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. Rapid population growth, urbanization, and industrial expansion have placed
Revised: unprecedented stress on global water resources, with coastal aquifers being
08 August 2026 particularly vulnerable. Climate change further exacerbates this pressure by
Accepted: al.tering precipitation regimes and increasing evapotranspiration rates, which
: directly reduces natural groundwater recharge. In the Chalous aquifer, these
09 August 2026 . . . L0
changes threaten not only water quantity but also its quality, as diminished
Keywords: recharge weakens the natural dilution capacity, leading to the accumulation

of contaminants such as nitrates, heavy metals, and microbial pathogens.
Moreover, the growing reliance on wastewater recycling necessitates a
thorough understanding of how future climatic shifts may affect treatment
efficiency and water safety. This study, therefore, aims to quantitatively
project the future impacts of climate change on both the quantitative and
qualitative status of the Chalous aquifer and to evaluate the potential
implications for wastewater reuse strategies.
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Materials and Methods

A dual-modelling framework was employed to simulate the hydrodynamic and contaminant transport
behavior of the Chalous aquifer. Firstly, a numerical model was constructed using MODFLOW for
groundwater flow simulation and MT3DMS for solute transport analysis. Secondly, a data-driven
approach was implemented using a Multilayer Perceptron (MLP) artificial neural network (ANN). The
machine learning model was trained on 70% of the observed hydrogeological data and validated on the
remaining 30%. To support these models, a comprehensive 60-day field monitoring campaign was
conducted, measuring key physicochemical and biological parameters, including pH, EC, BODs, COD, E.
coli, and total coliform counts. Future climatic projections for the 2030-2050 period were derived from
the CMIP6/IPCC framework, utilizing the MRI-ESM2-0 global climate model downscaled via the LARS-
WG 8 statistical generator under three Shared Socioeconomic Pathways: SSP1-2.6, SSP2-4.5, and SSP5-
8.5.

Results and Discussion

The results indicate a consistent declining trend in groundwater balance under all future climate scenarios.
Aquifer recharge is projected to decrease by 13% to 25%, while groundwater levels are anticipated to drop
by 1.1 to 1.7 meters by 2050, with the most severe drawdown occurring under the high-emission SSP5-8.5
scenario. Concurrently, the reduced dilution capacity will lead to a significant deterioration in water
quality, with pollutant concentrations expected to rise by 15% to 28% compared to baseline conditions. In
terms of predictive performance, the developed ANN/MLP model demonstrated superior capability,
achieving approximately 20% lower prediction error compared to the traditional MODFLOW simulations.
This enhanced accuracy underscores the potential of hybrid modeling approaches in capturing the
nonlinear complexities of aquifer responses to climatic stressors. The findings also highlight that elevated
organic loads (BODs/COD) and microbial contaminants may adversely affect the efficiency of
conventional wastewater recycling processes, posing additional challenges for water resource
management.

Conclusion

This study confirms that the Chalous aquifer is highly susceptible to future climate change, facing
substantial quantitative depletion and qualitative degradation by 2050. The integrated use of numerical
and machine learning models provides a robust tool for early warning and adaptive planning. To
safeguard the aquifer and ensure the sustainability of wastewater recycling systems, it is imperative to
implement climate-resilient management strategies, including demand-side controls, enhanced artificial
recharge, and upgraded treatment protocols that account for higher pollutant loads. Further research
should focus on integrating real-time monitoring with adaptive modeling to refine these projections and
support timely policy interventions.
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Table 2. The results of the water quality parameter measurements are presented
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Day60 Day45 Day30 Dayl15 Parameter
40 80 120 150 BOD:s (mg/L)
50 150 200 232 COD (mg/L)
7.3 7.5 7.7 7.8 pH
1.2 1.3 1.4 1.5 EC (ds/m)
30 70 90 110 Coliform (per 100 mL)
10 15 20 24 E. coli
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Table 3. Physicochemical properties of soil
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58.72 % Sand
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22.09 % Silt
0.34 viv% Farm capacity (Fc)
0.22 viv% Permanent wilting point (PWP)
0.75 ds/m Electrical conductivity
7.90 - pH
38 mg/L Phosphorus
21 mg/L Potassium
11.03 mg/L Iron
1.73 mg/L Lead
0.88 % Organic matter
2.08 mg/L Sulfate
6 mg/L Chlorine
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Table 6. The rate of COD changes at different depths - The (initial) concentration of COD was 232 mg/L
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Table 7. The rate of BOD changes at different depths - The (initial) concentration of BODs was 150 mg/L
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Table 11. Groundwater Recharge Estimate by Sector 2030—2050 vs. Baseline (1995-2020)
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