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Summary Paragraph

Groundwater in Africa supports livelihoods and edy alleviatio? maintains vital
ecosystems, and strongly influences terrestrial water and energy Budgetsever,
hydrologial processes governirgroundwater rechargdat sustairs this resource, and their
sensitivity to climatic variability are @oly constrainet®. Here we show, through analysis of
multi-decadal groundwater hydrographs acmsisSaharan Africa, how aridity controls the
predominant recharge processes whereas local hydrogeology influences the type and sensitivity
of precipitationrechargeelationshipsRecharge in some humid locations varies by as little as

5% (CoV) across a wide range in annual precipitation values whereas others show
approximately linear precipitatiorecharge relationships Wit precipitation thresholds

( 10mm/d) governing the initiation of rechargéhese thresholds tend tese as aridity
increasesandrechargdan drylands ismore episodi@and increasingly dominated lbgcussed

recharge via losses from ephemeral overland fldamdreme annual recharge isnemonly
associated with intense rainfall and flooding evetiiemselves often driven by largeale

climate controls. Intense precipitation, even during lower precipitation years, praauces

of the largestears ofrecharge in some dry subtropical ltoas Thischallenggst he & hi gh
certaintyo consens usswildebrease wdter yesources ic duéh nedians ¢t r
The potential resilience of groundwater in many areas revealed by improved understanding of
precipitationrecharge relationsps is critical for informing reliable climate change impact

projections and adaptation strategies



Main Text

Groundwater is a fundamental component of the global hekifratic systerd® and plays a
central role in sustaining water supplies and livelioad subSaharan Africa due to its
widespread availabilify generally high quality, and intrinsic ability to bufféhe impacts of
episodic drought and pronounced climate variability that characterizes this region
Groundwater in susaharan Africa is @sed to enable increased freshwater withdrawals as
demand risésand climate change increases variability in surface water resources. It is therefore
critical to understand the renewability of groundwater under current and future climate.
Groundwater leMe and fluxes are governed by a dynamic interplay between recharge
(replenishment of groundwater) and discharge (loss of groundwater to streams, lakes, oceans
or atmosphere) with a variety of controls and feedbacks from climate, soils, geology, landcover
and human abstractidn It is notoriously difficult® to determine variations in recharge
magnitudes over time and space and their relationship to climate as directeriong
observations of groundwater levels to inform such understanding in this regispaas®.
Regional water security assessments have therefore relied heavily eadalgéydrological
models to derive estimates of potential groundwater resources across the continthese
remain unvalidated by groundwater observafiéhsA robust, datedriven understanding of
groundwater recharge, and critically its dependence on climate, is fundamentally required to
inform water resource decisianaking. Improved understanding of groundwatiémate
sensitivity is also integral to understamgli important hydrelimate-ecologicathuman

interactions across the region, both in the preserit day the deeper past

We address this challenge here by exploring precipitagoharge (FR) relationships across
a diverse range of climatic and geological contexts inSaitaran Africa, using a unique

archive of multidecadal, groundwater level hydrographs (time seriey).aBplying a



consistent methodology across the archive we are able to characterize thegiouatkvater
relations observed into indicative types which each lead to implications for understanding

climate change impacts on groundwater systems and suséaimater management.

We contend that long term (i.e. decadal or longer) groundwater level hydrographs, with little
or known interference from human activities, offer the most direct way of assessing variations
in groundwater storage and, via inversioimgs water table fluctuation (WTF) technique (see
Methods), assessing temporal sensitivity of groundwater recharge to climate variability. We
have, therefore, collated new unpublished records and updated previously puklisndgo
evaluate rechargend relationships with climate using a WTF methodology. The 14 multi
decadal hydrographs and accompanying precipitation records collated from nine countries in
SubSaharan Africa cover a wide range of climate zones from kgpegto humid, including

both te unimodal precipitation regimes (local summer wet season) of the northern and
southern hemisphermibtropics and bimodal Equatorial regime, as well as a diverse range of

geologicaland landscape settings (Figureextended Datd able ).

Most of the goundwater hydrographs show seasonal groundviewet rises of varying
magnitude that indicate recharge in excess of net groundwater drainage at some point during
most years on record. The exceptions are Tanzania, Namibia and South Africa (Modderfontein)
where multiyear continuous groundwatkavel declines are observed, punctuated by episodic
recharge events (Figulg. Long term rising trends observed in the Niger hydrographs reflect
increases in recharge rates since clearance of native vegetatiorl 86@$2 which have not

yet equilibrated with rates of net groundwater drainage due to long groundwater response
times in the area. The absence of long term trends in other areas indicates a relatively stable

balance between long term (i.e. mudécadalyates of groundwater recharge and discharge.



Groundwater recharge is oft efocussk@ s¢or beédndnr
recharge takingpl ace via | eakage of ephemer al streal
recharge occurring in a merevenly distributed manner via the direct infiltration of
precipitation at the land surfdéé® The predominance of focussed recharge is thought to
increase with aridity although there is no established threshold for when this occurs and
diffuse rechege can also be significant in some seamd area®. As part of conceptual models

derived for each site, we developed a prodesed understanding of recharge, resolving
specifically whether diffuse or focussed recharge is dominant. This was assessadhfo

location based on additional reportiata, local knowledge arahalysis of theorm of the
groundwater hydrographs themselves (8thods,Supplementary InformatignWe found

that the transition from focusseldminated to diffuselominated rechge occursaaround the

boundary between serarid and suhumid conditiongas defined by the Aridity Index which

is the ratio of long term precipitation to potential evapotranspiraB?ET, Extended Data

Table 1).

We have classified hydrographs accorditw their sensitivity of annual recharge to
precipitation as reflected in the annual precipitatioa c har ge c¢cr o sR pll ott s06 ,(
Figure2) and an analysis of how the proportion of recharge accumulates/edwsrare ranked

by annual prec-cRi phabdt 8 BxteadeDat&iguse3)diethenused

a suite of idealised forward recharge modeling experiments to investigate how observed
precipitationrechargeelationships relate to the magnitudgoécipitationthresholds required

to initiate recharge (see Methods @&dended Dat&igure3). Weobservehree distinct types

of precipitationrecharge sensitivitpased on the empirical relationships derivednfithe data

as follows éee Methods for sitey sitedetails):



(1) Consistent recharge rates from year to year across the range of anptetipitation
(purple in Figure® to 4). This regime, exemplified by Natitingou (Benin) and Soroti (Uganda)
shows litle variation in annual recharge across a wide range of precipitatiorRopl&ts
(Figure 2) and lies close to the 1:1 line iraR plots (Figure 3). This type of precipitation
recharge response is observed in-Bubnid to humid locations and reflectgtimpact of local
geology and soils in governing diffuse recharge processes.

(2) Increasing annual recharge with annuaprecipitation above a thresholdgreen in
Figures2 to 4). This type of regime shows positiveRRcorrelations (Figure 2) and shiftstire
rP-cR relationship increasingly deviating to the left of the 1:1 line (Fi@ur€his type is found

at a majority of sites (n=9), across a wide range of aridity from humid tessedrgonditions,
and in areas dominated by both diffuse or focussduarge. Sites with the largest apparent
precipitation thresholds for recharge are located in-seitiregions (Tanzania, Zimbabwe and
South AfricaSterkloop).

(3) Complex relationships betweeannual precipitation and recharge amoun{orange in
Figures2 to 4). This type shows greater scatteronttR Pp|l ot s ( Fi gur e 2)
rP-cR plots (Figure) as shown by Swartbank and Rooibank (Namibia) and Modderfontein

(South Africa). A key feature of the annuaRRrelationship is that some of tregdest recharge

can occur during relatively low total precipitation years as a consequence of intense

precipitation occurring over a range of timescales dependent on the local conditions. This type

is found in semarid to hyperarid locations dominated gcussed recharge.

Key insights regarding the relationships among aridity, recharge frequency, dominant recharge

process and FER relationships across the records are synthesized in Biglites indicates
the complex reality of controls on groundwaterxcharge and a lack of one to one

correspondence with any individual factor. For example, while thesenerelationship



between the MR relationships and degree of aridity (Figure 3 dfxtended Data
Figure2d,e), variation in local conditions (primgally in soils/geology and precipitation

i ntensity) resul ts I n di stinctive <characte
precipitation (see Methods). Hence, as aridity increases, while there are transitions from
seasonal to episodic rechargegfrency and from diffuse to focussed recharge, there is also a
significant spread of HeR types across different climates. Whilst not informed directly by our

data, we also recognize that groundwatesame currently hypearid regionsvas recharged

whena wetter climatic regime prevailéd the past( r ef erred t o reahmrgechavi ng

frequencyin Fig 4).

Where largeP thresholds for R atieferred, a smaller proportion of precipitation years yields

the majority of long term recharge, and a majority of the variance in this relationship can be
explained by increased aridity or coefficients of precipitation variabiiyt§nded Data
Figure2d-g), where wetter years contribute disproportionally to rechdfgether values of
extreme annualechargddentified as Tukey outliers (see Methods) were only found in more
arid locations (Al9.5, Extended Datdablel). By considering the wider regiahprecipitation
distribution and the associated climate drivers during those years, we find thatesesof
substantiafecharge are associated with widespread regional and seasonal scale precipitation
anomalies, themselves associated with major knovwdes of global and/or regional climate
variability (see Method£xtended Datdable2, Extended Dat&igure4). As such, substantial

variability in groundwater recharge reflects the local impact of {acgde climate processes.

The different precipitan-recharge sensitivities observed have clear implications for
understanding potential changes to groundwater levels and fluxes under climate change and

therefore for developing sustainable strategies for groundwater provision for water supply or



improving food security irsub-Sahararifrica. Type 1 relationships imply that climate change
impacts on precipitation may have little impact on recharge (other factors being equal).
However, decreased groundwater levels due to pumping in such environmentsrooigd p
more O6éroomd for r e ¢ h?a of @wapottamspiration ¢(ET) or vunoff. c apt
Increasing the distribution of groundwater monitoring in-Sathvaran Africa would help to
identify Type 1 locations where groundwater abstraction can inducecaadditecharge. In

these cases, and also for Type 2 sites with small P thresholds, sensitivity of recharge to changes
in PETmay also be low, because recharge is either not sensitive to P (Type 1) or factors other
than P (Type 2) such as sailoisture stats. For Type 2 locations where thresholds are more
highly influenced by antecedent dryness, recharge may be more sensitive to climate change
impacts on both precipitation afRET, and land use change could also be important if soil

structure is altered arichpacts runoff and infiltration proces$és

The episodic nature of recharge in more arid locations and the prevalence of large groundwater
response timésin such areas together indicate the importance of long timescale planning
horizons. In this contextthe observed dependence of recharge on-kogke patterns of
climate variability within Types 2 and 3 suggests the potential for a degree of predictability
with seasonal lead timeBurther it suggests that future changes in variability are likelyto b

of greater importance than mean precipitation. There is therefore toneetkrstand potential
changes to such climate processes in longerdettadal climate change projections, currently

a major challenge for climate mod@ls

In contrast toratheruncertain recharge projections, modelled projections of increased flood
hazard are more consistent for tropical Afrfcand our results here show that focussed

recharge is likely tdoe widespread during such evenksence, a important climate chaye



adaptationstrategy recommendation is for more widespread consideratiathaimes to
harness and enhance foset recharge during flood flow, storing water in the subsurface via
managed aquifer rechardeThus the increased flood risk under climatargie may have a

silver lining in this respectwater quality issues notwithstanding, and schemes to more
effectively store flood water also have the potential to mitigate flood risk downstFeam
Type3, a key insight provided by our results in dry sapital areas is that precipitation
intensification, on the particular temporal and spatial scale determined by local conditions, may
actually increase recharge, and thus available renewable water resources, despite an overall

drying trend in annual precigition totalg®.

Our datadriven resultsmply greater resilience to climate change than previously supposed in
many locations from a groundwater perspective g question.for examplethe model

driven IPCC consensus thiatC |l i mat e ¢ h a mogegluce renewableospriaae watet

and groundwater resources significantly in most dry subtropical regiotsiét evidence, high
agreement)*. More observatiomriven research is needed to clarify this issue, and address the
balance of change between gndwater and surface water resources. Our results also pose a
challenge to the reliance on standard large scale model assessments for inferring climate
groundwater dependenciastil climate models can simulate with greater credibility both the
large scaleand local scale drivers of precigiton variability in the region, and hydrological
models include the necessary recharge processes and the influence of geological variability.
The establishment afreatly increased spatial coverage of kbagn groundwadr monitoring

is needed to address the challenge of model validation in this context.
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Figure 1. Long term groundwater and precipitation records in the context of varying
aridity across subSaharan Africa. a-m. Collated multidecadal groundwatdevel and
precipitation time serieshowing awide range of hydrograph responses, e.g. relatively
consistentd. Natitingou, Benin) or highly variablel( Cococodiji, Benin) annual fluctuations,
highly episodic variations(j. Namibia, e. Tanzania), intedecadal oscillations f.
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geology, soils and landcover represented across the monitoring locatidn®s definitions

for panels an. 0. The analysed Namibian rain gauge is indicated by a filled black square.

Aridity index classes are defined by the CGHEISI GlobatAridity and GlobalPET

Databas¥.
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Figure 2. Observed relationships between precipitation and groundwater recharge @

annual (hydrological years) basis (FR plots). a-i. Error bars represent the total range of
uncertainty due to the choice of recession parameters within the WTF method. A best estimate
of specific yield was used to estimate groundwater recharge vdeesentage errors in
recharge due to uncertainty in specific yield as stated on-thesywill result in a linear
rescaling of values along that axis, but not alter the form of the relationships. Dashed boxes
outline Tukey outlier values of extreme reaj@arLong term average recharge values are given

in Extended Data Tablgé. Note variable axis ranges. Sites are colour coded to represent the
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precipitationrecharge relationship types defined in Figur& 3 (i.e. Type 1=purple, Type

2=greens, Type 3=orange

1.0 - 33
E § Benin (Natitingou) 0.64 Type 1
09 _§ ; - - = Uganda (Soroti) 074 ‘constant'R
5 0.8 E § B Benin (Cococodji) 0.81
é % o £ § Uganda (Apac) 0.72
3L OF Lochenapeera) 057 | ype2
= -
g % 0.6 o Bl.JI'kIna Falso (Ouagadougou) 0.39 with P
o E 9 ‘g ----- Niger (Banizoumbou PO) 0.21 above a
2 o 05 E 2 - = = Niger (Berkiawel) 0.22 threshold
'% g 0.4 _§ § South Africa (Sterkloop) 0.38 increasing
g E %é — Tanzania (Makutapora) 0.35 thresholds
2903 2 gl Zimbabwe (Khami) 034
é _§ 0.2 E § South Africa (Modderfontein) 0.35
s Q0 Namibia (Rooibank) 0.01
© 01 Namibia (Swartbank) 0.01
0.0 . . . , . ——1to1l —
Aridity Index
0.00 0.20 0.40 0.60 0.80 1.00 (AI=P/PET)

Ranking of annual precipitation (largest to smallest, normalised, = rP)

Figure 3. Cumulative contribution of annual recharge (by hydrological year) to total
recharge for ranked annual precipitation (largest to smallest) (rPcR plots). Values on

both axes have been normalized by the total number of years in the recandde fractional
contributions forcomparative purposes. Categorisation as either predominantly diffuse or
focussed recharge is made on the basis of derived site conceptual models described in
Supplementary InformatiorSite colour coding is consistent thi Figures 2 & 4(i.e. Type

1=purple, Type 2=greens, Type 3=orange).
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Figure 4. Synthesisof controls on recharge variations and processes in time and space in

sub-SaharanAfrica. As aridity increases, groundwater recharge tends to become increasingly

heterogeneous in both space and time. Where recharge occurs via focussed pathways, recharge

may

become

6increasingly

ndi

recto

asear i

location of rainfall and the location of recharge increases. Colours for the obseteRRd rP

sensitivity types correspond to those in Figtés3 (i.e. Type 1=purple, Type 2=greens,

Type 3=orange). Pale@charge refers to recharge that occurred inesounrently hypearid

regions when a wetter climatic regime prevadiled
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Methods
Groundwater hydrograph and precipitation data collation and processing

Multi-decadatime serie®f groundwater levels armtecipitationwere compiled by the authors

from recordsof observation wellsnitiated and maintained by government departments and
research institutions iminecountries irsub-Saharamfrica (Extended Datdable 1, Figurd).

The panAfrican collation of these hydrographwas initiated at the 41Congress of the
International Association of Hydrogeologis($AH) in Marrakech (Morocco) on 14
September 2014All recordswere subje@dto a rigorous review by the authors during which

the integrity,continuity, duration and interpretabilitgf recods were evaluated. This process
included dedicated workshops in Benin, Tanzania, and Uganda, and records failing these tests
were discarded from the analysis. Procedures included taking of the first time derivative to
identify anomalous spikes in recordsnamonly associated with errors of da&tatry. Where
multiple records in same geographic and climate zone were available (e.g. Benin, South Africa)
we prioritized records remote from potential areas of intensive abstraction. Statistical clustering
of recoré was also used in the Limpopo Basin of South Africa to identify the representativity
of employed records at Modderfontein and Sterkloop. Hierarchical clustering was done on
hydrographs converted into a Standard Groundwater fhdexd identified three chiers
through akmeansapproach, one of which was an intermediary type hydrograph between two

end members represented by Modderfontein and Sterkloop.

Recognising that the substantial spatial variability of precipitaticulrSahararAfrica may

impact olserved relationships between precipitation and recharge, we used precipitation
records which are representative of the recharge generation process (i.e. diffuse or focussed).
As a result, rain gauges are eithedacated (e.g. € m away) with groundwatenonitoring

sites or we employed the most proximate rain gauge typically less than 10 km away
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(Supplementary Informatign In the case of the Namibian data, the relevant rain gauge was
based more than 2@Mn away from the groundwater monitoring locatitm®e representative
of the runoff generation area in tReverKuiseb, which acts as the source for focussed recharge

in these locations.

Each groundwater record thus has an accompanying daily (9 of the 14 records) or monthly (5
of the 14 records) predtpation record covering the same peritafilling of occasional gaps

of less than a week in daily groundwakevel records was achieved by linear interpolation.

All locations show seasonal, mostly unimodal, precipitati® distributions with the
excepion of those in Uganda, southern Benin (Natitingou) and Ghana with a more complex

bimodal patterr{Extended Dat&igure J.

Relationships between average climatic variabledarge scale climate processes and
recharge

Coefficients ofmonthly (or annua) precipitation variability were calculated as the standard
deviation of monthly (or annual) precipitation of the whole record divided by the mean
precipitation of the whole record multiplied by 10086r analysis of wider climatic anomalies
during major rebarge events we use gridded data of: Global Precipitation Climatology Centre
(GPCC) monthly precipitation product 8 at 1.0° resolution; Daily precipitation at 0.1°
resolution from the Climate Hazards InfraRed Precipitation with StatiorfD@te Exteded
Reconstructed Sea Surface Temperature (ERSST) version 4 data from the National

Oceanographic and Atmospheric Administration (NO&&n a monthly 2° grid.

Linear regression analysis indicatestrong correlatiorR?=0.90 betweerP and aridity index

(P/PET) (Extended Datdigure 2a) since ates of potential evapotranspiratid®EI) have a
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relatively small range across these tropical latitudes in comparisomualaaverage rainfall
PET neither correlates with? (R?>=0.00) or P/PET (R?=0.00). Aridity index is strongly
correlated to the coefficient of monttyvariability (R>=0.77), but less so with the coefficient
of annualP variability (R?=0.38) (Extended Dat#&igure2b,c) together indicating that aridity

is a strong control orhe degree of rainfall seasonality.

Long-term average recharge rates correlate poorly with rainfall or arilitteded Data

Figurezh). In humid regions this is expected due to geological variations causing large
differences in absolute recharge ratesBenin for example, Cococodji recharge is nearly an

order of magnitude greater than that in Natitingou despite similar rainfall and aridity (E)gure

In more arid regions, increasing spatial heterogeneity in recharge rates is expected due to the
increagng predominance ifiocussedrecharge (Figurd). Thus, the Namibian records, for
exampl e, show high rates of recharge reflec
located near an ephemeral stream; such values which are often higher than the local
precipitation, would nevertheless be expected to be larger than average recharge rates for the
wider hyperarid region.Thus, the direct comparison of recharge rates between sites could be

misleading without considering these potentially confounding fa.cto

We show that most of the extreme recharge events, which are elrtgirecharge outliers
(Figure2), are associated with relatively widespread regional and seasonal scale precipitation
anomalies (see exemplaritended Dat&igured). These pregitation anomalies themselves

can be associated with largeale structures of climate variability known to impact the
different regions of Africa Extended DataTlable 2). Whilst recognisingthat observed
precipitation variability typically results from a complex set of drivers occurring
simultaneously over various spatial and temporal scales, we note the following association of
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largescale precipitation anomalies during the outlier extreroal recharge years and climate

drivers.

Across our sites south of the equator we note that the major recharge years are associated with:
El Nifio events concurrent with the positive phase of the Indian Ocean Zonal Mode30zM

in the East Africa (Tanzam) site, and La Nifia events in Southern Africa (South Africa and
Zimbabwe, sedxtended Datdigure 3 as an example). This is consistent with the-well
established nortBouth dipole precipitation response to El NBiouthern Oscillation (ENSO)

events whib typically, but neither exclusively nor consistently, bring wet (dry) rainfall

anomalies across East (Southern) Africa during El Nifio events and the reverse during La

Nifia®32

Further west in the hyperid Namibia sites the drivers of the outlier raide events are more
complex, as expected given the complex O6Typ:
episodic recharge (Figure 2), dependent on triggering of ephemeral surface river flow. Of the
five outlier recharge events, two can be linkeddgional/seasonal scale rainfall anomalies
associated with an anomalous warming of the cold Benguela current off the west coast of
Africa. Such 0 BZé&marg knewndo tridgelf convectiorv amah risfall across
much of Northern Namibia and Sbetrn Angold*® The remaining three events appear linked

to spatially extensive but shorter duration heavy rainfall anomalies frorsesgonal
variability. These include the notable, anomalous westward propagation of tropical cyclone
Eline in February @00 from the Indian Ocean basin to Namibia, which also caused widespread
precipitation extremes across much of Seedistern Africa compounding existing La Nifia

related rainfall, as well as synoptic scale tropical low pressure systems in 2009.
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The West Afican sites show a smaller number of outlier recharge events. The 2012 event at
Burkina Faso appears part of wider, regional and seasonal scale precipitation anomalies, in
which the Sahel region as a whole experienced the strongest monsoon season3itikel$95
resulting from the combination of seasonal tropical Atlantic temperature anothatidsub
seasonal variability from active phases of the Madden Julian Oscitfafidre 1998 recharge

event in Niger coincided with far less spatially cohereassnal anomalies and likely resulted

from intensive suiseasonal precipitation events.

Site conceptual models

For eachhydrograph locationa conceptual hydrogeological model was formulated based on
available datg literature and site visits by the audhs as necessar{Supplementary
Information). Theseincluded anassessmerdf the main hydrogeological boundaries such as
groundwater divides and perenmalephemeradrainage features; thecal context for factors

which may influencerechargesuch asgeology, soils,climate variables, groundwater
abstraction and the thickness of the unsaturated zone; and estimations of aquifer storage and
transmissivity. A particular focus was to develop an appreciation, based on the local context,
of how O6diefcthagagd® titse |l i kely to be spatially,
to be more significant in causing local variations in the magnitude of water table fluctuations.
Of most importance for determining the predominance of diffuse versus focusBatheeis:

the presence or absence of perennial versus ephemeral streams and poedierdaiming

of ephemeral or seasonal stream flows with water table responsese ot of groundwater
hydrographs with respect to the presence or absence oidyvater mounding as indicative of
focussed recharge (see further detaiThes i s
conceptual hydrogeological model developmatgo enabled us to ensure that observed

groundwater level changes are likely to berespntative of water table fluctuations in an

24



unconfined aquifer (i.azertical flow in the aquifer is insignificant atishtporo-elasticor other

6confinedbé responses are negligible).

Recharge estimation using water table fluctuation (WTF) method

Approachand equations inverse WTF models were used to infer the recharge timing and
magnitude at the location of ealsjidrograph The WTF technique is the most direct method
of transient groundwater recharge estimation available and has very few enassdieghtions

in comparison to other methods such as geochemical tracers or modelling appféadhes
recent review of recharge estimation methods it stasgly recommendefdr application in
humid and semarid African region¥ and it is also appable for both diffus€4° and

focusseff recharge situations.

We assume thagroundwater level (dnydraulic heagh[L]) at an observation point isaturally

controlled by the combined influence of the ratenef groundwaterecharge R [LT™Y)),

balacm ed by the rate of D[hTe] acting ab than mbint antsgace ardir a i n

~

C

ti me. Further variations in WTF may b® supei

[LTY]) caused by changes in groundwater abstraction occurring at someceiftam the

observation point.

The followingwater balancequationwas used to approximate a time series (with time step

&) of the ratio of recharg@R) to specific yield § [-]):

— ——>— 0wl i (1)
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where GWL: (=—) is the rate of groundwater level reces$ofLT1]. Absolute valus of

recharge were then also calculated by multiplying by the applicable specific yield at the

position of the water table.

To enable exact accounting periods for comparison prgeipitation records,and between
hydrographswhere observatiawere less frequent than dailyear interpolation was used

between groundwater level observatiddalculations were carried oah a daily time step and

sums were calculatefbr accounting periodsdiween one dry season and the netein

referred to ashydrologicalyea®@. The same hydr ol obgthRamdP year s
and are given for each siteSupplementary Informationf observations were missing across

either end of théydrological yeam the first or last years of recqrithose years were removed

from further analysiswi t hi n t he annual recharge time ser
identified as any years with values greater th&nimes the interquartile ra@@bove the third

quartile

Groundwater recessionsghe GWL: term wasestimatedbased on the observed form and
magnitude of the groundwater hydrograph during long dry periods by either setting a constant

rate or an exponential decay controlled by thédaing equation:
Owd MQy QO 2

Wherehy is the elevation of the assumlateralgroundwater drainage boundary [L] a@ds a

decay constant [1].
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Most of thehydrographshave very distinctive seasonailecipitationpatterns with long dry
seasons during which the true form of groundwater recession (i.e. a groundwater level decline
in the absence of any recharge) camliectly observedassuming no human interferentes

This enables the choice of recessiondel (constant rate @xponential)to be confidently
made,and constant rates or decay constants to be easily determined. imlgsngparison to

more humidparts of the world with limited dry periods where WE'F is harder to apply
robustly?®#% For hydrographsn Ghana, Saoth Africa (Modderfontein) and Burkina Faso, an
exponential recession model was used due to the presence of a shallow water table, inferred
high permeability fracture flow, and close proximitytbé groundwater drainage boundary
respectively geeSupplenentary Informatiop For Uganda (Soroti), the absence of long dry
seasons, and the observed form of groundwater level declines did not make the choice between
exponential and straight line recessions obvious, and so both were appiguiegenthe
uncetainty. For all other locations, the observed variation of dry season groundeaadér
recessions was used to defmaximum and minimum constant rate end members to constrain
the uncertainty in recharge estimates due to this parameter. Thissistentvith theoretical
expectations of linear recessions for these locations with drainage boundaries (where known)

being sufficiently distant given the aquifer propeffies

For the cases where focussed recharge is significant due to local infiltrationdnemexal

streams and pongdthe expectedtheoretical forrfit is for groundwater hydrograpts show

steep recessions following a rigethe water table, then trenad arelatively constaniower
Obackgroundodo r e olBsensd fornexammet idmbabweh Taazania,sSouth

Africa (Sterkloop), Niger and Namibiaands expl ai ned by | ocali sed
near the location of focussed recharge dissipating on a much quicker timescale than the regional

background recessipwhich operates on neh longer spatial scales. In these cases, with the
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exception of Namibia, the local mounding dissipates before the end of the hydrological year
enabling a seasonal WTF accounting period to be used following the metmett'ofn
Namibia, the recession tfe recharge moundscurred over timescales greater than a single
season, and therefohad to beextrapolatedeading to much greater uncertainty in the output
recharge values (as evidenced lagger error barsin Figure2). As discussed in ré&f the
application of this method thus enables recharge rates to be derived which are representative
of integrated processes across larger areas afatiebment or aquifer (whichever define the
hydraulic boundaries), rather than simply reflecting the locaditions near the stream.
However, the spatial representativity of recharge estimated at each location is variable and, as
such, direct comparisons of absolute recharge retderfded Datd able 1) from site to site

should only be made where this can becainted for.

Groundwater abstractionsonce at steady state, groundwater abstractsheaild have no

effect on water table fluctuations. However, transiabstractios cause time&arying
drawdown at the groundwateronitoringlocation If not accountedor, they will therefore

cause recharge underestimations when drawdown is increasing, and overestimations when
drawdowns are decreasing (e.gplilstraction temporally reduces (increasesjsing recovery
(decline)in groundwater levels). In most case® observation wellsarelocated far from the
influence of major changes in groundwater abstraction as documented in theataeta
(Supplementary InformatiQrands: was assumed to be zerdm one location (Makutapora,
Tanzania), the monitoring wells arecided within a major welield where abstraction rates

have been highly variable during the monitoring period. Corrections were therefore made for
this site using a 3D groundwater model to estimate a time series of net drawdown to account

for the changes recession due to variations in pumping rate. (i.e. accounting for drawdown
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due to increases in pumping, and recovery during decreases in punfupglementary

Information).

Specific yield ranges of specific yield were estimated based on local iaftwmand literature

for each groundwater level record as described istipplementary Informatioeind assumed

to be constant in timend across the range of water table fluctuations at a given lacEtien
uncertainty in specific yield can be consal@e and represents tiheain uncertainty in the
derived absolute values of recharge. As well as being notoriously hard to €Stiihatelso
known that specific yield can vary in time due to vertical heterogeneity in lithology, due to
shallow watetables or where swelling clays are pred&tit The variation in the chosen value
for specific yield has no impact on the form of the relationship that recharge has with
precipitation or the ranking of recharge events useBigare2 and3 (and ExtendedData
Figure3). However, we report the likely range of uncertainty in specific yield for each location
(y-axes of Figure Z-xtended Datd able 1) as this does impact the absolute magnitude of the
recharge estimates, and is one reason why-itiecompasons of long term average recharge

by this method can be problematic.

Model experiments and interpretation of observed precipitatiorrecharge (rP-cR)

relationships

P-R cross plots (Figure 2) showing annual recharge against annual precipitation, atidialan
characterization of precipitatienecharge relationships to be developed. For comparative
purposes across all records, we then normalized annual recharge by a cumulative sum as a
fraction of the total recharge for all years in a given record, doite@ this against the

fractional precipitation ranking for each record-@fR plots, Figure 3). To inform process
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based inferences from these plots, we ran a suite of numerical recharge model experiments
using models with different structures, for twamshn time series from contrasting climates in
subSaharan Africa: Dodoma (setarid Tanzania) and Cococodji (humid Benin). The purpose
was not to calibrate models for each of the locations across Africa but rather to understand the
generic features of rER plots for aiding interpretation of the relationships we observe in the

data.

Three model structures of increasing complexity were explored: (a) Recharge was assumed to
be constant for precipitation events above a daily or annual threshold. Noterbattha

values were normalized against the total recharge in all years, the actual recharge value is
irrelevant to the result. (b) The second model structnrdhe manner of réf, assumes that a
constant proportion gprecipitationbecomes recharge almwa specified dailyrecipitation
threshold. Thresholds were applied at a daily time step and then results aggregated for yearly
comparisons. Since the values were normalized against the total recharge in all years, the
chosen proportion of rainfall thaebomes recharge is irrelevant to the result. (c) The third
model was a dynamic single layer soil moisture balance model (SMBM), in the manner of
refs'®4 also run at a daily time step and then aggregated to annual values. It was assumed in
all SMBM modelruns that the readily available wat&AXW was 50% of the total available

water TAW), that the crop coefficient was equal to 1 (e.g. for grass land cover), that the ratio
of actual to potential evapotranspiration ral®ETPET, a proxy for plant streyslecreased
linearly from 1 to O as soil moisture deficit values increased Ré&wto TAW and that runoff

was zero.
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For Dodoma, dailfPETvalues were derivedlsing the Hargreaves and Samani equétioom
temperature data from the Dodoma MeteorologRiation.In the case of missing data, the
average value from the month is usgdvhen, early irthe record, entire months are without
datathe average temperature values for the correspgmdonth from the entire record wa
substituted. The calculatechlues were calibrated on pan evaporation d&a the same
location For Cococodji, dailyPETvalues derive from pan evaporation deddectedfrom the
meteorological station at tH€T A (International Institute of Tropical Agricultureffice in

Cotonou

The generic style of each type ofeR plot (Figure3) is well captured by the models, for either

of the two contrasting precipitation time seri&tended Datdigure 3); both show three
distinct types of relationships and it is clear that differeatiels (and thus processes) can lead
to a similar sensitivity i.e. a critical point is that each type of observeld Bensitivity does

not necessarily correspond to a particular recharge process. The first type (pEpitnoted
DataFigure3) plots cbse to the 1:1 line indicating very consistent R values each year despite
wide variations in P. The second type (greeBxtended Dat&igure3) deviates from the 1:1

line increasingly as the size of the potential thresholds in the SMBM (governed by GrAW)
the actual thresholds in the linear models increase. The third type (oraBgtended Data
Figure3) shows pronounced steps in the curve generated by the largest thresholds in the linear
model.Clearly, PR responses in reality fall on a continuumt tme proposehat classifying

by three types highlightthe end member responsésis classification can be further tested
and refinedas more data becomavailable for suisaharan Africagnd other parts of the

world).
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More details of the observedAPand rPcR plots (Figures 2 and 3) summarized in the main

text are as follows:

Type 1: Natitingou is characterised by low storage fractured bed@ekd.4%})>; watertable
variations are around I8 annually and each yetire subsurface fills to a shallow level. In
combination with straight recessions, this hydrogeological context leads to temporally small
variation of recharge each ye@oV = 5%)despite large variations in annual precipitation
(observed range is 881b® mm/y). At Soroti, the water table is always deeper tharbglow

ground level (bgl) within weathered basement rock but, despite this, exhibits rapid responses
to precipitation events indicative of preferential flow proceéSs@&he observed consistenicy
recharge from year to year may be controlled by a finite near surface water store to which the
water table respontfsalthough further siténvestigations are needed to confirm precise

controls.

Type 2 Where diffuse recharge is predominant, this typesensitivity is expected if
precipitationthresholdsrregoverned by prevailing soil moisture deficits (or other rseaface
storage/lossesyVe may expect increased deviation to the left of the 1:1 line on-itie phots

to increase with aridity andetbuildup of larger soil moisture deficits. However, we may also
expect exceptions to this to occur in cases where preferential flow prdéessegrevalent

and recharge can 06b ylesaaffsctedytsdil emoisuceiddficitspahttr i x an
precipitation thresholds may be lower than anticipated than under uniform flow assumptions.
Where focussed recharge is predominéimteshold for its occurrence are expected to be
governedby hydrological processesvhich dominate in drylandssuch asgereration of
infiltration-excesgunoff producingephemeral channel flo These processesan be locally
variable and have complex dependencies on, for example, land cover, drainage network
density, soil structure and antecedent moisture conditions. lob$erved responses of this

type in the humid to subumid environments (i.e. Benin (Cococodji), Uganda (Apac) and
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Ghana (Accra)), thresholds appear to be relatively small. This is consistent with detailed
analysis available for Cococodji and Apac whiclggest values of 5 mm/d and <10 mm/d
respectively for these sites; there are no existing studies to corroborate this for Ghana. For
semtarid sites in Tanzania and Zimbabwe we observe that larger precipttagsholdsnay

need to beovercome for recharg® occur (darker green in Figuredd4). Again, this is
consistent with detailed analysis carried out for Tanzania which indicates that recharge occurs
only after persistent rainfatixceeding’lO mm overa 9-day period. For the two Niger sites,
despie also having greater aridity, thresholds are apparently much lower but this is explained
by daily precipitation thresholds of 2D mm d! known to be required to generate stream
flow®?, and thus focussed recharge, in this area. In Burkina Faso, foceskadge from a
near by managed reservoir ( A b aannua grecipijatiormo d e r a
variability on recharge variability moving the-oR line closer to the 1:1 (Figure 3) than might

be the case without a reservoir.

Type 3 The two Namibian sites are in a hy@erd environment dependent on runoff
generation from a large upstream catchment to supply focussed recharge during streamflow
events. Conditions for runoffieneration are governed by intens®mnthly precipitation
ocaurring not necessarily within years of relatively high total precipitation. In contrast, at
Modderfontein (South Africa), focesd recharge is much more local, but the limestone
bedrock in this location is typified by highly ndinear hydrological process which generate

complex PR relationships (seBupplementary Informatign

In summary, the controls on the observeld Bnd rPcR sensitivities are a complex interaction

between the prevailing climate and local controls on recharge generation.
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Data Availability Statement

Datalicenseagreements do not allow us to upload the raw precipitation and groundwater level
time seriesHowever, the agencies from whom these data can be requested are lisged in
Supplementary Informatigand the authors are happy to provide guidance on doimgstal
datasets of calculated annual recharge vaduneésprecipitation anomalies are freely available

to download online fromhttps://doi.org/10.6084/m9.figshare.51037&6d time series of

groundwaterlevel deviations from the mean are available from

https://dx.doi.org/10.5285/a6d78c34204346918241fd437672412 and https://www.un

igrac.org/ggmn/chronicles

Code Availability Statement

A Python script for generating the forward models used to produce Extended Data Figure 3,
and a spreadsheet tool used for conducting Water Table Fluctuatiorsesmaly freely

available to download online frohitps://doi.org/10.6084/m9.figshare.5103796
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Extended DataFigures
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Extended DataFigure 1. Long term groundwater level recordsfor sub-Saharan Africa
alongside monthly precipitation Timescales are plotteéd a-g and h-n on different, but
consistentrelative scale for comparison purpose$Mean Annual Precipitation (MAP) is
reported for Claratal raingaugs this igepresentative dhe climate of tle runoff generation
area from which focused recharge is derived at the analyseddrygp®&tamibian groundwater

level monitoring locations
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Extended Data Figure2. Correlations between combinations of climate parameters and
groundwater recharge a-c uses the aridity index from the location of the Claratal rainguage
for the Namibian data pointsl-f uses the aridity index from the groundwater monitoring
locations for the Namibian data poinfelationships irh include error bars for the total
uncertanty for uncertainty in both recession and specific yield, but note that the diffuse and
focused recharge estimates will be applicable to different spatial scales. In particular, focused
recharge estimates will be valid only in regions closest to thegl@sieam of interest. Hence

comparisons of long term average recharge rates must taketohesaount.
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