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Estimation of Hydrogeological Parameters and the Impact of Climate Variability on Groundwater Availability: Case of M’Bahiakro City (Central-East Côte d’Ivoire)
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ABSTRACT

	In the context of increasing climate variability in West Africa, this study evaluates the dynamics of groundwater in M’Bahiakro in relation to climatic conditions and aquifer characteristics. The data used include daily rainfall in M’Bahiakro (1971–2016), monthly temperature (1964–2015), and potential evapotranspiration (1971–1998) from the Bouaké station. The methodology combines the analysis of Nicholson indices, after removing the seasonal component using a low-pass Hanning filter, with hydrodynamic measurements of hydraulic conductivity, effective porosity, and groundwater flow velocities in four representative districts. The results show that Nicholson indices identify three climatic phases: 1944–1972 wet, 1973–1996 normal, and 1997–2016 dry, directly influencing aquifer recharge. The aquifers exhibit significant hydrodynamic heterogeneity: hydraulic conductivity ranges from 7.1 × 10⁻⁵ to 1.5 × 10⁻⁴ m/s, with permeable zones in N’guattakro and Koko and less permeable zones in Dougouba and Baoulekro. Effective porosity, ranging from 20 % to 40 %, promotes water storage and infiltration in sandy areas while limiting water movement in clay-rich sectors.The hydrological balance for 1971–1998 indicates that 34.85 % of rainfall contributes to groundwater recharge, while 62.07 % is lost through evapotranspiration and surface runoff remains low. Groundwater flow velocities, on the order of 10⁻⁵ m/s, reflect a slow circulation dynamic, which further decreases from 2012 onward due to declining precipitation and rising temperatures, reducing recharge and groundwater availability. These results highlight that groundwater availability depends on both the lithological characteristics of aquifers and climate variability, emphasizing the need for integrated and sustainable management of water resources in M’Bahiakro.



1. INTRODUCTION

Groundwater resources play a fundamental role in the socio-economic development of tropical regions, particularly in West Africa, where they often constitute the primary source of drinking water and irrigation (Jackson et al., 2001; Tirogo et al., 2023; Magaji et al., 2024). In Côte d’Ivoire, phreatic aquifers represent a crucial source of water for domestic, agricultural, and industrial uses. However, these resources are increasingly under pressure due to climate variability, population growth, and intensified agricultural activities (Foussou et al., 2022). 
Climate variability, characterized by interannual and seasonal fluctuations in rainfall and temperature, directly affects groundwater recharge and, consequently, the availability of groundwater resources (Kotchon et al., 2019). In West Africa, several studies have highlighted a declining trend in precipitation since the 1970s, leading to reduced water table levels and alterations in aquifer hydrodynamic parameters (Kouakou et al., 2014; Tefera et al., 2025). The city of M’Bahiakro, located in the central-eastern part of Côte d’Ivoire, falls within the Sudanian-Guinean climatic zone, characterized by alternating dry and wet seasons. The region hosts the country’s first hydro-agricultural dam, covering approximately 450 hectares dedicated to irrigated rice cultivation, aimed at reducing food insecurity by increasing rice production (Kouassi et al., 2013; Bai et al., 2019). The implementation of this project has fostered rapid population growth, with a predominantly low-income population relying almost entirely on groundwater for drinking water, thereby increasing pressure on the phreatic aquifer and raising the risk of overexploitation (Kouamé et al., 2018). In M’Bahiakro, previous studies (Kouamé et al., 2012; 2018; N’cho et al., 2020; 2024) have mainly focused on the quantitative and qualitative evolution of the phreatic aquifer, without integrating an assessment of hydrodynamic parameters or the aquifer’s water availability. Hydrodynamic parameters, such as transmissivity, hydraulic conductivity, porosity, and storage coefficient, govern the behavior of aquifers and their capacity to sustainably supply water (Bear, 1979; Todd & Mays, 2005). Furthermore, water balance analysis allows for the assessment of effective groundwater availability and the aquifer’s response to climatic variations and anthropogenic withdrawals. Therefore, this study aims to support sustainable water resource management by improving the understanding of interactions between climate, human activities, hydrodynamic parameters, and groundwater availability in M’Bahiakro.
2. material and methods
[bookmark: _Hlk213709929]2.1 Material
2.1.1 Study Area
The M’Bahiakro Department is located in the central-eastern part of Côte d’Ivoire, approximately 400 km from Abidjan. It belongs to the Iffou region within the Lacs District and covers an area of 5,538 km² (N’cho et al., 2020). It is bordered to the north by Dabakala, to the south by Prikro and Daoukro, to the east by Bocanda, and to the west by Bouaké. The town of M’Bahiakro, the departmental capital, is situated between longitudes 4°19’35’’ and 4°20’53’’ West and latitudes 7°26’30’’ and 7°28’12’’ North. It comprises four neighborhoods: Baoulekro, N’guattakro, Koko, and Dougouba (Figure 1). The relief consists of gently undulating plateaus with an average elevation of 300 meters, interspersed with shallow valleys that facilitate water flow. The hydrographic network is dominated by the N’Zi River, a tributary of the Bandama, which crosses the region and contributes to the recharge of phreatic aquifers. The climate is of the sub-equatorial type, with two rainy seasons and two dry seasons. Annual rainfall ranges between 1,100 and 1,500 mm, and the mean temperature is 27°C. The soils, primarily ferrallitic, are suitable for agriculture but prone to erosion. Vegetation consists of wooded savannas and open forests, which are declining due to human activities.










[image: ]




[image: ]
 (
Study
 area
)






 (
Neighborhood boundaries
) (
Legend
)
 (
Boundary of 
M’Bahiakro
)


                                                                             Figure 1: Presentation of the Study Area

2.1.2 Data
The data collected for this study concern daily rainfall from 1971 to 2016 at the M’Bahiakro station, as well as monthly temperature (1964–2015) and evapotranspiration (1971–1998) data from the Bouaké station. The climatological data were provided by the Directorate of the Société de Développement et d’Exploitation Aéroportuaire, Aéronautique et Météorologique (SODEXAM).

[bookmark: _Hlk212444555][bookmark: _Toc47124958][bookmark: _Toc83834670][bookmark: _Toc83836808][bookmark: _Toc83837055][bookmark: _Toc83841525][bookmark: _Toc186279569]2.2 Methods
2.2.1 Determination of Rainfall Trends
The analysis of the evolution of climatic variables was carried out using various methods, notably the Nicholson index and the second-order Hanning low-pass filter method. These approaches make it possible to highlight, at the spatio-temporal scale, periods of rainfall deficit and surplus.
2.2.1.1 Nicholson Index Method
The Nicholson Index method (Nicholson, 1998) is used to highlight rainfall, temperature, and streamflow trends (excess and deficit periods) within a time series. A positive value indicates a wet year, while a negative value indicates a dry year. The Nicholson Index is expressed by the following equation:
Éq.1
[bookmark: _Hlk212684452]where:
· = Nicholson index for year i,
· = observed value of the variable (rainfall, temperature, or discharge) for year i,
· = mean of the series,
· = standard deviation of the series.
[bookmark: _Hlk212697901]2.2.1.2 Second-Order Hanning Low-Pass Filter Method
The second-order Hanning low-pass filter method helps to better distinguish deficit and excess periods in rainfall or streamflow series. Its principle is to smooth out small fluctuations in a time series to highlight long-term variations. In this case, the totals of annual rainfall or streamflow series are weighted using the following equations (Assani, 1999): 
X(t)=0,06X(t-2) +0,25X(t-1) +0,38Xt+0,25X(t-1) +0,06X(t-2) Éq.2
                                             Pour 3 ≤ t ≤ (n-2)
where:
X(t): weighted total of rainfall or streamflow series at term t;
X(t-2) and X(t-1): observed totals of rainfall or streamflow series for the two terms immediately preceding term t;
X(t+1) and X(t+2): observed totals of rainfall or streamflow series for the two terms immediately following term t.
The weighted totals of the first two ([X (1), X (2)]) and the last two ([X(n-1), X(n)]) terms of the series are calculated using the following expressions (where n is the length of the series):
X1 = 0, 54X1 + 0, 46X2                                                                   (Éq.3)
X2 = 0, 25X1 + 0, 50X2 + 0, 25X3                                                  (Éq.4)
X (n-1) = 0, 25X (n-2) + 0, 50 X (n-1) + 0,25X (n)                           (Éq. 5)
X (n) = 0,54X (n) + 0, 46 X (n-1)                                                      (Éq.6)
To better visualize the deficit and excess periods in rainfall or streamflow series, the moving averages were centered and standardized using the following formula (Assani, 1999):
(Éq.7
Where:
· (m): mean of the weighted moving average series;
· : standard deviation of the weighted moving average series.
Wet period: when the annual mean of rainfall or streamflow exceeds the mean observed over the reference period.
Normal period: when the annual mean is close to the mean of the observation period.
Dry period: when the annual mean of rainfall or streamflow is lower than that of the reference period.
[bookmark: _Hlk212445134]2.2.2 Measurement of Hydrodynamic Parameters
The hydrodynamic parameters measured were hydraulic conductivity and effective porosity. Measurements were carried out at seven sites in the town of M’Bahiakro.
2.2.2.1 Hydraulic Conductivity
Hydraulic conductivity (K) represents the ability of a soil or rock to allow water to flow through it under the influence of a hydraulic gradient. It has the dimension of velocity and is expressed in m/s. It was determined in situ using a double-ring infiltrometer. The setup involves inserting the central metal cylinder, on which a Mariotte bottle is mounted, approximately 10 cm into the soil. To prevent lateral divergence of the water under the central cylinder, a second ring of larger diameter is inserted 2 to 3 cm around the first. A constant water level is maintained in the space between the two rings. After the infiltration rate stabilizes, the volume of water infiltrated (V) over a time period T is measured. The infiltration rate is then given by:
(Éq.8

By applying Darcy’s law, with infiltration occurring through a surface 𝑆 corresponding to the cylinder’s cross-section and for a hydraulic gradient equal to 1, the hydraulic conductivity is given by:
(Éq.9
Where:
· K: hydraulic conductivity (m/s),
· V: volume of water infiltrated (m³),
· S: cross-sectional area of the cylinder (m²),
· T : infiltration time (s).
Hydraulic conductivity measurements were carried out at seven sites in the town of M’Bahiakro (Figure 2).
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[bookmark: _Hlk214189150][bookmark: _Hlk214189212]Figure 2: Measurement points of hydraulic conductivity and effective porosity
2.2.2.2 Effective Porosity
Soil samples were collected in situ using a manual auger. The sampling process involves applying vertical pressure on the auger while rotating it clockwise. This movement allows the tool to gradually penetrate the soil and retain a representative amount of material. The extracted sample is carefully collected and stored in a labeled bag to ensure traceability.
In the laboratory, a representative soil mass of approximately 450 g was weighed using a precision balance. The samples were then moistened by adding known quantities of water until full saturation was reached. After a drainage period of 48 hours, the volume of gravitationally drained water was collected and measured using a graduated cylinder. These measurements allowed the estimation of the soil’s effective porosity. Effective porosity is determined using the following relationship:
(Éq.10

Where :
· nₑ: effective porosity (%),
· Vd: volume of gravitationally drained water (mL or cm³),
· Vt: total volume of the sample (mL or cm³).
2.2.3 Flow Velocity**
Flow velocities (Darcy velocities) were determined from seven flow lines, drawn in areas corresponding to the sites where hydraulic conductivity values were measured. For each flow line, two piezometric points are considered:
NPA: minimum piezometric level,
NPB: maximum piezometric level, separated by a distance (d) measured on the map. 
The actual distance AB is calculated from the map scale using the following relationship:
(Éq.11
Where :
· Dₐᵦ: actual distance (m),
· d: distance on the map (cm),
· E: map scale (1/50,000).
The flow velocity is then determined using the following equation:
(Éq.12
Where:
· V: flow velocity (m/s),
· K: hydraulic conductivity (m/s),
· n: effective porosity,
· D: actual distance between two piezometric points (m),
· ΔH: difference in piezometric head between NPB and NPA (m).

2.2.4 Estimation of the Hydrological Balance Using the Thornthwaite Method
The hydrological balance of a basin or an aquifer allows for the assessment of water availability by integrating inputs (precipitation) and losses (evapotranspiration and runoff). In this study, the balance was estimated using the Thornthwaite method (1948), which is widely used for tropical and subtropical regions (Sharma, 1988; Omar et al., 2021; Tagne et al., 2023). The monthly results were then aggregated into annual data for the analysis of the hydrological balance.
2.2.4.1 Principle of the Method
The Thornthwaite method is based on the calculation of potential evapotranspiration (PET) from monthly mean temperatures and a local climate coefficient. The PET is then compared to precipitation to determine:
· Water surplus (precipitation > PET), available for infiltration and storage in the aquifer,
· Water deficit (precipitation < PET), corresponding to the water lacking to meet evapotranspiration needs,
· Net balance, which integrates aquifer recharge and surface runoff.
The calculation of potential evapotranspiration (PET) was performed using the following equation:
(Éq.13
Where:
· Tm: monthly mean temperature (°C)
· I: annual heat index
· a: empirical coefficient depending on I
The water deficit and surplus were calculated using the following equations:
if PET > P               (Éq.14
if P > PET             (Éq.15

where P represents monthly precipitation.
The reconstruction of the annual water balance was carried out as follows:
· Summation of monthly surpluses to estimate the effective recharge of the aquifer;
· Summation of monthly deficits to quantify periods of water stress.
3. RESULTS AND DISCUSSION
3.1 Results
3.1.1 Evolution of Rainfall
3.1.1.1 Annual Rainfall Variability
The analysis of Nicholson indices, after removal of the seasonal component using the Hanning filter, reveals three major climatic phases in M’Bahiakro between 1944 and 2016: a humid period (1944- 1972) with above-average rainfall, a normal phase (1973–1996) with values close to the mean, and a dry period (1997–2016) characterized by a significant rainfall deficit (Figure 3).


Figure 3: Interannual variation of rainfall in M’Bahiakro (1944–2016).
3.1.1.2 Interannual Temperature Variation
Figure 5 illustrates the annual evolution of temperature at the Bouaké station over the period 1964–2015. A general upward trend is observed, with an increase of about 0.5 °C per year. Between 1964 and 1972, temperatures remained generally below 26 °C, while from 1973 onward they exceeded this threshold. This warming trend intensified from the 2000s, reaching values close to 26.9 °C (Figure 4).

                               Figure 4: Interannual variation of temperature in Bouaké (1964–2015)

3.1.2 Hydrodynamic Characteristics
3.1.2.1 Hydraulic Conductivity
[image: ]The hydraulic conductivity values of the surface layer generally range between 7.1 × 10⁻⁵ and 1.5 × 10⁻⁴ m/s. In the neighborhoods of Baoulekro and Dougouba, the measured conductivity is 7.1 × 10⁻⁵ m/s, while it reaches 1.5 × 10⁻⁴ m/s in N’Guattakro and 8.4 × 10⁻⁴ m/s in Koko (Figure 5).
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Figure 5: Hydraulic Conductivity Map of M’Bahiakro
3.1.2.2 Effective Porosity
The effective porosity measurements reveal notable spatial variability among the different neighborhoods of M’Bahiakro (Figure 6). The observed values generally range between 20% and 31.9%. The highest porosity is recorded in N’Guattakro (31.9%), followed by Koko (29.5%). The neighborhoods of Dougouba and Baoulekro show lower values, with 24.5% and 24.1% respectively.
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[bookmark: _Hlk214189669]Figure 6: Effective Porosity Map of M’Bahiakro

3.1.3 Flow Velocity
The estimated flow velocities for the years 2012, 2013, and 2015 remain relatively low, on the order of 10⁻⁵ m/s. A slight decrease in these values is also observed over the years, indicating a gradual slowdown in groundwater flow dynamics (Table 1).
	      Année
	   2012
	   2013
	   2015

	Vitesse de Darcy (m/s)
	  16.10-5
	  18.10-5
	  19.10-5


                                      Table 1: Groundwater Flow Velocity Values
3.1.4 Hydrological balance
The annual hydrological balance for the period 1971–1998 (table 2) shows an average rainfall of 1680.09 mm. Actual evapotranspiration (aet) is estimated at 1042.81 mm/year, representing 62.07% of total precipitation, while 37.93% of rainfall corresponds to mobilizable water. Surface runoff (q) is low, around 51.81 mm/year (3.08% of precipitation). In contrast, infiltration reaches 585.47 mm/year, or 34.85% of rainfall, providing a significant contribution to groundwater recharge.

Table 2: Summary of the hydrological balance (1971–1998) in m’Bahiakro

	Parameters
	M’Bahiakro

	Rainfall (mm·yr⁻¹) 
	1680,09

	Actual evapotranspiration, AET (mm·yr⁻¹)
	1042,81

	Runoff (mm·yr⁻¹)
	51,81

	Infiltration (mm·yr⁻¹)
	585,47









[bookmark: _Hlk213725514]3.2 Discussion
3.2.1 Evolution of Rainfall and Temperature
The analysis of Nicholson’s rainfall indices, after removing the seasonal component using the Hanning filter, reveals three major climatic phases in M’Bahiakro between 1944 and 2016, illustrating the progressive evolution of the rainfall regime and its connection with regional climate dynamics in West Africa. The first phase (1944–1972), a humid period, is characterized by above-average rainfall, which enhanced groundwater recharge and improved water availability. 
The second phase (1973–1996), considered a normal period, shows rainfall values close to the long-term mean but with increased variability, alternating between wet and dry years and indicating a gradual shift from the previous regime. The last phase (1997–2016) is a dry period marked by a significant rainfall deficit and predominantly negative Nicholson indices, leading to reduced aquifer recharge and increased water vulnerability. These findings are consistent with the observations of Kouao et al. (2024) and Fossou et al. (2015). In parallel, data from the Bouaké meteorological station show a clear warming trend between 1964 and 2015 (Nicholson, 2005). The 1964–1972 period, relatively cool and stable, was favorable to infiltration, whereas from 1973 onward, temperatures frequently exceeded 26 °C (New et al., 2006), reaching nearly 26.9 °C in the 2000s (Sylla et al., 2016; Dosio et al., 2022). This warming increases evapotranspiration, limits groundwater recharge, and aligns with the “regional amplification” described by the IPCC (IPCC, 2013), directly affecting water availability and population vulnerability. Overall, these combined results highlight the dual impact of decreasing rainfall and rising temperatures on groundwater resources in M’Bahiakro, emphasizing the need for adaptive water-resource management strategies in the context of climate change.
3.2.2 Hydrodynamic Characteristics
[bookmark: _Hlk214184087]The hydraulic conductivity values measured in the superficial layer of M’Bahiakro show significant spatial variability, ranging from 7.1 × 10⁻⁵ to 8.4 × 10⁻⁴ m/s across different neighborhoods. Low hydraulic conductivity values, around 7.1 × 10⁻⁵ m/s, were recorded in Dougouba and Baoulekro, while higher values were observed in N’guattakro (1.5 × 10⁻⁴ m/s) and Koko (8.4 × 10⁻⁴ m/s). According to Cui et al. (2008), hydraulic conductivity tends to be low in clay-rich formations and higher in sandy formations. These findings suggest that the aquifers in N’guattakro and Koko are predominantly sandy, favoring faster flow and improved groundwater recharge, whereas those in Baoulekro and Dougouba consist mainly of clays, resulting in limited permeability and restricted infiltration. García‑Gutiérrez et al. (2018) highlight that hydraulic conductivity directly affects the time required for water to infiltrate and reach the groundwater table, underscoring the importance of lithology and porosity in aquifer recharge dynamics. These patterns are consistent with the work of Bear (1979) and Domenico & Schwartz (1998), who note that hydraulic conductivity varies according to grain size distribution and the heterogeneity of surface formations, significantly influencing aquifer recharge and groundwater flow.
Effective porosity, representing the fraction of pore space that actively contributes to flow, also shows marked spatial contrasts in M’Bahiakro, ranging from 20% to 31.9%. N’guattakro (31.9%) and Koko (29.5%) exhibit the highest values, indicating a greater capacity for water storage and groundwater recharge. Conversely, Dougouba (24.5%) and Baoulekro (24.1%) display lower values, and the clays present-although porous-tend to limit water circulation, thereby slowing aquifer recharge (Todd & Mays, 2005; Domenico & Schwartz, 1998).
According to Banton and Bangoy (1997), the combined assessment of porosity and permeability allows for classifying soils according to their suitability for infiltration and recharge. Sandy areas such as N’guattakro and Koko are highly favorable for groundwater recharge, while clay-rich sectors like Dougouba and Baoulekro exhibit reduced potential. These observations also align with the findings of Simpson et al. (2006), which show that sandy and sandstone formations are highly permeable, whereas clays, silts, and unfractured granites restrict water flow. Furthermore, Cui et al. (2008) emphasize that hydraulic conductivity directly influences the time required for water to infiltrate down to the aquifer.
Overall, the spatial variability of hydraulic conductivity and effective porosity in M’Bahiakro reflects the lithological heterogeneity of the basin and governs the dynamics of the groundwater table. This heterogeneity must be considered in water resource management, as it determines zones that are favorable or unfavorable for recharge and influences water availability for domestic and agricultural uses.
3.2.3 Flow Velocity
[bookmark: _Hlk214184781]The groundwater flow velocities estimated for the years 2012, 2013, and 2015 on the order of 10⁻⁵ m/s indicate a slow movement of water through the aquifers of M’Bahiakro. The slight decrease observed over time reflects a gradual slowdown of subsurface circulation, possibly linked to reduced recharge induced by climate variability, changes in the hydrodynamic properties of the medium, or increasing pressure on aquifers due to water extraction for domestic and agricultural purposes (Fan, 2015).
[bookmark: _Hlk214184737]This low-flow dynamic implies that aquifers require more time to recharge after rainfall events, making them particularly vulnerable during prolonged periods of rainfall deficit. As a result, the water security of local populations is further weakened, as groundwater availability may significantly decrease during dry periods (Delle Rose, 2022). These observations highlight the need for integrated and cautious water-resource management, taking into account the slow recharge rates and the spatial and temporal variability of aquifer properties to prevent overexploitation and ensure sustainable groundwater supply for domestic and agricultural needs.
3.2.4 Hydrological Balance
[bookmark: _Hlk214184793]The annual hydrological balance for the period 1971–1998 indicates that M’Bahiakro receives an average rainfall of 1680.09 mm, of which 62.07% is lost through actual evapotranspiration (1042.81 mm/year). This substantially limits the volume of water available for groundwater recharge and surface runoff (Penman, 1948; Thornthwaite, 1948; Oki & Kanae, 2006). Surface runoff remains low (51.81 mm/year, or 3.08% of rainfall), reflecting the basin’s moderate capacity to generate runoff, while infiltration (585.47 mm/year, 34.85% of rainfall) provides a significant contribution to aquifer recharge (Todd & Mays, 2005). These results indicate a relatively stable climatic context during this period, allowing aquifers to be regularly replenished and supporting water availability for domestic and agricultural uses (Delle Rose, 2022).
However, from 2012 onwards, analysis of rainfall, temperature, and groundwater flow velocity data reveals a progressive decline in aquifer recharge in M’Bahiakro. This decline results in reduced groundwater availability, underscoring the sensitivity of aquifers to climate variability. Rising temperatures increase evapotranspiration, while decreasing rainfall and low flow velocities slow down groundwater circulation (Todd & Mays, 2005; Fan, 2015; Delle Rose, 2022). These observations confirm that climate variability is a key factor influencing groundwater dynamics and vulnerability in M’Bahiakro.

CONCLUSION
The hydrological and hydrodynamic assessment in M’Bahiakro reveals that groundwater availability is closely linked to rainfall patterns, temperature variations, and aquifer properties. The aquifers of M’Bahiakro exhibit notable hydrodynamic heterogeneity. Hydraulic conductivity ranges from 7.1 × 10⁻⁵ to 1.5 × 10⁻⁴ m/s, with permeable zones in N’guattakro and Koko, and less permeable zones in Dougouba and Baoulekro. Effective porosity ranging between 20% and 40% is highest in the sandy areas of N’guattakro and Koko, promoting storage and infiltration, while the clay-dominated sectors of Baoulekro and Dougouba restrict water circulation. The 1971-1998 hydrological balance shows that 34.85% of rainfall contributes to groundwater recharge, while 62.07% is lost through evapotranspiration and surface runoff remains low. Groundwater flow velocities, on the order of 10⁻⁵ m/s, indicate a slow circulation dynamic, which has slowed even further since 2012 due to declining rainfall and rising temperatures-thereby reducing recharge and overall groundwater availability. Overall, these findings highlight the increasing vulnerability of groundwater resources in M’Bahiakro under the influence of climate variability, emphasizing the need for sustainable and adaptive water management strategies to ensure long-term water security for local populations.
These results highlight that groundwater availability depends both on the lithological characteristics of the aquifers and on climate variability, underscoring the need for integrated water-resources management in M’Bahiakro.
Limitations and Perspectives of the Study
Although this study provides essential insights into the dynamics of groundwater in M’Bahiakro, it presents several limitations:
· Data availability and continuity: The hydrological and climatic time series cover only specific periods (1971–1998 and 2012–2015), which restricts the analysis of long-term trends and the detection of major climatic shifts.
· Spatial representativeness of measurements: The hydraulic conductivity and effective porosity data come from only a few sites, which does not fully reflect the heterogeneity of aquifers at the regional scale.
· Empirical methods and unaccounted impacts: The methods used for the hydrological balance include approximations that may affect the accuracy of the estimates, and the study does not incorporate anthropogenic impacts such as groundwater abstraction, urbanization, or land-use changes.
· Perspectives for future studies: Integrating field data with climatic models (GCM, RCM) and hydrological models (SWAT, MODFLOW) would allow simulation of water fluxes, assessment of future groundwater recharge, and testing of sustainable management scenarios.
Thus, an integrated approach combining field observations, climate modelling, and hydrological simulation would provide a more comprehensive and forward-looking understanding of the vulnerability of groundwater resources in M’Bahiakro.
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