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Abstract
Dependence upon groundwater to meet rising agricultural and domestic water needs is expected to
increase substantially across the tropics where, by 2050, over half of the world’s population is projected
to live. Rare, long-term groundwater-level records in the tropics indicate that groundwater recharge
occurs disproportionately from heavy rainfalls exceeding a threshold. The ubiquity of this bias in
tropical groundwater recharge to intensive precipitation is, however, unknown. By relating available
long-term records of stable-isotope ratios of O and H in tropical precipitation (15 sites) to those of
local groundwater, we reveal that groundwater recharge in the tropics is near-uniformly (14/15 sites)
biased to intensive monthly rainfall, commonly exceeding the ∼70th intensity decile. Our results
suggest that the intensiﬁcation of precipitation brought about by global warming favours groundwater
replenishment in the tropics. Nevertheless, the processes that transmit intensive rainfall to
groundwater systems and enhance the resilience of tropical groundwater storage in a warming world,
remain unclear.

Introduction
Groundwater is an invaluable, distributed source of
freshwater throughout the tropics where it plays a
primary role in enabling access to safe water and food
security through irrigation. The long-term viability of
groundwater resources as well as the ecosystems and
livelihoods that they sustain, depends upon replenishment of groundwater by recharge. At present, groundwater withdrawals in the tropics are accelerating [1]
and the sustainability of these increases is in doubt [2].
The conversion of precipitation into groundwater
recharge at low latitudes is constrained by continuously high rates of potential evapotranspiration
[3]. Rare, long-term piezometric data [4, 5] and
recharge modelling in this region [6, 7] point to a nonlinear relationship between rainfall and groundwater
recharge in which intensive rainfalls—deﬁned here as
exceeding the median (50th) percentile of local rainfall
intensity—contribute preferentially to groundwater
recharge. However, the ubiquity of soils across low
latitudes that are able to convey intensive rainfall to
groundwater via direct or indirect (i.e. via surface
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waters) recharge pathways is unknown [8]. A fundamental concern is how the intensiﬁcation of precipitation brought about by anthropogenic warming [9–11]
and most pronounced in the tropics, will affect
groundwater recharge.
Stable isotope ratios of O (18O/16O) and H
2
( H/1H) in rainwater and groundwater can be used to
trace the intensity of rainfall that replenishes groundwater resources [12–14]. Outside of the tropics these
ratios are closely correlated with surface air temperature, but in the tropics these ratios are strongly determined by site-scale precipitation intensities (ﬁgure S1;
[15]). Due to differences in the upwind distillation of
light versus heavy storm clouds [16], low-intensity
rainfalls are relatively enriched in heavy isotopes (18O,
2
H) whereas high-intensity rainfalls are comparatively
depleted in heavy isotopes. As a result, comparisons of
long-term integrated precipitation isotope compositions capturing all rainfall events with sampled
groundwater isotope compositions that record
recharge-generating rainfall, can trace rainfall intensities that produce groundwater recharge.
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Figure 1. Differences between long-term precipitation δ18O and precipitation δ18O using data exceeding precipitation intensity
thresholds. Each line represents the amount-weighted isotope composition of precipitation using data exceeding a given intensity
threshold (e.g., amount-weighted precipitation δ18O using all precipitation events exceeding the 10th percentile shown as ‘>10th’).
Precipitation δ18O progressively decreases as precipitation intensity increases. The locations shown in the legend on the right side are
ranked in order of calculated ‘>90th’ precipitation δ18O values The inset map shows locations of study sites (diamonds), ecoregions
[31] and the approximate range of the Intertropical Convergence Zone (ITCZ).

Here, we examine the relationship between the
stable-isotope composition of precipitation and
groundwater at multiple locations across the tropics
that feature different climates, land covers and geological contexts. The objective of our study is to test whether intensive rainfalls contribute disproportionately
to groundwater recharge across the tropical landmass.
Our analysis builds upon and extends a recent global
review of stable isotope ratios that demonstrated the
seasonality of global groundwater recharge focusing
on the extratropics [17].

Methods
To examine the relationship between the stableisotope composition of precipitation and groundwater
in the tropics we (1) synthesized a pan-tropical isotope
dataset, (2) screened groundwater isotope data to
isolate observations representing modern recharge,
and (3) compared precipitation and groundwater
isotope content to evaluate potential biases in precipitation generating groundwater recharge.
We synthesized stable isotope data for groundwater and precipitation at 15 locations (ﬁgure 1) that
are inﬂuenced by monsoonal climates associated with
the Inter-tropical Convergence Zone (ITCZ). These
locations span a wide range of environments characterized by different geologies and precipitation rates
(table 1) and represent all of the available long-term
(>7 yr) precipitation isotope records where proximate
(less than ∼100 km) groundwater isotope data in the
tropics exist. We employ long-term records of precipitation isotope compositions compiled by the IAEA
GNIP [15] and a large number of published studies of
stable isotope ratios in groundwater (see
2

supplementary material) including data recently compiled by the IAEA TWIN [15]. Groundwater isotope
data derive from spot (one-time) sampling campaigns.
Observations of stable isotope ratios of O and H in
groundwater were carefully screened to prevent the
possibility that these data derive from historical climates (i.e. palaeogroundwaters) or remote climates.
The screening process was based on radiochemical (3H
and 14C activities) and well-depth data (supplementary information) presented in the compiled studies.
The screening process is of critical importance since
palaeogroundwaters have δ18O values that differ from
modern groundwaters by up to ∼3‰ in the tropics
and subtropics [18]. We speciﬁcally discounted
groundwaters that may have been recharged from
leaking rivers sourced from upland precipitation
depleted in heavy isotopes as a result of the progressive
distillation of air masses driven by orographic rainout
(e.g. [19]). Amassed stable isotope observations of
groundwater and precipitation from 15 locations are
summarized in table 1 and discussed further in the
supplementary materials.
After carefully scrutinizing the compiled groundwater data, modern groundwater isotope compositions (δ18Ogw) were compared with the amountweighted precipitation isotope compositions (δ18Op)
to test for recharge biases to heavy or light rains. To
test for recharge biases to either intense or less intense
rainfall, we quantiﬁed the long-term precipitation
δ18O integrated by precipitation amount (δP-AW):

å j= 1 Pj ⋅ d P
,
n
å j= 1 Pj
n

dP - AW =

j

(1)

where P represents monthly precipitation (mm/
month), δP represents measured the monthly
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Cntry.

Aquifer

SV
CO
BO
BB
FR
BR
ML
TZ
ET
IN
ID
PH
US
AUa
AUb

Chipilapa-Ahuachapin
Bogota
La Paz
Barbados
Guiana Shield
Potiguar Basin
Bamako
SE Tanzania Coast
Akaki Volcanic
Gangetic Plain
Jakarta Basin
Manila
Guam
Gatton
Alice Springs

a
b
c

δ18Op

δ18Ogw

nt

Threshold intensity decileb

Lithology

−6.68
−9.71
−13.99
−1.33
−2.29
−2.50
−4.51
−2.93
−1.26
−5.59
−5.59
−6.96
−5.02
−4.27
−6.38

−7.39±0.26
−10.21±0.71
−16.46±0.81
−2.91±0.84
−3.07±0.59
−3.03±1.31
−5.71±0.86
−3.56±1.17
−2.28±0.91
−7.10±0.65
−6.12±0.49
−6.92±1.00
−6.61±0.53
−4.84±0.55
−8.02±1.27

29
49
7
27
10
6
10
9
13
49
32
27
12
36
7

>90th (>80th to >90th), ∼400 mm/month
>30th (>0th to >70th), ∼50 mm/month
>90th (>80th to >90th ), ∼160 mm/mo.
>80th (>70th to >80th), ∼170 mm/month c
>40th to >90th, >300-400 mm/mo.
>70th (0th to 90th), ∼210 mm/month
>70th (>40th to >90th), ∼220 mm/month
>70th (>0th to >90th), ∼140 mm/month
>70th (>30th to >90th), ∼210 mm/month
>80th (>70th to >90th), ∼160 mm/month
>90th (>10th to >90th), ∼280 mm/month
No recharge bias detected
>70th (>60th to >90th), ∼310 mm/month
>60th (>10th to >80th), ∼100 mm/month
>70th (>40th to >80th), ∼30 mm/month

Volcanics
Alluvium, sandstone
Alluvium
Limestone
Weathered gneiss, volcano-sedimentary
Sandstone
Sandstone, gneiss, schist
Sandstone
Volcanics
Alluvium overlying quartzites and schists
Alluvium, volcano-sedimentary
Alluvium, volcano-sedimentary
Limestone
Sandstone
Sandstone

Δδ18Ogw deﬁned as δ18Ogroundwater−δ18Oannual precipitation (±1 s.d. from average δ18Ogroundwater)t number of modern groundwater δ18O values.
Best estimate shown, thresholds in parentheses represent ±1 s.d. of groundwater δ18O.
Groundwater δ18O values are exceedingly low relative to amount-weighted precipitation. Threshold shown was calculated excluding rains exceeding the >90th decile intensity.

Precipitation (mm/year)
1800
950
530
1240
3620
600
920
1140
1100
770
2200
2260
2410
1210
290
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Table 1. Comparison of tropical precipitation (p) and groundwater (gw) δ18O.
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precipitation isotope content, and subscript j refers to
a month reporting both isotope content and precipitation amount. Precipitation isotope records that had
less than seven years of monthly data were not
considered in this study. To quantify potential
recharge thresholds we calculated amount-weighted
precipitation isotope compositions using a moving
lower-limit threshold (e.g., >10th percentile,
describes the amount-weighted isotope composition
for all precipitation isotope compositions with intensities between the 10th–100th deciles). We then
matched groundwater δ18O values with closest matching amount-weighted precipitation isotope composition and report the matching precipitation intensity
threshold as the threshold intensity.

Results
Our analysis is predicated upon an empirical relationship between precipitation isotope ratios and rainfall
intensity [20]. In ﬁgure 1, we plot the normalized,
amount-weighted heavy isotope (18O) content of
precipitation at each location as a function of progressively more intense rainfall expressed in deciles. For
example, 0 represents the precipitation-weighted
composition of all monthly rainfalls, whereas >50th
precipitation intensity percentile is the precipitationweighted composition restricted to monthly rainfalls
exceeding the median. Figure 1 shows that the heavy
isotope (18O) content of precipitation throughout the
tropics decreases as the monthly precipitation intensity increases. At Barbados (BB), four observations of
very intensive (>90th decile) rainfall over a brief
period (1973–1974) are anomalously enriched in the
heavy isotope content and skew the cumulative
distribution (ﬁgure S12).
Mean groundwater δ18O values (table 1, ﬁgure 2)
are lower than the amount-weighted precipitation
δ18O at 14 of the 15 locations (ﬁgure 2). As high-intensity rainfalls are 18O-depleted relative to low-intensity
rainfalls in the tropics (ﬁgure 1), the isotopic data show
that groundwater recharge is biased to intensive rainfall (ﬁgure 2), consistent with a limited number of sitescale isotopic studies in the tropics [7, 12–14]. Critically, our analysis reveals for the ﬁrst time that this bias
is pan-tropical occurring in a wide range of hydrogeological environments that include alluvial, volcanic, consolidated sedimentary and weathered
crystalline rock aquifers. The single exception is at
Manila (PH: The Philippines) where the observed
depletion in the heavy isotope content of intensive
precipitation is minimal (ﬁgure 1) with the most
intense rains differing by less than 0.04‰ from the
long-term precipitation-weighted mean.
Notably, we use isotopic data to trace threshold
precipitation intensities producing groundwater
recharge. We match mean groundwater isotope compositions with amount-weighted isotope compositions of precipitation under varying precipitation
4

Figure 2. Groundwater and amount-weighted precipitation
isotope compositions at 15 pan-tropical locations. Most (14
of 15) sites have 18O- and 2H-depleted groundwaters relative
to long-term amount-weighted precipitation, implying that
recharge/precipitation ratios are higher during intensive
rains relative to lighter rains (see schematic diagram). The
inset in the top left is a replication of the main ﬁgure but
extends the ranges shown by the x and y axes. Errors mark
average±one standard deviation of modern groundwater
δ18O and δ2H). Two-letter country codes representing each
study site are shown.

intensity thresholds (ﬁgure 3). At locations across tropical Africa (ML, ET, TZ), Asia (IN, ID, GU), Americas
(SV, BO, FR, BR, BB) and Australia (AUa, AUb),
groundwater isotope compositions (within 1 standard
deviation) can be reconciled to monthly rainfalls
exceeding the ∼70th percentile intensity (range of
>30th to >90th percentile); apparent thresholds for
each location are summarized in table 1. Under primarily humid conditions, these potential intensity
thresholds correspond to rainfall intensities of
∼100–300 mm/month, suggesting that rainfall intensities below these thresholds do not contribute substantially to groundwater recharge. For the one site in
an arid location (Alice Springs), the apparent monthly
precipitation threshold intensity decile is considerably
lower, ∼30 mm.

Discussion
Precipitation thresholds traced by isotopic data for
generating recharge are indicative rather than deﬁnitive. The comparison is complicated by two key
uncertainties. First, the representivity of amassed
groundwater isotope measurements at locations
where observations are few (e.g. BO, BR, TZ in table 1)
is uncertain. Second, our analysis implicitly assumes
that all intensive rainfalls under progressively higher
decile thresholds contribute equally to groundwater
recharge. For example, a value of −5.5‰ for δ18O at
Bamako (ML) for >70th percentile rainfalls is calculated from the weighted mean average of all rainfalls
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Figure 3. Long-term amount-weighted precipitation δ18O using data exceeding precipitation intensity thresholds and local groundwater
δ18O values (dashed line and grey shading mark the average ±1s.d.). The intersection of groundwater δ18O and the amount-weighted
precipitation δ18O under varying precipitation intensities provides an approximation of possible precipitation intensity thresholds
required to initiate groundwater recharge. Note that for one location (BB: Barbados) an additional dotted line excluding precipitation
isotope data exceeding the 90th percentile intensity, is also plotted for comparison (dashed blue line); no explanation is currently available
as to why a small number of months (four) are anomalously enriched in the heavy isotope of O and H.

exceeding this percentile. However, limited piezometric data [4] reveal that the proportion of very
heavy, statistically extreme rainfalls (e.g. >95th percentile) that is converted to groundwater recharge, can
be substantially greater than comparatively less intensive (e.g. 80th percentile) rainfalls (ﬁgure S7 in
supplementary materials). Further, antecedent moisture can strongly inﬂuence the proportion of intensive
rainfall that is converted to groundwater recharge [6].
That groundwater in the tropics can be traced to
intensive rainfall has two important implications.
First, it indicates that soils associated with a range of
geological, climatological and land-use conditions are
able to transmit intensive rainfall, deﬁned here as
monthly rainfall exceeding the median, to shallow
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aquifers. This ﬁnding is consistent with hydrometric
evidence from weathered crystalline rock aquifers in
Tanzania [4] and Uganda [5] that show rapid watertable rises to intensive rainfall. Neither the isotopic
data nor current hydrometric observations reveal,
however, the processes by which intensive rainfall is
conveyed to groundwater. Whether recharge is diffuse
resulting from the direct inﬁltration of rainfall or
focused occurring as leakage from stormﬂow, isotopic
data indicate that recharging waters are not subjected
to substantial evaporative enrichment. The rapid
transmission of recharge is expected to involve preferential pathways such as soil macropores that bypass
soil matrices and whose role in soil hydrology has long
been neglected [21]. The existence of macropores and
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their role in enabling recharge are suggested by rapid
increases in the faecal bacterial counts that have been
observed in tropical groundwaters following heavy
rainfalls [22]. These surface-borne microorganisms
act as passive tracers that sample soil macropores.
Their observed rapid transmission to underlying
groundwater also highlights the vulnerability of
groundwater to contamination [22].
The second, key implication of our results is that
the continued intensiﬁcation of precipitation, brought
about by global warming and involving a shift toward
fewer light and medium intensity precipitation events
and a greater number of very heavy precipitation
events [4, 5], is expected to favour groundwater
recharge in the tropics. Heavy rains are fuelled by
atmospheric moisture content that is currently
increasing at ∼7% per °C [23]. Unlike average annual
precipitation ﬂuxes, which have divergent responses
to observed climate warming [24], the frequency of
extreme precipitation has increased nearly everywhere
at a global average of ∼6% per °C, with the greatest
positive associations in the tropics [25]. Numerous climate simulations predict that continued climate
warming will lead to more frequent high-intensity
precipitation events [26] but these simulations consistently underestimate increases to precipitation
intensity [9], meaning that recharge models [1, 27]
applying these data may underestimate future tropical
groundwater recharge.

Conclusions
Stable-isotope ratios of O and H in modern groundwaters at 14 of 15 sites throughout the tropics trace a
pan-tropical bias in groundwater recharge to intensive
monthly rainfall, often exceeding the 70th decile.
Climate change constrains soil moisture and the
availability of surface water through the ampliﬁcation
of potential evapotranspiration and the intensiﬁcation
of precipitation [28]. These effects are especially
pronounced in the tropics where there is substantial
dependence upon rain-fed agriculture and where the
majority of the projected global population increase of
∼3.7 billion by 2100 is projected to take place [29].
The pan-tropical bias in groundwater recharge to
intensive rainfall presented here suggests that groundwater may prove to be a climate-resilient source of
freshwater in the tropics, enabling adaptive strategies
such as groundwater-fed irrigation and sustaining
domestic and industrial water supplies. It should be
recognized that our results simply indicate a propensity towards increased groundwater recharge associated with the intensiﬁcation of precipitation in a
warming world. Other inﬂuences on groundwater
storage including human overuse [2], changes in the
total volume of precipitation [24, 28], and land-use
change [30] can undermine and overwhelm this
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resilience of groundwater resources in the tropics to
climate change.

Acknowledgments
Isotope data analyzed in this study are available within
the primary literature cited in the supplementary
materials. S Jasechko was supported by an NSERC
Discovery Grant (No. 5668); R Taylor was supported
by NERC Grant No. NE/L001926/1 under the
NERC-ESRC-DFID UPGro programme.

References
[1] Wada Y, Wisser D and Bierkens M F P 2014 Global modeling
of withdrawal, allocation and consumptive use of surface water
and groundwater resources Earth Syst. Dyn. 5 15–40
[2] Richey A S et al 2015 Quantifying renewable groundwater
stress with GRACE Water Resour. Res. 51 5217–38
[3] de Wit M and Stankiewicz J 2006 Changes in surface water
supply across Africa with predicted climate change Science 311
1917–21
[4] Taylor R G et al 2013 Evidence of the dependence of
groundwater resources on extreme rainfall in East Africa Nat.
Clim. Change 3 374–8
[5] Owor M, Taylor R G, Tindimugaya C and Mwesigwa D 2009
Rainfall intensity and groundwater recharge: empirical
evidence from the Upper Nile Basin Environ. Res. Lett. 4
035009
[6] Taylor R G and Howard K W F 1996 Groundwater recharge in
the Victoria Nile basin of East Africa: support for the soil
moisture balance approach using stable isotope tracers and
ﬂow modelling J. Hydrol. 180 31–53
[7] Taylor R G and Howard K W F 1999 The inﬂuence of tectonic
setting on the hydrological characteristics of deeply weathered
terrains: evidence from Uganda J. Hydrol. 218 44–71
[8] Taylor R G et al 2013 Ground water and climate change Nat.
Clim. Change 3 322–9
[9] Allan R P and Soden B J 2008 Atmospheric warming and
the ampliﬁcation of precipitation extremes Science 321
1481–4
[10] Allan R P et al 2010 Current changes in tropical precipitation
Environ. Res. Lett. 5 025205
[11] Marvel K and Bonﬁls C 2013 Identifying external inﬂuences on
global precipitation Proc. Natl Acad. Sci. USA 110 19301–6
[12] Jones I C, Banner J L and Humphrey J D 2000 Estimating
recharge in a tropical karst aquifer Water Resour. Res. 36
1289–99
[13] Harrington G A, Cook P G and Herczeg A L 2002 Spatial and
temporal variability of ground water recharge in central
Australia: a tracer approach Groundwater 40 518–27
[14] Négrel P and Giraud E P 2010 Geochemistry, isotopic
composition (δ18O, δ2H, 87Sr/86Sr, 143Nd/144Nd) in the
groundwater of French Guiana as indicators of their origin,
interrelations C. R. Géosci. 342 786–95
[15] Precipitation and groundwater isotope data (www.iaea.org/
water and dev.geo.univie.ac.at/projects/wiser/twin.php)
[16] Risi C et al 2008 What controls the isotopic composition of the
African monsoon precipitation? Insights from event-based
precipitation collected during the 2006 AMMA ﬁeld campaign
Geophys. Res. Lett. 35 L24808
[17] Jasechko S et al 2014 The pronounced seasonality of global
groundwater recharge Water Resour. Res. 50 8845–67
[18] Jasechko S et al 2015 Late-glacial to late-Holocene shifts in
global precipitation δ18O Clim. Past 11 1375–93
[19] Datta P S, Bhattacharya S K and Tyagi S K 1996 18O studies on
recharge of phreatic aquifers and groundwater ﬂow-paths of
mixing in the Delhi area J. Hydrol. 176 25–36

Environ. Res. Lett. 10 (2015) 124015

[20] Dansgaard W 1964 Stable isotopes in precipitation Tellus 16
436–68
[21] Beven K and Germann P 2013 Macropores and water ﬂow in
soils revisited Water Resour. Res. 49 3071–92
[22] Taylor R G, Cronin A A, Pedley S, Atkinson T C and Barker J A
2004 The implications of groundwater velocity variations on
microbial transport and wellhead protection: review of ﬁeld
evidence FEMS Microbiol. Ecol. 49 17–26
[23] Allen M R and Ingram W J 2002 Constraints on future changes
in climate and the hydrologic cycle Nature 419 224–32
[24] Zhang X et al 2007 Detection of human inﬂuence on twentiethcentury precipitation trends Nature 448 461–5
[25] Westra S, Alexander L V and Zwiers F W 2013 Global
increasing trends in annual maximum daily precipitation
J. Clim. 26 3904–18
[26] Kharin V V, Zwiers F W, Zhang X and Wehner M 2013
Changes in temperature and precipitation extremes in the
CMIP5 ensemble Clim. Change 119 345–57

7

[27] Portmann F T, Döll P, Eisner S and Flörke M 2013 Impact of
climate change on renewable groundwater resources: assessing
the beneﬁts of avoided greenhouse gas emissions using selected
CMIP5 climate projections Environ. Res. Lett. 8 024023
[28] Jiménez Cisneros B E et al 2014 Freshwater resources Climate
Change 2014: Impacts, Adaptation, and Vulnerability, Part A:
Global and Sectoral Aspects, Contribution of Working Group II to
the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (Cambridge: Cambridge University Press)
pp 229–69
[29] Gerland P et al 2014 World population stabilization unlikely
this century Science 346 234–7
[30] Favreau G et al 2009 Land clearing, climate variability, and
water resources increase in semiarid Southwest Niger: a review
Water Resour. Res. 45 W00A16
[31] Kottek M, Grieser J, Beck C, Rudolf B and Rubel F 2006 World
map of the Köppen–Geiger climate classiﬁcation updated
Meteorol. Z 15 259–63

