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Key Points: 

• We present new records of sea surface temperatures, foraminiferal stable isotopes and 
export production from the Tropical Atlantic.  

• High latitude cooling and steepening meridional temperature gradients drove two phases 
of aridification/increased African dust export. 

• Strengthening trade winds linked to latitudinally variable export productivity responses 
across the Plio-Pleistocene transition. 
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Abstract 
For at least the last 11 million years, the North African landscape has repeatedly oscillated on 
astronomical timescales between the dry dusty conditions of today and more humid, vegetated 
conditions such as those documented for the mid-Holocene. These changes were primarily 
driven by expansion and contraction of the tropical rainbelt in response to changes in summer 
insolation. However, other mechanisms are needed to explain temporal variability in the 
sensitivity of African humidity to this rhythmic forcing. A main interval of observed change is 
the Pliocene-Pleistocene transition (~3.5 to 2.4 Ma) when Africa is widely (but not universally) 
suggested to have become drier and dustier. Here we present new suborbitally resolved records 
of surface ocean temperature, foraminiferal stable isotopes and export productivity from the 
Northwest African margin and the eastern equatorial Atlantic Ocean and compare them to 
published records. We find strong coupling at astronomical timescales between productivity and 
dust fluxes throughout our study interval, indicating the sustained influence of the northeast trade 
winds on dust transport, upwelling strength and perhaps dust-driven ocean fertilization. We 
attribute observed increases in dust fluxes delivered to the NW African margin and eastern 
equatorial Atlantic to strengthening of the trade winds driven by the steepening latitudinal 
temperature gradients associated with the intensification of Northern Hemisphere glaciation. 
Taken together with published evidence of increased strength in the mid-latitude westerlies at 
this time, our results point to invigoration of large-scale atmospheric circulation globally during 
intensified glacial periods of the Pliocene-Pleistocene transition.   

 
Plain Language Summary 

The Sahara has repeatedly grown and shrunk for at least 11 million years, switching between an 
intensely dusty expanse and a much greener environment with abundant vegetation and extensive 
networks of rivers and lakes. These changes are paced by subtle variability in the Earth’s orbit 
around the sun, however, the intensity of the resulting arid and humid periods is strongly 
influenced by global climate. One key example of this occurred approximately three million 
years ago, when dusty intervals on North Africa became much more intense, approximately 
coincident with a large increase in ice volume in the northern hemisphere. Here, we present new 
records of surface ocean temperature and marine productivity from two sites in the tropical 
Atlantic Ocean to explore the influence that ocean temperatures had in driving these increased 
dust fluxes. We find that high latitude cooling drove a strengthening of the trade winds, likely as 
part of a larger-scale global invigoration of atmospheric circulation. These strengthened winds 
drove differing responses in the productivity of our two study sites. Our results highlight the 
importance of high latitude influences on both North African rainfall patterns and the highly 
productive marine ecosystems that sustain local fishing communities. 

 

1 Introduction 

Anthropogenic warming is projected to cause large-scale shifts in precipitation patterns. At the 
global scale, wet regions and seasons are predicted to become wetter and dry ones drier in 
response to a combination of increased moisture-holding capacity of warmer air, increased 
rainout efficiency at low latitudes and a poleward expansion of the Hadley cell (Held and Soden, 
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2006; Scheff and Frierson, 2012; Trenberth, 1998). However, it is increasingly apparent that a 
universal subtropical precipitation decline is an overly simplistic projection, especially over the 
continents (Byrne and O’Gorman, 2015; Greve et al., 2014; He and Soden, 2017). In fact, even 
the sign of predicted rainfall change over land is uncertain in some regions (Monerie et al., 2017; 
Zhang and Li, 2022).  

One region which is particularly sensitive to any rainfall variability is the North African 
Sahel, which suffered devastating droughts during the 1970s and 1980s (e.g. Ali and Lebel, 
2009), and some evidence suggests that a longer-term drying of North Africa is already 
underway (Thomas and Nigam, 2018; Zhang et al., 2007). However, Sahelian precipitation has 
increased since the 1980s (Ali and Lebel, 2009; Berntell et al., 2018) and many climate models 
predict significant regional heterogeneity, with a wetter central Sahel and drier west (Akinsanola 
and Zhou, 2019; Han et al., 2023; Monerie et al., 2017; Zhang and Li, 2022). Recovery of annual 
rainfall amounts in the Sahel from drought conditions (although not yet to pre-1970s levels) is 
attributed to (i) increased greenhouse gas emissions, (ii) decreased anthropogenic aerosol 
emissions from North America and Western Europe and (iii) surface warming of the North 
Atlantic Ocean and Mediterranean Sea (Giannini and Kaplan, 2019; Hagos and Cook, 2008; Park 
et al., 2016). Of these three factors, we can be confident that the impacts of (i) will likely 
dominate anthropogenic aerosol forcing in the coming decades, but predicting the way in which 
sea surface temperature (SST) fields will change and the resulting influence on precipitation 
patterns is far from straightforward. These observations therefore provide a powerful incentive to 
improve our understanding of records of past change. 

Records of palaeoclimate variability from the recent geological past show that, between 
about 60 and 15 thousand years ago (ka), North Africa was even drier and dustier than today, 
especially during short intervals when millennially paced disruptions to Atlantic Meridional 
Overturning Circulation (AMOC) instigated intense cooling of the surface North Atlantic Ocean 
(e.g. Collins et al., 2013; Kinsley et al., 2022; Mulitza et al., 2008). Records of the recent past 
also show that precession-paced peaks in summer insolation during interglacial conditions 
triggered distinctly humid intervals in North Africa, resulting in a vegetated North African 
landscape with extensive lakes and northward-draining river systems (e.g. Drake et al., 2011; 
Hély and Lézine, 2014; Larrasoaña et al., 2013), which triggered rapid increases in dust 
emissions when these systems later dried out (Ehrmann and Schmiedl, 2021). However, IPCC-
class climate models consistently fail to reproduce early Holocene greening of the Sahara 
(Brierley et al., 2020), posing serious questions about the reliability of future forecasts and 
raising the alarming possibility that these models are artificially stable because of the way in 
which their uncertain parameterizations are tuned (Hopcroft and Valdes, 2021).  

Intervals of low northern hemisphere summer insolation and the millennially paced cold 
North Atlantic intervals were also typically associated with a strengthening of trade winds, 
driving increased dust export from North Africa (e.g. Kinsley et al., 2022; McGee et al., 2013; 
O’Mara et al., 2022; Skonieczny et al., 2019) and increased upwelling along the Northwest 
African margin, bringing cooler, nutrient-rich waters to the surface and increasing biological 
productivity (Adkins et al., 2006; Bradtmiller et al., 2016; Romero et al., 2008). Thus, the late 
Quaternary geological record indicates strongly coupled behaviour between ocean and 
atmospheric dynamics in North Africa. Yet, while these observations provide valuable context, 
they only offer indirect insight into the African climate response to the levels of greenhouse gas 
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forcing that Earth will experience in the coming decades. Longer palaeoclimate records are 
needed, reaching back into the pre-Pleistocene to intervals when greenhouse gas concentrations 
last reached the anthropogenically perturbed levels observed today and for which, unlike today, 
the atmosphere was equilibrated, resulting in global temperatures ~2–3°C warmer than present 
(de la Vega et al., 2020; McClymont et al., 2020). The transition from the warm Pliocene to the 
cooler Pleistocene (3.3–2.4 Ma) was marked by an expansion of ice volume, particularly in the 
northern hemisphere, decreasing atmospheric pCO2 concentrations and latitudinally-dependent 
SST cooling across the globe with a strengthening of 41-kyr (obliquity) variability recorded in 
many climate records associated with an increase in the magnitude of glacial-interglacial cycles 
(Martinez-Boti et al., 2015; McClymont et al., 2023). This shift in global climate had wide-
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ranging impacts both in the ocean and on land, including on rainfall patterns in currently water-
stressed regions such as North Africa (e.g. deMenocal, 1995; Feng et al., 2022). 

 

Figure 1. African hydroclimate compared with global change over the past 5 Myr, adapted from 
Crocker et al. (2022). a Cenozoic global reference benthic foraminfera oxygen isotope dataset 
(CENOGRID, grey points), with 20 kyr smoothing (black line) (Westerhold et al., 2020; Wilkens 
et al., 2017). b [Al+Fe]/[Si+K+Ti] of calibrated elemental abundances from ODP Site 659 
(Crocker et al., 2022). Modern endmember values of Saharan dust and Senegal River suspended 
material updated from Mulitza et al. (2010). c ln[Zr/Rb] XRF core scan ratios from ODP Site 
659 (Crocker et al., 2022). d ODP Site 659 estimated dust flux (3-point smoothed). Median value 
in red; 1st, 5th, 25th, 75th, 95th and 99th percentiles also shown in shades of orange/yellow (Crocker 
et al., 2022). e log(p) values indicating probability of shifts in central tendency (Mann-Whitney-
Wilcoxon test , solid lines) and dispersion (Ansari-Bradley test, dashed lines) (Crocker et al., 
2022). Low p-values indicate extremely low probabilities that the two adjacent 1 Ma data bins 
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have the same central tendency and/or dispersion, respectively. Colours indicate the analysed 
proxy data series matching the panels above, with [Al+Fe]/[Si+K+Ti] in orange, ln[Zr/Rb] in 
green and median dust flux in red. f Major climate events: MPT  - Mid-Pleistocene Transition, 
iNHG – intensification of Northern Hemisphere Glaciation, mPWP – mid-Pliocene Warm 
Period. 

 

North Africa has a long-established history of astronomically paced oscillations between 
distinctly dry and dusty conditions and more humid ones  (e.g. deMenocal, 1995; Grant et al., 
2017; Rossignol-Strick, 1985; Sarnthein et al., 1982; Tiedemann et al., 1994). These oscillations 
were recently shown to i) date from at least 11 million years ago and ii) display amplitude 
changes, implying changes in the sensitivity of African hydroclimate to insolation associated 
with changes in global climate state (Crocker et al., 2022, Figure 1). The most recent example of 
these amplitude changes is shown in Figure 1, where a marked increase in the intensity of both 
arid phases and dust export is seen across the transition from the warm Pliocene into the cooler 
Pleistocene, with the increase in aridity predating increasing dust fluxes by ~400 kyr (Crocker et 
al., 2022; deMenocal, 1995). Here, we explore the cause of this transition, focusing on the role 
played by coupling between ocean and atmosphere in driving regional hydroclimate, wind 
strength and the productivity of major upwelling systems. To this aim, we present new records of 
surface ocean temperature, foraminiferal stable isotope signatures and export productivity from 
the Northwest African margin and eastern equatorial Atlantic (EEA).  

 

1.1 Site Locations 

Our main study location is Ocean Drilling Program (ODP) Site 659, which is situated in the 
tropical North Atlantic Ocean on the Cape Verde Rise, offshore Mauritania (18.077°N 
21.026°W, 3070 m water depth, Figure 2). Here, the Mauritania Current brings warm, 
oligotrophic surface waters from the south (Lázaro et al., 2005), while to the north of the site, the 
Canary Current transports relatively cool waters southwards along the African coast before 
heading southwestwards to join the North Equatorial Current (Mittelstaedt, 1991). We also 
present new data from ODP Site 662, located in the eastern equatorial Atlantic Ocean, on the 
upper eastern flank of the Mid-Atlantic Ridge (1.390°S, 11.739°W, 3814m water depth, Figure 
2). Here, the surface hydrography is predominately controlled by the westward flowing South 
Equatorial Current, but the site is also close to the influence of the Atlantic Equatorial 
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Undercurrent, which transports cool and salty waters westwards at depths of ~50-100m (Johns et 
al., 2014; Richardson and Walsh, 1986). 

 

Figure 2. Site locations and surface water mass properties. a Locations of studied sites ODP 659 
and 662 (black circles). Colour of ocean regions indicates concentrations of green pigment 
chlorophyll-a in phytoplankton in the sea surface layer, plotted as log10[0.016C], where C = 
mean daylight values across 2021 (in mg/m3), with red shading indicating the most productive 
regions. Data from Murakami (2020). Satellite images of continents from ESRI world imagery 
(Esri, 2023). Major upwelling zones labeled in white text. b Mean annual sea surface 
temperatures (°C) in 2021 (Kurihara, 2020), with studied sites shown by black dots and other key 
sites referred to in the text marked by red dots. Data accessed via Google Earth Engine (Gorelick 
et al., 2017), and figure created using QGIS (QGIS.org, 2024). 

 

ODP sites 659 and 662 are both influenced by upwelled subsurface waters. ODP Site 659 
is located on the fringes of the Senagalo-Mauritanian Upwelling System (Figure 2), in a region 
that today experiences seasonal upwelling driving high surface water chlorophyll levels from 
October through May (Lathuilière et al., 2008). This region forms part of the Canary Current 
Eastern Boundary Upwelling System, which extends along much of the coastline of northwest 
Africa and is one of the four major Eastern Boundary Upwelling Ecosystems. The ongoing and 
future response of this upwelling system to increasing global warmth is much debated, with a 
proposed strengthening of upwelling (Bakun, 1990) receiving mixed support from records 
showing little or spatially variable change in productivity (Cropper et al., 2014; Fischer et al., 
2016), and reconstructions of Late Quaternary climate suggesting that strongest upwelling 
occurred during glacial periods (e.g. Bradtmiller et al., 2016; Matsuzaki et al., 2011). ODP Site 
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662 sits within the regional of equatorial upwelling (Figure 2), with a maximum in upwelling 
strength in June driven by wave upwelling (Wang et al., 2017). Upwelled waters at both sites are 
largely sourced from South Atlantic Central Water (Hagen and Schemainda, 1987; Mittelstaedt, 
1991; Stramma and England, 1999). South Atlantic Central Water forms by subduction in the 
South Atlantic subtropical gyre (Stramma and England, 1999) and is transported into our study 
area from the south. It is typically found at depths of ~100–300m and is cooler, fresher and more 
nutrient-rich than surface waters (Mittelstaedt, 1991; Peña-Izquierdo et al., 2012, Figure 2). 

North African climate and continental biomes both show strong latitudinal banding, with 
ODP Site 659 situated close to the latitude of the present-day Sahara-Sahel boundary. 
Precipitation over Africa in this region is strongly seasonal. Northward migration of the tropical 
rainbelt in boreal summer brings rainfall to much of the Sahel through the influence of the West 
African monsoon and is strongly linked to the seasonal latitudinal transit of the intertropical 
convergence zone (ITCZ) (Nicholson, 2009). North Africa is also the source of approximately 
half of the world’s atmospheric dust load (Kok et al., 2021), much of which is transported 
westwards over the Atlantic Ocean. As a result, ODP Site 659 preserves an excellent record of 
past dust emissions from Africa (Crocker et al., 2022; Tiedemann et al., 1994). Dust deposition 
occurs year-round, delivered predominantly by the northeast trade winds (NETW) during winter 
and spring, with additional contributions via the Saharan Air Layer (which transports dust 
westwards across the Atlantic Ocean) during boreal summer (Skonieczny et al., 2013; Stuut et 
al., 2005; van der Does et al., 2021). Further south, ODP Site 662 receives dust predominantly 
during winter and spring, transported by from central North Africa via the NETW when the 
ITCZ is in a southerly position (Yu et al., 2019) 

Both of our study sites are located in elevated positions compared to the surrounding 
seafloor (ODP Site 659 on the Cape Verde Rise and ODP Site 662 on the flank of the Mid-
Atlantic Ridge) and are therefore protected from the influence of major mass transport deposits 
(Ruddiman et al., 1989). Sediments are dominantly composed of a mixture of nannofossil and 
foraminiferal oozes (ODP Site 659: 35–90% CaCO3, ODP Site 662: 60–95% CaCO3) and 
lithogenic material (Ruddiman and Janecek, 1989; Ruddiman et al., 1989; Tiedemann et al., 
1994). The lithogenic fraction is interpreted to be dominated by dust at both sites (Ruddiman and 
Janecek, 1989; Ruddiman et al., 1989; Tiedemann et al., 1994), although grain size data show 
that ODP Site 659 received a significant fine-grained lithogenic component that is distinct from 
modern dust inputs, suggesting a distal influence from African (palaeo)rivers during times of 
past humidity (Crocker et al., 2022). 

 

2 Methods 

2.1  Foramiferal calcite stable isotope analysis 

Globigerinoides ruber (white) (d'Orbigny, 1839) is a symbiont-bearing, mixed-layer dwelling 
planktonic foraminiferal species found in tropical and subtropical waters (Ganssen and Kroon, 
2000; Tolderlund and Bé, 1971). G. ruber (white) occurs throughout the year, but can show a 
distinct seasonality in abundance and/or depth habitat depending upon local hydrography 
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(Peeters et al., 2002; Tolderlund and Bé, 1971). G. ruber (white) is also able to tolerate low 
salinities associated with large freshwater inputs (e.g. Curry et al., 1983). 

Foraminiferal preservation at ODP Site 659 is generally good, with very limited 
recrystalisation and little infilling of pores. For each foraminiferal carbonate stable isotope 
analysis, 50 specimens of G. ruber (white) were picked from the 212–250 μm size fraction. 
Foraminiferal tests were gently broken open and cleaned by ultrasonification in methanol. 
Aliquots of ~25–45 μg of calcite for each sample were analysed at the University of 
Southampton’s Waterfront Campus using the Thermo Scientific Kiel IV Carbonate Device 
coupled with a MAT253 isotope ratio mass spectrometer. All values of oxygen and carbon 
isotope composition are expressed in delta notation, relative to Vienna Peedee Belemnite 
standard, with an external precision of 0.04 ‰ for δ13C and 0.08 ‰ for δ18O. We also picked and 
analysed epifaunal benthic foraminiferal species Cibicides wuellerstofi from the 250–300 μm 
size fraction in a subset of samples in a gap in the existing oxygen isotope stratigraphy 
(Tiedemann et al., 1994), allowing us to identify Marine Isotope Stage M2 (at ~3.3 Ma), the 
largest late Pliocene glacial prior to the intensification of Northern Hemisphere glaciation 
(iNHG). 

 

2.2 Alkenone fluxes and estimation of SST 

Biomarkers were extracted from freeze dried, homogenized sediment via a Thermo Scientific 
(Dionex) Accelerated Solvent Extractor (models 200 and 350) in 9:1 methylene chloride (DCM): 
methanol and purified via flash silica gel column chromatography involving sequential hexane, 
DCM, and methanol rinses. Peak areas of compounds in the ketone-containing DCM fraction 
were quantified by an Agilent 6890 gas chromatography flame ionization detector outfitted with 
an Agilent VF-200 column using the TEXPRESS software (Dillon and Huang, 2015) and 
converted to concentrations via an internal 36- and 37-carbon n-alkane spike. 

The ratio of C37:3 and C37:2 methyl alkenones (Uk’37) was used to calculate SST based on 
the calibration of Müller et al. (1998). 10 samples were duplicated and differences between 
replicates were generally within 0.2°C. We also report fluxes of the C37 alkenone (C37 flux) 
which are representative of surface ocean productivity in upwelling-influenced areas (Bolton et 
al., 2010). 

 

2.3 Local seawater δ18O estimation 

We applied the species-specific equation of Mulitza et al. (2003) to estimate seawater δ18O 
values (δ18Osw) from G. ruber (white) δ18O and alkenone-derived SST values. An offset 
adjustment of 0.27‰ was applied to convert values to the vSMOW scale (Coplen, 1988; Hut, 
1987). To better reconstruct local changes in the precipitation-evaporation balance, we also 
adjust for global changes in δ18Osw related to changes in the volume and isotopic composition of 
major ice sheets. We use three different approaches to adjust for past change in global δ18Osw 
compositions (to assess the impact of some of the uncertainties involved, such as the potential 
influence of deep water temperature change on benthic foraminiferal δ18O), as follows: 1) 
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reconstructing global δ18Osw from the benthic foraminiferal oxygen isotope stack LR04 (Lisiecki 
and Raymo, 2005), following the method of Karas et al. (2009). 2) Reconstructing global δ18Osw 
from estimates of past sea level calculated using an inverse modelling approach including 3D 
ice-sheet modelling with climate forcing from general circulation models (Berends et al., 2021) 
and converting these values to seawater oxygen isotope values assuming a linear relationship 
between sea level and global average δ18Osw of 0.011‰ m-1 (Fairbanks, 1989; Raymo et al., 
2018). 3) Using the process-model based Plio-Pleistocene synthesis median global δ18Osw values 
of Rohling et al. (2022), which incorporate a non-linear relationship between sea level and 
δ18Osw. 

There are multiple sources of uncertainty incorporated within the δ18Osw estimates in addition to 
the uncertainty in estimates of global seawater δ18Osw driven by changes in ice volume discussed 
above. Both the δ18Ocalcite and SST values used to calculate δ18Osw have their own analytical 
uncertainties (0.08 ‰ and 0.2°C respectively). There is also uncertainty in the conversion of 
Uk’37 values into absolute temperatures, estimated as ~1.5°C in the calibration of Müller et al. 
(1998) used here, although other studies have suggested that uncertainty could be as large as 
4.4°C at high temperatures (Tierney and Tingley, 2018). δ18Osw estimates may also be impacted 
by seasonality and/or differences in water depth in one or both of the proxy carriers. Alkenone-
derived SST estimates have shown to be representative of surface (or very near surface) 
temperatures (e.g. Herbert, 2001; Sikes et al., 1991), while G. ruber are known to be mixed-layer 
dwellers typically found within the uppermost ~60 m of the water column (e.g.Jentzen et al., 
2018; Peeters et al., 2002). Production (and depth habitiat) of both alkenones and G. ruber can 
show strong seasonality (e.g. Rosell-Melé and Prahl, 2013; Tolderlund and Bé, 1971; Volkman, 
2000), however, offshore northwest Africa, there appears to be little seasonality in modern 
alkenone production (Müller and Fischer, 2001) and any seasonal effects on G. ruber δ18O 
appear to be small (Jonkers and Kučera, 2015; Steph et al., 2009; Wang et al., 1995; Wit et al., 
2010). 

 

 2.4 Total Organic Carbon (TOC%) 

Total organic carbon contents were calculated for a subset of samples to compare to XRF-based 
proxies for organic carbon content. Bulk sediment samples were crushed and then decarbonated. 
Organic carbon concentrations of the decarbonated samples were analysed using an Elementar 
vario Isotope Select Elemental Analyzer equipped with a thermal conductivity detector (standard 
deviation = 0.06%). %CaCO3 contents were measured using a UIC CM5015 CO2 Coulometer 
with AutoMate Prep Device (long-term precision = 0.97%), and these values were then used to 
calculate TOC% of the raw bulk sediment (i.e. prior to decarbonation). All analyses were carried 
out at the University of Southampton’s Waterfront Campus. 

 

2.5  X-ray fluorescence (XRF) core scanning 

Most of the XRF core scan data from ODP Site 659 shown here were originally presented in 
Crocker et al. (2022) where a full methodology can be found. Here we present a record of 
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bromine (Br) counts from ODP Site 659 for the first time alongside both Br and barium (Ba) 
counts from ODP Site 662. All sections were analysed using the XRF Core Scanner II 
(AVAATECH Serial No. 2) at MARUM - University of Bremen with measurements taken every 
5 cm down core and count times of 20 seconds. Br was measured using generator settings of 30 
kV and 0.75 mA current, while 50 kV and 1 mA were used for Ba counts. The split core surface 
was covered with a 4 micron thin SPEXCerti Prep Ultralene foil to avoid contamination of the 
XRF measurement unit and desiccation of the sediment. The data were acquired using a 
Canberra X-PIPS Silicon Drift Detector (Model SXD 15C-150-500) with 150eV X-ray 
resolution, the Canberra Digital Spectrum Analyzer DAS 1000, and an Oxford Instruments 50W 
XTF5011 X-Ray tube with rhodium target material. Raw X-ray spectra were processed using an 
iterative least square software (WIN AXIL) package from Canberra Eurisys. Repeat runs of 
several core sections were used to correct for any drift in counts over time. 

Br counts obtained by XRF core scanning provide a proxy for total organic carbon 
content of marine sediments in regions with low terrestrial carbon inputs because of the 
association of Br with marine organic matter (Ziegler et al., 2008), although Br can also be 
removed by post-depositional oxidation in some settings (Price and Calvert, 1977). Ba counts are 
also a powerful proxy for oceanic productivity in many settings, although can be susceptible to 
remobilization during diagenesis (and secondary contributions from the lithogenic fraction) (e.g. 
Dymond et al., 1992; Martinez-Ruiz et al., 2000). Both Ba and Br counts are expressed as ratios 
over total XRF counts (tot) to minimize the impact of variable fluxes of lithogenic material or 
calcium carbonate. These ratios show very strong agreement with total organic carbon 
concentrations (TOC%) (supplementary figure 1). Both sedimentary organic matter and Br can 
be removed by post-depositional oxidation in some settings (e.g. Arndt et al., 2013; Canfield, 
1993; Price and Calvert, 1977), while C37 alkenones are comparatively (although not completely) 
resistant to degradation (Grimalt et al., 2000). Very strong agreement between the 
upwelling/export productivity proxies (XRF-based ln[Br/tot] and ln[Ba/tot], C37 flux) at ODP 
sites 659 and 662 (Figures 3 & 4) therefore supports the use of Ba and Br as palaeoproductivity 
indicators, and suggests that diagenesis is not a major influence on the down core variability in 
these elements at our study sites, although variability in C37 flux is generally of much lower 
amplitude than Ba and Br prior to ~2.7 Ma.  

To estimate dust fluxes to ODP Site 659, the XRF core scan data were calibrated using 
discrete samples using a multivariate log calibration approach (Weltje et al., 2015) to obtain 
major element concentrations. Dust proportions were then estimated using an endmember 
unmixing approach largely following the method of Mulitza et al. (2010) (see Crocker et al. 
(2022) for full method details). Estimated dust fluxes show very good agreement with Th-
normalised dust fluxes from a nearby site (supplementary figure 2), suggesting that the dust flux 
reconstructions are representative of aeolian transport from the continent and not major sediment 
redistribution in the ocean or rapid pulses of dissolution, at least over the last 250 kyr (see 
Crocker et al., 2022 for full details). The ratio [Al+Fe]/[Si+K+Ti] (with calibrated elemental 
abundances) is also used as a proxy for continental hydroclimate, with lower values indicating a 
dominance of aeolian inputs over riverine material (Crocker et al., 2022; Mulitza et al., 2010). 
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This ratio agrees well with plant wax deuterium isotope signatures from the same site (Kuechler 
et al., 2018; Kuechler et al., 2013), supporting its use as a hydroclimate proxy. 

 

Figure 3. Productivity and organic matter proxies compared to dust fluxes at ODP Site 659. a 
Summer (June, July & August) insolation at 65°N (La2004 solution, in grey) (Laskar et al., 
2004). b Median dust flux at ODP Site 659 (Crocker et al., 2022). c Carbon isotopic signatures 
(δ13C) of mixed layer species G. ruber (white) at ODP Site 659. d Flux of C37 alkenones 
(mustard yellow) and ln[Br/tot] counts measured by XRF core scanning (brown), both at ODP 
Site 659. e Alkenone-derived SST estimates at ODP Site 659 (dark blue). f Estimated δ18Osw at 
ODP Site 659 calculated using three different approaches to correct for global ice volume change 
on ocean δ18O, with method (1) in palest purple, method (2) in intermediate shade and method 
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(3) in darkest purple (see section 2.3). g δ18O of G. ruber (white) from ODP Site 659 (sky blue). 
ODP Site 659 benthic foraminiferal (C. wuellerstorfi) oxygen isotope record (dark blue line), 
with published data from Tiedemann et al. (1994) placed onto our updated stratigraphy and 
combined with new analyses (blue dots) into a single record. Also shown is CENOGRID benthic 
foraminfera oxygen isotope dataset (black), with key marine isotope stages (MIS) labelled 
(Westerhold et al., 2020; Wilkens et al., 2017). 

 

2.6 Stratigraphy 

The stratigraphy used in this study largely follows that published by Crocker et al. (2022). A 
spliced composite section was generated by correlating core images and XRF core scan data 
between holes A–C drilled at Site 659 using the Code for Ocean Drilling Data macros (Wilkens 
et al., 2017). The age model was developed by tuning ln[Ca/Fe] ratios to summer insolation 
(June-July-August) at 65°N in the La2004 astronomical solution (Laskar et al., 2004), also 
guided by correlation between C. wuellerstorfi oxygen isotope values (Tiedemann et al., 1994 
and this study) and the LR04 benthic oxygen isotope stack (Lisiecki and Raymo, 2005) and 
updated paleomagnetic, nannofossil and planktonic foraminiferal datums (Ogg, 2012; Raffi et 
al., 2006; Ruddiman et al., 1989; Wade et al., 2011). Summer insolation at 65°N was chosen as a 
tuning target due to its strong obliquity component which makes it excellent match to records of 
North African monsoon variability preserved by Mediterranean sapropels (Bosmans et al., 2015; 
Hilgen et al., 1995; Lourens et al., 1996; Tuenter et al., 2003). The use of an astronomically-
tuned age model does not have a major impact on the periodicities of variability recorded at this 
site (see Crocker et al., 2022). 

The stratigraphy presented here contains one adjustment to the splice and several minor 
adjustments to the age model between 2.406 and 2.716 Ma (68.95–79.14 m CCSF) to that 
originally presented in Crocker et al. (2022). Our new benthic oxygen isotope data indicated that 
no further refinements to the age model were required around MIS M2 (~3.3 Ma). There is some 
coring disturbance in a thin interval within 659B 10H spanning from section 2 61cm to section 3 
143cm (85.27–87.59 CCSF) which degrades the orbital signal preserved in that interval, but we 
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include data from the impacted interval because no stratigraphically equivalent sediments were 
recovered at the site.  

All data from ODP Site 662 are plotted on the age model of Herbert et al. (2010), which 
is based on correlation of benthic foraminiferal oxygen isotope to the LR04 global stack 
(Lisiecki and Raymo, 2005). 

 

Figure 4. Productivity and organic matter proxies compared to terrigenous fluxes at ODP Site 
662. a Summer (June, July & August) insolation at 65°N (La2004 solution, in grey) (Laskar et 
al., 2004). b ln[Ba/tot] counts measured by XRF core scanning (dark green). c Flux of C37 
alkenones (mustard yellow, Lawrence et al. (2013)) and ln[Br/tot] counts measured by XRF core 
scanning (brown, this study), both at ODP Site 662. d Terrigenous flux at ODP Site 662 (dark 
blue), with data from Ruddiman and Janecek (1989) updated to the stratigraphy of Herbert et al. 
(2010). e CENOGRID benthic foraminfera oxygen isotope dataset (black) (Westerhold et al., 
2020; Wilkens et al., 2017). 

 

3 Results and discussion 

3.1 Strong astronomically paced variability in continental dust deposition, wind-
driven upwelling and productivity during the warm Pliocene and early Pleistocene 

Our records show strong evidence for persistent strong astronomically paced variability in 
oceanic export productivity across the Plio-Pleistocene transition on the NW African margin and 
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in the EEA (Figures 3–5). At ODP Site 659, ln[Br/tot] values and C37 alkenone fluxes both show 
significant variability at precessional (23 kyr) and obliquity (41 kyr) frequencies (Figure 5). 
These same periodicities are seen in the dust flux records, with intervals of aridity in North 
Africa and high dust inputs to the Atlantic Ocean consistently recording higher marine export 
productivity (Figure 5). This tight coupling between dust fluxes and productivity along the NW 
African continental margin is also observed in records of the Quaternary (Adkins et al., 2006; 
Bradtmiller et al., 2016; Kinsley et al., 2022; Matsuzaki et al., 2011; O’Mara et al., 2024; Zhao et 
al., 1995), but had yet to be demonstrated in the Pliocene. Strong precessional variability is also 
seen in our carbon isotope data, with low δ13Cruber values recorded at times of high Br/tot counts, 
dust and C37 fluxes. δ18Oruber values and surface ocean temperatures from ODP Site 659 do not 
show a significant precessional signal, and instead are dominated by power in the 41-kyr 
obliquity band (Figure 5). Obliquity power is also seen in hydroclimate ([Al+Fe]/[Si+K+Ti]) and 
dust fluxes, but it is weaker than precession (Figure 5). These observations show that the impact 
of upwelling strength on surface ocean temperature and its imprint on δ18Oruber values at ODP 
Site 659 was minor in comparison to that of glacial-interglacially conditioned change in 
temperature at the higher latitude sites where these waters were sourced.  

We hypothesise that the strong spectral coherence between high dust fluxes and 
productivity/low surface ocean δ13C values (Figure 3) was driven by a combination of upwelling 
of nutrient-rich (12C-enriched) waters and increased rain-out of mineral dust driven by strong 
trade winds across the NW African margin. Upwelled waters provide a source of otherwise 
limited macronutrients (Messié and Chavez, 2015), while increased dust export from NW Africa 
during both summer and winter today increases modern ocean carbon export by both ballasting 
(Brust et al., 2011; Fischer et al., 2016) and provision of nutrients (Schlosser et al., 2014). Strong 
NETW are also suggested to have driven intensified wind-driven upwelling during both cold 
periods and precession maxima during the late Quaternary (Bradtmiller et al., 2016; Filipsson et 
al., 2011; McGee et al., 2013). Our data indicate that strong upwelling-induced coupling between 
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wind strength and ocean productivity offshore NW Africa also operated during the warm 
Pliocene and early Pleistocene. 

 

Figure 5. REDFIT spectral analysis of Site 659 records 3.5–2.2 Ma. Top row (L–R): Alkenone-
derived SST, calibrated [Al+Fe]/[Si+K+Ti], ln[Br/tot] counts. Middle row: G. ruber (white) δ18O 
values, median dust flux estimates, C37 alkenone fluxes. Bottom row: δ18Osw estimates, G. ruber 
(white) δ13C values. Green curves mark the false-alarm level at the 95% confidence level, red 
curves indicate AR(1) red noise models. Orange lines and numbers indicate the frequencies 
equivalent to periods (in kyr) of major astronomical cycles (precession, obliquity and 
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eccentricity). Analyses performed and figures created using PAST software (Hammer et al., 
2001).  

 

3.2 Secular change in dust, wind-driven upwelling and productivity 

3.2.1 Strengthening of the trade winds upon iNHG 

An increase in the flux of terrigenous sediment during the Plio-Pleistocene transition to sites 
lying downwind of North Africa in the North Atlantic Ocean has been typically (but not 
universally; see Trauth et al. (2009)) inferred from marine sedimentary archives (deMenocal, 
1995; Sarnthein et al., 1982; Tiedemann et al., 1994). Based largely on these records, it was once 
widely suggested that hyperaridity in North Africa (in other words, the development of a 
recognizable Saharan desert), originated in response to the late Pliocene intensification of 
Northern Hemisphere glaciation (~2.7 Ma). We now know that the Sahara is much older because 
geochemical records from ODP Site 659 reveal that North Africa was regularly dust-producing 
from at least 11 Myrs ago, persistently alternating between arid conditions like those familiar to 
us today and the more humid ones experienced by our mid-Holocene ancestors (Crocker et al., 
2022).  Nevertheless, while the astronomically paced arid-humid cycles continued, these records 
suggest that dry and dusty intervals intensified at roughly the same time as iNHG (Figure 1). 

Early reconstructions of secular change in African hydroclimate commonly used 
terrigenous proportions or accumulation rates as proxies for dust fluxes with ODP Site 659,  
located under the centre of the North African summer dust plume, providing a landmark record 
of Saharan variability using this method (deMenocal, 1995; Sarnthein et al., 1982; Tiedemann et 
al., 1994). However, there are several complications with this approach. First, terrigenous 
content in marine core samples is not merely controlled by changes in terrigenous supply but 
also by dilution through the addition of marine sediments (chiefly CaCO3 at ODP Site 659). 
Second, at sites proximal to continents, the terrigenous fraction consists not only of windblown 
dust but may also contain material transported by rivers. Third, once isolated, changes in the 
windblown dust fraction are governed by changes in both continental hydroclimate and wind 
strength. Fourth, while marine archives can provide long unbroken records of continental 
hydroclimate with excellent age control, these records often come with more of an attribution 
problem (uncertain provenance) than terrestrial archives.  

To address these uncertainties at ODP Site 659, Crocker et al. (2022) used a geochemical 
approach, developing records of hydroclimate and grain size variability from [Al+Fe]/[Si+K+Ti] 
(a proxy for aeolian versus riverine inputs) and ln[Zr/Rb] (zircons concentrated in the sediment 
coarse fraction) respectively (Mulitza et al., 2010; Tjallingii et al., 2008). Crucially, these two 
ratios employ only lithophile elements, and so, unlike terrigenous fluxes, they are independent of 
carbonate production and seafloor dissolution. Furthermore, they also deconvolved downcore 
changes in terrigenous content into a dust and riverine fraction by comparing its elemental 
composition to the contrasting chemistry of Saharan dust and Senegal river sediments today, and 
fingerprinted the source of terrigenous sediments to ODP Site 659 using radiogenic isotopes 
(Jewell et al., 2022; Jewell et al., 2021; Kunkelova et al., 2022). These geochemical records 
suggest that the Pliocene-Pleistocene transition in North African climate to a more deeply arid 
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dusty state took a particular form. Change is recorded first in [Al+Fe]/[Si+K+Ti] which 
documents a shift in central tendency (~average) and dispersal (~spread) towards more arid 
conditions centred on ~3.1 Ma. There is widespread evidence for drying across North Africa 
around this time with a shift towards more arid climates recorded in the eastern Mediterranean 
(Grant et al., 2022; Lupien et al., 2023), and a expansion of more arid-adapted vegetation in 
northwest Africa (Leroy and Dupont, 1994) with a more subtle shift in East Africa (Liddy et al., 
2016; Lupien et al., 2021; Yost et al., 2020).  

An increase in dust fluxes and ln[Zr/Rb], both of which carry a stronger imprint of wind 
strength, is recorded at ODP Site 659 about 400 kyr later than the shift to a more humid climate 
suggested by [Al+Fe]/[Si+K+Ti]. This offset in the timing between aridification and dust fluxes 
suggests that increased wind strength rather than dust availability drove the increase in dust 
fluxes from 2.7 Ma, a hypothesis which is supported by an increase in trade wind indicator 
pollen species recorded offshore NW Africa (Vallé et al., 2014). The increases in dust flux and 
ln[Zr/Rb] are particularly noteworthy because they occur during iNHG (Figure 1) and are 
statistically significant (Crocker et al., 2022), unlike the inferred change in terrigenous flux 
(Trauth et al., 2009). The NETW dominate dust transport to the NW African margin today 
(Skonieczny et al., 2013) and there is no change in dust provenance at ODP Site 659 associated 
with the increase in dust fluxes from the Pliocene to the Pleistocene, so major shifts in regional 
wind patterns can also be discounted as the cause of this increase in dust flux (Crocker et al., 
2022). Furthermore, terrigenous flux also increases during iNHG at EEA Sites 662 and 664, 
located further offshore than Site 659 (deMenocal, 1995; Ruddiman and Janecek, 1989). 
Although the terrigenous flux record is subject to the limitations discussed above, the shared 
trend at both sites strongly suggests that the NETW strengthened during iNHG. A slightly later 
increase in dust flux at ~2.55 Ma is recorded at ODP Site 967 in the Mediterranean Sea, however 
dust transport to this site is suggested to be driven by the activity of Mediteranean depressions 
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during late winter and spring rather than simply by the trade winds (Larrasoaña et al., 2003; 
Trauth et al., 2009). 

 

Figure 6. Dust flux variability through iNHG to mid and low latitude sites. a Estimated dust flux 
recorded at ODP Site 659 (3-point smoothed). Median value in red; 1st, 5th, 25th, 75th, 95th and 
99th percentiles also shown in shades of orange/yellow (Crocker et al., 2022). b Dust fluxes to 
IODP Site U1313 in the North Atlantic (41°N), with terrigenous accumulation rates in red (Lang 
et al., 2014) and accumulation rates of odd-numbered long-chain n-alkanes in dark green (Naafs 
et al., 2012). c Dust fluxes to ODP Site 1208 in the North Pacific (36°N), with Th-derived dust 
fluxes in red (Abell et al., 2021) and hard isothermal remanent magnetization (HIRM) flux in 
blue (Bridges et al., 2023). d CENOGRID benthic foraminfera oxygen isotope dataset (grey 
line), with 20 kyr smoothing (black line) (Westerhold et al., 2020; Wilkens et al., 2017). Grey 
background shading indicates regime shift from 2.72 Ma. 

 

Strengthening of the westerly wind systems during iNHG has also been proposed based 
on dust records from mid-latitude sites in the Pacific and Atlantic Oceans, with a sharp jump in 
dust fluxes reported at 2.72 Ma (Figure 6; Abell et al., 2021; Bridges et al., 2023; Lang et al., 
2014; Naafs et al., 2012). The gradational increase in dust fluxes at ODP Site 659 is also 
centered around 2.7 Ma (Crocker et al., 2022), suggesting that the trade winds strengthened at 
broadly the same time as the westerlies. This implies that the effect on atmospheric circulation of 
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iNHG was not restricted to the mid and high latitudes (Ferrel cell) but extended deep into the 
(sub)tropics implying a contemporaneous invigoration of Hadley cell circulation. The jump in 
dust fluxes is less pronounced at ODP Site 659 than the mid-latitude sites in the path of the 
westerlies (Abell et al., 2021; Bridges et al., 2023; Lang et al., 2014; Naafs et al., 2012, Figure 
6). We attribute this result to the proximity of ODP Site 659 to the world’s most active dust 
source (North Africa, Ginoux et al. (2012)), which was already active during favourable 
astronomical configurations throughout the Pliocene (Crocker et al., 2022), whereas the records 
of the westerlies come from North Atlantic and North Pacific sites that lie a long way downwind 
of dust source regions (in North America and East Asia respectively) where dust activation 
and/or long distance transport jumped during iNHG from a lower base level.  

 

Figure 7. Wavelet analysis of eastern Tropical Atlantic data series from 3.5–2.2 Ma, a-d ODP 
Site 659: a Calibrated [Al+Fe]/[Si+K+Ti] values, b δ18O of mixed layer planktonic foraminifera 
G. ruber (white), c Median dust flux estimates, d ln[Br/tot] counts measured by XRF core 
scanning. e-g ODP Site 662: e ln[Ba/tot] and f ln[Br/tot] counts measured by XRF core scanning, 
g Terrigenous flux (data from Ruddiman and Janecek (1989), with stratigraphy updated 
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following Herbert et al. (2010)). Horizontal dashed lines indicate frequencies of key 
astronomical cycles, with E = eccentricity (124 and 95 kyr), T = obliquity (also known as tilt, 41 
kyr) and P = precession (23.6, 22.3 and 18.9 kyr). Analyses performed and figures created using 
PAST software (Hammer et al., 2001). 

 

3.2.2 Spatial variability in the response of oceanic productivity 

The intensification of northern hemisphere glaciation was accompanied by large changes in 
patterns of global oceanic productivity. A major shift occurred at 2.72 Ma, with the onset of 
strong orbitally paced pulses in productivity in parts of the equatorial and temperate Atlantic and 
crashes in productivity in the Southern Ocean and subarctic Pacific (Haug et al., 1999; Lawrence 
et al., 2013; Sigman et al., 2004). This shift in global patterns of marine productivity has been 
attributed to a combination of changes in wind strength/position and upper ocean stratification. 

Unusually warm SST values during the Pliocene have been recorded at several sites in 
major mid-latitude upwelling zones, suggesting that upwelling was weaker in the Pliocene than 
the Pleistocene (Brierley et al., 2009; Dekens et al., 2007; Herbert and Schuffert, 1998; 
LaRiviere et al., 2012; Marlow et al., 2000). Multiple modelling studies show a lower intensity 
of upwelling-favourable winds (particularly the transient upwelling-driving wind events) under 
Pliocene boundary conditions (Arnold and Tziperman, 2016; Fedorov et al., 2013; Li et al., 
2015; Li et al., 2019). Expanded continental wetlands during the Pliocene could also weaken 
upwelling strength due to localised cooling weakening alongshore upwelling-favourable winds 
(Fu et al., 2021). During the transition from the Pliocene to the Pleistocene, both data and model 
results suggest that increasing wind strength occurred in conjunction with an equatorward shift 
of the westerlies (e.g. Abell et al., 2021; Li et al., 2015). Another factor proposed to influence 
shifts in productivity between the Pliocene and Pleistocene is a shallowing of the thermocline, 
allowing cooler subsurface waters closer to the ocean surface (Dekens et al., 2007). Coeval 
shoaling of the nutricline is proposed to explain a greater availability of nutrient-rich waters at 
the poleward margin of the North Atlantic gyre (ODP Site 607) and in equatorial upwelling 
regions (ODP Site 662) (Lawrence et al., 2013). In contrast, the equatorward shift of the 
westerlies is suggested to have increased ocean stratification at high latitudes and caused a 
dramatic decline in high latitude productivity in both hemispheres, as evidenced at locations such 
as ODP sites 882 and 1096 (Haug et al., 1999; Sigman et al., 2004).  

Astronomically paced changes in upwelling at ODP sites 659 and 662 show a very close 
match to variability in trade wind strength, with both sites recording increased ocean productivity 
(high C37 flux, Br/tot and Ba/tot counts) at times of high dust/terrigenous input over astronomical 
timescales (Figures 3–4). Both sites – but particularly ODP Site 662 – record a strengthening of 
the NETW upon iNHG, as well as stronger 41 kyr (obliquity) frequencies at the expense of 19 & 
23 kyr (precession) in both dust/terrigenous fluxes and productivity records from 2.7–2.5 Ma 
(Figure 7, supplementary figure 3), suggesting an increasing high latitude influence on NETW 
strength. The increases in dust fluxes and inferred trade wind strength at ~2.7 Ma provoke a 
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jump in ocean productivity in the EEA (ODP Site 662), but not on the NW African margin (ODP 
Site 659).  

Before 2.7 Ma, C37 fluxes at ODP sites 662 and 659 were similar in both magnitude and 
timing. After this time, peak C37 fluxes were approximately an order of magnitude greater at Site 
662 than at Site 659 (Figure 8). This suggests that the reorganisation of the climate system in 
response to iNHG had a larger impact on the near-equatorial divergence-driven upwelling at 
ODP Site 662 than at the more northerly (18°N) ODP Site 659. However, in the modern ocean, 
the mechanistic forcing of upwelling (NETW strength) is broadly common to both equatorial 
upwelling and coastal upwelling along the NW African margin. It is unlikely, therefore, that 
wind strength alone can explain the differences between the two sites, and radiogenic isotope 
evidence suggests no large shift in the position of the wind field across iNHG (Crocker et al., 
2022). It is possible that the location of ODP Site 659 distal from the zones of strongest 
upwelling on the NW African margin (Figure 2) makes it relatively insensitive to any changes in 
upwelling strength further north/closer to the coast, although over astronomical timescales, ODP 
Site 659 does still capture strong coupling between dust inputs and marine productivity, akin to 
that recorded closer in sites to the heart of the upwelling system during the Late Quaternary (e.g. 
Adkins et al., 2006; Bradtmiller et al., 2016).  

Strengthening of the wind field can influence the supply of nutrients to the surface ocean 
(and hence productivity) either through increased wind-driven upwelling of nutrient rich 
subsurface waters or by increased delivery of nutrients via aeolian transport. An increase in the 
supply of iron-rich dust to the EEA could therefore boost productivity, particularly during the 
Pliocene when dust fluxes were low. However, both ODP sites 659 and 662 sit within a region 
where productivity is currently limited by nitrogen availability (with some phosphorous co-
limitation) (Browning and Moore, 2023; Moore et al., 2013), hence the increased addition of iron 
to the surface ocean associated with the observed increase in dust fluxes would not be expected 
to have a strong effect on productivity at either site. 

An alternative explanation for the different trends in productivity at the two sites 
recorded around 2.7 Ma is that the nutrient content of the upwelled waters increased at ODP Site 
662 but not ODP Site 659. A major expansion of nutrient-rich southern-sourced waters into the 
Atlantic has been documented at 2.7 Ma (Lang et al., 2016); however, we note that the same 
water mass (South Atlantic Central Water) dominates the subsurface at both sites today (Peña-
Izquierdo et al., 2012). Therefore, our results appear to support the hypothesis of Lawrence et al. 
(2013), wherein the nutricline outcrops at the surface occurring during favourable orbits from 2.7 
Ma at equatorial upwelling site ODP Site 662 but not at the more northerly ODP Site 659, 
resulting in a much more dramatic increase in nutrient availability in the equatorial upwelling 
system. We that no decrease in upper ocean stratification is recorded at eastern equatorial 
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Atlantic ODP Site 959 (van der Weijst et al., 2022), however, like ODP Site 659, that site is 
dominated by coastal upwelling rather than equatorial divergence. 

 

 

Figure 8. Comparison of Late Pliocene-early Pleistonce reconstructions of productivity at ODP 
sites 659 (green) and 662 (purple). a Summer (June, July & August) insolation at 65°N (La2004 
solution) in grey (Laskar et al., 2004). b Flux of C37 alkenones recorded at ODP Site 659 (this 
study) and ODP Site 662 (Lawrence et al., 2013). Note different y-axis scales for each site. c 
ln[Ba/tot] counts measured by XRF core scanning of sediments from ODP Site 662. d ln[Br/tot] 
counts measured by XRF core scanning of sediments from ODP Site 659 (green) and 662 
(purple). e Median dust flux estimates from ODP Site 659 (Crocker et al., 2022) and terrigenous 
flux from ODP Site 662 (data from Ruddiman and Janecek (1989), with stratigraphy updated 
following Herbert et al. (2010)). Note that at ODP Site 659, the proportion of dust within the 
sediment was estimated using a geochemical endmember unmixing approach while the 
terrigenous flux at ODP Site 662 includes all non-CaCO3 material. f CENOGRID benthic 
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foraminfera oxygen isotope dataset (grey line), with 20 kyr smoothing (black line) (Westerhold 
et al., 2020; Wilkens et al., 2017). 

 

3.3 Mechanistic forcing of African climate rooted in changes in the North Atlantic 
surface ocean temperature field 

Next, we examine the influence of North Atlantic SST values and latitudinal gradients on North 
African climate, using our new records of alkenone-derived SSTs from ODP Site 659 and 
compare them to SST reconstructions from ODP Site 982 (58°N, Lawrence et al., 2009), IODP 
Site U1313 (41°N, Naafs et al., 2012; Naafs et al., 2010), ODP Site 607 (41°N, Lawrence et al., 
2010) and ODP Site 662 (1°S, Herbert et al., 2010) (Figure 9).  

Late Pliocene cooling in the North Atlantic Ocean is much more pronounced at higher 
versus lower latitudes. Strong and sustained cooling of >4°C is documented at ODP Site 982 
from 3.5–2.5 Ma (Kaboth-Bahr and Mudelsee, 2022; Lawrence et al., 2009, Figure 9), while SST 
cooling of ~3°C is recorded at mid-latitude Atlantic sites U1313 and 607 from ~3.1 Ma, 
attributed to a weakening of the North Atlantic Current and southward expansion of the Arctic 
front (Lawrence et al., 2010; Naafs et al., 2010). In contrast, SSTs at low latitude Atlantic sites 
ODP sites 659 and 662 are generally warm and stable before 2.7 Ma. ODP Site 659 shows 
average SSTs of 25.5–27°C (with the exception of an interval of cooler temperatures of ~24.5°C 
at 2.93 Ma during MIS G16), with almost identical temperatures recorded in the EEA upwelling 
belt at ODP Site 662  (Figure 9). These results reveal that the cooling of the surface waters along 
the NW African margin and/or the EEA did not contribute to the intensification of arid dusty 
intervals on North Africa around 3.1 Ma. Instead, the recorded shift to increasingly arid 
conditions shown by [Al+Fe]/[Si+K+Ti] at ODP Site 659 is more closely associated with cooling 
of the surface ocean at higher latitudes (Figure 9). Our findings therefore point to a mechanistic 
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forcing mechanism rooted in the sensitivity of the tropical rainbelt to high latitude cooling and/or 
latitudinal temperature gradients in the North Atlantic Ocean.  

 

Figure 9. Evolution of North Atlantic SST from 3.5–2.2 Ma. a Alkenone-derived SST estimates 
from ODP Site 659 (orange, this study) compared to data from ODP Site 662 (red, Herbert et al., 
2010), IODP Site U1313 (green, Naafs et al., 2012; Naafs et al., 2010), ODP Site 607 (pale blue, 
Lawrence et al., 2010) and ODP Site 982 (dark blue, Lawrence et al., 2009). Dark lines mark 
LOESS smoothed fits (Cleveland, 1979), with shading indicating 95% confidence interval. b 
CENOGRID benthic foraminfera oxygen isotope dataset (pale grey), with 20 kyr smoothing in 
black (Westerhold et al., 2020; Wilkens et al., 2017). c log(p) values indicating probability of 
shifts in central tendency (Mann-Whitney-Wilcoxon test , solid lines) and dispersion (Ansari-
Bradley test, dashed lines) (Crocker et al., 2022). Colours indicate the analysed proxy data series, 
with [Al+Fe]/[Si+K+Ti] in orange, ln[Zr/Rb] in green and median dust flux in red (full datasets 
shown in Figure 1). 

 

Model simulations suggest that warm temperatures in the high latitudes and weak 
latitudinal temperature gradients were key factors in driving a strong West African monsoon 
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during the warm Pliocene (Brierley and Fedorov, 2010; Burls and Fedorov, 2017; Han et al., 
2023), with a strong link between latitudinal temperature gradients and African hydroclimate 
also invoked in the Late Miocene (Herbert et al., 2016). Pronounced high latitude cooling in the 
northern hemisphere from the Pliocene into the Pleistocene is also suggested to have led to a 
decrease in the cross-equatorial temperature gradient, shifting the ITCZ southwards and 
weakening the West African monsoon (Brierley and Fedorov, 2010; Wycech et al., 2022). In 
addition, cooling of the North Atlantic Ocean has been linked to tropospheric cooling, which 
reduces evapotranspiration and cloudiness and strengthens the easterly midtropospheric jet which 
exports moisture from the continent to the ocean, both mechanisms acting to reduce precipitation 
over North Africa (Liu et al., 2014; Mulitza et al., 2008). The exact role of SST-atmosphere 
feedbacks is one of the largest sources of uncertainty in regional precipitation predictions for the 
coming decades (Monerie et al., 2023; Zhang et al., 2023; Zhang and Li, 2022), with changes in 
both high latitude and low latitude ocean temperatures invoked to explain recent variability in 
Sahelian rainfall intensity (e.g. He et al., 2018; Liu et al., 2014; Monerie et al., 2019). The 
absence of cooling recorded at either ODP Site 659 or 662 associated with aridification in North 
Africa at ~3.1 Ma suggests that cooling at mid/high latitudes exerted a stronger influence over 
precipitation than low latitude temperatures during the warm Pliocene, a result which may have 
consequences for future precipitation trends if similar mechanisms apply over the coming 
centuries, given Arctic amplification of recent global warming. 

The increase in dust export from North Africa centered around 2.7 Ma is closely 
associated with surface ocean cooling at all latitudes (Figure 9) during the culmination of iNHG 
(Lisiecki and Raymo, 2005; McClymont et al., 2023; Meyers and Hinnov, 2010; Ruggieri, 
2013). The increase in latitudinal temperature gradients and ice volume is invoked to explain a 
strengthening of the westerly wind systems observed in both the Pacific and Atlantic Oceans 
(Abell et al., 2021; Bridges et al., 2023; Lang et al., 2014). Dust flux records from ODP Site 659 
strongly suggest that the NETW strengthened at broadly the same time as the westerlies, 
presumably in response to strengthening of Hadley cell circulation driven by increasing 
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latitudinal temperature gradients, particularly during glacial phases (Brierley and Fedorov, 2010; 
Corvec and Fletcher, 2017).  

 

Figure 10. Late Pliocene-Early Pleistocene evolution of the tropical eastern Atlantic. a 
Reconstructed atmospheric pCO2 values; solid line marks 100 kyr mean, dashed line indicates 
95% confidence interval, individual data points in pale green (Consortium*† et al., 2023). b 
Alkenone-derived SST estimates at ODP Site 659 (pink). c Estimated δ18Osw at ODP Site 659 
calculated using three different approaches to correct for global ice volume change on ocean 
δ18O, with method (1) in palest purple, method (2) in intermediate shade and method (3) in 
darkest purple (see section 2.3). d [Al+Fe]/[Si+K+Ti] of calibrated elemental abundances from 
ODP Site 659 (Crocker et al., 2022). e Orbital eccentricity (light grey) and summer (June, July & 
August) insolation at 65°N (La2004 solution, dark grey) (both Laskar et al., 2004). f ODP Site 
659 benthic foraminiferal (C. wuellerstorfi) oxygen isotope record (dark blue line) (Tiedemann 
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et al., 1994 and this study) and CENOGRID benthic foraminfera oxygen isotope dataset (black) 
(Westerhold et al., 2020; Wilkens et al., 2017).  

 

3.4 Sea surface salinity change documents ocean-atmosphere feedbacks 

Combining our alkenone-derived SST estimates with the oxygen isotope signatures of mixed 
layer dwelling foraminiferal species, G. ruber and estimates of past sea level/global ice volume 
allows us to remove the imprint of both temperature and changes in the global ocean δ18O on 
foraminiferal calcite (see section 2.3), and hence estimate past variability of the local δ18Osw of 
the upper ocean, which has a strong correlation with salinity (Bigg and Rohling, 2000; Voelker 
et al., 2015). The resulting local surface seawater oxygen isotope values (δ18Osw) show a strong 
400 kyr eccentricity signature (Figure 5), possibly due to the modulating influence of eccentricity 
over precessional forcing of the West African monsoon (Crocker et al., 2022; Kuechler et al., 
2018), although local SST values also appear to contain some 400 kyr periodicity, although it is 
not significant at the 95% confidence level (Figure 5). From 3.3 to 2.85 Ma, our records show a 
shift towards higher δ18Osw values implying higher salinity, that appears only a partial match to 
the trend in eccentricity forcing (Figure 10). Taken together with the aridification signal in our 
XRF records (a decrease in [Al+Fe]/[Si+K+Ti]), one interpretation of the inferred salinification 
of surface waters along the NW African margin is that it was driven by a relative increase in 
evaporation over precipitation. Shifts in the location of the tropical rainbelt have been shown to 
not only drive precipitation changes over land, but also lead to regional ocean salinity anomalies 
(Vellinga and Wu, 2004).  

From 2.85 to 2.5 Ma, this trend of increasing ocean salinity reverses, with a ~1‰ 
decrease in δ18Osw values suggesting decreasing surface ocean salinity despite the increase in 
dust fluxes at this time (Figure 10). We consider two alternative explanations of this signal. 
Arguably the simplest is that enhanced regional upwelling drove the freshening of surface waters 
offshore NW Africa (see section 3.2). Alternatively, the signal may be explained by a shift in the 
locus of precipitation from the land to the ocean. Many simulations of future climate change 
reveal a sharp contrast in precipitation trends over land and ocean, with drying in subtropical 
regions as proposed by the “dry gets drier” paradigm predicted over the ocean rather than over 
land (He and Soden, 2017). In the models, this response is traced to an increase in the land-sea 
temperature contrast resulting from increasing pCO2, which strengthens subsidence over the 
subtropical oceans while weakening it over land, resulting in drying over the oceans but little 
change over the continents where precipitation increases are largely balanced by an increase in 
evaporation (He and Soden, 2017). Thus, a weakening of the strong land-ocean temperature 
contrasts which maintained a strong Pliocene West African monsoon (Berntell et al., 2021) may 
have led to a shift in the locus of precipitation from land to ocean, driving the decrease in surface 
ocean salinity recorded at ODP Site 659 from ~2.85 Ma. A recent compilation of pCO2 estimates 
(Consortium*† et al., 2023) does not show a decrease in atmospheric CO2 associated with the 
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decrease in δ18Osw, but the large range in pCO2 estimates means that an influence of this 
mechanism cannot be ruled out (Figure 10).  

 

4 Conclusions 

We present new records of sea surface temperature, planktonic foraminiferal stable isotopes and 
export productivity from the eastern tropical Atlantic (ODP sites 659 and 662), spanning the 
warm Pliocene to early Pleistocene, and compare them to detailed records of hydroclimate 
variability and dust export from North Africa. Our records reveal that the tight coupling between 
wind strength, dust deposition and export productivity identified over astronomical time scales in 
the Late Quaternary also applied during the warm Pliocene. 

We find that the trade winds blowing from Africa across the (sub)tropical North Atlantic Ocean 
strengthened around 2.7 Ma, at a time of cooling in both the high and low latitude  Atlantic 
Ocean. North Africa aridified earlier (from ~3.1 Ma), well before sea surface temperature 
cooling is documented at low latitudes. These findings highlight the importance of high latitude 
influences in modulating precipitation on North Africa. The increase in trade wind strength that 
we document around 2.7 Ma occurred in close association with a strengthening of the westerly 
winds and led to a contrasting response in export productivity between our two study sites, with 
a sharp increase in productivity documented in the eastern equatorial Atlantic but little change on 
the NW African margin. Our results point to invigoration of large-scale atmospheric circulation 
globally as glacial periods intensified during the late Pliocene and early Pleistocene. 
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