Journal of Water Resources and Ocean Science
2025, Vol. 14, No. 5, pp. 118-133
https://doi.org/10.11648/j.wr0s.20251405.11

SciencePG
Science PMng Group

Research Article

Assessment of Recharge Dynamics Under Extreme Rainfall
Using Groundwater Fluctuations and Stable Isotopes
Signatures: Insights from an Urban Observatory in Dakar

Abdoulaye Pouye® ©, Mandiaye Diene ©, Lamine Diop ©, Seynabou Cissé Faye

Geology Department, Cheikh Anta Diop University of Dakar, Dakar, Senegal

Abstract

Rapid urbanization across sub-Saharan Africa intensifies water supply challenges, making groundwater an essential resource for
meeting the needs of low-income urban communities. However, the recurrence of extreme rainfall events due to climate change
present major challenges for sustainable groundwater management, particularly in urban areas where infrastructures often
impedes natural recharge processes and simultaneously amplifies flood risks. Here we investigate the recharge dynamics of the
Thiaroye quaternary sand aquifer in Dakar, Senegal, under extreme rainfall conditions, based on high resolution monitoring of
groundwater fluctuations and stable isotope analysis. The study combines high-frequency hydrological data from the Dakar
suburban groundwater observatory, with isotopic signatures (8'%0 and 8°H) to trace recharge processes and contamination risks.
Results indicate that high to extreme rainfall events (>10 mm.d™") are the primary drivers of groundwater level fluctuations, with
an identified threshold of approximately 9 mm needed for effective recharge. The isotopic analysis confirms consistent recharge
conditions primarily influenced by local rainfall despite substantial variability in precipitation isotopic composition. This
research underscores the critical need for improved groundwater management strategies to enhance urban resilience against
extreme climatic events such as heavy to extreme rainfall, bridging the knowledge gap regarding groundwater recharge
mechanisms in rapidly urbanizing areas like Dakar.
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1. Introduction

In sub-Saharan Africa (SSA), rapid urbanization due to
population growth in large cities places increasing pressure
on urban water supply systems, exacerbating vulnerability to
climate variability and extreme events [1, 2]. Limited access
to piped water across many cities of the region increase de-
pendence on informal or self-supply systems, with ground-
water as a vital source of domestic water [3, 4]. Thus,

groundwater resources offer strategic advantages for urban
resilience owing to the relative ability to mitigate short-term
climate change, lower treatment requirements, and availabil-
ity beneath the low income densely communities [5, 6].
Nevertheless, despite its inherent resilience, urban ground-
water resources are increasingly threatened by excessive
extraction, contamination from on-site sanitation systems,

*Corresponding author: abdoulaye8.pouye@ucad.edu.sn (Abdoulaye Pouye)

Received: 28 August 2025; Accepted: 10 September 2025; Published: 25 September 2025

@ Copyright: © The Author(s), 2025. Published by Science Publishing Group. This is an Open Access article, distributed
@ under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.



http://www.sciencepg.com/journal/wros
http://www.sciencepg.com/journal/166/archive/1661405
http://www.sciencepg.com/
https://orcid.org/0000-0003-3947-0045
https://orcid.org/0009-0007-5929-0603
https://orcid.org/0009-0007-3119-0029
https://orcid.org/0000-0001-5334-6003

Journal of Water Resources and Ocean Science

http://www.sciencepg.com/journal/wros

and inadequate land-use planning, particularly within infor-
mal settlements [7, 8]. It is therefore essential to strengthen
groundwater monitoring and management to ensure sustain-
able and climate-resilient urban water security in
sub-Saharan African cities.

In recent decades, climate trends have demonstrated an
increase in both the frequency and intensity of extreme pre-
cipitation events throughout sub-Saharan Africa. This phe-
nomenon is attributed to ongoing climate change and pre-
sents substantial challenges to urban water management
[9-11]. Such extreme events can lead to rapid infiltration and
recharge of urban aquifers, but the groundwater response
remain poorly understood, particularly in rapidly urbanizing
regions with complex hydrological settings [12-14]. In Dakar,
Senegal, intense rainfall coupled with inadequate urban
drainage infrastructure has resulted in episodic groundwater
flooding and altered recharge dynamics, highlighting the
vulnerability of urban aquifers to both climatic and anthro-
pogenic pressures [15-18]. The combined effects of in-
creased rainfall variability and urban land use changes in-
troduce uncertainties in predicting groundwater recharge
rates, recharge pathways, and the potential for groundwater
contamination during extreme events [19]. Understanding
these processes is critical to improving groundwater man-
agement and enhancing urban resilience for sustainable cities
under changing climate conditions.

Although climate-related changes in urban water systems
are well documented, there is still limited understanding of
how extreme rainfall events affect groundwater recharge.
This issue is particularly pressing in low-income urban envi-
ronments like Dakar. Prior studies in SSA often lack
high-resolution hydrogeological data and urban infrastruc-
ture frequently overrides natural recharge pathways, making
process understanding complex [18, 20]. In the Thiaroye
aquifer of Dakar suburb, investigations combining wa-
ter-table fluctuation, chloride mass balance, and environ-
mental isotopes were conducted to quantify groundwater
recharge and identify sources. These studies found annual
recharge rates ranging from ~18 to 144 mm but highlighted
substantial uncertainty tied to waste-derived chloride inter-
ference and inconsistent monitoring [20]. The isotopic ap-
proach revealed that the isotopic signatures of precipitation
influence those of groundwater, thus highlighting their mete-
oric origin [15]. However, uncertainties persist in Dakar
regarding seasonal variabilities and controls on §'*0 and 6*H
in rainfall. More recently, the AfriWatSan urban observatory
in Dakar has provided high-frequency observations showing
that extreme rainfall events trigger rapid increases in soil
moisture and groundwater levels, alongside episodic flushing
of nitrate contamination from adjacent septic systems into
shallow aquifers [18]. However, these insights remain pre-
liminary and the precise mechanisms, volumetric contribu-
tions, and spatiotemporal variability of extreme-event re-
charge in highly urbanized, are still poorly constrained. As a
result, models and groundwater resources management
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strategies operate under considerable uncertainty, underscor-
ing the need for more detailed, long-term, isotope-informed
recharge monitoring in Dakar and similar SSA urban set-
tings.

This study aims to assess the Dakar urban aquifer response
to extreme rainfall events by combining stable isotope analy-
sis with long-term hydrological monitoring data from an
urban groundwater observatory. By tracing the isotopic sig-
natures (8'%0 and &°H) of precipitation, surface and ground-
water during and after high-intensity rainfall events, the
research seeks to identify recharge pathways, estimate re-
charge timing, and detect potential contamination processes.
The integration of high-frequency precipitation and ground-
water fluctuation measurements, unsaturated zone matrix
data and stable isotope tracers enable a more precise under-
standing of the short-term reactivity of the aquifer to extreme
climatic inputs. Focusing on the Thiaroye suburban area,
highly exposed to both flooding and groundwater stress, the
study also examines how land use, surface sealing, and
on-site sanitation influence recharge dynamics. Ultimately,
the objective is to generate actionable insights for improving
urban groundwater management and resilience for sustaina-
ble city in the face of intensifying climate extremes.

2. Material and Methods

2.1. Local Setting

The study area covers the suburban Dakar peninsula, lo-
cated at the western part of Africa (Figure 1). The region is
characterized by a semi-arid Sahelian climate marked by a
short rainy season from July to October with mean annual
precipitation ranging between 450 and 500 mm; annual tem-
peratures varies between 21 and 29°C [17]. Evidence from
recent decades indicates both substantial interannual fluctua-
tions and a growing frequency of extreme rainfall events [18,
21, 22]. The relief is shaped by depressed dunes where three
hydrogeological units are identified: (1) the lakes area to the
north, (2) Niayes area or closed dune depressions to the west
and (3) dune area which covers most of the region. The sub-
urban Dakar observatory is underlain by the Thiaroye Qua-
ternary sand aquifer, known as an unconfined, highly per-
meable and shallow groundwater system. Quaternary depos-
its of the reservoir comprised mainly unconsolidated clayey
sands, coarse sands, and aeolian sands that form the Ogolian
dunes in the coastal zone and are underlain by Eocene marl
to clay formations which outcrop in the south [23]. Recharge
is generally attributed to the direct infiltration from rainfall
or additional sources such as wastewater and irrigation wa-
ters that contaminate the groundwater [15, 20]. The unsatu-
rated zone matrix is comprised mainly of fine to medium
sand fractions, with only 0-2% clay (Figure 2).
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Figure 1. Series of maps showing the locations respectively of (a) Senegal, (b) Cap-Vert Peninsula, and (c) Keur Massar in suburban Dakar.

taken with an Eijelkamp soil sample ring kit auger each 50
2.2. Monitoring and Sampling Strategy cm from the soil surface to the capillary fringe. Samples
were then oven dried at the Universite Cheikh Anta Diop
hydrochemistry laboratory to determine the total porosity
and bulk density (by gravimetric method), as well as soil
texture by the hydrometer experimentation (Table 1).

2.2.1. Soil Sampling

Undisturbed soil sampling was carried out from 18 loca-
tions across the study area. Samples of 100 ml (cm®) were
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Figure 2. Particle size distribution (a) Sand, Silt and Clay proportions; (b) United States Department of Agriculture (USDA) texture classi-
fication of soil samples (N=145).

Table 1. Bulk density and total porosity from unsaturated zone of quaternary sand aquifer.

Bulk density (g.cm™) Total porosity
Profile
Min. Max. Mean Min. Max. Mean

P1 1.59 1.68 1.62 0.37 0.40 0.39
P2 1.52 1.70 1.61 0.36 0.43 0.39
P3 1.46 1.71 1.60 0.36 0.45 0.39
P4 1.45 1.67 1.60 0.37 0.45 0.39
PS5 1.50 1.65 1.59 0.38 0.43 0.40
P6 1.41 1.81 1.59 0.32 0.46 0.38
P7 1.57 1.77 1.67 0.33 0.41 0.37
P8 1.62 1.68 1.65 0.37 0.39 0.38
P9 1.59 1.68 1.64 0.37 0.40 0.38
P10 1.54 1.71 1.65 0.35 0.42 0.38
P11 1.59 1.73 1.67 0.35 0.40 0.37
P12 1.43 1.70 1.62 0.36 0.46 0.39
P13 1.59 1.70 1.66 0.36 0.40 0.37
P14 1.50 1.75 1.66 0.34 0.43 0.37
P15 1.53 1.77 1.68 0.33 0.42 0.37
P16 1.65 1.70 1.67 0.36 0.38 0.37
P17 1.68 1.72 1.70 0.35 0.37 0.36
P18 1.67 1.72 1.70 0.35 0.37 0.36
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2.2.2. Rainfall and Groundwater Monitoring

Rainfall monitoring was conducted using a Lambrecht tip-
ping bucket rain gauge (Lambrecht meteo, Germany) installed
in the Keur Massar area. High-resolution data were collected
from 2018 to 2022 using hourly measurements to capture
short-term variability in hydrological conditions. These de-
tailed time series were subsequently processed and aggregated
to generate daily, monthly, and annual datasets, providing a
comprehensive temporal overview of rainfall variability over
the 5-years monitoring period. The daily rainfall data were
categorized based on the classification proposed by Zhou and
Zhao (2021). Table 2 presents the main rainfall intensity clas-
sifications commonly used in the literature.

Water table fluctuations (WTF) were monitored using
submersible pressure transducers across multiple observation
piezometers. Rugged Troll 100 sensors (In-Situ Inc.) were
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deployed in piezometers Ol, O2 and O4 while an Aqua-
TROLL 100 sensor (In-Situ Inc.) was installed in O3. Daily
measurements were recorded at O1, O2, and O3 between
May 6, 2017, and February 11, 2021. In addition,
high-resolution monitoring at an hourly time step was con-
ducted at O4 over a nine-month period, from March 31 to
December 31, 2022. These instruments recorded continuous
pressure head data, providing valuable insights of ground-
water flow under variable climatic and urban conditions.
Figure 3 shows the piezometric map for 2020 with the loca-
tions of the various observation piezometers. Monitoring of
groundwater fluctuations covers the low-lying areas of
Niayes (O1) and Keur Massar (O4), the coastal area (02),
and the piezometric dome (O3). Table 3 describes the con-
figuration of the piezometers and the monitoring system.
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Figure 3. Observation wells location and piezometric map of the Thiaroye urban aquifer in September 2017.

Table 2. Daily rainfall classification derived from the literature.

Aronica et al., 2013 OMM, 2018 Zhou et Zhao, 2021

Intensity (I) (mm.day') Description Intensity (I) (mm.day')  Description Intensity (I) (mm.day') Description
0.1<I<4 Light <25 Light 02<I<10 Normal
4<I<6 Light/Moderate ~ 2.5<I<10 Moderate 10<1<20 Heavy
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Aronica et al., 2013 OMM, 2018 Zhou et Zhao, 2021

Intensity (I) (mm.day!) Description Intensity (I) (mm.day!)  Description Intensity (I) (mm.day!)  Description
6<1<32 Moderate/Heavy 10 <I <50 Heavy 1>20 Extreme
32<1<64 Heavy =50 Heavy/Torrential

64 <1<128 Heavy/Torrential

1>128 Torrential

2.2.3. Rainfall, Surface Water and Groundwater
Sampling

Water samples for stable isotopes analysis were collected
during field campaigns in 2017 and 2019 from rainfall, sur-
face water and groundwater. Rainfall samples were collected
using a homemade precipitation collector developed to
minimize any residual evaporation to an insignificant level for
precipitation samples collected over a 1-month period.
Groundwater samples were collected in July 2017 and No-
vember 2019 from boreholes, piezometers and hand-pumped
wells. Samples from piezometers and hand-pumped wells
were collected after purging with a submersible pump until
stable measurements of pH and electrical conductivity (EC)
were achieved. Additionally, surface water was collected in
November 2019 from seasonal lakes and retention ponds
distributed across the study area. Monthly rainwater was
sampled between August and October 2019 at the meteoro-
logical stations of Keur Massar and Guediawaye. All samples
were filtered (0.22-um membrane) to remove suspended

particles, stored in 50 mL polyethylene bottles, and tightly
sealed to prevent evaporation, for the analysis of stable water
isotopes (82H and 3'%0).

2.3. Analytical Methods

Stable-isotope ratios of O and H in samples collected in
2017 and 2019 were analysed by a commercial laboratory,
Elemtex Limited (UK). 8'%0 and 8°H compositions are re-
ported in the conventional %o notation referenced to the
V-SMOW. The analytical reproducibility is +0.1%. for the
oxygen and £ 1.0 %o for deuterium. The equation from [24]
was used to calculate the d values is:

§= [(% - SMOW) - 1] x 1,000

v

(M

where Rs represents either the or the '*0/!°O or the 2H/'H ratio
of the sample, and Ry-SMOW is either the '80/'°O or the
2H/'H ratio of the V-SMOW. A total of 71 samples were
analysed from rainfall, surface water and groundwater.

Table 3. Geometric configuration of piezometers and pressure head sensor installation.

Piezometer ID  Total depht (cm)  Screened depht (cm)
(0] 2500 1800 - 2200
02 2600 1900 - 2300
03 2500 1800 - 2200
04 1500 900 - 1100
3. Results

3.1. Rainfall Patterns and Extreme Events

Rainfall data recorded at the Keur Massar meteorological
station between 2018 and 2022 show strong interannual and

Sensor position (cm) Measurement timestep

856

823

733

793

123

Monitoring time

Daily 2017 - 2022
Daily 2017 - 2020
Daily 2017 - 2020
Hourly 2022

seasonal variability, typical of the Sahelian climate. Total
annual precipitation ranged from 238 mm in 2021 to 767 mm
in 2022, with a peak occurring between August and Septem-
ber (Figure 4). The rainy season typically extends from June
to October and indicates a unimodal pattern with maximum
rainfall recorded in August (2020 =232 mm; 2021 = 125 mm)
and September (2018 = 113 mm; 2019 = 227 mm; 2022 = 270
mm).
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Figure 4. Monthly rainfall variation at the experimental site from 2018 to 2022.
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Figure 5. Classification of the past 5-years rainfall distribution in the study area.

Figure 5 presents the classification of rainfall distribution
over the past 5-years (from 2018 to 2022) in the urban ob-
servatory following [25] classification. During the monitoring
period, a total of 166 rainfall events were detected. Normal
rainfall events (> 10 mm) are the most frequently observed,
accounting for 63% of all recorded occurrences. Within this
category, over half of the events have intensities below 2 mm,
indicating a predominance of low-intensity precipitation.
These light rainfall events are rapidly lost to evaporation and
do not contribute to groundwater recharge. High to extreme
rainfall (= 10 mm) account for 37% of rainfall events, with
extreme rainfall (> 20 mm) being the most prevalent, ob-
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served in 24% of all cases. The rapid infiltration of precipita-
tion caused by these extreme events reaching up to 90 mm, is
largely responsible for the sharp rise in groundwater levels
and the flooding observed in the study area.

Figure 6 shows daily rainfall patterns in urban observatory
from 2020 to 2022, focusing on event duration and intensity.
A similar trend is observed in 2020 and 2022 (51 and 50 days,
respectively), but 2022 experienced significantly longer in
term of duration (213 hours vs. 165 hours) and more intensive
(767 mm vs. 570 mm). In contrast, 2021 was notably drier,
with only 21 rainy days, a total duration of 72 hours, and a
cumulative rainfall of 296mm. Short-duration rainfall events
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(<1 hour) accounted for 30% to 48% of total events depending
on the year, generally associated with low to moderate inten-
sities (up to 13.2 mm in 2020). Medium-duration events (1-5
hours) were most frequent in 2022 (44%), with intensities
reaching up to 35.2 mm. Long-duration rainfall events (=5
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Figure 6. Daily rainfall intensity and duration in (a) 2020, (b) 2021,

3.2. Groundwater Response to Extreme Rainfall
Events

Figure 7 presents the results of the daily WTF in piezome-
ters O1, O2, and O3. A general observation reveals synchro-
nous groundwater response during the rainy season, reflecting

oo

(=]
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hours) represented 20% to 32% of events and produced the
highest recorded intensities, including a peak of 95.8 mm in
2022. The interannual comparison highlights significant
variability, with 2022 showing a marked increase in both
rainfall duration and intensity.
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diffuse recharge processes across the study area. The rapid
response of the groundwater table in the urban context of
Thiaroye is undoubtedly linked to the intensity of rainfall, but
also to physical characteristics such as the relatively flat
topography, the sandy texture of the soils (porosity: 0.36 —
0.40) that imparts high permeability, and the shallow nature of
the aquifer. Groundwater appears especially close to the
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surface in the piezometric dome zone (O3), where depths
range between 70 and 200 cm. In the Niayes area (Ol),
groundwater depths vary between 257 and 369 cm, while in
the coastal zone (02), groundwater table is deeper (473 to 543
cm). Overall, the hydrographs show an important rise from
July to October, with amplitudes strongly influenced by

rainfall. In O1, observed rises were 54.3 cm in 2018, 76.3 cm
in 2019, 68.4 cm in 2020, and 64.6 cm in 2022. In O2, the
WTF magnitudes are less pronounced (2019: 49.8 cm; 2020:
63.3 cm). In O3 observation well, the magnitudes were higher
(2017: 85.5 cm), 2019: 92.7 cm; 2020: 96.7 cm).
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Figure 7. Monitoring of daily WTF at the groundwater observatory: (a) dome area (O3); (b) northern coastal zone (O2) and Niayes zone (O1).

Groundwater rise is followed by a longer recession period,
which begins a few days after the end of the monsoon. The
groundwater level gradually declines across all piezometers,
with an average rate ranging between 1 and 2 cm per day. This
decrease is reflected in the recession slopes, which vary
depending on the location. In the piezometric dome where
deep drainage is generally more active, high recession slopes
occurs, particularly during wetter years (2017: 0.31: 2020:
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0.35). In contrast, the Niayes zone exhibits low slopes, rang-
ing from 0.15 to 0.24. Similarly, in the coastal zone, the
recession trend mirrors that of the Niayes, with slopes be-
tween 0.16 and 0.19, suggesting slower drainage compared to
the dome area. During recession periods, short-term episodic
groundwater rises were occasionally observed in monitoring
piezometers. These local fluctuations generally occur with
low amplitudes and were shaped by the specific hydrological
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context of each zone. However, in 2019, a distinct ground-
water level increase was recorded from February to March,
observed across all piezometers but with varying amplitudes:
highest in the coastal zone (8.9 cm), and lower in the dome
(5.6 cm) and Niayes (4.7 cm) areas.

Figure 8 shows the temporal variability of WTF and rainfall
intensity over a nine-month period (March to December 2022),
based on high-resolution (hourly) monitoring conducted at
piezometer O3. During the dry season (April to mid-July),

groundwater levels remained relatively stable around 310 cm
below ground level, reflecting an absence of significant re-
charge. Notably, a rainfall event delivering 15 mm within one
hour occurred in late June but did not induce any appreciable
change in groundwater level. This suggests that the event was
insufficient to overcome the initial soil moisture deficit or that
rapid losses via evapotranspiration dominated under the dry
antecedent conditions.
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Figure 8. Groundwater level evolution from March 31 to December 31, 2020, at the observation well O4.

With the onset of the monsoon in mid-July, the frequency
and intensity of rainfall events increased, inducing a distinct
and progressive rise in the groundwater table. The
high-resolution hydrograph from piezometer O3 exhibits
stepped increases closely aligned with individual
high-intensity rainfall events. The magnitude of these rises
ranged from 2 to 20 cm and depended on the rainfall intensity
and duration. This synchronous behavior highlights the oc-
currence of diffuse recharge processes throughout the study
area. The peak in groundwater level, observed in late Sep-
tember (196 cm), is followed by a gradual recession, sug-
gesting the cessation of recharge and the influence of drainage
or groundwater abstraction.

A comprehensive analysis was conducted to assess the
groundwater table response to rainfall events observed during
the monitoring period. Table 5 lists the magnitudes of
groundwater level rise following individual rainfall events.
The findings reveal a more significant aquifer response to
short-duration and high to extreme rainfall. For example, the
event of July 20th generated 66.2 mm over 4 h and resulted in
a groundwater level increase of 13.8 cm.

The relationship between rainfall intensity and groundwa-
ter response (GWR) was further examined through linear
regression analysis, as illustrated in Figure 9. A strong posi-
tive correlation is observed between the rainfall event inten-
sity and the corresponding groundwater response (R*= 0.85).

The results reveal that rainfall intensity is a key factor in
groundwater recharge dynamics in the study area. The linear
regression model, expressed as GWR = 0.22P — 1.88, high-
lights the sensitivity of the aquifer system to high intensity
rainfall. This indicates that the aquifer response threshold is
close to 9 mm of precipitation.

20 @

Y=0.22x-1.88
R=0.85

Groundwater response (cm)

0 10 20 30 40 50 60 70 80 90 100

Rainfall event (mm)

Figure 9. Relationship between groundwater response and rainfall
event intensity in 2022.
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3.3. Tracing of Source Waters and Recharge
Processes

The isotopic composition 3'%0 and &°H of groundwater
samples collected in July 2017 and November 2019 exhibits a
narrow range of variation across the monitoring periods
(Table 4). In July 2017, the 8*°H values ranged from —33.34%o
to —10.08%o, with a mean of —23.45%o, whereas the §'%0
values varied between —5.04%o0 and —0.39%., averaging —
2.94%o. Similar ranges were observed in November 2019,
with 8?H values spanning from —33.8%o to —6.9%o (mean: —
22.39%o0) and 8'30 values ranging from —5.2%o to —0.11%o
(mean:—2.85 %o). The observed similarity in mean values
between 2017 and 2019 suggests that the isotopic composition

of groundwater remains relatively stable over time. Rainfall
samples collected between July and August 2019 exhibited a
wide range of isotopes. 8*H values varied from —35.30%o to —
17.80%o, with a mean of —29.32%o, while 5'%0 values ranged
from —5.84%o to —3.19%0 (mean: —4.57%o). These values are
generally more depleted than those observed in groundwater,
particularly for §'%0, indicating that rainfall delivers a rela-
tively depleted isotopic signature to the aquifer. Surface water
exhibited enriched isotopic signatures compared to ground-
water and rainfall, with 3°H ranging from —22.6%o to 23.3%o
(mean: 6.44%o) and 8'30 from —3.6%o to 6.1%o (mean: 1.83%o).
The significant enrichment and wide range suggest strong
evaporative effects on surface water bodies, which is typical
in semi-arid to arid settings.

Table 4. Variation of °H and 5'%0 in rainfall, surface water and groundwater in 2017 and 2019.

Variables Min
2017

Groundwater in July (N= 26)

&H (V-SMOW) -33.34
3'%0 (V-SMOW) -5.04
2019

Rainfall from July to August (N=6)

&H (V-SMOW) -35.30
3'%0 (V-SMOW) -5.84
Groundwater in November (N=27)

&H (V-SMOW) -33.8
3'%0 (V-SMOW) -5.2
Surface water in November (N= 12)

&H (V-SMOW) -22.6
3180 (V-SMOW) -3.6

The 6*H-5'%0 relationships for groundwater, surface water,
and rainfall samples are shown in Figure 10. Rainfall data
regress along a Local Meteoric Water Line (LMWL), §°H =
7.3 880 + 5.1 (R? = 0.98), similar to a previously computed
LMWLby [15], 8H = 7.4 §'%0 + 5.6 (R?> = 0.99). The isotopic
signature of rainfall data is much less depleted in October
(3°H = -3.19%o; 8'80 = -17.80%0), coinciding with the pre-
dominance of low-intensity rainfall events and highlighting
the amount effect. Groundwater samples collected in 2017 (n
= 26) and 2019 (n = 27) plot along regression lines with
similar slopes (5.4 and 5.2, respectively) and high coefficients

Max Mean SD
-10.08 -23.45 7.69
-0.39 -2.94 1.48
-17.80 -29.32 7.84
-3.19 -4.57 1.12
-6.9 -22.39 8.31
-0.11 -2.85 1.50
233 6.44 14.80
6.1 1.83 3.22

of determination (R? = 0.98 and 0.94). These slopes are sig-
nificantly lower than those of the Local Meteoric Water Line,
suggesting evaporative enrichment of groundwater prior to or
during recharge. Surface water samples (n = 12) display a
regression slope of 4.85 (R? = 0.94), which is even lower than
that of groundwater, and exhibit more enriched isotopic sig-
natures, indicative of strong evaporation effects. The close
alignment of rainfall and groundwater data suggests inter-
connection, with isotopic compositions controlled primarily
by rainfall inputs and subsequent evaporation.

128


http://www.sciencepg.com/journal/wros

Journal of Water Resources and Ocean Science

http://www.sciencepg.com/journal/wros

0™
o
WAl
R
Y
62H%e V-SMOW
+ 4 4 + 4 ]
-8 -6 8
 2H=5.45"0-6.9
. R:0.98
o* 0 =20
(] z
~
=
-
, -~
40 ; ¢ Groundwater samples (2017)
- ¢ Groundwater samples (2019)
C =
-0 - . .
= B Surface water samples (2019)
a0 1 A Ranfall samples (2019)

Figure 10. 5°H vs. 680 values of surface water, groundwater collected in 2017 and 2019 and rainwater compared to the Global Meteoric

Water Line.

4. Discussion

The present study shows that groundwater dynamics in the
Dakar suburban observatory are influenced by rainfall varia-
bility. The predominance of episodic normal rainfall events
(<10 mm day™') suggests that a significant portion of the
annual precipitation is likely lost to evaporation or contributes
primarily to soil moisture replenishment rather than ground-
water recharge. This finding confirms previous studies in
semi-arid environments, where low-intensity rainfall is gen-
erally insufficient to overcome antecedent soil moisture
deficits and reach the groundwater table [14, 26-28]. In con-
trast, extreme rainfall (> 20 mm. d™!) events, often exceeding
90 mm.d"!, are likely the primary drivers of the sharp
groundwater level rises and localized flooding observed in the
study area. Such observations are consistent with other find-

ings from Sahelian and urban contexts, where high-intensity
rainfall events dominate recharge dynamics and generate
sufficient infiltration to bypass evapotranspiration losses [26,
29]. The interannual variability in rainfall duration and in-
tensity, particularly the exceptional conditions recorded in
2022 (Table 5), has significant implications for both
groundwater recharge potential and urban flood. Climate
projections for the Sahelian regions suggest that extreme
rainfall events may become more frequent and intense under
ongoing climate change, thereby amplifying these risks [30,
31]. Understanding how these events control recharge pro-
cesses is thus critical for developing adaptive groundwater
management strategies in highly urbanized settings such as
Dakar, where groundwater resources are essential for water
supply and are increasingly vulnerable to climate variability
and pollution.

Table 5. Relationship between rainfall events (intensity and duration) and groundwater response at O4 in 2022.

Date Rainfall duration Groundwater level response (cm) Rainfall (mm)
Day Hour

20-07 4 12.3 66.2

22 to 24-07 26 17 86.4
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Date Rainfall duration
24-07 3
05-08 8
18-08 3
20 to 21-08 10
29-08 6
31-08 to 01-09 20
03-09 14
04-09 4
09-09 6
09-09 3
14-09 3
22-09 3
23-09 11
09-10 9
14-10 4

The identification of a rainfall threshold of approxi-
mately 9 mm for effective groundwater recharge has crit-
ical implications for urban flood risk and water security in
the study area. In highly urbanized settings such as Dakar,
intense rainfall events susceptible to generate consistent
recharge are also those most likely to trigger surface runoff
and flooding due to the prevalence of impervious surfaces
and insufficient drainage infrastructure [32, 33]. Conse-
quently, groundwater recharge and flood generation pro-
cesses are intimately linked, and extreme events can sim-
ultaneously cause sharp groundwater level increases and
severe urban flooding. This dual effect threatens water
security by increasing the vulnerability of shallow aquifers
to faecal contamination, thereby compromising ground-
water quality [14, 19]. These findings underscore the
urgency of advancing Sustainable Development Goal
(SDG) 11, which aims to make cities inclusive, safe, re-
silient and sustainable. Strengthening urban planning,
improving flood control infrastructure, and safeguarding
aquifer recharge zones are essential for enhancing urban
resilience to extreme hydrological events and protecting
groundwater resources on which millions of urban resi-
dents depend for drinking water.

The isotopic data reveal a relatively stable 6°H and §'80
compositions of groundwater across both sampling cam-
paigns in 2017 and 2019, suggesting limited temporal vari-
ability in recharge sources or processes. This stability in
groundwater isotope signatures, despite the high variability
observed in rainfall isotopic composition, indicates con-
sistent recharge conditions governed primarily by rainfall

Groundwater level response (cm) Rainfall (mm)
1.3 17.4
2 44.6
2 252
20.1 95.8
7.1 55

3 19.2
10.8 45.8
6 25
9.7 53.4
1.4 17.2
1.6 17.8
4.9 35
12 46.6
4.7 252
1.2 10

inputs. Rainfall samples displayed more depleted values,
particularly for 80, which is characteristic of meteoric
origin, whereas surface water exhibited substantially more
enriched and variable isotopic signatures. This enrichment is
indicative of significant evaporative processes, a common
feature in surface water bodies exposed to high evapotran-
spiration in semi-arid urban environments [34, 35]. The
regression slopes of groundwater samples (5.4 in 2017 and
5.2 in 2019) are notably lower than the Local Meteoric
Water Line (LMWL) derived from rainfall (slope = 7.3),
highlighting the influence of evaporation prior to or during
infiltration. This pattern is further corroborated by the even
lower slope (4.8) observed in surface water samples, sug-
gesting more advanced evaporative enrichment. Such iso-
topic divergence between the LMWL and groundwater is
often interpreted as a signature of evaporation under arid or
semi-arid conditions, where infiltration may occur after
surface retention and partial evaporation [36, 37]. The close
isotopic alignment between rainfall and groundwater sam-
ples supports the interpretation that local rainfall is the
dominant source of recharge in the Thiaroye aquifer system,
rather than surface water contribution. Furthermore, the
pronounced evaporative enrichment observed in surface
water underlines the weak hydrological connectivity be-
tween these bodies and the underlying aquifer. This distinc-
tion supports the interpretation that groundwater recharge
predominantly occurs directly from rainfall infiltration
rather than via indirect recharge.
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5. Conclusion

This study provides new insights into the recharge dy-
namics of the Thiaroye aquifer in Dakar under extreme rain-
fall conditions, a critical issue for rapidly urbanizing cities
across sub-Saharan Africa. By integrating high-resolution
groundwater fluctuation data with stable isotope tracers, we
demonstrate that recharge is strongly controlled by high- to
extreme-intensity rainfall events, with a threshold of ap-
proximately 9 mm required for effective infiltration. The
short-duration and high-magnitude events drive abrupt
groundwater level rises but also exacerbate urban flooding,
underscoring the dual role of extreme rainfall as both a re-
charge mechanism and a flood hazard.

The isotopic analysis confirms that groundwater recharge
is primarily sourced from local rainfall, with limited contri-
bution from surface water bodies that are subject to strong
evaporative enrichment. Despite significant variability in
rainfall isotopic composition, groundwater signatures remain
relatively stable, suggesting that recharge processes are buff-
ered by local hydrogeological conditions. However, the
evaporative imprint observed in groundwater highlights the
vulnerability of recharge pathways to surface exposure and
land-use pressures, particularly in densely urbanized zones
where sanitation infrastructure is inadequate.

These findings have critical implications for urban water
security in Dakar and similar SSA cities. First, the recharge—
flood nexus revealed here highlights the need for integrated
planning that considers both groundwater sustainability and
flood risk management. Strengthening urban drainage sys-
tems, protecting recharge zones, and limiting contamination
sources such as on-site sanitation are urgent priorities to
safeguard groundwater quality. Second, the identification of
a recharge threshold provides a valuable benchmark for
groundwater models and adaptation planning under projected
increases in extreme rainfall events due to climate change.
Finally, the study underscores the importance of sustained
isotope-informed monitoring at high temporal resolution to
capture the variability of recharge processes under evolving
climatic and urban pressures.
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