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Abstract: The objective of this study was to assess groundwater recharge in the hard-rock central
region of Benin so as to compare it with the water needs of the local population. To reach this objective,
we applied the Water Table Fluctuation (WTF) method, which requires long-term monitoring of
groundwater level fluctuations. Groundwater level time series were used in combination with other
data (including time series of surface water discharge and rainfall) to estimate groundwater recharge
but also to shed further light on the relationship between surface water and groundwater. The results
demonstrated that the minimum inter-annual groundwater recharge amount is about 1.09 × 109 m3,
which is enough to cover the basic water needs of the local population. It should be highlighted that
in sub-regions where the density of the population is high, water shortage can still occur with the
above estimated groundwater recharge amount. This study has also illustrated that when applying
the WTF method, sites with a highly uncertain specific yield can be detected.

Keywords: Benin; groundwater recharge; groundwater table; rainfall; surface water discharge

1. Introduction

Groundwater remains a vital source of water supply to communities across the globe.
Beyond the important role that groundwater plays in urban and rural communities, it also
plays a vital role for various ecosystems as it sustains stream flows and vegetation [1]. In
some arid and semi-arid regions, groundwater is the unique source of water supply and
is hence linked to survival in such regions [2]. Even in relatively higher rain-fed regions,
groundwater availability is unevenly distributed [3]. Yet, access to safe drinking water for
all is somehow dependent on the groundwater resource availability in a region, including
in regions of hard-rock aquifers [4]. The availability of groundwater resources is in turn
dependent on groundwater recharge [5]. In the context of population growth and climate
variability, and in attempting to ensure reliable and long-term access to groundwater for
various usages, groundwater recharge has to be assessed, including its temporal variation.
Through groundwater recharge evaluations, it is possible to appraise whether groundwater
resources can meet the water demand of a population. The central region of Benin Republic
is a hard-rock aquifer region where groundwater is a very important component in the
water supply to the local population. The groundwater has been exploited in this region,
but the amount of groundwater recharge has not so far been investigated. This raises
the following two questions: (1) What are the plausible groundwater recharge amounts?
And (2) how do the groundwater recharge volumes of this region compare to the basic
water needs of the local population?
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This study aims at estimating groundwater recharge in this region so as to compare the
volumes of groundwater recharge to the current basic water needs of the local population. This
central region of Benin was selected because it is a hard-rock region where groundwater levels
have been monitored for more than a decade. In the next section, the study area is described.

2. Materials and Methods
2.1. Study Area
2.1.1. Location, Climate, Topography, and Hydrography

The study area, which is the administrative “Département des Collines” of Benin, is
located in the central part of the country (Figure 1). It covers approximately 13,931 km2

and is bordered in the north by the “Donga” and “Borgou” departments. To the west and
east, the study area is bordered by Togo and Nigeria republics, respectively. In the south,
the study area is bordered by the “Zou” and “Plateau” departments. Administratively, this
study area includes five districts known as “communes”: Ouesse, Bante, Save, Savalou,
Dassa-Zoume. The population of the study area was approximately 717,477 inhabitants
in 2013 [6] and is projected to reach at least 800,000 inhabitants by 2024.
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The climate of the study area is of Sudan–Guinean type and is characterized by
one rainy season, extending from May to October, and one dry season, extending from
November to April. The annual mean rainfall is about 1100 mm [7], with temperatures
ranging from 21 to 35 degrees Celsius. Coldest periods correspond to the Harmatan
(usually December to January; see [8]) and to the peak (usually July to August) of the rainy
season. Highest temperatures usually occur within February to April and within October
to November. The annual evapotranspiration in the study area is about 1000 mm [7].
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Land surface elevation in the study area ranges from about 20 to 600 m above mean
sea level (Figure 1). The highest terrains are mostly located in the north, where there exists
a series of scattered mountains with abrupt slopes as well as chains of hills [9]. Lowest
terrains are mostly found in the south of the study area. The Ouémé river (see [10,11]) is
the main watercourse in the study area. It originates outside the study area (in northern
Benin) and flows down to the south of Benin and finally ends up in the Atlantic Ocean.
There are other rivers in the study area, which are tributaries to the Ouémé rivers [8]. These
include the Okpara river in the north-eastern part of the study area and the Zou river,
which originates within the study area (Figure 1).

2.1.2. Geology and Hydrogeology

There exist three main Precambrian geological units in the study area. These are
migmatitic gneiss, porphyritic gneiss (amphibolitic and biotitic), and granites (Figure 2).
There are other less dominant Precambrian geological units such as blastomylonites, bi-
otitic granite, alkaline rhyolites, and alkali granites in the study area. In the south, the
Precambrian geological units are overlain by sedimentary formations, with very limited
spatial extension (see the terrigenous deposits in Figure 2). Aquifers in the study area are
typical of those found in crystalline bedrock regions (refs. [12,13]), with two aquifers: a
shallow aquifer found in the weathered regolith (i.e., the sandy regolith and the fissured
layer) and a second aquifer found in the deeper fractured and discontinuous zone [14].
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In 61% of the existing boreholes, the thickness of the weathered rock (regolith) is
between 10 and 20 m [8]. The regolith thickness is lower than 10 m in 31% of the existing
boreholes. The regolith thickness is higher than 20 m for approximately 8% of the existing
boreholes. Nearly 20% of the existing boreholes go dry by the peak of the dry seasons [15].
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Among the boreholes that go dry, about 75% display regolith thicknesses lower than 10 m,
and only few (~10%) display higher regolith thicknesses.

2.2. Methodology

To estimate groundwater recharge, we applied in this investigation the Water Table
Fluctuation (WTF) method, which is applicable only to unconfined aquifers including
fractured-rock aquifer systems [16]. This requires long-term groundwater level monitoring
in piezometers as well as estimates of the specific yield, specific yield being the porosity
minus the specific retention (i.e., the portion of water adsorbed to rocks). The WTF method
considers that the rise in groundwater level is attributable to recharge (RCH) as expressed
in Equation (1).

RCH =
dh
dt

× Sy (1)

where RCH is recharge, dh
dt is change in water table within a given time, and Sy is the

specific yield.
The WTF method can be applied to estimate both total recharge and net recharge [17].

For the total recharge, dh equals the difference between the peak of groundwater rise and
the lower point from the extrapolated previous recession curve at the peak time (see blue
dash lines (dhT) in Figure 3 and [18]).
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Figure 3. Illustration of dh estimation for the case of the piezometer of Savalou.

For the net recharge, the height of the groundwater level rise (i.e., the difference
between the lowest groundwater level during recession and the peak of the ground-
water rise) is applicable (see red dash lines (dhN) in Figure 3). The net recharge ne-
glects other ongoing processes while recharge takes place. Such neglected processes
include (1) evapotranspiration from groundwater and (2) groundwater discharge (i.e., base-
flow and human abstractions), with human abstractions often being negligible, especially
in rural areas, compared to baseflow (see, e.g., ref. [19]). In this study, the total recharge
(dhT), as illustrated in Figure 3, was considered. Hence, dhT was estimated annually for
all the piezometers, which were monitored for more than a decade (Figure 4). Water level
data loggers (i.e., Mini-Diver 20 m from Eijkelkamp, Giesbeek, The Netherlands) were
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installed in each of the piezometers to allow automatic and continuous recording of water
level fluctuations. The data loggers were set to record water level at 02:00 AM each day,
with a precision of about 1 cm. However, the data loggers did not work properly, and the
water level was not recorded until the next visit of the monitoring team. This explains why
there are some missing data in the water level records. The piezometers (monitoring wells)
sunk into the fractured horizon, the lower part of the weathered hard-rock aquifer, which
is connected to the fissured horizon as well as the sandy regolith. The geographic locations
of the piezometers with long groundwater level time series are shown in Figure 2. For each
of these piezometers, dhT was estimated following the procedure illustrated in Figure 3.
A summary of the graphs from which the estimated dhT were derived is presented in
Figures A1–A4.
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Figure 4. Time series of groundwater level fluctuations in the study area. The geographic locations of
the piezometers are shown in Figure 2. Note that the time series include missing data.

In addition to groundwater level amplitudes (changes in groundwater table within a
given time), the application of the WTF method requires an estimate of the specific yield.
Specific yield is the aquifer’s property that is linked to the pore space available to store
recharge. It is obvious that such available pore space is higher in the top layers of hard-rock
aquifers (i.e., the saprolite layers including the sandy regolith and the fissured layers) than in
the fractured layers underneath [20]. However, existing values of specific yield, often derived
from pumping tests, are equivalent values for both layers, taken as composite aquifers [21].
Previous studies (see [22,23]) investigated specific yields of fractured-rock aquifer systems in
similar contexts in Benin. Values of specific yield obtained in the similar geological contexts in
Benin ranged from 3 to 8%. This range of values was taken into account to arrive at a range
of estimated groundwater recharge for each piezometer. For the purpose of discussing the
results of groundwater level fluctuations and recharge, rainfall data from existing rainfall
stations, the drilling logs of the monitored piezometers, and river discharge data from existing
gauging stations within the study area were collected. The locations of the concerned rainfall
stations and river gauging stations are shown in Figure 2.

The results of groundwater level fluctuation and groundwater recharge are presented
and discussed in the next section.
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3. Results
3.1. Groundwater Level Fluctuations in the Study Area

The results show that the annual amplitude of groundwater level varies from one site
to another. Namely, the annual groundwater amplitude ranges from 6 to 9 m in Savalou,
from 8 to 22 m in Dassa, from 4.6 to 6.9 m in Ouesse, and from 2.6 to 6.7 m in Save (Figure 5).
The average annual amplitude of groundwater fluctuations is summarized in Table 1. This
average annual amplitude of groundwater level fluctuations is about 5 m at Ouesse and
Save, about 7 m at Savalou, and 15 m at Dassa, i.e., more than double the amplitudes found
at Ouesse and Save.

Water 2024, 16, x FOR PEER REVIEW 6 of 21 
 

 

The results of groundwater level fluctuation and groundwater recharge are presented 
and discussed in the next section. 

3. Results 
3.1. Groundwater Level Fluctuations in the Study Area 

The results show that the annual amplitude of groundwater level varies from one site 
to another. Namely, the annual groundwater amplitude ranges from 6 to 9 m in Savalou, 
from 8 to 22 m in Dassa, from 4.6 to 6.9 m in Ouesse, and from 2.6 to 6.7 m in Save (Figure 
5). The average annual amplitude of groundwater fluctuations is summarized in Table 1. 
This average annual amplitude of groundwater level fluctuations is about 5 m at Ouesse 
and Save, about 7 m at Savalou, and 15 m at Dassa, i.e., more than double the amplitudes 
found at Ouesse and Save. 

 
Figure 5. Annual groundwater level amplitudes in the study area. 

Table 1. Statistics of the amplitudes of groundwater level fluctuations in the study area. 

 dh (In m) 
Year dhT_Savalou dhT_Dassa dhT_Ouesse dhT_Save 
2010 6.2 22.5 4.7 5.1 
2011 6.1 16.3 6.9 6.1 
2012 7.5 8.3 4.6 5.1 
2013 7.9 15.2 4.8 3.7 
2014 6.1 17.2  6.1 
2015 8.2 10.5  2.6 
2016     

2017 7.9   6.5 
2018 9 17.4 6.2 6.7 
2019   5.2  

2020 8.3 12 5.5  

2021 8.8 15.6 6.4  

Annual minimum (2010–2021) 6.1 8.3 4.6 2.6 
Annual maximum (2010–2021) 9 22.5 6.9 6.7 

Annual average (2010–2021) 7.6 15 5.5375 5.2375 

3.2. Groundwater Recharge in the Study Area 
The annual groundwater recharge, estimated for the sites equipped with piezome-

ters, is summarized in Table 2. This is the estimated recharge over the period of 2010 to 

0

5

10

15

20

25

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

dh
T 

(m
)

Year

dhT_Savalou dhT_Dassa dhT_Ouesse dhT_Save

Figure 5. Annual groundwater level amplitudes in the study area.

Table 1. Statistics of the amplitudes of groundwater level fluctuations in the study area.

dh (In m)

Year dhT_Savalou dhT_Dassa dhT_Ouesse dhT_Save

2010 6.2 22.5 4.7 5.1
2011 6.1 16.3 6.9 6.1
2012 7.5 8.3 4.6 5.1
2013 7.9 15.2 4.8 3.7
2014 6.1 17.2 6.1
2015 8.2 10.5 2.6
2016
2017 7.9 6.5
2018 9 17.4 6.2 6.7
2019 5.2
2020 8.3 12 5.5
2021 8.8 15.6 6.4

Annual minimum (2010–2021) 6.1 8.3 4.6 2.6
Annual maximum (2010–2021) 9 22.5 6.9 6.7

Annual average (2010–2021) 7.6 15 5.5375 5.2375

3.2. Groundwater Recharge in the Study Area

The annual groundwater recharge, estimated for the sites equipped with piezometers,
is summarized in Table 2. This is the estimated recharge over the period of 2010 to 2021.
It appears that the minimum inter-annual recharge is about 0.183 m, 0.249 m, 0.138 m, and
0.208 m, respectively, at Savalou, Dassa, Ouesse, and Save. The maximum inter-annual
groundwater recharge is approximately 0.72 m, 1.392 m, 0.552 m, and 0.536 m, respectively,
at Savalou, Dassa, Ouesse, and Save (Table 2).
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Table 2. Annual estimated recharge in the study area.

Recharge at Savalou (In m) Recharge at Dassa (In m) Recharge at Ouesse (In m) Recharge at Save (In m)

Year Min Max Min Max Min Max Min Max

2010 0.186 0.496 0.675 1.8 0.141 0.376 0.153 0.408
2011 0.183 0.488 0.489 1.304 0.207 0.552 0.183 0.488
2012 0.225 0.6 0.249 0.664 0.138 0.368 0.153 0.408
2013 0.237 0.632 0.456 1.216 0.144 0.384 0.111 0.296
2014 0.183 0.488 0.516 1.376 0.183 0.488
2015 0.246 0.656 0.315 0.84 0.078 0.208
2016
2017 0.237 0.632 0.195 0.52
2018 0.27 0.72 0.522 1.392 0.186 0.496 0.201 0.536
2019 0.156 0.416
2020 0.249 0.664 0.36 0.96 0.165 0.44
2021 0.264 0.704 0.468 1.248 0.192 0.512

4. Discussion
4.1. Groundwater Level Fluctuations in the Study Area

As described in the previous section, the annual amplitudes of groundwater levels
range from 6 to 9 m in Savalou, from 8 to 22 m in Dassa, from 4.6 to 6.9 m in Ouesse, and
from 2.6 to 6.7 m in Save (Figure 5). On average, the annual amplitude of groundwater level
fluctuations (see Table 1) is far higher in Dassa (15 m) compared to the average groundwater
level amplitudes in Savalou (7.6 m), in Ouesse (5.53), and in Save (5.23 m). This could
be explained by a relatively higher annual rainfall that often occurs at Dassa (Figure 6).
Nevertheless, a relatively higher rainfall at Dassa does not fully explain the relatively higher
groundwater level amplitude that is observed. As an example, although the annual rainfall
was highest at Savalou for the year 2018 (see Figure 6), the amplitude of groundwater level
fluctuations was still higher at Dassa that same year. This implies that annual rainfall alone
does not determine the groundwater level fluctuations in the study area.
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Figure 6. Distribution of annual rainfall in the study area.

From the drilling logs of the monitored piezometers (see Figure A5), it appears that
the saprolite (the sandy regolith and the fissured zone) is thicker (37 m) at the site of Dassa
in comparison to the sites of Savalou (28 m), Save (26 m), and Ouesse (17 m). With a
thicker weathered rock horizon, one would rather expect lower amplitudes of groundwater
levels at Dassa, since a more pronounced rock weathering is associated with higher pore
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space available to store groundwater, and hence leading logically to lower amplitudes of
groundwater level fluctuation. If neither a relatively higher rainfall nor the thickness of
the weathered horizon explain the higher fluctuations at Dassa, then a factor that may
explain this higher amplitude at Dassa is the drainage density [24]. Often, after rainfall,
the groundwater level increases more significantly in regions with low drainage density
compared to regions of high drainage density.

A simultaneous analysis (Figure 7) of rainfall and groundwater level fluctuations at
Dassa, coupled with river discharge at Kaboua (nearby Dassa), revealed that few first
rainfalls that occur at the onset of the rainy season do not generate an increase in surface
water discharge and groundwater level. As shown in Figure 7, few first rainfalls up to early
April did not affect river discharge but did attenuate the previously decreasing trend of
groundwater level. Additional rainfalls up to the end of July had led to a significant increase
(>4 m) in groundwater levels at Dassa (see Figure 7). However, no significant increase in
river discharge was observed. This implies that for the area around Dassa, the soil water
content is first satisfied, then some groundwater recharge arrives to the water table before
significant river discharge occurs. The results reveal that just after the occurrence of the last
rainfall of the rainy season (see the example of the period of November 2010 in Figure 7), the
decreasing trend in groundwater level starts. It can be concluded that the time lag between
the rainfall and groundwater level response is very short (less than two days; see Figure 7).
It also appears that the required time for the recharged groundwater to drain down to
the baseflow (i.e., the time between the last rainfall (see vertical blue dash line in Figure 7)
and the baseflow (red dash line in Figure 7)) is relatively short (about 12 to 14 days, as
illustrated in Figure 7). These findings for Dassa are similar to those of Ouesse, except that
the time required for the recharged groundwater to drain down to the baseflow is longer at
Ouesse (i.e., about 23 to 25 days, as illustrated in Figure 8). The 23 to 25 days corresponds
to the time between the last rainfall of the season (see the blue dash line in Figure 8) and
the time when the stream flow is reduced to the baseflow (see the red dash line in Figure 8).
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Figure 7. Groundwater level fluctuation in comparison to rainfall and surface water discharge at Dassa.
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Figure 8. Groundwater level fluctuation in comparison to rainfall and surface water discharge at Ouesse.

4.2. Groundwater Recharge in the Study Area

Overall, the lowest groundwater recharge (i.e., the minimum inter-annual recharge;
see Table 2) occurred in 2011 and 2014 at Savalou, in amounts of about 183 mm. At
Dassa and Ouesse, the lowest inter-annual groundwater recharge occurred in 2012, in
amounts of 249 mm and 138 mm, respectively. The lowest inter-annual groundwater
recharge was about 78 mm in Save. This implies that the lowest recharge for all the studied
sites did not simultaneously occur in a particular year. The same observation is true for
the highest inter-annual recharge because this occurred in Savalou in 2018, whereas it
occurred in 2010, 2011, and 2018, respectively, at Dassa, Ouesse, and Save (Table 2). This
suggests that, for a given year, while a site is under its lowest recharge state, others may
be experiencing a better recharge. Also, there is no particular increasing or decreasing
groundwater recharge trend in the study area. For more than a decade, the estimated
groundwater recharge ranges from 183 to 720 mm at Savalou, 249 to 1800 mm at Dassa,
138 to 552 mm at Ouesse, and 78 to 536 mm at Save (Figure 9). Hence, over the studied
period, the lowest possible annual recharge in the study area is 78 mm, which translates to
a groundwater recharge volume of approximately 1.09 × 109 m3, given that the study area
is about 13,931 km2. The latter volume is the worst annual groundwater recharge for the
studied period. Considering the current population of the study area (~800,000 habitants;
see INSAE, 2013), and considering a yearly basic water need of 7300 L/person in rural
areas (i.e., 30 L/day/person or 3 × 10−2 m3/person), it can be concluded that the basic
annual need of the population in the study area is ~8784.000 m3, which is less than the
worst annual recharge. As such, the recharged groundwater volume is overall enough to
cover the basic water needs of the current population. However, such a recharge may not
be enough to satisfy the water needs of highly densely populated regions of the studied
area. For highly densely populated regions, the implementation of artificial ground-
water recharge could be envisaged so as to increase the annual amplitudes of ground-
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water level fluctuations and to maintain as long as possible the artificially driven high
groundwater level.
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It should be highlighted that the WTF method applied in this study has some lim-
itations, namely, the limitations linked to the specific yield (Sy), which are discussed
by [17]. In line with these limitations, we found that the sites for which the assumed Sy
was too high could be easily detected. This was the case for Dassa, for which the maxi-
mum estimated recharge went above the rainfall for the year 2010 (Table 2 and Figure 6).
This suggests that under uncertain Sy, an extreme (maximum) estimated groundwater
recharge should be interpreted with care. Rather, the average estimated recharge would
be more meaningful.

4.3. General Limitations of Studies Applying the WTF Method for Groundwater Recharge Estimation

This study successfully assessed groundwater recharge in the targeted study area but
may have some limitations linked to the applied WTF method. Usually, when applying
the WTF method, one difficulty is identifying the causes of water level fluctuations.
Multiple causes could explain a groundwater level rise in an aquifer, including the influx
of groundwater from an adjacent groundwater basin. If any groundwater influx from an
adjacent basin occurs, the amounts of the groundwater influx are in reality difficult to
measure with precision. Such imprecisions might lead to uncertainties in the estimated
groundwater recharge. For the present case study, groundwater influx from an adjacent
groundwater system is not applicable, since rainfalls fully explain groundwater level
rises, as shown in Figures 3 and 7 and in Appendix A. Another issue is that the WTF
method is not able to account for steady recharge rates. Basically, when the recharge
rate is constant and equal, the drainage from the water table (or groundwater outflux
such as groundwater abstractions), will remain unchanged, and the WTF method would
wrongly predict no recharge. Uncertainties attached to the value of the specific yield
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remain a limitation of the WTF method [25]. The values of specific yield used in this
study were quantified based on Magnetic Resonance Sounding (MRS), which is a non-
invasive geophysical method [22]. Namely, MRS results (i.e., the water content and pore
size parameter) were calibrated against the specific yield derived from long-duration
pumping tests). Then, it was possible to estimate the specific yield based on the MRS
results. According to the authors, the uncertainties linked to the implemented values of
specific yield are about 10%.

5. Conclusions

The aim of this study was to assess groundwater recharge in the hard-rock region of
the “département des collines” in central Benin. For this aim, we applied the Water Table
Fluctuation method. In addition, rainfall data, drilling log data of existing piezometers,
and rainfall data were analyzed so as to shed further light on the relationship between
surface water and groundwater in the study area. We found that annual amplitudes
of groundwater level fluctuations are highest in the sub-region called Dassa, which is
explained by a relatively higher rainfall coupled with lower drainage density. It also
appeared that around Dassa the first rainfall at the onset of the rainy season tends to
generate some groundwater recharge prior to the occurrence of surface water discharge.
The results have also demonstrated that the time lag between the rainfall and groundwater
level response is as short as two days around Dassa. Further, the results showed that it
takes about 14 days for the recharge groundwater to drain down to the stream baseflow
around Dassa. However, this takes longer (~25 days) in the sub-region called Ouesse. The
estimated groundwater recharge for the studied period (over a decade) did not display
any particular increasing or decreasing trend in the study area. The lowest inter-annual
groundwater recharge volume is about 1.09 × 109 m3, which is enough to satisfy the basic
needs of the current population. However, in highly densely populated sub-regions, this
minimum annual groundwater recharge amount might still be insufficient.

This study is the very first to investigate groundwater recharge in the study area. The
merits of this study are that it used real and long-term time series data to estimate recharge
and to assess the groundwater resource availability with respect to the basic water needs
of the population. Moreover, it has shown that with the application of the WTF method,
inconsistent values of specific yield can be detected.
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Figure A1. Detailed annual estimation of dh at Savalou over a decade (a–f). 
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Figure A1. Detailed annual estimation of dh at Savalou over a decade (a–f).
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Figure A2. Detailed annual estimation of dh at Dassa over a decade (a–f). 
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Figure A2. Detailed annual estimation of dh at Dassa over a decade (a–f).
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Figure A4. Detailed annual estimation of dh at Save over a decade (a–f). 
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Figure A4. Detailed annual estimation of dh at Save over a decade (a–f).
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Figure A5. Drilling logs of the monitored piezometers in the study area. 
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