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Abstract-The urban growth is a major cause of changes in the natural land cover affecting the hydrologies of the area and
decreasing the groundwater recharge. This research uses Geographic Information Systems (GIS) and hydrological modeling to assess
the effects of high rates of urbanization in recharge areas in a mid-sized urban area. A weighted overlay analysis was done to combine
remote sensing data, land use/ land cover (LULC) classification, soil, slope, and rainfall distribution to outline recharge potential
zones. The results show that there has been a significant loss of very suitable sites of recharge where almost 30-40 percent of the
natural infiltration areas have been covered with hard surfaces as a result of urban sprawl. Subsequently, there is a preponderance
of medium and low recharge zones which indicate lowground water sustainability. The paper has established the applicability of
GIS-based techniques in the determination of the vulnerable recharge zones of aquifers and effective urban planning. There are,
howewer, shortcomings such as dependence on secondary data, absence of field testing of infiltration rates, and not considering
temporal variability. In-situ hydrological measurements, longterm monitoring, and combination with climate change scenarios
should be implemented in future work in order to enhance the quality of recharge evaluations.
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I. INTRODUCTION

One of the most important natural resources is ground water which is the foundation of the urban water supply,
agriculture, and industrialization. The population of the drinking water depends on groundwater nearly half of the
whole world and in most of the areas, it is over 60 percent of the agricultural irrigation. As the population pressures
and the variability caused by climate change increase, surface water availability, dependence on groundwater has
increased exponentially [1]. But it is rapid urbanization and transformation of land use that are severely putting a
strain on the sustainability of this invisible resource. The world is growing at an unparalleled pace with cities occupying
more and more agricultural lands, forests, and open spaces with concrete roads, buildings and industrial areas. This
increase changes the normal hydrological cycle by decreasing infiltration, increasing run off and finally decreasing
ground water recharge.

Urbanization has hydrological consequences that are not limited to immediate availability of resources. Due to the
inhibited recharge of groundwater, aquifers become strained and cause the water table to decrease, the water quality
reduces and reliance on water sources that are not locally located increases. In the case of developing countries, this
problem is especially acute because groundwater tends to be the cheapest and the only possible source of freshwater
in the rising urban centers. Unless properly controlled, urban sprawl can therefore initiate water crises over the long
term. It is thus important to understand how recharge potential is spatially distributed in urban and peri-urban regions
so that sustainable water management can be developed.
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Conventional hydrological research on groundwater recharge has strongly depended on point-based field
measurements, infiltration tests, and hydrogeological survey. Although useful on local scales, such techniques have
been found to be costly, time-consuming and fail to reflect the spatial heterogeneity of large urban areas [3]. Large-
scale groundwater estimates have become accessible to new opportunities, due to the increased access to satellite
imagery, remote sensing datasets, and geospatial tools. Geographic Information Systems (GIS) with hydrological
modeling offers a powerful platform by which various spatial elements such as land use, soil, slope, geology, and
rainfall can be combined to more accurately and efficiently determine areas of recharge potential.

In this respect, it is timely and required to evaluate the effects of urban growth on the capacity of recharge of
groundwater on the basis of GIS. The contemporary study will therefore complete this gap by mapping the recharge
regions with some three or more thematic layers in a GIS environment to show to what extent urbanization of cities
will have depleted the infiltration ability. The approach not only intentionally illustrates the possible areas of weakness
in the aquifers but also presents some useful information to the urban planners, hydrologists and policy makers that
would seek to reconcile the urban developments with the water security.

Additionally, one can contribute to the overall discussion of the sustainable urban development using this research
study. Since most global cities have started paying close attention to promoting them to smart cities and to promote
them to become more climate-resilient cities, the necessity of considering groundwater within the spatial planning at
best is no longer a possibility, but indeed a necessity. This study provides scientific foundation of implementation of
the interventions that comprise of permeable pavements, green infrastructures, urban rainwater a harvest system,
ground water recharge parks based on the measure of relativity of land use alterations with recharge procedures. The
practices may be applied to minimize the negative effect of unregulated urban development and ensure the
sustainability of aquifers in both the short and long term.

Therefore, the rationale of the study is the fact that there is an urgent need to tackle the increasing disconnection
between water resource sustainability and urban development practices. Although the process of economic growth
and infrastructure development cannot be avoided, it should be accompanied by the ecological and hydrological
concerns. The study offered a case study evaluation of the repercussion of urbanization on recharge potential and
shows how GIS-based modelling can be used to develop viable, evidence-based urban water policies [4].

Objectives of the Study:

° To determine the spatial effect of urban development on natural recharge areas in GIS and remote senses.

° To build a hydrological evaluation structure that incorporates land use/land cover, slope, soil, rainfall, and
geology data.

° In order to categorize and map recharge potential areas (high, medium, low) and measure the level of decline

in impervious surface growth.

° To give an insight and recommendations to adopt a sustainable urban planning practice that can sustain or
even increase recharge capacity.

With the ability to systematically pursue these goals, the study fulfills the urgent need of groundwater sustainability
in the fast growing urban areas and becomes a valuable source of future hydrological and urban planning studies.
Nowelty and Contribution

Its innovation is that the methodology in the given study is a combination of GIS techniques to assess the impact of
urban development on the possibility to recharge groundwater. Despite the above literature covering recharge zones
in a rural or semi desert environment, little has been accomplished specifically as far as the rapidly urbanizing
metropolitan landscapes where migration to the impervious surface competes directly with infiltration hopefuls. What
was unique in such a study is that it does not merely map the recharge potential but makes an effort to establish a
specific relation of the recharge potential with the trend of urban sprawl therefore providing a more practical
perspective in the case of urban planning [2].

The somatic contributions in this work are:

° Creation of Multi-Criterion GIS Framework: In the paper, thematic layers, such as land use/land cover, slope,
soil permeability, rainfall and geology have been integrated to create a robust framework of evaluating recharge zone
in more precise manners.

° Quantification of Recharge Loss Due to Urbanization: Unlike most analyses done previously that merely
describe the areas deforestation has taken place as a result of urban development, in this research the authors actually
quantify the loss of the high recharge potential areas due to urbanization thereby establishing the real hydrologic grain
cost of land conversion.
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° Link to Urban Planning Perspectives: The findings cannot be presented as only implications of the research
on hydrology but to recommendations on efficient urban planning. The study proposes such techniques as permeable
surface planning, rainwater harvesting, and the extraction of green perception areas; this is the reason why the study
is reckonantly linked to the most functional applications [11].

° Flexibility in Methodology: The GIS-based connectivity drawn in the current research could be recreated and
could be employed in other urban areas that grow rapidly, which means that it could turn into the marker of universal
usage by the policymakers and planners operating in the context of another geographical environment.

° Research Sustainability: The study contributes to the general goal of achieving the sustainability of the urban
water, throwing light into the recharge susceptible areas, which have been benchmarked into international consistent
sustainability concerns, such as the United Nations Sustainable Development Goals (SDGs), namely SDG 6 (Clean
Water and Sanitation), and SDG 11 (Sustainable Cities and Communities).

On the whole, the study is not only theoretical related to the hydrologic studies but also provides a decision-making
zone in the water mechanism of metropolises. It possesses a scientific and policy usefulness as well as it has a match
on the creativity front because it bridges the gap in the existing body of knowledge which has lacked from both of
these elements: urban development dynamics and hydrological sustainability, through GIS generated means [14].

II. RELATED WORKS

It has been understood that the relationship between urban development and groundwater recharge is one of the
topical issues in the context of hydro-logical and environmental relationships. The fact that natural balance of the
hydrological cycle is widely affected by land use and land cover changes has received abundant literatures in the past
couple of decades. The urban sprawl deposits the surfaces or areas that assist in water absorption such as natural ones
with waterproof surfaces, which contain asphalt, concrete and compacted soil. In addition to reducing the recharge
capacities of aquifers, this shift increases surface runoff that causes waterlogging, urban floods, and decline in the
sustainability of groundwater.

In 2024 H. Touréet al., [15] suggested the remote sensing and GIS techniques have become valid methods of
estimating the potential ground water recharge in the various geographical areas. Initial uses of these techniques were
in semi-arid and farm lands where groundwater was the main source of water. The introduction of thematic overlaying,
which incorporated rainfall, slope, soil type, geology and land cover was found to be effective in defining the possible
areas of recharge. These practices have been more applied to urban areas with the development of technology, as
ground water susceptibility has intensified with the speed of land transformation. The visualization of the impact of
urban sprawl on the recharge capacity and the identification of areas to be conserved as a priority is possible through
the spatial accuracy of GIS tools.

Studies of urban hydrology have shown that excessively recharge possibility continues to reduce with the expansion
of cities to their periphery. Peri-urban areas, which may be the transitional region between the natural and all-
urbanized settings, also turned out to be the key factor in balancing recharge. The areas are usually characterized by
agricultural lands, open lands or forests that have not been used up. The peri-urban landscapes are however, swiftly
being encroached into the built environment as the process of urbanization goes on leading to a quantifiable decrease
in the groundwater recharge areas. Tests have also showed that there are a number of tests and that density and
distribution of urban infrastructure is a key factor that determines the processes of recharge with compact city
structures exhibiting low potency of recharge than the decentralized structure and green structures.

The other useful dimension that past researchers found is the impact of soil and geology condition. Even in a very
urbanized area, natural recharge potential can exist on large areas given the makeup of the subsurface. As an example,
the infiltration capacity in the sandy or alluvial soil is greater than that of the clay-like or rocky soils. Similarly, the
topography also impacts speed of the runoff, infiltration insofar that the lower terrains tend to handle the recharge
far well. Coupled GIS-based assessments can provide an in-depth description of the urban aquifier susceptibility and
resistance.

In 2025 Richa et.al., M. Fizir et.al., and S. Touil et.al., [5] introduced the factor of distribution of rainfall has also
been pointed out as one of the determiners of recharge dynamics. Impervious surfaces can create large amounts of
runoff and stormwater retention because these surfaces do not rely on the potential of natural absorption as
experienced on steep slopes with abundant seasonal rainfall. Conversely, slight loss of recharge zone on moderate and
low rainfall locations can have frightening consequences on the sustainability of groundwater. The study of the
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variability of rainfalls with the analysis of land covers has also brought to light the enhanced risk of same where
variability in precipitation also plays a role in addition to loss of recharges to cities as a result of urbanization.
Besides hydrological measurements, a number of works have tried to come up with mitigation measures. Some of the
usual recommendations are adopting permeable pavements, infiltration trenches, rain garden and rooftop rainwater
harvesting systems. These green infrastructure strategies attempt to imitate natural infiltration systems in the urban
landscape thus offsetting the areas that become lost as natural recharge areas. Other studies also support the
maintenance of the peri-urban green belts as the survival mechanism of having groundwater recharged even in the
face of the urban sprawl. Such strategies are however bound to succeed when integrated properly in the urban planning
policies which is usually deficient in the fast expanding cities [13].

Although such contributions are evident, there are still a number of research gaps. First, a lot of GIS-based evaluations
depend on secondary data and modeling assumptions that cannot be verified in the field. This reduces the precision
of recharge estimates, especially in urban setting which is considered very heterogeneous in its hydrological processes.
Second, the majority of available research is concerned with the one-time observations of the potential of recharge but
not with the dynamic and time-related studies. Urban growth is dynamic, and time-series monitoring has not been
practiced, so it is hard to measure decades-long cumulative effects. Third, although the significance of climatic
variability is recognised, the number of appraisals that combine climate change scenarios and urban growth models
to forecast long-term recharge potential are relatively low.

In 2025 ]. Tian et al., [10] proposed the hydrological aspect of the groundwater recharge is mostly a well-researched
issue, it has not been incorporated into decision-making and urban governance systems. The growth of many cities is
still unregulated in terms of recharge-sensitive areas, which results in the irreversible decrease in the sustainability of
the aquifers. The literature occupying the gap between hydrological models and policy-relevant studies is limited,
thereby leaving a gap that demands urgently required studies that can not only assess the potential of recharge, but
also put the results into practical planning plans.

It is evident that the literature has determined the negative effect of urbanization on the potential of groundwater
recharge. GIS and remote sensing have been the focus of determining areas that are vulnerable and the hydrological
consequences of land use alteration. Nevertheless, further studies that combine field-based validation, time dynamics,
and climate variability as well as the direct correlation of scientific result with urban planning systems are needed.
This paper fills the above gaps by using a multi-criteria assessment GIS based assessment to quantify the potential of
recharge in an urban expansion to give both technical and practical suggestions to sustainable development of cities.

1II. PROPOSED METHODOLOGY

The proposed methodology for evaluating the impact of urban expansion on groundwater recharge potential
integrates remote sensing, GIS-based multi-criteria analysis, and hydrological modeling. The overall process includes
data collection, preprocessing, thematic layer generation, application of mathematical models, and recharge potential
mapping [12].

Step 1: Data Acquisition and Preprocessing

The analysis begins with the collection of satellite imagery, rainfall records, soil maps, slope information, and land use
data. Land Use/Land Cover (LULC) classification is performed using supervised classification to distinguish between
built-up, agricultural, forest, and barren categories.

The first fundamental computation involves Normalized Difference Built-Up Index (NDBI) to identify urban sprawl

areas:

NDBI = SWIR—-NIR (1)

SWIR+NIR
This equation enhances impervious surfaces, making it possible to detect expansion patterns. The spatial accuracy is

cross-verified with ground reference points.

Step 2: Groundwater Recharge Estimation

Groundwater recharge potential is modeled using the water balance equation:

R=P—(ET+Q+AS) ()
where R is recharge, P is precipitation, ET is evapotranspiration, Q is surface runoff, and AS is change in soil storage.
For each variable, GIS-based spatial data layers are created. Impervious surface percentage derived from LULC
significantly influences Q.

Step 3: Runoff Estimation

Runoff is calculated using the SCS Curve Number Method:
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—_ (P_Ia)z
Q=G 3)

where I is initial abstraction and S is potential maximum retention.

The value of S is related to the Curve Number (CN):

_ 25400
S=— 254 “4)

Higher CN values indicate impervious zones, hence reduced recharge.

Step 4: Infiltration Capacity

To account for soil infiltration, Horton's equation is used:

f@® =fo+ (fo—fe™ (©)
where f(t) is infiltration at time ¢, f; is minimum capacity, f; is initial rate, and k is decay constant. This helps in
differentiating recharge between permeable and impervious land cover.

Step 5: Weight Assignment Using Analytical Hierarchy Process (AHP)

Each thematic layer (LULC, slope, soil, rainfall, drainage density) is assigned a weight based on its hydrological
significance. The AHP consistency check is performed using:

_a

CR=_ (7

with

Cl = Amax—n (8)
n—-1

where CR is consistency ratio, CI is consistency index, RI is random index, and n is number of criteria. Values of
CR < 0.1 indicate acceptable consistency.

Step 6: Weighted Overlay Analysis

The recharge potential is then estimated through a weighted sum model:

Rp == Z?=1 WiXi (9)
where Ry, is recharge potential index, W; are assigned weights, and X; are thematic factors.

This produces a continuous raster surface representing spatial recharge suitability [6].

Step 7: Normalization of Data

Each thematic layer is normalized between 0 and 1 for integration:
X—Xmin
Xnorm - Xmax—Xmin (10)
This ensures comparability of heterogeneous data.
Step 8: Final Recharge Zonation
Recharge zones are classified into high, medium, and low classes using thresholding:
High, R, =Ty
Z =4 Medium, T; <R, <Ty (11)
Low, R, =T
where T}, and T; are threshold values determined statistically.
Step 9: Validation of Results
Validation is performed using groundwater well data and recharge observations. The correlation between estimated
recharge and actual groundwater levels is tested using the Pearson correlation formula:
_ Y (=) (yi-y)
"TE w02 07 (12)
This step ensures reliability of the GIS-based model.
Step 10: Sensitivity Analysis
A sensitivity index is calculated to identify the influence of each factor:
AR
Si= AXIZ
This quantifies how much a small change in one input affects the recharge potential outcome.
The figure 1 shows a step-by-step procedure of combining spatial datasets, the hydrological modeling, and the GIS
analysis in an attempt to find out the impact of urban sprawl on the groundwater recharge. It emphasizes data entry,
pre-processing, modeling and the end recharge zone mapping.

(13)
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FIG 1: PROPOSED GIS-BASED HYDROLOGICAL ASSESSMENT FRAMEWORK FOR URBAN
EXPANSION IMPACT ON GROUNDWATER RECHARGE

IV. RESULT&DISCUSSIONS

The GIS based evaluation was informative on spatial distribution of groundwater recharge potential in conditions of
high urban growth. The resultant processed thematic layers were combined to produce recharge potential maps that
indicated that there were large variations in the recharge zones between the present and the historical baselines. This
analysis showed that the high recharge potential areas significantly lost their former locations because of the
development of impervious surfaces including concrete pavements, residential areas, and industrial complexes. The
reduction in the area of recharge potential as illustrated in figures 2 indicates that the high recharge potential areas
reduce significantly and medium and low recharge potential areas increase with time. The figure gives a clear insight
about how natural recharge capacity resettles in the peri-urban areas in tiny and fragmented spots.
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—0— Area (km?) —@— Recharge Potential (mm/year)

FIG 2: SPATIAL DISTRIBUTION OF GROUNDWATER RECHARGE POTENTIAL ZONES UNDER
URBAN EXPANSION
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Subsequent study showed that most of the shrinkages of the high recharge zones were recorded in urban centers. The
quantitative analysis showed that almost 42 percent of the study area was under high recharge areas before it began
to expand abruptly, and current analysis indicates only 18 percent. Medium recharge zones, in its turn, grew by 35
percent to 47 percent, low recharge zones grew by 23 percent to 35 percent. Table 1 sums up the comparative statistics
of distribution of recharge zones before and after the great urban expansion.

TABLE 1:CHANGE IN RECHARGE ZONE DISTRIBUTION DUE TO URBAN EXPANSION

Recharge Zone Pre-Urban Expansion (%) Post-Urban Expansion (%) Net Change (%)
High 42 18 24
Medium 35 47 +12
Low 23 35 +12

The space and statistical outcomes support the fact that the increase in impervious surface is a leading cause of recharge
loss. The peri-urban conversion to build up zones increased the greatest decrease in infiltration potential. Figure 3
shows the transitions in land use/land cover based on the comparison and their respective impact on the recharge
potential. We can see that agricultural and open lands which once served as natural recharge areas have been covered
with urban land cover causing high recharge areas to drastically drop as indicated in the chart.
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Agriculture = Urban Forest = Urban Open Land = Urban
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FIG 3: LAND USE/LAND COVER TRANSITIONS AND IMPACT ON RECHARGE POTENTIAL

The findings also contribute to the relevance of slope and soil condition in the regulation of recharge. Even partially
urbanized areas with relatively high recharge potential were found to be of gentle slopes and sandy soils. On the other
hand, the areas containing clay soils and steep slopes had high run-offs hence decreasing even more the recharge.
These results indicate that the interrelation of land cover change and the natural soil-geological conditions is a strong
determinant of recharge processes in the urban setting [7].

In order to test the GIS-oriented model, groundwater level measurements of observation wells were contrasted with
predicted recharge zone. The correlation study revealed that there was a high coincidence between the falling state of
groundwater and the low areas of high recharge in urban environments. This validation highlights the soundness of
GIS based hydrological modeling in replicating the actual recharge dynamics. A comparison of the observed trends of
groundwater at the level of the groundwater and estimated classes of recharge is shown in Table 2.

TABLE 2:COMPARISON BETWEEN OBSERVED GROUNDWATER LEVELS AND RECHARGE
POTENTIAL CLASSES

Recharge Potential Zone  Average Groundwater Depth Trend Over Last Decade Model Consistency

(m)
High Recharge Zone 8-10 Stable to slight decline High
Medium Recharge Zone 12-15 Moderate decline Moderate
Low Recharge Zone 16-20 Significant decline Hig_;h

As shown in the table, high recharge zone areas were relatively steady, the groundwater level, medium and low recharge
zone were moderately and severely deposited, respectively. This demonstrates practical implementation of the recharge
potential maps in prediction of realistic behavior of the aquifer [8].
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Finally, the role of sustainable urban planning in regards to the reduction of recharge loss was also brought to focus
in the paper. Permeable pavements, green roofs, infiltration trenches and rainwater harvesting system water-sensitive
measures can do wonders to the recharge potential of urban landscapes. Figure 4 represents the effect the green
infrastructure adoption may produce on the recharge capacity and indicates that even the relatively small-scale
interventions can vastly raise the recharge rates.
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H Recharge Increase (%) M Area Covered (km?)

FIG 4: IMPACT OF GREEN INFRASTRUCTURE ADOPTION ON GROUNDWATER RECHARGE
CAPACITY

Overall, the results justify the hypothesis according to which unregulated urbanization results in the marked
hydrological imbalance that deteriorates groundwater recharge by negatively affecting water security of law-long
regions. Still the findings show also the opportunities of sustainable urban interventions which could save the recharge
and may improve when integrated into planning systems.

V. CONCLUSION

The impact of urban development on the potential of groundwater measured in terms of hydrological evaluation
model using the GIS was evaluated in this work. Such findings indicate that the rise in the impervious levels has
reduced natural recharge surfaces dramatically, a risk to the water security in the long term. Space analysis implies
emphasizing the role of the undeveloped and peri-urban regions in the recharge of aquifer [9].

Practical Limitations: The analysis and secondary data on which the research study was conducted was modeled
without field measurements in infiltration rates. They did not explicitly use the seasonal and temporal changes, which
might limit accuracy of recharge measure.

Future Directions Future research results are solicited to add time series of high resolution at the expense of the
experimental field-based hydrology and simulations of climate change to assist in the better estimation of recharge.
Additionally, both, the urban development simulation model with groundwater dynamics may be of advantage in
enabling scenario-based planning where the urban development reacts to the management of water resources
considering sustainability.

REFERENCES

[1] Riaz, S. Nijhuis, and I. Bobbink, “The Role of Spatial Planning in Landscape-Based Groundwater Recharge: A Systematic Literature
Review,” Water, vol. 17, no. 6, p. 862, Mar. 2025, doi: 10.3390/w17060862.

(2] D. Pal, S. Saha, A. Mukherjee, P. Sarkar, S. Banerjee, and A. Mukherjee, “GIS-Based Modeling for Water Resource Monitoring and
Management: A Critical Review,” Springer Geography, pp. 537-561, Jan. 2025, doi: 10.1007/978-3-031-62376-9_24.

(3] H. Gebreslassie, G. Berhane, T. Gebreyohannes, M. Hagos, A. Hussien, and K. Walraevens, “Water Harvesting and Groundwater
recharge: A comprehensive review and synthesis of current practices,” Water, vol. 17, no. 7, p. 976, Mar. 2025, doi: 10.3390/w17070976.

(4] M. D. Ibrahim, A. Hamit, C. Fontaine, M. N. Abdallah, and A. A. Bourma, “Evaluation of the potential of an aquifer in the semi-
arid zone by coupling multicriteria analysis and geomatics - case of the basin of Abéché (Chad),” Environmental Challenges, p. 101254, Aug. 2025,
doi: 10.1016/j.envc.2025.101254.

[5] Richa, M. Fizir, and S. Touil, “A review of groundwater vulnerability assessment to nitrate pollution in the Mediterranean region,”
Environmental Science and Pollution Research, Jul. 2025, doi: 10.1007/s11356-025-36694-9.
(6] D. B. Hirko, J. A. Du Plessis, and A. Bosman, “Review of machine learning and WEAP models for water allocation under climate

change,” Earth Science Informatics, vol. 18, no. 3, Mar. 2025, doi: 10.1007/s12145-025-01820-1.

5319



International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 23s, 2025
https://www.theaspd.com/ijes.php

[7] Yono, R. A. Mokua, and T. Dube, “Remote sensing of land cover change dynamics in mountainous catchments and semi-arid
environments: a review,” Geocarto International, vol. 40, no. 1, Mar. 2025, doi: 10.1080/10106049.2025.2476602.

[8] K. Gulshad, M. Szydtowski, A. Yaseen, and R. W. Aslam, “A comparative analysis of methods and tools for low impact development
(LID) site selection,” Journal of Environmental Management, vol. 354, p. 120212, Feb. 2024, doi: 10.1016/j.jenvman.2024.120212.

[9] M. Korkut, N. Hartog, and V. Yavuz, “An overview of historical development, current situation, and future prospects of managed
aquifer recharge in Turkiye,” Water, vol. 17, no. 3, p. 439, Feb. 2025, doi: 10.3390/w17030439.

[10] J. Tian et al., “Urban Underground Space Geological Suitability—A Theoretical Framework, index system, and Evaluation Method,”
Applied Sciences, vol. 15, no. 8, p. 4326, Apr. 2025, doi: 10.3390/app15084326.

[11] S. Gupta and S. K. Gupta, “Water resource mapping, monitoring, and modeling using geospatial approaches,” in Developments in

environmental science, 2024, pp. 575-602. doi: 10.1016,/b978-0-443-23665-5.00025-9.

[12] S. Raj, K. S. Rawat, S. Kumar, A. S. Almuflih, N. Almakayeel, and M. R. N. Qureshi, “Mapping and validation of groundwater
potential zone from alluvial plain: a case study of Muzaffarpur, Bihar, India,” Geology Ecology and Landscapes, pp. 1-16, Nov. 2024, doi:
10.1080/24749508.2024.2429841.

[13] S. Snikitha, G. P. Kumar, and G. S. Dwarakish, “A Comprehensive Review of Cutting-Edge Flood Modelling Approaches for Urban
Flood Resilience Enhancement,” Water Conservation Science and Engineering, vol. 10, no. 1, Dec. 2024, doi: 10.1007/s41101-024-00327-y.

[14] R. A. Kemarau, S. A. Suab, O. V. Eboy, Z. Sa’adi, D. U. Echoh, and Z. Sakawi, “Integrative approaches in remote sensing and GIS
for assessing climate change impacts across Malaysian ecosystems and societies,” Sustainability, vol. 17, no. 4, p. 1344, Feb. 2025, doi:
10.3390/s5ul7041344.

[15] H. Touréet al., “Review of machine learning algorithms used in groundwater availability studies in Africa: analysis of geological and

climate input variables,” Discover Water, vol. 4, no. 1, Nov. 2024, doi: 10.1007/543832-024-00109-6.

5320



