyre resulting in a warmer and stronger Agulhas Current4,81,82, as shown in the model SST timeseries (Supplementary Figure 14b). This warmer and stronger current likely then feeds the South easterlies which provide moisture to southern Southeast Africa. During low eccentricity, colder temperature due to lower GHG concentrations shift the STF equatorward (Supplementary Figure 15d-f), weakening the gyre and resulting in a colder Agulhas Current (Supplementary Figure 14b), reducing southern Southeast African precipitation. 

Ice-sheets influence the climate via thermodynamic and topographic feedbacks, which influence albedo and temperature, and synoptic scale wind patterns83. The addition of ice sheet forcing (all_forcing) influences the 100-kyr eccentricity response primarily in North and East Africa and develops the antiphase between Central and East Africa (Figure 1i). In North Africa, addition of ice sheet forcing results in enhanced (suppressed) rainfall during high (low) eccentricity. This feedback was identified in Armstrong, et al. 12 and discussed above, and reflects the suppressing impact of the ice sheets on precession variability during low eccentricity glacials. This is due to the thermodynamic impact of the ice sheets on temperature. During glacials, the increase in albedo cools both sea-surface temperatures and the atmosphere, resulting in a reduced meridional temperature gradient and a weaker WAM. This inhibits its ability to strengthen and drive the NAHPs at glacial precession minima. This results in reduced overall precipitation at low eccentricity and therefore the enhanced positive precipitation anomaly at high eccentricity (Figure 1i). 

In East Africa, ice sheet forcing results in a negative high-low eccentricity anomaly (Figure 1i), driving wetter (drier) glacials (interglacials), and generating an antiphase between East and Central Africa. As discussed previously, the boreal winter (DJF) moisture source for this regions ‘short rains’ is from North Easterly trade winds that have blown across the Indian Ocean. This is evident in Supplementary Figure 15d-f. Past studies have indicated that East African precipitation is strongly coupled to Indian Ocean SSTs32, which determine the strength of the local Indian Ocean Walker Circulation (IWC), which subsequently influences the Indian Ocean dipole (IOD), which is the dominant driver of natural variability in the Indian Ocean33. 

Studies investigating the response of the Indian Ocean Walker Circulation to 100kyr eccentricity (glacial-interglacial) cyclicity remain uncertain, with some indicating enhanced tropical Walker Circulation at low eccentricity35-37,84 and others the opposite38,85. This is also the case for future projections under anthropogenic climate change, with studies suggesting either increased41,42 or reduced2,39,40 Walker Circulation strength. Climate models also provide conflicting responses to glacial-interglacials boundary conditions. A model intercomparison of seven PMIP2 and five CMIP5 models showed that HadCM3 is the only model to show significant weakening of the Indian Ocean Walker Circulation during the LGM35,37. Although a potential outlier, this response was shown to be consistent with numerous moisture, salinity and SST proxies from tropical East Africa, the Arabian Sea and the Indo-Pacific warm pool35,84. These indicate a wetter LGM East African hydroclimate84, indicative of a positive IOD and weaker IWC. However, there remains significant uncertainty, with proxies for thermocline depth85, Mozambique Channel Throughflow38, and other modelling studies86 indicating a stronger IWC during low eccentricity (glacial) periods.  

Supplementary Figure 10 demonstrates strong correlation between East African precipitation and the IWC and IOD indexes. During interglacial high eccentricity periods, there is an increase in the strength of the IWC and a more negative IOD, a mechanism linked to decreased E. African rainfall33,51,52. In contrast, glacial periods are associated with a weaker IWC, a more positive IOD, and consequently increased rainfall. This is a similar conclusion to DiNezio and Tierney 84 and consistent with a range of proxy reconstructions as they identify. 

This change in the zonal circulation is linked to the Indian Ocean SST anomalies (Supplementary Figure 16). During low (high) eccentricity, boreal winter (DJF) SSTs in the Indo-Pacific Warm Pool region of the East Indian Ocean are comparatively cooler (warmer) than the West Indian Ocean. This reflects the thermodynamic albedo driven cooling impact of the ice sheets on SSTS and SSTs, and/or the topographic influence of the ice sheets on regional winds. This results in a more positive (negative) IOD Index at low (high) eccentricity (Supplementary Figure 10). As a result, there is reduced uplift off Western Indonesia, which weakens the IWC (i.e. the index is more positive, Supplementary Figure 10), decreasing convergence and increasing convective rainfall over Eastern Africa and the West Indian Ocean (Supplementary Figure 15d-f). The opposite response happens during interglacials, resulting in a stronger IWC, increasing convergence over East Africa and consequently supressed convective rainfall. Precipitation in Central Africa has a different source region, being via the Westerlies off the Atlantic Ocean. Therefore glacial/interglacial changes in the IWC do not similarly influence Central African precipitation. 

In summary, the direct influence of eccentricity on incoming insolation alters the dynamics of the Hadley Circulation. This broadly results in the North being wetter and South being dryer at high eccentricity. There are additional indirect feedbacks associated with 100-kyr eccentricity reflecting GHG and ice sheet forcing. These largely amplify the impact of insolation change, with ice sheet feedbacks also influencing the Indian Ocean Walker Circulation. Imprinted on these direct and indirect feedbacks is the modulation of the precession cycle, which is the dominant impact of eccentricity on precipitation variability across Africa. 

Obliquity

Obliquity influences seasonal intensity, with its impact on insolation increasing with latitude. However, despite only very small changes to insolation at low latitudes, obliquity signals have been detected in proxy records from subtropical and tropical regions87-89, including the North and South African monsoon systems27. The model indicates that obliquity accounts for up to 40% of the precipitation variability in Central Africa (Figure 1f), a region which experiences year-round rainfall and where precession forcing is weak (due to seasonal changes cancelling each other out). In SE Africa and across North Africa obliquity accounts for up to 20% of precipitation variability. The spatial imprint is an equatorial-subequatorial antiphase (Figure 1j). Periods of high obliquity (i.e. increased seasonal contrast in both hemispheres) is associated with increased rainfall in the subtropics poleward of 5°N and 12°S, and decreased rainfall in equatorial and Southeast Africa. Periods of low obliquity (i.e. decreased seasonal contrast in both hemispheres) are associated with increased rainfall in equatorial Africa (between approximately 12°S to 5°N) and decreased rainfall in subequatorial regions. 

The sensitivity experiments indicate that the impact of obliquity on precipitation is driven by its influence on insolation (Supplementary Figure 7i). The inclusion of GHG and ice sheet forcing has little impact on the spatial obliquity anomalies (Supplementary Figure 7s, Figure 1j). This shows that obliquity-induced anomalies in Africa are not driven by greenhouse gases and high latitude ice sheet processes as has been previously proposed7,8,72, but are instead determined by changes in insolation. 

The seasonal precipitation anomalies show enhanced JJA rainfall across North Africa at high obliquity, with stronger North Easterly trade winds, westerlies off the Equatorial Atlantic and a Northward shifted ITCZ (Supplementary Figure 17g-l). The JJA anomalies in omega (Supplementary Figure 18a-c) show enhanced uplift at high obliquity throughout much of the troposphere poleward of 5°N, indicating a stronger Hadley Circulation and more northerly rainbelt. This, in addition to broadly warmer temperatures and a positive humidity anomaly (Supplementary Figure 18d-f) potentially due to the strengthened westerlies, result in enhanced precipitation. Similarly, the boreal winter (DJF) anomaly indicates increased rainfall across much of South Africa at high obliquity, again with strengthened westerlies off the equatorial South Atlantic Ocean (Supplementary Figure 17m-r). As with the JJA rainbelt, high obliquity is associated with enhanced DJF uplift between 15°S-30°S, indicating a stronger Hadley Circulation and a more southerly DJF rainbelt (Supplementary Figure 18g-i). This, in addition to an increase in relative humidity potentially due to the wind changes (Supplementary Figure 18j-l), results in increased DJF precipitation. These results are consistent with previous modelling studies90-92.

High obliquity is associated with increased axial tilt and consequently enhanced seasonality in both hemispheres, characterised by warmer summers and colder winters. These results show that enhanced summer insolation increases the strength of the summer convective monsoon rainfall systems that dominate the subequatorial regions, i.e. the WAM and South African Monsoon (SAM). This is comparable to the precession minima/maxima mechanism in Northern/Southern Africa of WAM/SAM strengthening. However, summer enhancement occurs in phase in both hemispheres in response to high obliquity, rather than a North-south antiphase as with precession. 

This pattern of increased monsoon precipitation and a poleward shift in the ITCZ during periods of enhanced summer insolation due to precession and obliquity has been identified in past modelling studies25,92-95. This is linked to obliquity’s influence on seasonality and the interhemispheric insolation gradient90,91. High (low) obliquity enhances (reduces) the interhemispheric insolation and consequently the temperature gradient, which strengthens (weakens) and shifts the Hadley Circulation, the rainbelt and the ITCZ poleward (equatorward)90,91 (Supplementary Figure 17 and 18). 

In both North and South subequatorial regions the primary impact of obliquity on precipitation variability is to enhance the precession cycle. This is because precession is the dominant forcing of precipitation variability in these regions, therefore obliquity’s primary influence is to either increase or decrease the amplitude of this precession forcing. This is demonstrated in Supplementary Figure 19, which shows the relationship between North and South African precipitation anomalies (averaged between 10° to 20°N and 25°S to 15°S) at each precession minima and maxima phase, against the degree of obliquity. The different colours represent the orbital eccentricity and therefore the modulation of the precession cycle, where high (low) eccentricity - orange and blue (purple and red) - are associated with enhanced (reduced) precession variability. There is a positive relationship between the amplitude of precession minima and maxima forcing with the degree of obliquity. This positive relationship generally strengthens at higher eccentricity. This shows that the amplitude of precession forcing is enhanced during increased obliquity and eccentricity forcing. Therefore, although eccentricity is the first order control on modulating precession, obliquity acts as a second order control on the amplitude of precession forcing. This is evident in the precipitation timeseries for North Africa (Supplementary Figure 4a), which shows that obliquity modulates the amplitude of the North African Humid Periods12. 

The model therefore indicates that in the African subequatorial regions, the precipitation response to obliquity depends on the precession phase, whereas the precipitation response to precession is largely independent of obliquity. A similar conclusion to this was reached in other modelling studies investigating monsoon response to orbital forcing93,94.

In Central Africa, there is an opposing precipitation anomaly at high obliquity. Regional precipitation is driven by low level westward moisture advection from the equatorial Atlantic Ocean96,97. Decreased rainfall at high obliquity occurs during both boreal summer and winter (Supplementary Figure 17i, o), and is again due to the shift in the position of the Hadley Circulation and a more poleward ITCZ In both seasons (Supplementary Figure 18a-c, g-i). This consequently shifts the westerlies poleward and draws moisture away from Central Africa, as indicated by reduced humidity (Supplementary Figure 18d-f, j-l). In contrast, during low obliquity the reduced interhemispheric temperature gradient shifts the boreal summer and winter ITCZ equatorward, increasing Central African precipitation. 

The southern half of the Limpopo River Basin in Southeast Africa shows an opposing anomaly to the rest of South Africa, showing decreased (increased) rainfall at high (low) obliquity. As discussed previously, precipitation variability in this region has been shown to be positively correlated to SSTs in the Agulhas Current system78,79. The strength and temperature of this current has been linked to the recirculation in the Indian subtropical gyre80, the strength of which is linked to the position of the South Atlantic Westerlies and the subtropical front4,81,82. Colder conditions have been linked to a equatorward shift in the Westerlies, which slows the Indian subtropical gyre, weakening and cooling the Agulhas Current82. A SST reconstruction of this current4 shows strong similarity with the modelled SSTs (Supplementary Figure 14b), both displaying eccentricity and obliquity forcing.

The negative regional precipitation anomaly at high obliquity is dominated by austral winter (JJA) changes (Supplementary Figure 17g-i). At high obliquity, winter temperatures are colder, and there is a strengthening and equatorward shift in the position in the Southern Ocean Westerlies (Supplementary Figure 17j-l). This is likely a response to a warmer Northern Hemisphere and consequently enhanced inter-hemispheric temperature gradient. This may drive a weakening in the Indian subtropical gyre, which results in a weaker and colder Agulhas Current4,82. It also weakens the austral winter (JJA) Southeasterlies which carry moisture from the South Indian Ocean to southern Southeast Africa (Supplementary Figure 17j-l). These regional wind changes and colder temperatures result in reduced regional precipitation at high obliquity. The opposite occurs during low obliquity, resulting in enhanced precipitation in southern Limpopo Basin in Southeast Africa. 
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