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            Abstract
Today, the eastern African hydroclimate is tightly linked to fluctuations in the zonal atmospheric Walker circulation1,2. A growing body of evidence indicates that this circulation shaped hydroclimatic conditions in the Indian Ocean region also on much longer, glacialâ€“interglacial timescales3,4,5, following the development of Pacific Walker circulation around 2.2â€“2.0 million years ago (Ma)6,7. However, continuous long-term records to determine the timing and mechanisms of Pacific-influenced climate transitions in the Indian Ocean have been unavailable. Here we present a seven-million-year-long record of wind-driven circulation of the tropical Indian Ocean, as recorded in Mozambique Channel Throughflow (MCT) flow-speed variations. We show that the MCT flow speed was relatively weak and steady until 2.1â€‰Â±â€‰0.1â€‰Ma, when it began to increase, coincident with the intensification of the Pacific Walker circulation6,7. Strong increases during glacial periods, which reached maxima after the Mid-Pleistocene Transition (0.9â€“0.64â€‰Ma; ref. 8), were punctuated by weak flow speeds during interglacial periods. We provide a mechanism explaining that increasing MCT flow speeds reflect synchronous development of the Indo-Pacific Walker cells that promote aridification in Africa. Our results suggest that after about 2.1â€‰Ma, the increasing aridification is punctuated by pronounced humid interglacial periods. This record will facilitate testing of hypotheses of climateâ€“environmental drivers for hominin evolution and dispersal.
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                    Fig. 1: Regional oceanographic settings of IODP Site U1476 (2,166 mâ€‰water depth).[image: ]


Fig. 2: Climatic and oceanographic recordsÂ over the past seven million years.[image: ]


Fig. 3: MCT and eastern African aridity records with distinct glacial and interglacial intervals over the past 3.3 Myr.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Coupled oceanographic and atmospheric circulation of the Indian Ocean region.
a, Surface circulation indicated by mean geostrophic velocities and directions. IODP Site U1476 is situated in the Mozambique Channel, which experiences a net southward flow of the Mozambique Channel Throughflow (MCT). The tropical Indian gyre receives and redistributes inflow from the Indonesian Throughflow (ITF). The main components of the tropical Indian gyre: East African Coastal Current (EACC), Southern Equatorial Current (SEC), Southern Equatorial Counter Current (SECC) and Northeast Madagascar Current (NEMC) are highlighted with a dark grey outline marking the mean extension of the tropical gyre63,64. At ~60Â°E, the SEC bifurcates into two main branches feeding into the NEMC and the Southeastern Madagascar Current (SEMC) as it crosses bathymetric highs including the Mascarene Plateau, highlighted by the solid grey bathymetric contour at 2,200 m water depth. The SEMC is outside the outline of the tropical gyre as it is part of the anti-cyclonic subtropical gyre. b, Mean wind stress (gray arrows) and wind stress curl of the Indian Ocean indicate the basin-wide negative (positive) wind stress curl forcing the tropical (subtropical) gyre. A black line indicates the zero wind stress curl. c, Mean dynamic sea surface topography indicating a sea-level low between 10-5Â°S at the centre of the tropical Indian gyre; the Seychellesâ€“Chagos thermocline ridge (SCTR)9. The thicker contour of 1.05 m denotes the northern extent of the subtropical gyre, whereby the blues (reds) highlight lower (higher) sea surfaces, which are associated with the cyclonic (anti-cyclonic) circulation of the tropical (subtropical) gyres. The bathymetric, oceanic (1993-2012) and surface wind data (1979-2019) are derived from: General Bathymetric Chart of the Oceans (GEBCO)65, CNES-CLS18 MDT66, ERA5 monthly-averaged data on single levels (DOI: 10.24381/cds.6860a573), respectively. These maps are generated with MATLAB and Mapping Toolbox, version 9.8.0.1323502 (R2020a, Natick, Massachusetts: The MathWorks Inc., United States).


Extended Data Fig. 2 Dynamic sea surface topography in meters superimposed by the mean of monthly Indian Ocean sea surface height (SSH) maps.
a, Composite of all monthly SSH between 1999-2019, superimposed on dynamic sea surface topography, marks sea-level low of the SCTR (5Â°Sâ€“12Â°S, 45Â°Eâ€“90Â°E)9. Solid red line refers to cross section along longitude 52Â°E between latitudes 25 to 5Â°S, across the SEC, see b. b, Mean dynamic sea surface gradient at 52Â°E (red thick line) as marked by solid black line in a, c, d, e and f. Meridional surface height gradient and associated near-surface pressure gradient south of the SCTR drives (influenced by Coriolis force) the westward deep-reaching South Equatorial Current (SEC). Positive (negative) SSH anomalies formed during ENSO and IOD propagate westward as downwelling (upwelling) Rossby waves in ca. 6 months10,19,24,67. The dynamic sea surface topography averaged over 6 months following positive Indian Ocean Dipole (+IOD), negative Indian Dipole (-IOD), positive El NiÃ±o Southern Oscillation (ENSO) - El NiÃ±o, and negative ENSO - La NiÃ±a are shown in c, d, e and f, respectively. g, IOD and ENSO time series with solid vertical lines indicating long-term mean with Â±1SD and Â±2SD (dashed lines). Red dots mark the months that are selected after a positive IOD (c) and ENSO (e) events, while blue dots mark the months after negative IOD (d) and ENSO (f) events. SSH anomalies induced by ENSO and IOD often reinforce each other10, since they are linked at interannual1 to decadal time-scales63, at least over the last millennium68. Sea surface topography, SSH maps, IOD SST index1, El NiÃ±o 3.4 SST Index69 are from Ssalto/Duacs-Cnes; https://www.aviso.altimetry.fr, https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/, https://psl.noaa.gov/gcos_wgsp/Timeseries/Nino34. These maps are generated with MATLABÂ® and Mapping Toolbox, version 9.8.0.1323502 (R2020a, Natick, Massachusetts: The MathWorks Inc., United States).


Extended Data Fig. 3
3d representations of the mean sea surface topography. a, b, Averaged over 6 months after (a) warm (positive) and (b) cold (negative) ENSO-IOD phases, respectively induced by regional anti-cyclonic (AC) positive and cyclonic (C) negative wind stress curls along the equatorial Indian Ocean west of 100Â°E, which is coupled to the atmospheric Pacific Walker Cell circulation10,24. In contrast, sea surface height (SSH) variability in the eastern Indian Ocean is derived from the western Pacific Ocean via the Indonesian Throughflow (ITF; Extended Data Figs. 1a, 2c-f). Black arrows indicate schematic representation of the zonal Walker circulation. During positive ENSO phases, the center of atmospheric deep convection shifts eastward, resulting in anomalous descending air masses over the western Pacific Ocean and Maritime Continent63. The corresponding anomalous easterlies induce down-welling Rossby waves in the central Indian Ocean that propagate westward as positive SSH anomalies, increasing the thermocline depth at the SCTR while decreasing the meridional SSH gradient and corresponding SEC in the western Indian Ocean10,24 (Extended Data Fig. 2b). Conversely, the SSH gradient and in turn the SEC flow increases during negative ENSO phases. The associated westerlies/easterlies induce upwelling and thermocline shoaling (dark blue) in the western/eastern Indian Ocean, and in turn promote deep atmospheric convection and excess rainfall over the Maritime Continent/eastern Africa via sea atmospheric interactions10,17. The Mozambique Channel Throughflow (MCT) that is related to the westward flow of the SEC north of Madagascar therefore increases following a negative-cold ENSO-IOD phase (b) and vice versa (a).


Extended Data Fig. 4 Precipitation difference (mm/day) of mean precipitation between 2000-2012 minus that of 1979-1999.
The precipitation difference indicates systematically drier conditions in eastern Africa during the last decade17, which coincides with intensified Southern Equatorial Current (SEC)17 and Mozambique Channel Throughflow (MCT)70. Green triangles indicate the eastern African hominin sites (1. Afar, 2. Omo-Turkana Basin, 3. Baringo and Tugen Hills, 4. Kanjera, 5. Olorgesailie, 6. Laetoli and Olduvai), from which long-term carbon isotope records of soil carbonates are available serving as long-term proxy of eastern African aridity. The rainfall data is from Global Precipitation Climatology Project (GPCP) monthly precipitation analysis (1979â€“present; DOI 10.7289/V56971M6) and visualized with MATLAB and Mapping Toolbox, version 9.8.0.1323502 (R2020a, Natick, Massachusetts: The MathWorks Inc., United States).


Extended Data Fig. 5 Flow speed reconstructions using sortable silt mean grain size and abundance in the Mozambique Channel.
a, 3-part diagram of sortable silt properties of flow speed in the Mozambique Channel (Clock-wise). The relationship between sortable silt abundance (% lithogenic fraction between 10-63â€‰Î¼m; SS%) and mean grain size (\(\overline{{\rm{SS}}}\))54,71,72 for the spliced record from IODP Site U147614 and modern surface sediments (64PE304-47, âˆ’51, âˆ’56, âˆ’63, âˆ’66 and âˆ’68)53. The strong correlation (Pearsons correlation coefficientâ€‰=â€‰0.79) indicates that sortable silt deposition was subject to current sorting and selective transport71. The \(\overline{{\rm{SS}}}\) of U1476 and nearby surface sediments are well within the calibration range for universal near-bottom current flow speed reconstructions71. The inferred flow speeds for the surface sediment samples using the universal \(\overline{{\rm{SS}}}\) flow speed calibration correspond to the +2 s.d. from the mean near-bottom currents obtained from nearby mooring stations. The mean flow directions are southwards except for those of the Mozambique undercurrent (MUC) that is confined to the eastern African margin below 1.5 km water depth15. The \(\overline{{\rm{SS}}}\) is likely somewhat biased towards to higher near bottom flow speeds, as the finest fractions that may have selectively deposited during slow near-bottom current conditions were preferentially removed under intra- and interannually increased near-bottom currents. Additionally, slight deviations from the mean flow speed might be further attributed to the regional nature of the lithogenic sediments, as most \(\overline{{\rm{SS}}}\) flow speed calibrations are defined for the northern Atlantic Ocean71. However, the sensitivity is comparable amongst the local calibrations and therefore the inferred relative changes in flow speed are also accurate for the Mozambique Channel, albeit the absolute values may slightly differ. In this study, the coarsest \(\overline{{\rm{SS}}}\) and in turn highest flow speeds are obtained from near and within the topographic depression, where the continuation of the MUC passes through the Davie Ridge73. b, W-E transect across the Mozambique Channel with long-term flow contours (cm sâˆ’1)15 as in Fig. 1c, but superimposed by the mean flow speeds of individual moorings of mean near-bottom currents across the Mozambique Channel (cm sâˆ’1)2173, whereby negative (positive) values reflect southward (northward) flow. c, Mozambique Channel bathymetric map with transect across Site IODP U1476 (S2) and the mooring transect (S1) with station (small solid black squares). The mean near-bottom flow speeds vectors recorded at the mooring transect are indicated by dashed73 and solid21 lines. The locations of the surface sediment samples are marked by white dots with black outlines (64PE304-47, âˆ’51, âˆ’56, âˆ’63, âˆ’66 and âˆ’68)53.


Extended Data Fig. 6 Age model of the spliced record of IODP Site U1476.
a, From top to bottom: The chronology of spliced core of IODP Site U1476 is based on the correlation of the ð�›¿18O benthic record with the global ð�›¿18O benthic probabilistic stack (Prob-stack)40 using 38 tie points for the last ~2 Ma. Benthic ð�›¿18O record of the spliced record of IODP Site U1476 over the last ~2 Ma (blue) and Prob-stack (black)40. Minimal number of tie-points that are used to tune the ð�›¿18O benthic record of U1476 to Prob-stack are indicated by vertical lines in a following a similar approach as57. The Prob-stack overlain by the tuned benthic ð�›¿18O record of the spliced record of IODP Site U1476 demonstrates the similarity between both records. b, The age-depth relationship agrees with the biochronology of calcareous nannofossils and planktonic foraminifera with only some minor deviations from the ð�›¿18O bayesian age model. Bayesian age-modeling60 of U1476 with Â±1SD (dark grey) and Â±2SD (light grey) based on the benthic ð�›¿18O tuning points and biostratigraphy of calcareous nannofossils over the last 3 Ma with the accumulation rates. The shipboard biostratigraphy of calcareous nannofossils14, which has been further refined by Tangunan et al.(2018)59 displaying internal agreement. c, Idem as b for the last ~7 Ma, Deviations of the shipboard biochronology of planktonic foraminifera might be partly attributable to the use of general low-latitude calibrations rather than specific calibrations for the tropical western Indian Ocean14,51.


Extended Data Fig. 7 7-Ma long records of sortable silt mean (\(\overline{{\rm{SS}}}\)) and derived flow speed changes together with lithogenic properties.
The accompanying elemental compositions are obtained through X-ray fluorescence (XRF) analyses of sediments at Site U1476 (Methods). The glacial periods are indicated for the last 5.3 Ma74 by vertical light blue bars. The 10-point running means of the lithogenic ln (Zr/Rb) record reflect the relative deposition of dense Zr grains that are sorted, via selective deposition, together with silt-sand sized terrigenous particles, and Rb that is mainly present in clay minerals as substitution for K. Additionally, the 10-point running means of XRF bulk record (ln) Ca/(Ca/Ti) record that represents the relative deposition of carbonates (including foraminiferal shells) versus the terrigenous fraction53. Reconstructed enhancements in flow speed after 2.1 Â± 0.1 Ma correspond to increases in coarse-grained lithogenic sediments together with increases in marine carbonates, which suggests selective deposition and removal of the fine-grained lithogenic sediment fractions.


Extended Data Fig. 8 Long-term Sea Surface Temperature (SST) records and Indo-Pacific Walker Cell circulation.
a, Long-term SST records from the Indian and Pacific Ocean. The Mg/Ca-based SST records of DSDP 21435, ODP 709C36, 806 and 84743 that are calcuated and corrected for dissolution at depth75 are mainly derived from Globigerinoides sacculifer, therefore recording temperatures about 20-30 m below the surface. Divergence of the SST records at ~2.1 Ma reflects the onset of the modern Indo-Pacfiic Walker cell circulation. b, Representation of present-day coupled Indo-Pacific Walker cell circulation, which is characterized by climatological low-level westerlies11 and easterlies over the equatorial Indian and Pacific Oceans, respectively. The corresponding moisture-laden air masses of both oceans ascend over the Maritime Continent in southeastern Asia and the associated atmospheric deep convection induces excess rainfall. In contrast, the subsiding dry air masses over the cool western Indian Ocean cause arid conditions in eastern Africa. c, Ocean map color gradients show climatological mean Sea Surface Temperature (SST) and black arrows represent the atmospheric surface circulation of the Indian and Pacific Ocean basins (ERA5 monthly-averaged data on single levels; https://doi.org/10.24381/cds.6860a573). The low-level Pacific easterlies and Indian westerlies are driven by the temperature contrast between the center of the Indo-Pacific Warm Pool (IPWP; SST >28â€‰Â°C) and upwelling areas in the eastern Pacific Ocean (Cold tongue) and western Indian Ocean (Seychelles-Chagos Thermocline Ridge (SCTR), western Indian Ocean and Arabian Sea). The yellow dots indicate IODP Site U1476 (this study), and U133728, DSDP Site 21435, ODP Sites 709C36, 721-72212,46,62, 806 and 84743 providing long-term SST records, as well as sites GeoB12610-239 and GeoB10038-449 that date back to the Last Glacial Maximum (LGM). The SST map has been derived from NOAA Extended Reconstructed Sea Surface Temperature (ERSST) (Version 5, NOAA National Centers for Environmental Information, DOI:10.7289/V5T72FNM) is plotted with MATLAB and Mapping Toolbox, version 9.8.0.1323502 (R2020a, Natick, Massachusetts: The MathWorks Inc., United States).





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
van der Lubbe, H.J.L., Hall, I.R., Barker, S. et al. Indo-Pacific Walker circulation drove Pleistocene African aridification.
                    Nature 598, 618â€“623 (2021). https://doi.org/10.1038/s41586-021-03896-3
Download citation
	Received: 09 June 2021

	Accepted: 11 August 2021

	Published: 27 October 2021

	Issue Date: 28 October 2021

	DOI: https://doi.org/10.1038/s41586-021-03896-3


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        The influence of subpolar marine ice expansion on global climate in the Early Pleistocene
                                    
                                

                            
                                
                                    	Wenxia Han
	Jinbo Zan
	Xiaomin Fang


                                
                                npj Climate and Atmospheric Science (2024)

                            
	
                            
                                
                                    
                                        Indian Ocean salinity build-up primes deglacial ocean circulation recovery
                                    
                                

                            
                                
                                    	Sophie Nuber
	James W. B. Rae
	Stephen Barker


                                
                                Nature (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
