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Abstract
In light of population growth and climate change, groundwater is one of the most important water resources globally. 
Groundwater is crucial for sustaining many vital sectors in Syria, including industrial and agricultural sectors. However, 
groundwater exploitation has significantly escalated to meet different water needs especially in the post-war period and the 
earthquake disaster. Therefore, the goal was this study delineation of the groundwater potential zones (GPZs) by integrating 
the analytic hierarchy process (AHP) method in a geographic information systems (GIS) within the AlAlqerdaha river basin 
in western Syria. In this study, ten criteria were used to map the spatial distribution of GPZs, including slope, geomorphology, 
drainage density, land use/land cover (LU/LC), lineament density, lithology, rainfall, soil, curvature and topographic wetness 
index (TWI). GPZs map was validated by using the location of 74 wells and the Receiver Operating Characteristic Curve 
(ROC). The findings suggest that the study area is divided into five GPZs: very low, 21.39 km2 (10.87%); low, 52.45 km2 
(26.65%); moderate, 65.64 km2 (33.35%); high, 40.45 km2 (20.55%) and very high, 16.90 km2 (8.58%). High and very high 
zones mainly corresponded to the western regions of the study area. The conducted spatial modeling indicated that the AHP-
based GPZs map showed a remarkably acceptable correlation with wells locations (AUC = 87.7%, n = 74), demonstrating 
the precision of the AHP–GIS as a rating method. The results of this study provide objective and constructive outputs that 
can help decision-makers to optimally manage groundwater resources in the post-war phase in Syria.
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Abbreviations
GPZs	� Groundwater potential zones
MCM	� Million cubic meters
GIS	� Geographic information systems
AHP	� Analytic hierarchy process
RS	� Remote sensing
ROC	� Receiver operating characteristic curve
AUC​	� Area under the curve
MCDA	� Multicriteria decision analysis
WoE	� Weights of evidence
WoA	� Weighted overlay approach

Introduction

Groundwater is a vital and finite resource, crucial for life 
on Earth (Dentico and Ghribi 2023; Baghel et al. 2023). 
It serves various uses on a large scale, such as domestic, 
industrial and agricultural. Groundwater demand has 
significantly escalated in developed and developing 
countries over recent years to meet the water requirements 
of domestic, industrial, and agricultural needs (Rajendran 
et al. 2023; Biswas et al. 2020; Melese and Belay 2022). 
Continuously increasing groundwater consumption due 
to massive population density, a growing area of irrigated 
farming and less environmentally significant economic 
advancement has put enormous stress on its prudent 
utilization (Lecart et al. 2024; Elvis et al. 2023; Sherif et al. 
2023; Alsafadi et al. 2023). Globally, domestic, industrial 
and agricultural applications account for approximately 36, 
27, and 42% of total groundwater use, respectively (Taylor Extended author information available on the last page of the article
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et al. 2013; Bera et al. 2020; Genjula et al. 2023; Ahmad 
et al. 2023).

Groundwater occurrence is primarily controlled by 
geological, climate-related, physiographic, and ecological 
factors (Pagano et al. 2023). The underlying strata's lithology 
and the aquifer's permeability are the primary determinants 
of groundwater movement (Rezaie-Boroon et  al. 2014; 
Barua et al. 2021; Moodley et al. 2023). Underground water 
levels have dropped in recent decades as a result of overuse 
and ineffective management measures (Uc Castillo et al. 
2023; Nosrati and Eeckhaut 2012). As a result, One of the 
most important tactics in this field is managing groundwater 
resources by exploring and using them in accordance with 
aquifer potential (Haghizadeh et  al. 2017; Ikirri et  al. 
2023; Rahmati et  al. 2015; Muavhi et  al. 2023). Thus, 
the consideration of effective approaches for evaluating 
locations with a high potential for groundwater exploitation 
has become an urgent need, using contemporary data 
preparation and integration methodologies and innovative 
decision-making processes in this scope (Allafta et al. 2020; 
Das et al. 2022; Arun Kumar et al. 2021).

Delineation of groundwater potential zones (GPZs) 
is one of the most important and most modern tools used 
in groundwater management on the river basin scale. 
Importantly, the conventional methods for delineating 
GPZs are uneconomical, time-consuming, highly expensive, 
sometimes ineffective, and have some limitations. As such, 
different studies have been published on the delineation 
of GPZs map with thematic layer data such as drainage 
patterns, lithology, topography, and soil types using GIS 
and RS techniques (Ikirri et al. 2023; Rather et al. 2022). 
Recently, multicriteria decision analysis (MCDA), modeling 
of weights of evidence (WoE) and probabilistic models were 
applied to the delineation of GPZs (Bhuyan and Deka 2022; 
Islam et al. 2023). Other analyzes that used machine-learning 
models, including decision trees, fuzzy logic, and numerical 
models, yielded more sophisticated results (Kordestani 
et al. 2019). Attempts have been made to integrate RS and 
geophysical surveys with GIS to extract additional thematic 
layers (Magaia et al. 2018). The efficiency of the formulation 
differs from one study to another, some are more effective, 
accurate, time-saving, and cost-effective, whereas the 
traditional methods are time-consuming (Bhuyan and Deka 
2022; Baba et al. 2022).

The analytic hierarchy process (AHP), developed by 
Saaty (1980), is considered a commonly utilized approach 
with MCDA for solving socioeconomic decision-making 
problems (Alsafadi et al. 2020; Sarkar et al. 2022; Rendana 
et  al. 2023). The AHP model simplifies complicated 
judgments by creating several pair-wise comparisons, and 
then combining the findings (Saaty 2001). The integration 
between the AHP model and Geographic Information 
Systems (GIS) technologies is a valuable tool for developing 

GPZs maps worldwide. However, Several studies have 
utilized this tool to map GPZs (Abrar et al. 2022; Kumar 
and Krishna 2018; Rahmati et al. 2015; Roy et al. 2022; 
Golla et al. 2022; Ki et al. 2023).

Groundwater in Syria is one of the crucial foundations for 
supporting the process of economic and social development, 
especially in the post-war phase (Baba et al. 2021; Alrawi 
et al. 2022). The development of a multi-criteria spatial 
model that enables reliable demarcation of regions 
constitutes an urgent research gap at the level of creating 
flexible and sustainable groundwater management strategies 
in Syria in the face of current and future challenges. Further, 
the western region of Syria received thousands of internal 
refugees during the war, which led to an increase in demand 
for more groundwater resources. Thus, the novelty of the 
current assessment is the use of integration between AHP 
and GIS in mapping the western region of Syria, which 
has witnessed shocking social and economic changes as a 
result of the war (Abdo and Richi 2024). Furthermore, the 
method of providing and deriving the spatial data needed to 
develop a GPZs map represents a constructive approach to 
applying this assessment in other areas of Syria. The novelty 
presented in this assessment constitutes a unique aspect 
that provides a more comprehensive understanding of the 
groundwater system that contributes to recovery from the 
consequences of the war in Syria. This evaluation assumes 
that the combination of AHP and GIS will enable accurate 
and reliable delineation of the GPZs map in an area that 
has undergone significant spatial changes. Furthermore, 
the availability of remote sensing (RS) data provides an 
objective alternative to most of the missing data needed to 
complete this assessment.

The ultimate goal of this study is to develope a GPZs map 
utilizing geospatial technologies and the AHP approach. The 
environmental causal factors were used to interpret GPZs in 
the current investigation. The results of this assessment will 
provide important values to decision-makers in the water 
sector, specifically in the post-war stage in Syria.

Study area settings

The AlAlqerdaha River is located in the coastal region 
of western Syria between latitudes of 35°0.50′0.48″ and 
35°0.38′0.33″ N and 35°0.54′0.47″' and longitude of 
36°0.21′0.59″ E, with an area of 196.8 km2 (Fig. 1). The 
study area is delimited to the north by Al-Maddike river 
basin, to the south by Al-Porghool river basin, to the 
east by the Orontes River basin, and to the west by the 
Mediterranean. The territory consists of various and complex 
geological formations, including Jurassic, Cretaceous and 
Quaternary. Cretaceous and Cretaceous formations, which 
cover the most extensive distribution in the study area, 
consist of limestone, dolomite, marls and limy marl. These 
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structures are exposed to an accelerated superficial and 
implicit karstification dissolution process and are subject to 
severe tectonic shearing (Abdo 2020; Younes et al. 2023). 
Moreover, there is spatial variation in the permeability of 
these formations due to the varying lithological properties. 
Quaternary covers the western parts, especially the 
floodplain and along the courses of the river network. 
These formations fundamentally consist of fluviatile gravels, 
boulders, sandstones, marine sandstones and deposits. These 
formations are considered the most permeable as compared 
to the Jurassic, Cretaceous formations. The study area 
belongs to the mass of the Syrian coastal mountains which 
witnessed many tectonic activities, forming many regional 
faults, folds, grabens and catchments (Abdo and Salloum 
2017). Geological lineaments form paths for groundwater. 
Hydrologically, the AlAlqerdaha river basin belongs to the 
Syrian coastal basin Unit on the eastern Mediterranean 
coast. The AlAlqerdaha River is classified as a seasonal river 

due to the prevailing geographical conditions. It consists of 
two main tributaries known as the Al-Shihawi and Al-Jour 
rivers. Al-Thawra Dam was built on the Shehawi River, 
mainly with the aim of securing irrigation water. Meanwhile, 
the groundwater system consists of an expansive amount of 
groundwater in three sedimentary hydrogeological aquifers, 
including: Jurassic, Cretaceous and Quaternary aquifers.

The study basin can be divided into three main 
geomorphological sectors. The flat sector (0–100 m) is 
characterized by wide floodplains and high sedimentation 
values. While the hilly (100–400  m) and mountainous 
(400–1449 m) sectors are characterized by steep slopes 
and instability of slopes. The Alqerdaha River basin is 
primarily sited in a moist climate Csa according to the 
Köppen − Geiger climate category (Mohammed et al. 2020a, 
b). The average summer temperature is 24.7° while in the 
winter is 9.8°. The annual rainfall is between 1100 and 
1457 mm. The vegetation system mainly consists of both 

Fig. 1   Study area location
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agricultural and wild vegetation. Agricultural vegetation 
includes field crops, olive trees, and citrus fruits While the 
wild vegetation consists of scattered forest systems with 
great diversity. Wild trees include Cypress, Pine, Elm and 
Acacia (Abdo 2018).

The population of the Madros Basin is 81,746 according 
to national statistics carried out in 2022. Agricultural 
activity is considered the most important economic sector 
in the region.The depths of the aquifer range from 5 m in 
the western plain areas to 266 m in the mountainous eastern 
parts. The process of pumping groundwater is subject to 
complex obstacles, especially the availability of electrical 
power carriers in the study area. The daily pumping rate 
reaches about 5000 m3/day in the various monitored wells. 
All residents of the basin depend on groundwater resources 
for their lives and economic activities. The use of the 
groundwater supply in the study area is determined for the 
purposes of domestic use and drinking, in addition to other 
economic activities, including agriculture, tourism, and 
industry.

Methodology

Data collection and processing

Data are employed and acquired from diverse sources to 
analyze the GPZs. Table 1 lists all the satellite images and 
acquired data in precise detail. During field surveys, the 
handheld GPS is used to collect soil samples and locate 
existing wells at various locations within the basin. The 
laboratory tested these samples for particle size distribution 
and water permeability. The entire study used ArcMap v. 

10.4.1 applications to process the data. In Fig. 2, all the 
procedures employed in this study are listed.

In a GIS context, data was derived  and analyzed 
at a resolution of 12.5  m using the following spatial 
analysis tools: Resample, Resize, Euclidean Distance, 
Interpolation, Tabulation, Conversion, Raster Calculator, 
and Reclassification tools. Similarly, slope angle and 
curvature layers were derived utilizing Digital elevation 
model (DEM) depending on Surface Analysis tools in 
ArcMap v. 10.4.1 software. The maps of the geomorphology 
and geology of the AlAlqerdaha River were prepared 
using the general geomorphological and geology maps in 
Lattakia Governorate by clipping method. Also, geological 
lineaments were digitizing from the general geological map. 
Landuse/landcover (LULC) layer of 2021 was produced by 
the supervised classification method (maximum likelihood 
classifier). Topographic wetness index (TWI) and drainage 
density (DD) layers were derived by processing DEM with 
surface analysis and hydrology tools. The soil map was 
derived from the general soil types map (1/50.000) produced 
by Al-Hanadi Center for Agricultural Research–Directorate 
of Agriculture in Lattakia Governorate. In this regard, 
the inverse distance weighted (IDW) method was used to 
produce the spatial distribution of precipitation values map. 
Moreover, the distance from the faults was investigated by 
using the Euclidean distance tool.

Criteria selection

The selection of criteria affecting the delineation of GPZs 
map is one of the controversial stages in such studies. 
With the aim of objective analysis, a set of methodological 
considerations were relied upon in selecting conditioning 

Table 1   Thematic data layers of environmental factors to interpret GPZs and sources of data

Parameter Data source Data format

Slope Digital elevation model: Alaska Satellite Facility (ASF), ALOS, 12.5 m Spatial 
Resolution (https://​vertex.​daac.​asf.​alaska.​edu/)

Spatial raster grid data (.tif)

Geomorphology Geomorphological map 1/50,000 scale (Ministry of Oil and Mineral Resources 
(MOMR)—Geology Directorate, Lattakia Governorate

Spatial vector data (.shp)

Lithology Geological maps 1/50.000 MOMR, Geology Directorate, Lattakia Governorate Spatial vector data (.shp)
Topographic wetness index Digital elevation model: Alaska Satellite Facility (ASF), ALOS, 12.5 m Spatial 

Resolution (https://​vertex.​daac.​asf.​alaska.​edu/)
Spatial raster grid data (.tif)

Lineament density Geological maps 1/50.000 MOMR, Geology Directorate, Lattakia Governorate Spatial vector data (.shp)
Land use/land cover Landsat OLI-TIRS, 2021 (USGS Earth explorer) Spatial vector data (.shp)
Drainage density Digital elevation model: Alaska satellite facility (ASF), ALOS, 12.5 m Spatial 

Resolution (https://​vertex.​daac.​asf.​alaska.​edu/)
Spatial raster grid data (.tif)

Soil Soil maps 1/50.000 (Al-Hanadi Center for Agricultural Research–Directorate of 
Agriculture in Lattakia Governorate)

Spatial vector data (.shp)

Rainfall General Directorate of Meteorology–Damascus Governorate Spatial vector data (.shp)
Curvature Digital elevation model: Alaska satellite facility (ASF), ALOS, 12.5 m Spatial 

resolution (https://​vertex.​daac.​asf.​alaska.​edu/)
Spatial raster grid data (.tif)

https://vertex.daac.asf.alaska.edu/
https://vertex.daac.asf.alaska.edu/
https://vertex.daac.asf.alaska.edu/
https://vertex.daac.asf.alaska.edu/


Applied Water Science          (2024) 14:160 	 Page 5 of 19    160 

factors, including the geographical characteristics of the 
AlAlqerdaha River, and it’s related database (Benjmel 
et al. 2020). Satellite imagery is essential to depict the 
basin physiographic conditions, i.e., LULC, slope, drainage 
density, fractures, faults, and cleavages, at large spatial 
scales. Ten thematic maps, including curvature (CV), 
drainage density (DD), slope (Sl), geomorphology (Ge), 

lithology (Li), lineament density (LD), LU/LC, rainfall 
(RF), soil type (So), and topographic wetness index (TWI) 
layer were created using conventional and geospatial 
environment that helps to assess the GPZs of the western 
part of Syria. Several researchers used characteristics such 
as these to assess and evaluate groundwater resources for 
GPZs delineation (Table 2).

Slope

Geomorphology

Lithology

TWI

Lineament density

Formation of Thematic layers

Land use/land cover

Drainage density

Soil

Groundwater recharge potentiality zone

Delineation of GPZ using AHP

Wells yield data and GPZs

Selection of
Conditioning factors

Model
development

Relative importance of
conditioning factors
assigned based on

Saaty’s AHP

Weighted overlay
analysis (WOA)

Models develop for
delineating GPZ sRainfall

Curvature

Model validation

Fig. 2   Schematic representation of workflow showing the methodology
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Calculation of AHP weightage

The thematic layer weights are identified using the AHP 
(Saaty 1977) which is considered one of the most extensively 
used MCDA strategies for GPZs and environmental 
management. Surprisingly, the GIS-based weighted overlay 
approach (WOA) with AHP has been lauded by MCDA 
scholars as a viable manner for investigating geo-problems 
(Alsafadi et al. 2020).

Mathematically, we determined the score of the sub-
criteria Xi for each thematic layer on a 0–5 scale (Table 7), 
and then combined it with the AHP weights Wi . Hence, the 
GIS-based weighted overlay approach (WoA) was utilized 
to produce a GPZ final layer as:

Wi = weightage of criterion, and Xi = score of sub-criteria 
i, as shown in Table 8, for each thematic layer on a 0–5 
scoring scale.

(1)GPZscore =

[

n
∑

i=1

Xi ×Wi

]

GPZs =
(

XSl ∗ WSl
)

+
(

XGe ∗ WGe
)

+
(

XLi ∗ WLi
)

+
(

XTWI ∗ WTWI
)

+
(

XLD ∗ WLD
)

+
(

XLULC ∗ WLULC
)

+
(

XDD ∗ WDD
)

+
(

XSo ∗ WSo
)

+
(

XRF ∗ WRF
)

+
(

XCV ∗ WCV
)

A hierarchical approach creates the problem, including 
the study's goal and criteria. Second, assuming all the 
criteria are weighted, we must obtain the weighted criteria. 
Each thematic map and its sub-features are given weights 
based on previous knowledge of factor characteristics, local 
field experience, personal judgment and expert opinion 
(Halder et  al. 2022). Thus, the judgment fundamental 
scale varying between 1 and 9 was used based on Saaty’s 
table (Saaty 1990) to assign a pair-wise comparison matrix 
(PWCM) (Table 3).

The basic input is components of the PWCM, matrix A, 
which may be acquired as a matrix of n × n factors produced 
based on Saaty's scale ratios and obtained as

As a fundamental rule, matrix A with its components aij 
possesses the property of reciprocity, i.e., aii = 1, aij = 1/ai.

Following that, A is determined as total values per 
column as follows:

Then we normalized the principal matrix (A) after 
setting its components as matrix B Table 7, which may be 
characterized as:

(2)A =
[

aij
]

, i, j = 1, 2, 3…… ., n

(3)

[

n
∑

i=1

aij = 1, 2, 3…… ., n

]

(4)B =
[

bij
]

, i, j = 1, 2, 3…… ., n

Table 2   Methods and parameters used for GPZs mapping

Parameters Methods References

Drainage, drainage density, geology, lineaments density, LULC, and soil type AHP Panahi et al. (2017)
Drainage density, lineament density, lithology, LULC, rainfall, slope, and soil type AHP Al-Shabeeb et al. (2018)
Distance to the river, drainage density, geomorphology, lineament density. lithology, LULC, rainfall, 

slope, and soil type
AHP Allafta et al. (2020)

Drainage density, elevation, geology, geomorphology, lineament density, LULC, rainfall, slope, and 
soil type

AHP Saranya and Saravanan (2020)

Curvature, drainage density, geomorphology, lineament density, LULC, rainfall, slope, soil type, and 
TWI

AHP Bera et al. (2020)

Lithology, rainfall, geomorphology, slope, drainage density, soil, LULC, distance to the river, and 
lineament density

AHP Allafta et al. (2020)

Drainage, drainage density, geology, geomorphology, lineaments, LULC, and soil type AHP Golla et al. (2022)
Drainage density, geology, geomorphology, lineament density, LULC, rainfall, slope, soil type AHP Roy et al. (2022)
Drainage density, fault density, geomorphology, lineament density, lithology, LULC, rainfall, slope, 

and soil type
AHP Aykut (2021a, b)

Drainage density, geomorphology, lineament density, lithology, LULC, rainfall, slope, and soil type AHP Zghibi et al. (2020)
Drainage density, geology, geomorphology, lineament density, LULC, and slope AHP Sadek et al. (2021)
Drainage density, geology, geomorphology, LULC, runoff, slope, and soil type AHP Kadam et al. (2020)
Drainage density, geology, lineaments density, LULC, rainfall, and slope AHP Kessar et al. (2020)
Drainage density, geology, lineaments density, LULC, rainfall, slope, and soil type AHP Ndhlovu and Woyessa (2021)
Drainage density, geology, geomorphology, LULC, rainfall, runoff, slope, soil type, and TWI AHP Yıldırım (2021)
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Each element is given a relative weighting, where matrix 
B is the normalized matrix A, and its components (bij) can be 
calculated as follows:

The weight of single criteria was acquired by dividing the 
sum values of the bij inside the matrix B's row by the total 
number of criteria (n = 10) (Table 4):

In which the total weights are equal to 1, i.e., 
∑n

i=1
Wi = 1.

It is critical in the AHP approach that the weights produced 
by PWCM be constant, as well as the judgment matrix 
consistency, which is defined based on the consistency ratio 
(CR) coefficients: the consistency index (CI), the random 
consistency index (RCI) from Saaty’s table (Saaty 1980) and 
eigenvector technique-based maximum eigenvalue (λ), as 
presented in recent studies (Alsafadi et al. 2022; Kumar and 
Krishna 2018).

Afterward, the judgment matrix was shaped using 
PWCM (Table 5). Following that, the relative weights (W) 
of the factors were computed, i.e., the normalized pair-wise 

(5)bij =
aij

∑n

i=1
aij = 1, 2, 3…… ., n

(6)Wi =

∑n

i=1
bij

∑n

i=1
.
∑n

j=1
bij

, i, j = 1, 2, 3…… ., n

comparison matrix (NPWCM) (Table 6). In order to accept the 
consistency of the matrix, there must be a CR of less than 0.1.

GIS weighted overlay analysis

After obtaining the final weights for the criteria using the 
AHP method based on creating pairwise comparisons, 
making a comparison matrix and providing the acceptable 
consistency proportion. The weight overlay analysis 
(WOA) in GIS platform has been implemented to map 
the GPZs map. Weighted overlay analysis is a method for 
developing a comprehensive investigation, by allocating 
a typical scale of values to input elements depending on 
AHP analysis (Nowreen et al. 2021). This stage included 
assigning the weights calculated using AHP for each 
thematic layer. Moreover, a sub-weighting of 1–5 was 
given to the classes of each thematic layer according to 
its impact on the groundwater potential, with 1 implying 
a very low effect, and 5 implying a very important impact. 
Utilizing the WOA of ArcMap v. 10.4.1 software, the 
reclassified layers of slope, geomorphology, drainage 
density, LU/LC, lineament density, lithology, rainfall, 
soil, curvature and topographic TWI, and their related 
ratio effect on groundwater potentially, were composed 
to generate the GPZs map within the study area. The sum 

Table 3   The fundamental scale of absolute numbers for AHP

Intensity of importance Definition Explanation

1 Equal importance Two activities contribute equally to the objective
2 Weak or slight
3 Moderate importance Experience and judgment slightly favor one activity over 

another
4 Moderate plus
5 Strong importance Experience and judgment strongly favor one activity over 

another
6 Strong plus
7 Very strong or demonstrated importance An activity is favored very strongly over another; its 

dominance is demonstrated in practice
8 Very, very strong
9 Extreme importance The evidence favoring one activity over another is of the 

highest possible order of affirmation
Reciprocals of above If activity i has one of the above nonzero numbers 

assigned to it when compared with activity j, then j has 
the reciprocal value when compared with i

Rationales Ratio arising from the scale If consistency were to be forced by obtaining n numerical 
values to span the matrix

Table 4   The random 
inconsistency value

Number of criteria 1 2 3 4 5 6 7 8 9 10

Random inconsistency 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49
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logic (Eq. 7) was used in the fuzzy overlay of layers using 
the Raster calculator tool of ArcMap v. 10.4.1 software.

The resulting GPZs map was reclassified using the 
Natural Breaks tool into five categories: very low, low, 
moderate, high, and very high.

(7)

GPZs =
(

0.280 ∗ WSl
)

+
(

0.202 ∗ WGe
)

+
(

0.148 ∗ WLi
)

+
(

0.092 ∗ WTWI
)

+
(

0.084 ∗ WLD
)

+
(

0.058 ∗ WLULC
)

+
(

0.046 ∗ WDD
)

+
(

0.039 ∗ WSo
)

+
(

0.035 ∗ WRF
)

+
(

0.017 ∗ WCV
)

Validation

It is a necessary procedure to validate the GPZs map that 
allows an examination of how well the modeling process 
performs. For the validation of the GPZs map, 74 wells 
data were used in the area under the receiver operating 
characteristics (ROC) curve or precisely AUC method. ROC 
method is considered a parametric analysis method widely 
applied in the validation process of GPZs mapping studies 
(Ahmed et al. 2021; Das 2019; Mohammady et al. 2012; 
Pourghasemi et al. 2013). Based on the site specifications, 
the cumulative number of wells available in each potential 
region and the cumulative areas under various groundwater 
zones show a correlation, as seen by the AUC plots. 
The values of the ROC curve, ranging from 0.6 to 1, are 

Table 5   PWCM using by AHP 
method

Factors SL GE GL TWI LD LULC DD SO RF CV

SL 1 3 4 6 3 4 5 4 7 9
GE 0.33 1 3 4 3 4 6 4 6 9
GL 0.25 0.33 1 3 2 5 6 4 5 6
TWI 0.17 0.25 0.33 1 2 3 3 4 3 3
LD 0.33 0.33 0.5 0.5 1 3 2 3 2 6
LULC 0.25 0.25 0.2 0.33 0.33 1 2 3 2 4
DD 0.2 0.17 0.17 0.33 0.5 0.5 1 2 2 4
SO 0.25 0.25 0.25 0.25 0.33 0.33 0.5 1 2 3
RF 0.14 0.17 0.2 0.33 0.5 0.5 0.5 0.5 1 5
CV 0.11 0.11 0.17 0.33 0.17 0.25 0.25 0.33 0.2 1

Table 6   NPWCM and computation of factor weightage

λ Maximum eigenvalue; CI Consistency index; CR Consistency ratio

Sl Ge Li TWI LD LULC DD So RF CV Weights Rank

Slope (Sl) 0.330 0.512 0.407 0.373 0.234 0.185 0.190 0.155 0.232 0.180 0.280 1
Geomorphology (Ge) 0.109 0.171 0.305 0.249 0.234 0.185 0.229 0.155 0.199 0.180 0.202 2
Lithology (Li) 0.083 0.056 0.102 0.187 0.156 0.232 0.229 0.155 0.166 0.120 0.148 3
Topographic wetness index (TWI) 0.056 0.043 0.034 0.062 0.156 0.139 0.114 0.155 0.099 0.060 0.092 4
Lineament density (LD) 0.109 0.056 0.051 0.031 0.078 0.139 0.076 0.116 0.066 0.120 0.084 5
Land use/land cover (LU/LC) 0.083 0.043 0.020 0.021 0.026 0.046 0.076 0.116 0.066 0.080 0.058 6
Drainage density (DD) 0.066 0.029 0.017 0.021 0.039 0.023 0.038 0.077 0.066 0.080 0.046 7
Soil (So) 0.083 0.043 0.025 0.016 0.026 0.015 0.019 0.039 0.066 0.060 0.039 8
Rainfall (RF) 0.046 0.029 0.020 0.021 0.039 0.023 0.019 0.019 0.033 0.100 0.035 9
Curvature (CV) 0.036 0.019 0.017 0.021 0.013 0.012 0.010 0.013 0.007 0.020 0.017 10
λ 11
N 10
CI 0.11
RCI: n = 10 1.49
CR 0.07
CR% 7.46
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categorized as excellent (0.9–1), very good (0.8–0.9), good 
(0.7–0.8), moderate (0.6–0.7) and poor (0.5–0.6).

Results

Assessment of groundwater potential zones

Slope (Sl)

The slope of a watershed describes the amount of water 
available for recharging and the harshness of the landscape. 
Areas featured by steep slopes are linked with a greater 
runoff volume and reduced infiltration (Melese and Belay 
2022a, b). As a result, the slope is one of the most important 
factors that influencing runoff and infiltration rates. ASF 
DEM was utilized to generate the slope. The degree of 
groundwater potential was used to allocate weights to 
each slope class. An area with a great slope angle has 
comparatively low GPZs because of the surface flow, in 
marked contrast with low slope regions which stimulates 
the infiltration rate (Kanagaraj et al. 2019).

The final slope classified into five categories (Table 7). 
The < 10° and 10°–20° classes form a considerable area for 
the river basin. These classes, distributed in the western 
section, have the lowest slope and topographic height. The 
rest of the slope categories were specified for the eastern 
regions (Fig. 3a).

Geomorphology (Ge)

Geomorphology is a key component in determining 
groundwater potentiality and prospects because it regulates 
the subsurface flow of groundwater (Rahmati et al. 2015; 
Das et  al. 2022). Prior investigations have reported 
geomorphology characteristics as an influential factor for 
delineating GPZs (Ifediegwu 2022a, b; Achu et al. 2020). 
Here, six types of geomorphological features have been 
found, i.e., flat, gravelly sandy plain, old flood plain, plateau, 
limestone hill, and dissected mountain (Fig. 3b). In this 
regard, the plain geomorphological units are characterized 
by a higher susceptibility to recharging the groundwater 
(Barua et al. 2021). Therefore, the gravelly sandy plain 
and old flood plain have good permeability; therefore, the 
maximum score has been given to these classes (Table 7). 

Table 7   Weights of the criteria and scores of the sub-criteria

Criteria Sub-criteria Scoring Final weights

1 Slope 10 <  5 0.280
10–20 4
20–30 3
30–40 2
40 >  1

2 Geomorphology Flat 1 0.202
Gravelly sandy 

plain
5

Old flood plain 5
Plateau 2
Limestone hill 3
Dissected 

mountain
4

3 Lithology Limestones 4 0.148
Marl 3
Dolomite 3
Sandstone 4
Marine sandstone 5
Sediment 5

4 Topographic 
wetness index 
(TWI)

Very low 1 0.092
Low 2
Moderate 3
High 4
Very high 5

5 Lineament density Very low 1 0.084
Low 2
Moderate 3
High 4
Very high 5

6 LULC Water bodies 4 0.058
Vegetation/forest 3
Cropland 5
Bare land 2
Built-up land 1

7 Drainage density Very low 1 0.046
Low 2
Moderate 3
High 4
Very high 5

8 Soil Silty loam 3 0.039
Sandy loam 4
Clay 1
Very fine sand 5
Coarse sand 4
Clayey loam 2

9 Rainfall  > 900 1 0.035
900–1000 2
1000–1100 3
1100–1200 4
1200 >  5

Table 7   (continued)

Criteria Sub-criteria Scoring Final weights

10 Curvature Concave 5 0.017

Flat 4

Convex 2
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Fig. 3   Layers for generating groundwater potential recharging zones map. a slope degree, b geomorphology, c lithology, d TWI, e lineament 
density, f LULC, g drainage density, h soil, i rainfall, and j curvature
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Floodplains were placed basically along the main bed river 
of the AlAlqerdaha river.

Lithology (Li)

The lithology has a major impact on groundwater recharge 
as  it completely determines the infiltration and flow 
operations (Ghanim et al. 2023; Tolche 2021). The existence 
of lithological features affects groundwater potential 
significantly. Basaltic rock, for example, is solid and hard 
by nature, with little permeability and porosity. It has been 
given less importance, whereas alluvium or sandy loamy 
soils get maximum importance. Minerals, alteration, cracks, 
and weather conditions contribute to lithology's weighting. 
This study has extracted seven lithological features: 
limestone, marl, dolomite, sandstone, marine sandstone, and 
sediment (Fig. 3c). Marine sandstone and Sediment have 
been given the highest weightage for maximum groundwater 
permeability, followed by the rest of the features (Table 7). 
Fieldwork revealed that the riverine and marine sedimentary 
environment gives greater water recharge to the aquifer, and 
this is consistent with many related studies (Barua et al. 
2021; Alrawi et al. 2022; Ghadeer 2022).

Topographic wetness index (TWI)

The TWI is an important component of the hydro-geological 
system developed by Beven and Kirkby (1979). TWI can be 
utilized to denote the determinant of topographical factors 
on the magnitude and location of watery sources of surface 
runoff creation (Melese and Belay 2022a, b). TWI describes 
potential groundwater infiltration into the groundwater, relying 
on terrestrial features and their effect on the local topography 
(Grimm et al. 2018). Many researchers have utilized TWI as a 
criterion for defining potential groundwater zones (Fig. 3d). It 
can be calculated using the following equations (Eq. 8):

where As denotes the specified catchment area, and tan 
denotes the slope angle, correspondingly. TWI of the study 
basin is organized into five categories (i.e., very low, low, 
moderate, high and very high). The maximum weight was 
assigned to a very high TWI, which signals a high ability 
to recharge (Table 7). Moreover, the floodplains along the 
riverbeds possessed high and very high values of TWI. 
These areas are highly vulnerable to flooding events, as 
indicated by many studies (Chaudhry et al. 2021; Uc Castillo 
et al. 2022).

(8)TWI = ln

(

As

tan(�)

)

Lineament density (LD)

The lineaments are the areas of weakness in the geological 
structures with some linear to curvilinear features, such 
as fractures, faults and joints with intrinsic permeability 
characteristics and porosity (Naceur et al. 2022). Lineaments' 
density significantly impacts groundwater intensity by 
facilitating the infiltration of water into the groundwater 
(Al-Ruzouq et al. 2019). The groundwater recharge zone 
is exactly proportional to lineament density. Lineament 
analysis is used to better understand the interaction between 
managed water infiltration and movement and surface water 
penetration and fracture systems. The groundwater zone 
in the upper and lower parts of the studied watershed is 
excellent and promising, according to the lineament density 
map. In this study, the lineaments were extracted from 
geological maps, and the spatial density of lineaments was 
calculated using Eq. 9. The higher the lineament density, the 
higher weight ascribed to it, and vice versa (Table 7).

where, 
∑n

i=1
Li is the total lineament length and A is the 

coverage area.
Most of the high lineament densities are distributed in 

Jurassic and Cretaceous geological compositions which have 
high infiltration rates (Fig. 3e).

Land use/land cover (LU/LC)

Globally, anthropogenic activities have a negative impact 
on the ecosystem due to deforestation, erosion, groundwater 
depletion, and loss of soil quality (Younes et al. 2023). 
Changes in LU/LC are important drivers of groundwater 
change. The Gaussian Maximum Likelihood Classifier 
Algorithm (GMLCA) in ArcGIS 10.4.1 software was 
employed to execute supervised LU/LC classification for 
the study area (Fig. 3f). The kappa coefficient was used 
to validate the categorization result. Water bodies, flora, 
agriculture, bare ground and built-up land are the five main 
LU/LC classifications discovered, each with a proportionate 
share of each class. In this study, the weights were given 
depending on the potential groundwater recharge, relying 
on the LULC. Cropland and water surface were given the 
maximum weightage for maximum water permeability and 
less weightage was given to built-up land. (Table 7).

Drainage density (DD)

The total length of all the streams in the basin is divided 
by the area to get the DD. GPZs can be found by structural 

(9)LD =

∑n

i=1
Li

A
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analysis of a drainage network, and a drainage system's 
quality is mostly determined by its percolation rate index 
(Yeh et al. 2016). DD is strongly related to groundwater 
recharge. Greater DD values refer to a high amount of 
groundwater recharge (Mallick and Rudra 2021; Mallick 
et al. 2023). The understanding of this factor presents a 
practical numerical estimation which reflects the attributes 
of discharge potential, stream channels, soil, vegetation, 
topography and permeability data (Roy et al. 2020). Finally, 
ArcMap v. 10.4.1 and ALOS's DEM were used to construct 
the DD map (Fig. 3g). DD of the study basin is classified 
into five classes (i.e., very low, low, moderate, high and very 
high). The maximum weight was assigned to a very high 
TWI, which signals a high ability to recharge (Table 7).

Soil (So)

The ability of a region's topsoil to infiltrate water has a 
significant impact on groundwater supply. Grain structure, 
size, texture, shape and potential porosity can positively 
influence water percolation (Allafta et al. 2020; Das et al. 
2022). Moreover, soil type is governed by pore saturation 
and dryness conditions that influence increased water entry 
into the soil (Aykut 2021a, b). The porosity of soil types 
regulates water passage into the earth. The groundwater 
potential of coarse-grained soil types (such as lithosols) 
is good. However, the groundwater potential of fine-
grained soil types (ferralsols) is poor (Ifediegwu 2022a, 
b). As a result, soil characteristics are played a crucial 
role in controlling the GPZs determination. In the current 
assessment, the soil types have been categorized into six 
classes: silty loam, sandy, loam, clay, very fine sand, coarse 
sand and clayey loam (Fig. 3h). In very fine sand, coarse 
sand and sandy loam soils, porosity and permeability are 
higher with more rapid infiltration accelerations, whereas 
they are significantly lower in clayey loam and clay types 
(Owuor et al. 2016; Allafta et al. 2020). Therefore, the 
weight attributed to GPZs is larger for sandy soils (Table 7).

Rainfall (RF)

Rainfall is one of the important climatic element that 
controls the abundance of groundwater (Mallick and 
Rudra 2021). It is, therefore, vital to comprehend the 
spatial dynamics of the rainfall in GPZs investigation. The 
rainfall data were picked up from the General Directorate 
of Meteorology–Damascus. The mean yearly rainfall over 
the western part of Syria is around 1000 to 1200 mm. The 
maximum concentration is found from July to September. 
The eastern part receives maximum rainfall (> 1200 mm) 
and the western part of the Syria area receives > 800 mm 
of rainfall per year (Fig. 3i). Terrain complexity enacts a 
vital role in increasing the spatial variability of precipitation 

values (Uc Castillo et al. 2023). The central-east regions 
of the river basin were characterized by mountainous and 
plateau geomorphological units with steep slopes, in contrast 
to the plain western regions. Thus, groundwater recharge 
values are greater in the eastern part compared to the other 
sections. Distribution of precipitation values were classified 
into five precipitation categories: < 600 mm, 600–800 mm, 
800–1000 mm, 1000–1200 mm and > 1200 mm. The higher 
precipitation areas were assigned a greater weight as shown 
in Table 7.

Curvature (CV)

The curvature is a kind of curve unit that deviates a linear 
function or a surface deviates from being flat. In other 
sense, curvature is a topographic component that represents 
direction flow and specifying the pace at which the greatest 
slope direction varies (Melese and Belay 2022a, b). 
Curvature was derived from DEM data for this investigation. 
Curvature has been categorized into three sections: convex, 
flat, and concave, as shown in Fig. 3j and Table 7. Concave 
and flat curvatures have been given maximum scores in 
response to groundwater recharge potentiality.

Assessment of GPZs

As one of the most important life-sustaining resources, 
groundwater has been an ever-declining resource. However, 
its recharge rate has fallen significantly over the last four 
to five decades due to anthropogenic activities and skewed 
development patterns. For the sustainable development of 
a specific area, it is paramount to become well acquainted 
with the groundwater potential of that area. This kind of 
information can be extremely important for planning and 
carrying out corrective actions that enhance the process of 
groundwater recharge.

The AHP method has been applied to identify the GPZs 
based on the weighting of distinct conditioning layers and 
their sub-classes to determine the weights of these layers. 
Moreover, decision-making grounded in methodical expert 
judgment is made with less mathematical complexity, the 
AHP method is promising tool for evaluating groundwater 
recharge potential quickly, precisely, and cost-effectively. 
There are various categories of potential groundwater zones 
located in the AlAlqerdaha River basin. The GPZ map below 
shows the extent of each zone in Fig. 4. The AHP method 
classified the GPZs of the study area as follows: very low, 
21.39 km2 (10.87%); low, 52.45 km2 (26.65%); moderate, 
65.64 km2 (33.35%); high, 40.45 km2 (20.55%) and very 
high, 16.90 km2 (8.58%) (Table 8).
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Validation of GPZs map

The accuracy of the groundwater potential mapping utilizing 
a GIS-based AHP method has been evaluated in numerous 
studies using the ROC method (Echogdali et  al. 2022). 
The ROC curve and the spatial distribution of 74 wells 
across the study basin were utilized in this investigation 
to assess the outcome of GPZs maps. Relevant literature 
indicates that AUC values ranging between 0.7 and 0.9 
indicate satisfactory accuracy for a GPZs map (Maity 
et al 2022; Rane et al. 2023). Based on Fig. 5, the applied 
methodological-based integration between AHP and GIS 
produced a GPZs map with good accuracy in the study area 
(AUC of 87.7%).

Discussion

The Eastern Mediterranean is among the regions most 
vulnerable to the consequences of climate change, which 
will negatively affect the abundance of many natural 
resources, especially the abundance of water (Aw-Hassan 
et al. 2014; Abbara et al. 2021). Most of the population 
of the Eastern Mediterranean region, including Syria, 
depends primarily on groundwater resources to secure 

their water requirements for drinking purposes and various 
socio-economic development processes. In this regard, the 
groundwater system in Syria is subject to poor management 
procedures and weak sustainable spatial organization as a 
result of the consequences of the war (Mohammed et al. 
2020a, b). Sustainable management of water resources 
in Syria is crucial to meeting the requirements of various 
sectors in the aftermath of the war (Baba et al. 2021). In 
this investigation, a comprehensive spatial assessment of 
the GPZs distribution in western Syria was conducted using 
AHP–GIS integration.

Regarding the spatial distribution of GPZs, the high 
and very high zones of GPZs are concentrated mainly in 
the western part of the river basin. This part is considered 

Fig. 4   Groundwater potential 
zones map generated by the 
AHP model in the Al-Alqerdaha 
River basin

Table 8   Different areas of groundwater zone classification

Groundwater zones availability 
degree

Area (Km2) %

Very low 21.39 10.87
Low 52.45 26.65
Moderate 65.64 33.35
High 40.45 20.55
Very high 16.90 8.58

Fig. 5   ROC and AUC curve for the groundwater potential zones map 
produced by the AHP model
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a riverine and marine depositional environment with 
highly permeable lithological formations, including sands 
and sandstones. Moreover, the plain geomorphological 
characteristics reduce the surface runoff velocity, thus the 
possibility of higher groundwater recharge. Also, the very 
high GPZs are determined in the easternmost study basin. 
The high precipitation values with dissected calcareous 
lithological formations have greatly enhanced groundwater 
recharge in those areas. The high and moderate GPZs 
dominated most of the AlAlqerdaha River basin, especially 
in the central and eastern parts. These areas are characterized 
by Marl and Dolomite lithological formations, agricultural 
and forest vegetation covers, high geological lineaments 
density and high precipitation rate (1000–1200 mm). Steep 
slope and low discharge intensity factors combined with 
low permeability lithological formations achieve low and 
very low GPZs. These areas, however, are distributed on 
the central and eastern slopes of the AlAlqerdaha River 
basin. Overall, the result emphasized the great importance 
of lithological and geomorphological factors, especially 
the slope, in controlling the spatial allocation of GPZs in 
AlAlqerdaha River basin.

The results in this evaluation demonstrated the high 
efficiency of the AHP model in identifying the zons with 
high potential for groundwater resources in the study 
basin. This model achieved high predictive ability with an 
AUC value of 87.7% in identifying GPZs. This result is 
consistent with many evaluations conducted in the Eastern 
Mediterranean (Aykut 2021a, b; Sulaiman and Mustafa 
2023). RS and GIS techniques have proven highly efficient 
in producing a GPZs map in a data-scarce area such as 
western Syria. Moreover, providing reliable spatial data 
with proper derivation of its layers represented a major 
challenge. Therefore, the approach used in this assessment 
can be applied in other watersheds in Syria, thus enhancing 
the sustainable management of groundwater resources.

Syria was estimated to have the highest decrease in 
groundwater storage capacity between January 2003 and 
December 2014 (Faour and Fayad 2014; Hassan and Krepl 
2015; Lezzaik and Milewski 2018) among other Middle 
East and North African countries. The same study reports 
that this change sharply correlates with population density. 
Population density dynamics in Syria are expected to obey 
certain climate and war-related stresses, as reported between 
2006 and 2010 (Kattaa et al. 2010; Mourad and Alshihabi  
2016;  Ash and Obradovich 2020). Thus, the expected 
climate and conflict-induced inner migration will directly 
impact the groundwater storage capacity. At this stage, it 
could include only LU/LC data as evidence of anthropogenic 
activities. Due to a lack of available data, we could not 
integrate the other social criteria into the model. However, 
future studies must consider the integration of climate-
related variables and a broader gradient of socio-political 

aspects in groundwater prediction models. Diverse scenarios 
about the future climate and war-related social dynamics will 
better inform groundwater management authorities to enable 
a more resilient and sustainable future in countries like Syria 
and the Eastern Mediterranean. One of the disadvantages of 
the AHP method used in this evaluation is the definition of 
class limits and weights assigned to each influencing factor. 
These weights are determined based on the feelings and 
experience of experts and the user's ability to distinguish 
and self-determine the limits of each class. Therefore, using 
the AHP technique requires extreme caution to achieve the 
least amount of bias possible (Ki et al. 2023).

Determining GPZs is of utmost importance in western 
Syria, especially areas with high groundwater potential 
as a result of high population density. Importantly, 
this identification can contribute to the speed of socio-
economic recovery in the post-war period in the study 
area by developing the agricultural sector, meeting the 
population’s water requirements, enhancing tourism and 
industrial investment opportunities, conserving other natural 
resources, and establishing water infrastructure projects, 
especially rain-harvesting reservoirs.

Conclusion

In this study, remote sensing and geographic information 
system were introduced and evaluated the AHP model 
as an feasible tool for delineating the GPZs within the 
AlAlqerdaha basin of the Syrian coastal basin. As a first step 
toward preparing the thematic permeability layers, we used 
slope, geomorphology, lithology, TWI, lineament density, 
LU/LC, drainage density, soil, rainfall, and curvature data. 
The last step in our methodology was to identify appropriate 
charge areas, i.e., potential groundwater zones, by overlaying 
the artificial groundwater recharge with two- and three-
dimension drainage map. However, the findings suggest 
that the AlAlqerdaha River basin area was categorized into 
five GPZs: very low, 21.39 km2 (10.87%); low, 52.45 km2 
(26.65%); moderate, 65.64 km2 (33.35%); high, 40.45 km2 
(20.55%) and very high, 16.90 km2 (8.58%). High and very 
high GPZs mainly denoted to the western regions of the 
River basin. The AHP-based spatial modeling indicated that 
the GPZ maps showed an excellent acceptable reciprocity 
with well locations (AUC = 87.7%, n = 74). Additionally, the 
results of the mapping and AUCs were in good agreement 
with well data.

This study provided a reliable approach to demarcate 
GPZs in a unique area in western Syria that suffers from poor 
groundwater management procedures as a result of the war. 
The outputs of this assessment provide important values that 
help local decision-makers create and implement sustainable 
and resilient groundwater management strategies. Moreover, 
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the approach applied in this evaluation can be implemented 
on other river basins in Syria.

Acknowledgements  Authors thankfully acknowledge the Deanship 
of Scientific Research for proving administrative and financial 
supports. Funding for this research was given under award numbers 
RGP2/411/44 by the Deanship of Scientific Research; King Khalid 
University, Ministry of Education, Kingdom of Saudi Arabia

Author contributions  HGA, DKV and KA contributed to Methodology, 
HGA, HA and KA contributed to Software, HGA, DKV, AAB, JM, 
HA, CBP and SKM contributed to Formal analysis and investigation. 
DKV, JM, HGA, HA and SKM contributed to visualization, HGA, 
DKV, KA, KCAK and JAA contributed to Writing—original 
draft preparation, SKM, AK, HGA, AAB and AH contributed to 
Writing–review and editing, HGA, AH, AK and JAA contributed to 
Supervision. All authors have read and agreed to the published version 
of the manuscript.

Funding  Authors thankfully acknowledge the Deanship of Scientific 
Research for proving administrative and financial supports. Funding 
for this research was given under award numbers RGP2/411/44 by the 
Deanship of Scientific Research; King Khalid University, Ministry of 
Education, Kingdom of Saudi Arabia.

Data availability  The data that support the findings of this study are 
available on request from the corresponding author.

Declarations 

Conflict of interest  The authors have no conflicts of interest to declare.

Ethical approval  Disclosure of potential conflicts of interest

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article's Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article's Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​
org/​licen​ses/​by/4.​0/.

References

Abbara A, Zakieh O, Rayes D, Collin SM, Almhawish N, Sullivan 
R, Aladhan I, Tarnas M, Whalen-Browne M, Omar M, Tarakji 
A, Karah N (2021) Weaponizing water as an instrument of 
war in Syria: impact on diarrhoeal disease in Idlib and Aleppo 
governorates, 2011–2019. Int J Infect Dis 108:202–208. https://​
doi.​org/​10.​1016/j.​ijid.​2021.​05.​030

Abdo HG (2018) Impacts of war in Syria on vegetation dynamics and 
erosion risks in Safita area, Tartous Syria. Reg Environ Change 
18(6):1707–1719

Abdo HG (2020) Evolving a total-evaluation map of flash flood 
hazard for hydro-prioritization based on geohydromorphometric 
parameters and GIS–RS manner in Al-Hussain river basin, 
Tartous Syria. Nat Hazards 104(1):681–703

Abdo HG, Richi SM (2024) Application of machine learning in 
the assessment of landslide susceptibility: a case study of 
mountainous eastern Mediterranean region, Syria. J King Saud 
Univ Sci 36(5):103174

Abdo H, Salloum J (2017) Spatial assessment of soil erosion in 
Alqerdaha basin (Syria). Model Earth Syst Environ 3(1):1–7. 
https://​doi.​org/​10.​1007/​s40808-​017-​0294-z

Abrar H, Legesse Kura A, Esayas Dube E, Likisa BD (2023) AHP 
based analysis of groundwater potential in the western 
escarpment of the Ethiopian rift valley. Geol Ecol Landsc 
7(3):175–188

Achu AL, Thomas J, Reghunath R (2020) Multi-criteria decision 
analysis for delineation of groundwater potential zones in a 
tropical river basin using remote sensing, GIS and analytical 
hierarchy process (AHP). Groundw Sustain Dev 10:100365

Ahmad I, Hasan H, Jilani MM, Ahmed SI (2023) Mapping potential 
groundwater accumulation zones for Karachi city using GIS and 
AHP techniques. Environ Monit Assess 195(3):381

Ahmed A, Ranasinghe-Arachchilage C, Alrajhi A, Hewa G (2021) 
Comparison of multicriteria decision-making techniques for 
groundwater recharge potential zonation: case study of the 
Willochra basin South Australia. Water 13:525. https://​doi.​org/​
10.​3390/​w1304​0525

Allafta H, Opp C, Patra S (2020) Identification of groundwater 
potential zones using remote sensing and GIS techniques: a case 
study of the Shatt Al-Arab basin. Remote Sens 13(1):112

Alrawi I, Chen J, Othman AA (2022) Groundwater potential zone 
mapping: integration of multi-criteria decision analysis (MCDA) 
and GIS techniques for the Al-Qalamoun region in Syria. ISPRS 
Int J Geo Inf 11(12):603

Al-Ruzouq S, Yilmaz I, Mukherjee K et al (2019) Dam site suitability 
mapping and analysis using an integrated GIS and machine 
learning approach. Water 11:1880. https://​doi.​org/​10.​3390/​
w1109​1880

Alsafadi K, Mohammed S, Habib H, Kiwan S, Hennawi S, Sharaf 
M (2020) An integration of bioclimatic, soil, and topographic 
indicators for viticulture suitability using multi-criteria 
evaluation: a case study in the Western slopes of Jabal Al Arab—
Syria. Geocarto Int 35(13):1466–1488

Alsafadi K, Bi S, Bashir B, Hagras A, Alatrach B, Harsanyi E, 
Alsalman A, Mohammed S (2022) Land suitability evaluation for 
citrus cultivation (Citrus ssp.) in the southwestern Egyptian delta: 
a GIS technique-based geospatial MCE-AHP framework. Arab J 
Geosci 15(3):307. https://​doi.​org/​10.​1007/​s12517-​022-​09592-4

Alsafadi K, Bi S, Abdo HG, Almohamad H, Alatrach B, Srivastava 
AK, Mohammed S (2023) Modeling the impacts of projected 
climate change on wheat crop suitability in semi-arid regions 
using the AHP-based weighted climatic suitability index and 
CMIP6. Geosci Lett 10(1):1–21

Al-Shabeeb AA-R, Al-Adamat R, Al-Fugara A, Al-Amoush H, 
AlAyyash S (2018) Delineating groundwater potential zones 
within the Azraq basin of Central Jordan using multicriteria 
GIS analysis. Groundw Sustain Dev 7:82–90. https://​doi.​org/​10.​
1016/j.​gsd.​2018.​03.​011

Arun Kumar KC, Obi Reddy GP, Masilamani P, Sandeep P (2021) 
Spatial modelling for identification of groundwater potential 
zones in semi-arid ecosystem of southern India using Sentinel-2 
data, GIS and bivariate statistical models. Arab J Geosci 14:1362. 
https://​doi.​org/​10.​1007/​s12517-​021-​07669-0

Ash K, Obradovich N (2020) Climatic stress, internal migration, and 
Syrian civil war onset. J Conflict Resolut 64:3–31. https://​doi.​
org/​10.​1177/​00220​02719​864140

Aw-Hassan A, Rida F, Telleria R, Bruggeman A (2014) The impact 
of food and agricultural policies on groundwater use in Syria. J 
Hydrol 513:204–215

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ijid.2021.05.030
https://doi.org/10.1016/j.ijid.2021.05.030
https://doi.org/10.1007/s40808-017-0294-z
https://doi.org/10.3390/w13040525
https://doi.org/10.3390/w13040525
https://doi.org/10.3390/w11091880
https://doi.org/10.3390/w11091880
https://doi.org/10.1007/s12517-022-09592-4
https://doi.org/10.1016/j.gsd.2018.03.011
https://doi.org/10.1016/j.gsd.2018.03.011
https://doi.org/10.1007/s12517-021-07669-0
https://doi.org/10.1177/0022002719864140
https://doi.org/10.1177/0022002719864140


	 Applied Water Science          (2024) 14:160   160   Page 16 of 19

Aykut T (2021a) Determination of groundwater potential zones using 
geographical information systems (GIS) and analytic hierarchy 
process (AHP) between Edirne–Kalkansogut (Northwestern 
Turkey). Groundw Sustain Dev 12:100545. https://​doi.​org/​10.​
1016/j.​gsd.​2021.​100545

Aykut T (2021b) Determination of groundwater potential zones using 
geographical information systems (GIS) and analytic hierarchy 
process (AHP) between Edirne-Kalkansogut (northwestern 
Turkey). Groundw Sustain Dev 12:100545

Baba A, Karem RA, Yazdani H (2021) Groundwater resources and 
quality in Syria. Groundw Sustain Dev 14:100617

Baghel S, Tripathi MP, Khalkho D, Al-Ansari N, Kumar A, Elbeltagi 
A (2023) Delineation of suitable sites for groundwater recharge 
based on groundwater potential with RS, GIS, and AHP approach 
for Mand catchment of Mahanadi basin. Sci Rep 13(1):9860

Barua S, Mukhopadhyay BP, Bera A (2021) Integrated assessment of 
groundwater potential zone under agricultural dominated areas 
in the western part of Dakshin Dinajpur district, West Bengal, 
India. Arab J Geosci 14:1–17

Benjmel K, Amraoui F, Boutaleb S, Ouchchen M, Tahiri A, Touab A 
(2020) Mapping of groundwater potential zones in crystalline 
terrain using remote sensing, GIS techniques, and multicriteria 
data analysis (Case of the Ighrem Region, Western Anti-Atlas, 
Morocco). Water 12(2):471

Bera A, Mukhopadhyay BP, Barua S (2020) Delineation of groundwater 
potential zones in Karha river basin, Maharashtra, India, using 
AHP and geospatial techniques. Arab J Geosci 13:1–21

Beven KJ, Kirkby MJ (1979) A physically based, variable contributing 
area model of basin hydrology/Un modèle à base physique de 
zone d’appel variable de l’hydrologie du bassin versant. Hydrol 
Sci J 24(1):43–69

Bhuyan M J, and Deka N (2022). Delineation of groundwater potential 
zones at micro-spatial units of Nagaon district in Assam, India, 
using GIS-based MCDA and AHP techniques. Environmental 
Science and Pollution Research. 1–22

Biswas S, Mukhopadhyay BP, Bera A (2020) Delineating groundwater 
potential zones of agriculture dominated landscapes using GIS 
based AHP techniques: a case study from Uttar Dinajpur district, 
West Bengal. Environ Earth Sci 79:1–25

Chaudhry AK, Kumar K, Alam MA (2021) Mapping of groundwater 
potential zones using the fuzzy analytic hierarchy process and 
geospatial technique. Geocarto Int 36(20):2323–2344

Das S (2019) Comparison among influencing factor, frequency ratio, 
and analytical hierarchy process techniques for groundwater 
potential zonation in Vaitarna basin, Maharashtra India. 
Groundw Sustain Dev 8:617–629. https://​doi.​org/​10.​1016/j.​gsd.​
2019.​03.​003

Das S, Mukherjee J, Bhattacharyya S, Patel PP, Banerjee A (2022) 
Detection of groundwater potential zones using analytical 
hierarchical process (AHP) for a tropical river basin in the 
Western Ghats of India. Environ Earth Sci 81(16):416

Dentico N, Ghribi M (2023) Waters that unite: an interactive interview 
with Mounir Ghribi. Development 66(1–2):84–88. https://​doi.​
org/​10.​1057/​s41301-​023-​00372-5

Echogdali FZ, Boutaleb S, Bendarma A, Saidi ME, Aadraoui M, 
Abioui M, Sajinkumar KS (2022) Application of analytical 
hierarchy process and geophysical method for groundwater 
potential mapping in the Tata basin Morocco. Water 14(15):2393

Elvis BWW, Arsene M, Théophile NM, Bruno KME, Olivier OA 
(2022) Integration of shannon entropy (SE), frequency ratio 
(FR) and analytical hierarchy process (AHP) in GIS for suitable 
groundwater potential zones targeting in the Yoyo river basin, 
Méiganga area, Adamawa Cameroon. J Hydrol: Reg Stud 
39:100997

Faour G, Fayad A (2014) Water environment in the coastal basins of 
Syria–assessing the impacts of the war. Environ Process 1:533–
552. https://​doi.​org/​10.​1007/​s40710-​014-​0043-5

Genjula W, Jothimani M, Gunalan J, Abebe A (2023) Applications of 
statistical and AHP models in groundwater potential mapping in 
the Mensa river catchment, Omo river valley Ethiopia. Model 
Earth Syst Environ 9(4):4057–4075

Ghadeer S (2022) Grain size analysis and characterization of 
sedimentary environment of the surface sediments along the 
Syrian Coast, Umm al-Tuyour (Latakia). Mar Geores Geotechnol 
42(2):141–148

Ghanim AA, Al-Areeq AM, Benaafi M, Al-Suwaiyan MS, Aghbari 
AAA, Alyami M (2023) Mapping groundwater potential zones 
in the Habawnah basin of Southern Saudi Arabia: an AHP-and 
GIS-based approach. Sustainability 15(13):10075

Golla V, Badapalli PK, Etikal B, Sivakumar VL, Telkar SK (2022) 
Delineation of groundwater potential zones in semi-aridregion 
(Ananatapuram) using geospatial techniques. Mater Today Proc 
50:600–606. https://​doi.​org/​10.​1016/j.​matpr.​2021.​02.​239

Grimm K, Tahmasebi Nasab M, Chu X (2018) TWI computations and 
topographic analysis of depression-dominated surfaces. Water 
10(5):663

Haghizadeh A, Moghaddam DD, Pourghasemi HR (2017) GIS-based 
bivariate statistical techniques for groundwater potential analysis 
(an example of Iran). J Earth Syst Sci 126:109. https://​doi.​org/​
10.​1007/​s12040-​017-​0888-x

Halder B, Banik P, Almohamad H, Al Dughairi AA, Al-Mutiry M, Al 
Shahrani HF, Abdo HG (2022) Land suitability investigation for 
solar power plant using GIS, AHP and multi-criteria decision 
approach: a case of megacity Kolkata, West Bengal India. 
Sustainability 14(18):11276

Hassan N, Krepl V (2015) Population growth and its environmental 
impact in Syria: a case study of Lattakia region Africa. J Agric 
Res 10(4):161–169

Ifediegwu SI (2022a) Assessment of groundwater potential zones 
using GIS and AHP techniques: a case study of the Lafia district, 
Nasarawa State Nigeria. Appl Water Sci 12(1):10

Ifediegwu SI (2022b) Assessment of groundwater potential zones 
using GIS and AHP techniques: a case study of the Lafia district, 
Nasarawa State Nigeria. Appl Water Sci 12:10. https://​doi.​org/​
10.​1007/​s13201-​021-​01556-5

Ikirri M, Boutaleb S, Ibraheem IM, Abioui M, Echogdali FZ, 
Abdelrahman K, Faik F (2023) Delineation of groundwater 
potential area using an AHP, remote sensing, and GIS techniques 
in the Ifni basin, Western Anti-Atlas Morocco. Water 15(7):1436

Islam F, Tariq A, Guluzade R, Zhao N, Shah SU, Ullah M, Aslam M 
(2023) Comparative analysis of GIS and RS based models for 
delineation of groundwater potential zone mapping. Geomat Nat 
Hazard Risk 14(1):2216852

Kadam AK, Umrikar BN, Sankhua RN (2020) Assessment of recharge 
potential zones for groundwater development and management 
using geospatial and MCDA technologies in semi-arid region 
of Western India. SN Appl Sci 2:312. https://​doi.​org/​10.​1007/​
s42452-​020-​2079-7

Kanagaraj G, Suganthi S, Elango L, Magesh NS (2019) Assessment 
of groundwater potential zones in Vellore district, Tamil Nadu, 
India using geospatial techniques. Earth Sci Inf 12:211–223

Kattaa B, Al-Fares W, Al Charideh AR (2010) Groundwater 
vulnerability assessment for the Banyas Catchment of the Syrian 
coastal area using GIS and the RISKE method. J Environ Manag 
91(5):1103–1110. https://​doi.​org/​10.​1016/j.​jenvm​an.​2009.​12.​008

Kessar C, Benkesmia Y, Blissag B, Beldjilali B, (2020) Gis based 
analytical hierarchical process for the assessment of groundwater 
potential zones in Wadi Saida watershed (NW-ALGERIA), in: 
2020 Mediterranean and Middle-East Geoscience and Remote 

https://doi.org/10.1016/j.gsd.2021.100545
https://doi.org/10.1016/j.gsd.2021.100545
https://doi.org/10.1016/j.gsd.2019.03.003
https://doi.org/10.1016/j.gsd.2019.03.003
https://doi.org/10.1057/s41301-023-00372-5
https://doi.org/10.1057/s41301-023-00372-5
https://doi.org/10.1007/s40710-014-0043-5
https://doi.org/10.1016/j.matpr.2021.02.239
https://doi.org/10.1007/s12040-017-0888-x
https://doi.org/10.1007/s12040-017-0888-x
https://doi.org/10.1007/s13201-021-01556-5
https://doi.org/10.1007/s13201-021-01556-5
https://doi.org/10.1007/s42452-020-2079-7
https://doi.org/10.1007/s42452-020-2079-7
https://doi.org/10.1016/j.jenvman.2009.12.008


Applied Water Science          (2024) 14:160 	 Page 17 of 19    160 

Sensing Symposium (M2GARSS) IEEE, pp 277–280 https://​doi.​
org/​10.​1109/​M2GAR​SS471​43.​2020.​91053​15

Ki I, Chakroun H, Koussoube Y, Zouari K (2023) Assessment 
of aquifer recharge potential using remote sensing, GIS 
and the analytical hierarchy process (AHP) combined with 
hydrochemical and isotope data (Tamassari basin, Burkina 
Faso). Water 15(4):650

Kordestani MD, Naghibi SA, Hashemi H, Ahmadi K, Kalantar B, 
Pradhan B (2019) Groundwater potential mapping using a 
novel data-mining ensemble model. Hydrogeol J 27:211–224. 
https://​doi.​org/​10.​1007/​s10040-​018-​1848-5

Kumar A, Krishna AP (2018) Assessment of groundwater potential 
zones in coal mining impacted hard-rock terrain of India by 
integrating geospatial and analytic hierarchy process (AHP) 
approach. Geocarto Int 33:105–129. https://​doi.​org/​10.​1080/​
10106​049.​2016.​12323​14

Lecart M, Dobbelaere T, Alaerts L, Randresihaja NR, Mohammed 
AV, Vethamony P, Hanert E (2024) Land reclamation and its 
consequences: a 40-year analysis of water residence time in Doha 
Bay Qatar. Plos one 19(1):e0296715. https://​doi.​org/​10.​1371/​
journ​al.​pone.​02967​15

Lezzaik K, Milewski A (2018) A quantitative assessment of 
groundwater resources in the Middle East and North Africa 
region. Hydrogeol J 26:251–266. https://​doi.​org/​10.​1007/​
s10040-​017-​1646-5

Magaia LA, Goto T, Masoud AA, Koike K (2018) Identifying 
groundwater potential in crystalline basement rocks using 
remote sensing and electromagnetic sounding techniques in 
central Western Mozambique. Nat Resour Res 27:275–298. 
https://​doi.​org/​10.​1007/​s11053-​017-​9360-5

Maity B, Mallick SK, Das P, Rudra S (2022) Comparative analysis 
of groundwater potentiality zone using fuzzy AHP, frequency 
ratio and Bayesian weights of evidence methods. Appl Water 
Sci 12(4):63

Mallick SK, Rudra S (2021) Analysis of groundwater potentiality zones 
of Siliguri urban agglomeration using GIS-based fuzzy-AHP 
approach, in: Shit PK, Bhunia GS, Adhikary PP, Dash, CJ (Eds) 
Groundwater and Society. Springer International Publishing, 
Cham. pp 141–160 https://​doi.​org/​10.​1007/​978-3-​030-​64136-8_7

Mallick S K, Maity B, Das P, Rudra S (2023) GIS-based groundwater 
recharge potentiality analysis using frequency ratio and weights 
of evidence models,in: Shit PK, Bhunia GS, Adhikary PP, Dash 
CJ (Eds) Case Studies in Geospatial Applications to Groundwater 
Resources Elsevier. pp 91–108. https://​doi.​org/​10.​1016/​B978-0-​
323-​99963-2.​00016-X

Melese T, Belay T (2022a) Groundwater potential zone mapping using 
analytical hierarchy process and GIS in Muga watershed, Abay 
basin Ethiopia. Glob Chall 6(1):2100068

Melese T, Belay T (2022b) Groundwater potential zone mapping using 
analytical hierarchy process and GIS in Muga watershed, Abay 
basin Ethiopia. Glob Chall 6:2100068. https://​doi.​org/​10.​1002/​
gch2.​20210​0068

Mohammady M, Pourghasemi HR, Pradhan B (2012) Landslide 
susceptibility mapping at Golestan Province, Iran: a comparison 
between frequency ratio, Dempster-Shafer, and weights-of-
evidence models. J Asian Earth Sci 61:221–236. https://​doi.​org/​
10.​1016/j.​jseaes.​2012.​10.​005

Mohammed S, Abdo HG, Szabo S, Pham QB, Holb IJ, Linh NT, 
Anh DT, Alsafadi K, Mokhtar A, Kbibo I, Ibrahim J (2020a) 
Estimating human impacts on soil erosion considering different 
hillslope inclinations and land uses in the coastal region of Syria. 
Water 12(10):2786

Mohammed SA, Alkerdi A, Nagy J, Harsányi E (2020b) Syrian crisis 
repercussions on the agricultural sector: case study of wheat, 
cotton and olives. Reg Sci Policy Pract 12(3):519–537

Moodley T, Seyam M, Abunama T, Bux F (2022) Delineation of 
groundwater potential zones in KwaZulu-Natal, South Africa 
using remote sensing, GIS and AHP. J Afr Earth Sc 193:104571

Mourad KA, Alshihabi O (2016) Assessment of future Syrian water 
resources supply and demand by the WEAP model. Hydrol Sci 
J 61:393–401. https://​doi.​org/​10.​1080/​02626​667.​2014.​999779

Muavhi N, Thamaga KH, Mutoti MI (2022) Mapping groundwater 
potential zones using relative frequency ratio, analytic hierarchy 
process and their hybrid models: case of Nzhelele-Makhado area 
in South Africa. Geocarto Int 37(21):6311–6330

Naceur HA, Abdo HG, Igmoullan B, Namous M, Almohamad H, Al 
Dughairi AA, Al-Mutiry M (2022) Performance assessment of 
the landslide susceptibility modelling using the support vector 
machine, radial basis function network, and weight of evidence 
models in the N’fis river basin Morocco. Geosci Lett 9(1):1–20. 
https://​doi.​org/​10.​1186/​s40562-​022-​00249-4

Ndhlovu GZ, Woyessa YE (2021) Integrated assessment of 
groundwater potential using geospatial techniques in Southern 
Africa: a case study in the Zambezi river basin. Water 13:2610. 
https://​doi.​org/​10.​3390/​w1319​2610

Nosrati K, Van Den Eeckhaut M (2012) Assessment of groundwater 
quality using multivariate statistical techniques in Hashtgerd 
Plain Iran. Environ Earth Sci 65:331–344. https://​doi.​org/​10.​
1007/​s12665-​011-​1092-y

Nowreen S, Newton IH, Zzaman RU, Islam AS, Islam GT, Alam 
MS (2021) Development of potential map for groundwater 
abstraction in the northwest region of Bangladesh using RS-GIS-
based weighted overlay analysis and water-table-fluctuation 
technique. Environ Monit Assess 193:1–17

Owuor SO, Butterbach-Bahl K, Guzha AC, Rufino MC, Pelster DE, 
Díaz-Pinés E, Breuer L (2016) Groundwater recharge rates and 
surface runoff response to land use and land cover changes in 
semi-arid environments. Ecol Process 5(1):1–21

Pagano M, Fernetti M, Busetti M, Ghribi M, Camerlenghi A (2023) 
Multicriteria GIS -based analysis for the evaluation of the 
vulnerability of the marine environment in the Gulf of Trieste 
(north‐eastern Adriatic Sea) for sustainable blue economy and 
maritime spatial planning. Abstract RIASSUNTO. People Nat 
5(6):2006–2025. https://​doi.​org/​10.​1002/​pan3.​v5.​6 10.​1002/​
pan3.​10537

Panahi MR, Mousavi SM, Rahimzadegan M (2017) Delineation of 
groundwater potential zones using remote sensing, GIS, and 
AHP technique in Tehran-Karaj plain. Iran Environ Earth Sci 
76:792. https://​doi.​org/​10.​1007/​s12665-​017-​7126-3

Pourghasemi HR, Moradi HR, Fatemi Aghda SM (2013) Landslide 
susceptibility mapping by binary logistic regression, analytical 
hierarchy process, and statistical index models and assessment 
of their performances. Nat Hazards 69:749–779. https://​doi.​org/​
10.​1007/​s11069-​013-​0728-5

Rahmati O, Nazari Samani A, Mahdavi M, Pourghasemi HR, Zeinivand 
H (2015) Groundwater potential mapping at Kurdistan region 
of Iran using analytic hierarchy process and GIS. Arab J Geosci 
8:7059–7071. https://​doi.​org/​10.​1007/​s12517-​014-​1668-4

Rajendran S, Al Kuwari HA, Sadooni FN, Nasir S, Govil H, Ghrefat 
H (2023) Remote sensing of desertification and study of temporal 
variability of aeolian deposits in parts of the Arabian Desert for 
sustainable development in an arid environment Environmental 
Research 232:116279. https://​doi.​org/​10.​1016/j.​envres.​2023.​
116279

Rane NL, Achari A, Choudhary SP, Mallick SK, Pande CB, Srivastava 
A, Moharir KN (2023) A decision framework for potential dam 
site selection using GIS, MIF and TOPSIS in Ulhas river basin 
India. J Clean Prod 423:138890

Rather AF, Ahmed R, Wani GF, Ahmad ST, Dar T, Javaid S, Ahmed 
P (2022) Mapping of groundwater potential zones in Pohru 
Watershed of Jhelum basin–Western Himalaya, India using 

https://doi.org/10.1109/M2GARSS47143.2020.9105315
https://doi.org/10.1109/M2GARSS47143.2020.9105315
https://doi.org/10.1007/s10040-018-1848-5
https://doi.org/10.1080/10106049.2016.1232314
https://doi.org/10.1080/10106049.2016.1232314
https://doi.org/10.1371/journal.pone.0296715
https://doi.org/10.1371/journal.pone.0296715
https://doi.org/10.1007/s10040-017-1646-5
https://doi.org/10.1007/s10040-017-1646-5
https://doi.org/10.1007/s11053-017-9360-5
https://doi.org/10.1007/978-3-030-64136-8_7
https://doi.org/10.1016/B978-0-323-99963-2.00016-X
https://doi.org/10.1016/B978-0-323-99963-2.00016-X
https://doi.org/10.1002/gch2.202100068
https://doi.org/10.1002/gch2.202100068
https://doi.org/10.1016/j.jseaes.2012.10.005
https://doi.org/10.1016/j.jseaes.2012.10.005
https://doi.org/10.1080/02626667.2014.999779
https://doi.org/10.1186/s40562-022-00249-4
https://doi.org/10.3390/w13192610
https://doi.org/10.1007/s12665-011-1092-y
https://doi.org/10.1007/s12665-011-1092-y
https://doi.org/10.1002/pan3.v5.6 10.1002/pan3.10537
https://doi.org/10.1002/pan3.v5.6 10.1002/pan3.10537
https://doi.org/10.1007/s12665-017-7126-3
https://doi.org/10.1007/s11069-013-0728-5
https://doi.org/10.1007/s11069-013-0728-5
https://doi.org/10.1007/s12517-014-1668-4
https://doi.org/10.1016/j.envres.2023.116279
https://doi.org/10.1016/j.envres.2023.116279


	 Applied Water Science          (2024) 14:160   160   Page 18 of 19

integrated approach of remote sensing. GIS AHP Earth Sci Inf 
15(4):2091–2107

Rendana M, Mohd Razi Idris W, Abdul Rahim S (2023) Flood risk 
and shelter suitability mapping using geospatial technique for 
sustainable urban flood management: a case study in Palembang 
city, South Sumatera, Indonesia. Geol Ecol Landsc 24:1–11

Rezaie-Boroon MH, Chaney J, Bowers B (2014) The source of arsenic 
and nitrate in Borrego valley groundwater aquifer. J Water Res 
Prot 6:1589. https://​doi.​org/​10.​4236/​jwarp.​2014.​617145

Roy S, Hazra S, Chanda A, Das S (2020) Assessment of groundwater 
potential zones using multi-criteria decision-making technique: a 
micro-level case study from red and lateritic zone (RLZ) of West 
Bengal, India. Sustain Water Res Manag 6:1–14

Roy S, Bose A, Mandal G (2022) Modeling and mapping geospatial 
distribution of groundwater potential zones in Darjeeling 
Himalayan region of India using analytical hierarchy process and 
GIS technique. Model Earth Syst Environ 8:1563–1584. https://​
doi.​org/​10.​1007/​s40808-​021-​01174-9

Saaty TL (1977) A scaling method for priorities in hierarchical 
structures. J Math Psychol 15:234–281. https://​doi.​org/​10.​1016/​
0022-​2496(77)​90033-5

Saaty TL (1980) The Analytic Hierarchy Process. McGraw-Hill, New 
York

Saaty TL (1990) How to make a decision: the analytic hierarchy 
process. Eur J Oper Res 48(1):9–26

Saaty T L (2001) Decision making for leaders: the analytic hierarchy 
process for decisions in a complex world. RWS publications

Sadek M, Ewes R, Hussien R, Mohamed F (2021) Using analytical 
hierarchy process integrated with geographic information system 
and remote sensing (AHP/GIS/RS) for mapping groundwater 
potentiality in West El-Minia area upper Egypt. J Nucl Technol 
Appl Sci 9(1):33–46

Saranya T, Saravanan S (2020) Groundwater potential zone 
mapping using analytical hierarchy process (AHP) and 
GIS for Kancheepuram District, Tamilnadu India. Model 
Earth Syst Environ 6:1105–1122. https://​doi.​org/​10.​1007/​
s40808-​020-​00744-7

Sarkar P, Kumar P, Vishwakarma DK, Ashok A, Elbeltagi A, Gupta 
S, Kuriqi A (2022) Watershed prioritization using morphometric 
analysis by MCDM approaches. Ecol Inform 70:101763. https://​
doi.​org/​10.​1016/j.​ecoinf.​2022.​101763

Sherif M, Sefelnasr A, Al Rashed M, Alshamsi D, Zaidi F K, Alghafli 
K, and Ebraheem A A (2023) A review of managed aquifer 
recharge potential in the Middle East and North Africa Region 

with examples from the Kingdom of Saudi Arabia and the United 
Arab Emirates. Water. 15(4):742

Sulaiman WH, Mustafa YT (2023) Geospatial multi-criteria evaluation 
using AHP–GIS to delineate groundwater potential zones in 
Zakho basin, Kurdistan Region Iraq. Earth 4(3):655–675

Taylor RG, Scanlon B, Döll P, Rodell M, van Beek R, Wada Y, 
Longuevergne L, Leblanc M, Famiglietti JS, Edmunds M, 
Konikow L, Green TR, Chen J, Taniguchi M, Bierkens MFP, 
MacDonald A, Fan Y, Maxwell RM, Yechieli Y, Gurdak JJ, Allen 
DM, Shamsudduha M, Hiscock K, Yeh PJ-F, Holman I, Treidel 
H (2013) Ground water and climate change. Nat Clim Chang 
3:322–329. https://​doi.​org/​10.​1038/​nclim​ate17​44

Tolche AD (2021) Groundwater potential mapping using geospatial 
techniques: a case study of Dhungeta-Ramis sub-basin, Ethiopia. 
Geol Ecol Landsc 5(1):65–80

Uc Castillo JL, Martínez Cruz DA, Ramos Leal JA, Tuxpan Vargas J, 
Rodríguez Tapia SA, Marín Celestino AE (2022) Delineation 
of groundwater potential zones (GWPZs) in a semi-arid basin 
through remote sensing, GIS, and AHP approaches. Water 
14(13):2138

Yeh H-F, Cheng Y-S, Lin H-I, Lee C-H (2016) Mapping groundwater 
recharge potential zone using a GIS approach in Hualian River 
Taiwan. Sustain Environ Res 26:33–43. https://​doi.​org/​10.​1016/j.​
serj.​2015.​09.​005

Yıldırım Ü (2021) Identification of groundwater potential zones using 
GIS and multi-criteria decision-making techniques: a case study 
upper Coruh River basin (NE Turkey). ISPRS Int J Geo-Inf 
10:396. https://​doi.​org/​10.​3390/​ijgi1​00603​96

Younes A, Ahmad A, Hanjagi AD, Nair AM (2023) Understanding 
dynamics of land use and land cover change using GIS and 
change detection techniques in Tartous, Syria. Euro J Geogr 
14(3):20–41. https://​doi.​org/​10.​48088/​ejg.a.​you.​14.3.​020.​041

Zghibi A, Mirchi A, Msaddek MH, Merzougui A, Zouhri L, Taupin 
JD, Chekirbane A, Chenini I, Tarhouni J (2020) Using analytical 
hierarchy process and multi-influencing factors to map 
groundwater recharge zones in a semi-arid Mediterranean coastal 
aquifer. Water 12(9):2525. https://​doi.​org/​10.​3390/​w1209​2525

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Hazem Ghassan Abdo1   · Dinesh Kumar Vishwakarma2   · Karam Alsafadi3 · Ahmed Ali Bindajam4 · Javed Mallick5 · 
Suraj Kumar Mallick6 · Karikkathil C. Arun Kumar7 · Jasem A. Albanai8 · Alban Kuriqi9,10   · Artan Hysa11

 *	 Hazem Ghassan Abdo 
	 hazemabdo@tartous-univ.edu.sy

	 Dinesh Kumar Vishwakarma 
	 dinesh.vishwakarma4820@gmail.com

	 Karam Alsafadi 
	 karam.alsafadi@xmu.edu.cn

	 Ahmed Ali Bindajam 
	 abindajam@kku.edu.sa

	 Javed Mallick 
	 jmallick@kku.edu.sa

	 Suraj Kumar Mallick 
	 surajkumarmallick5@gmail.com

	 Karikkathil C. Arun Kumar 
	 arunkumar.kc@yahoo.com

	 Jasem A. Albanai 
	 albanay.com@gmail.com

	 Alban Kuriqi 
	 alban.kuriqi@tecnico.ulisboa.pt

	 Artan Hysa 
	 ahysa@epoka.edu.al

1	 Geography Department, Faculty of Arts and Humanities, 
Tartous University, Tartous, Syria

https://doi.org/10.4236/jwarp.2014.617145
https://doi.org/10.1007/s40808-021-01174-9
https://doi.org/10.1007/s40808-021-01174-9
https://doi.org/10.1016/0022-2496(77)90033-5
https://doi.org/10.1016/0022-2496(77)90033-5
https://doi.org/10.1007/s40808-020-00744-7
https://doi.org/10.1007/s40808-020-00744-7
https://doi.org/10.1016/j.ecoinf.2022.101763
https://doi.org/10.1016/j.ecoinf.2022.101763
https://doi.org/10.1038/nclimate1744
https://doi.org/10.1016/j.serj.2015.09.005
https://doi.org/10.1016/j.serj.2015.09.005
https://doi.org/10.3390/ijgi10060396
https://doi.org/10.48088/ejg.a.you.14.3.020.041
https://doi.org/10.3390/w12092525
http://orcid.org/0000-0001-9283-3947
https://orcid.org/0000-0002-2421-6995
https://orcid.org/0000-0001-7464-8377


Applied Water Science          (2024) 14:160 	 Page 19 of 19    160 

2	 Department of Irrigation and Drainage Engineering, Govind 
Ballabh Pant University of Agriculture and Technology, 
Pantnagar, Uttarakhand 263145, India

3	 Key Laboratory of the Ministry of Education for Coastal 
and Wetland Ecosystems, Xiamen University, Xiamen, 
Fujian 361102, China

4	 Department of Architecture, College of Architecture 
and Planning, King Khalid University, Abha 61411, 
Saudi Arabia

5	 Department of Civil Engineering, College of Engineering, 
King Khalid University, Abha, Kingdom of Saudi Arabia

6	 Department of Geography, Shaheed Bhagat Singh College, 
University of Delhi, New Delhi 110017, India

7	 L&T Technology Services, Hyderabad, India 500081, 
Telangana

8	 School of Geography and the Environment, University 
of Oxford, Oxford, UK

9	 CERIS, Instituto Superior T’ecnico, University of Lisbon, 
1649‑004 Lisbon, Portugal

10	 Civil Engineering Department, University for Business 
and Technology, 10000 Pristina, Kosovo

11	 Department of Architecture, Epoka University, Tirana, 
Albania


	GIS-based multi-criteria decision making for delineation of potential groundwater recharge zones for sustainable resource management in the Eastern Mediterranean: a case study
	Abstract
	Introduction
	Study area settings

	Methodology
	Data collection and processing
	Criteria selection
	Calculation of AHP weightage
	GIS weighted overlay analysis
	Validation

	Results
	Assessment of groundwater potential zones
	Slope (Sl)
	Geomorphology (Ge)
	Lithology (Li)
	Topographic wetness index (TWI)
	Lineament density (LD)
	Land useland cover (LULC)
	Drainage density (DD)
	Soil (So)
	Rainfall (RF)
	Curvature (CV)

	Assessment of GPZs
	Validation of GPZs map

	Discussion
	Conclusion
	Acknowledgements 
	References


