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            Abstract
Groundwater in sub-Saharan Africa supports livelihoods and poverty alleviation1,2, maintains vital ecosystems, and strongly influences terrestrial water and energy budgets3. Yet the hydrological processes that govern groundwater recharge and sustainability—and their sensitivity to climatic variability—are poorly constrained4,5. Given the absence of firm observational constraints, it remains to be seen whether model-based projections of decreased water resources in dry parts of the region4 are justified. Here we show, through analysis of multidecadal groundwater hydrographs across sub-Saharan Africa, that levels of aridity dictate the predominant recharge processes, whereas local hydrogeology influences the type and sensitivity of precipitation–recharge relationships. Recharge in some humid locations varies by as little as five per cent (by coefficient of variation) across a wide range of annual precipitation values. Other regions, by contrast, show roughly linear precipitation–recharge relationships, with precipitation thresholds (of roughly ten millimetres or less per day) governing the initiation of recharge. These thresholds tend to rise as aridity increases, and recharge in drylands is more episodic and increasingly dominated by focused recharge through losses from ephemeral overland flows. Extreme annual recharge is commonly associated with intense rainfall and flooding events, themselves often driven by large-scale climate controls. Intense precipitation, even during years of lower overall precipitation, produces some of the largest years of recharge in some dry subtropical locations. Our results therefore challenge the ‘high certainty’ consensus regarding decreasing water resources4 in such regions of sub-Saharan Africa. The potential resilience of groundwater to climate variability in many areas that is revealed by these precipitation–recharge relationships is essential for informing reliable predictions of climate-change impacts and adaptation strategies.
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                    Fig. 1: Long-term groundwater and precipitation records in the context of varying aridity across sub-Saharan Africa.


Fig. 2: Observed relationships between precipitation and groundwater recharge on an annual (hydrological years) basis (P–R plots).


Fig. 3: Cumulative contribution of annual recharge (by hydrological year) to total recharge for ranked annual precipitation (largest to smallest) (rP–cR plots).


Fig. 4: Synthesis of controls on recharge variations and processes in time and space in sub-Saharan Africa.



                


                
                    
                
            

            
                Data availability

              
              Data license agreements do not allow us to upload the raw precipitation and groundwater-level time series. However, the agencies from whom these data can be requested are listed in the Supplementary Information, and the authors are able to provide guidance on doing so. Digital data sets of calculated annual recharge values and precipitation anomalies are freely available to download online from https://doi.org/10.6084/m9.figshare.5103796 and time series of groundwater-level deviations from the mean are available from https://doi.org/10.5285/a6d78c2e-3420-4346-9182-4fd437672412 and https://www.un-igrac.org/ggmn/chronicles.
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Extended data figures and tables

Extended Data Fig. 1 Long-term groundwater-level records for sub-Saharan Africa, alongside monthly precipitation.
Blue crosses show groundwater depth, and grey bars show monthly precipitation. The timescales plotted in a–g and h–n are on different, but consistent, relative scales for comparison purposes. MAP, mean annual precipitation, in units of millimetres annually. ∗For Namibia, MAP is reported for the rain gauge at Claratal, as this is representative of the climate of the runoff generation area from which focused recharge is derived at the analysed hyper-arid Namibian groundwater-level monitoring locations (see Supplementary Information for more details). mm/a, mm per year.


Extended Data Fig. 2 Correlations between combinations of climate parameters and groundwater recharge statistics.
Calculations in a–c use the aridity index from the location of the Claratal rain gauge for the Namibian data points. Results in d, e use the aridity index from the groundwater monitoring locations for the Namibian data points. f and g indicate that contrasting metrics for extreme recharge give similar strength correlations to annual precipitation variability. Relationships in h include error bars for the combined uncertainty in both recession and specific yield, but note that the estimates of diffuse and focused recharge will be applicable to different spatial scales. In particular, focused recharge estimates will be valid only in regions closest to the recharging stream of interest. Comparisons of long-term average recharge rates must take this into account.


Extended Data Fig. 3 Cumulative contribution of annual recharge (by hydrological year) to total recharge for ranked annual precipitation (largest to smallest) for a suite of forward models (rP–cR plots).
The figure illustrates generic rP–cR plot types derived from running a range of forward recharge model structures, using two different climate time series from: a, Dodoma (semi-arid Tanzania); and b, Cococodji (humid Benin). Types are defined as: purple, type 1, consistent recharge rates from year to year across the range of annual rainfalls; green, type 2, increasing annual recharge with annual rainfall above a threshold (light green to dark green as thresholds increase); and orange, type 3, complex relationships between annual rainfall and recharge amount.


Extended Data Fig. 4 Precipitation anomalies across southern Africa during the local wet season in December 1999 to February 2000.
Locations of six of the groundwater-level records in four countries are indicated. This example year of extreme recharge at the sites in Zimbabwe, South Africa and Namibia (Extended Data Table 2) illustrates the large-scale structure of precipitation anomalies associated with local recharge extremes, in this case associated with La Niña conditions in the tropical Pacific. The north–south dipole of precipitation anomalies around an axis at around 15° S is characteristic of El Niño–Southern Oscillation events, and the major recharge years at the Tanzania site are associated with a reversal of this dipole during El Niño events (Extended Data Table 2).


Extended Data Table 1 Summary details of the groundwater-level and precipitation time seriesFull size table


Extended Data Table 2 Observed extreme recharge events and drivers of climate variabilityFull size table





Supplementary information
Supplementary Table 1
Table showing detailed additional information, including site location metadata, data analysis notes and conceptual model descriptions for 14 long-term groundwater-level time series across sub-Saharan Africa.
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