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Abstract

The excessive exploitation of groundwater has led to a significant decline in water levels
in recent years, emphasizing the need for sustainable water resource management strate-
gies. Artificial groundwater recharge has emerged as an effective solution to address this
challenge. This study integrates Geographic Information System (GIS) and Multi-Criteria
Decision Analysis (MCDA) techniques to identify suitable areas for artificial groundwater
recharge in the Ardabil plain, located in northwest Iran. Key parameters, including geol-
ogy, slope, unsaturated zone thickness, soil texture, specific yield, drainage density, and
land use, were analyzed. These parameters were weighted using three methodologies:
Analytic Network Process (ANP), Analytic Hierarchy Process (AHP), and Fuzzy Analytic
Hierarchy Process (FAHP). The final suitability map was developed by overlaying and
combining the weighted information layers. The analysis revealed that 53.3%, 6%, and
42% of the plain area were classified as “very good” for artificial recharge according to the
AHP, FAHP, and ANP methods, respectively. The southern part of the plain was consis-
tently identified as a suitable area across all methods, characterized by pasture lands with
young alluvial sediments, a deep unsaturated zone, gentle slopes, low drainage density,
and high specific yield. To evaluate the performance of these methods, the results were
cross-validated against natural recharge estimates, considering factors influencing water
level fluctuations and recharge rates. Among the methods, ANP demonstrated the highest
consistency with natural recharge estimates, making it the preferred approach.
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1 Introduction

Iran, with its unique geographical location, lies within arid and semi-arid regions, experi-
encing significant climatic variability. The country faces challenges such as low annual rain-
fall, poor spatial and temporal distribution of precipitation, and episodes of intense rainfall
that often result in destructive floods, causing substantial loss of life, property, and natural
resources (Pakparvar et al. 2023; Saleh et al. 2023; Hayati et al. 2006). These recurrent
droughts and catastrophic floods underscore the urgent need for effective water resource
management strategies. Key approaches include surface water collection, groundwater
recharge, and regulated water use and conservation. Among these, artificial recharge of
aquifers stands out as a crucial solution to mitigate the quantitative and qualitative depletion
of groundwater reserves. This process involves the deliberate infiltration of water through
the soil, allowing it to percolate downwards through the unsaturated zone to replenish
groundwater (Bouwe 2002). To ensure the success of artificial recharge initiatives, thorough
preliminary studies and the careful selection of criteria for site identification are essential.
Accurately and efficiently identifying suitable areas for artificial groundwater recharge is
critical for optimizing water resource management.

The first operational step in managed aquifer recharge is selecting suitable sites, which
requires consideration of multiple interacting factors, such as soil texture, slope, unsaturated
zone thickness, and drainage density. Multi-Criteria Decision Analysis (MCDA) offers an
effective approach for integrating and analyzing these factors while considering technical,
economic, and environmental aspects. A variety of MCDA methods have been developed,
including the Analytic Network Process (ANP), Analytic Hierarchy Process (AHP), and
Fuzzy Analytic Hierarchy Process (FAHP). These methods have been applied across diverse
scenarios, from evaluating ecological suppliers (Shen et al. 2013) to ranking optimal sites
for artificial aquifer recharge (Kim et al. 2013). Comprehensive reviews of these methods
and their applications are available in Kiker et al. (2005) and Sallwey et al. (2019).

The geospatial dimension of site selection highlights the critical role of Geographic
Information Systems (GIS) combined with MCDA in spatially analyzing relevant factors
and generating site suitability maps. Numerous studies have demonstrated the advantages of
integrating GIS and MCDA for site selection and land allocation. For example, Sheikhipour
et al. (2018) proposed a hybrid MCDA model for sustainable aquifer management, while
Al-Weshah and Yihdego (2018) employed a multi-criteria approach to evaluate, rank, and
select remediation options. Al-Abadi et al. (2020) identified groundwater recharge zones in
southern Iraq using a GIS framework with AHP and TOPSIS methods. Jahangirzadeh and
Ghanbarzadeh Lak (2021) used the ELECTRE I method, integrated with GIS, to determine
optimal sites for floodwater spreading and artificial aquifer recharge. Similarly, Mohieldeen
et al. (2021) employed a GIS-based framework for artificial aquifer recharge to secure sus-
tainable water reserves in Qatar’s arid peninsula. Other examples include Makonyo and
Msabi (2021), who identified groundwater recharge zones in the Manyara fractured aqui-
fer using GIS and AHP, and Hussaini et al. (2022), who combined GIS and MCDA tech-
niques to locate optimal areas for managed aquifer recharge in Kabul, Afghanistan. Recent
advancements include Papadopoulos et al. (2022), who introduced a hybrid fuzzy MCDA
methodology for selecting Managed Aquifer Recharge (MAR) sites using floodwaters, and
Al Saud (2023), who mapped groundwater recharge zones in Saudi Arabia using multi-
criteria analysis and satellite imagery. Mouhoumed et al. (2023) applied an integrated FAHP
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and TOPSIS approach to delineate site suitability maps for artificial recharge in Kayseri,
Turkey. Finally, Kodihal and Akhtar (2024) utilized Ordered Weighted Averaging (OWA)
and AHP to identify sustainable recharge zones, demonstrating that the AHP-OWA combi-
nation significantly enhances the robustness of decision-making.

In the Ardabil Plain, located in northwestern Iran, the overexploitation of groundwater
resources, coupled with increasing demands for agricultural, domestic, and industrial uses,
has led to a significant decline in the water table and a reduction in aquifer capacity (Gha-
fari et al. 2018, 2021). This issue is further exacerbated by reduced atmospheric recharge
due to prolonged water scarcity and recurrent droughts. To protect and sustainably manage
the alluvial aquifer of the Ardabil Plain, a long-term and optimal management strategy is
crucial. This study aims to identify suitable areas for artificial groundwater recharge in the
Ardabil Plain by integrating GIS and MCDA methods. The analysis incorporates key factors
such as geology, unsaturated zone thickness, slope, soil texture, specific yield, drainage den-
sity, and land use. A novel aspect of this research is the comparative evaluation of different
MCDA methods for estimating artificial groundwater recharge. To validate these methods,
the study utilizes results from natural recharge estimations in the Ardabil Plain (Ghafar
2015). Since natural factors such as slope, geology, and soil texture influence recharge rates
and groundwater level fluctuations, the most accurate method is expected to align closely
with natural recharge estimations.

2 Materials and methods
2.1 Study area

The Ardabil Plain, located in northwestern Iran, covers an area of approximately
1,097.27 km? and lies within the geographic coordinates of 48°08°45” to 48°37°30” E longi-
tude and 38°02°15” to 38°31°00” N latitude. Situated in the central part of Ardabil Province,
the plain is bordered by the elevated terrain of the Alborz Mountain range (Talesh Heights)
on the eastern slopes of Mount Sabalan. Its only natural outlet is to the northwest, where the
Qarasu River drains the area.

The plain receives recharge from multiple sources, including groundwater inflow at its
boundaries, surface runoff from adjacent sub-basins, and several critical rivers, such as the
Balkhloo, Ghori, Hir, Namin, Narges, Sola Chai, and Noran, all of which contribute to the
Qarasu River system. Elevation across the plain ranges between 1,300 and 1,500 m above
sea level (masl), with slopes varying from 0 to 60%. The flattest areas, with slopes between
0% and 2%, are located in the central portions of the plain, while the slopes increase toward
the surrounding mountainous periphery.

The central region is predominantly an alluvial plain, encircled by higher elevations.
Figure 1 provides a visual representation of the Ardabil Plain and its geographic setting.

The selection of effective criteria for identifying suitable areas for artificial recharge in
the Ardabil Plain was guided by a comprehensive review of the literature, relevant research
findings, and expert opinions. The key criteria included geology, unsaturated zone thick-
ness, slope, drainage density, soil texture, specific yield, and land use. Maps corresponding
to each criterion were classified, integrated, and weighted within a GIS environment using
the ANP, AHP, and FAHP methodologies.
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Fig. 1 Location of the Ardabil Plain

2.1.1 Geology

Geological assessments play a critical role in evaluating the suitability of sites for artificial
recharge, as geological conditions significantly influence water resource availability and
behavior. Coarse-grained and calcareous alluvium are particularly favorable for aquifer for-
mation due to their high permeability, discharge capacity, and substantial storage potential.
Granular materials (such as sand) and fractured or karst formations generally exhibit supe-
rior hydraulic conductivity and water transfer efficiency (Chowdhury et al. 2010).

To develop the geological map for the study area, we utilized the 1:200,000 scale map
provided by the Geological Survey of Iran (GSI). This map was processed using ArcGIS
10.1, producing a raster layer that was subsequently classified into four distinct categories
(see Table 1).

2.1.2 Slope

Slope is a critical factor that influences both flooding and permeability. Research indicates
that areas with slopes of less than 5% are generally optimal for flood spreading and artificial
recharge (Krishnamurty et al. 1996). In contrast, steeper slopes are less suitable due to their
propensity to increase runoff, erosion, and soil instability, potentially compromising the
security of recharge basins (Kallali et al. 2007).

For the Ardabil Plain, slope suitability was assessed using a Digital Elevation Model
(DEM) with a 20-meter resolution. The resulting slope map was processed and classified
into five categories using ArcGIS 10.1, as detailed in Table 1.
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Table 1 Classification and prop-  Criterion Sub-criterion Recharge
erness of effective criteria for prospect
artificial recharge Geology Younger alluvium Excellent
Older alluvium Appropriate
Conglomerate Moderate
Others Poor
Slope (%) 0-1 Excellent
1-3 Appropriate
3-5 Moderate
5-8 Poor
8-62 Highly poor
Drainage density 0-1 Excellent
(km km?) 1-2 Appropriate
2-3 Moderate
3-6 Poor
6-10 Highly poor
Unsaturated zone 0-8 Poor
thickness (m) 8-15 Moderate
15-25 Appropriate
25-54 Excellent
Soil texture Gravelly clay loam Excellent
Clay loam Appropriate
Calcareous clay loam Moderate
Salinity clay Poor
Shallow sandy loam Highly poor
Specific yield (-) 0.013-0.04 Poor
0.04-0.07 Moderate
0.07-0.1 Appropriate
0.1-0.21 Excellent
Land use / cover Grassland Excellent
Forest Appropriate
Lake Appropriate
Wastelands Moderate
Road Poor
Agriculture Poor
Mountain poor
Urban areas Highly poor

2.1.3 Drainage density

The drainage density, denoted as u [L L™2], is defined as the ratio of the total length of all
waterways in a watershed to its area. This metric is directly related to the maximum dis-
charge within the watershed and is calculated as follows:

where L and 4 represent the length of waterways and area of the basin, respectively.

Drainage density and permeability exhibit an inverse relationship. Low-permeability
rocks reduce infiltration, resulting in greater surface runoff concentration and the formation
of more well-defined drainage systems. As a result, drainage density serves as an indirect
indicator of an area’s suitability for artificial recharge.
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To create the drainage density map, a 20-meter resolution layer of waterways was uti-
lized. This raster layer was processed and classified into five categories using ArcGIS 10.1
(see Table 1).

2.1.4 Unsaturated zone thickness

The thickness of the unsaturated zone plays a critical role in the effectiveness of artificial
recharge. A thin unsaturated zone may lead to rapid drainage, while a thicker zone suggests
extended water pathways and increased water retention. However, an excessively thick
unsaturated zone may be unsuitable for recharge applications. In areas where the alluvium
layer is thin, infiltrated water may reach the bedrock, provided other conditions are favor-
able. Conversely, in alluvial regions with shallow bedrock, ponded water can cause signifi-
cant environmental challenges, underscoring the importance of this criterion.

To determine the unsaturated zone thickness, statistical data from 26 piezometric wells
within the study area were analyzed. These data points were georeferenced in ArcGIS 10.1
using their coordinates. A continuous thickness map was then generated through kriging
interpolation and classified into four categories, as detailed in Table 1.

2.1.5 Soil texture

Soil characteristics play a crucial role in the infiltration of surface water (Selvam et al. 2016).
Soils with high clay content generally have low permeability, whereas medium-textured
soils are often more suitable for artificial recharge due to their optimal balance between
infiltration and water retention (Fernandez-Gélvez et al. 2019).

To evaluate soil suitability for recharge in the study area, a soil texture map derived from
land resource and capacity assessment studies conducted in 1994 (Ghafari et al. 2021) was
utilized. This map was processed into a raster layer using ArcGIS 10.1 software and classi-
fied into five distinct categories, as detailed in Tablel.

2.1.6 Specificyield

Specific yield represents the volume of water released from an aquifer due to drainage and
reductions in water level. Coarse-grained sediments generally exhibit higher specific yield
compared to fine-grained sediments, indicating greater storage capacity within the aquifer
(Singh et al. 2013).

In this study, specific yield values were obtained from data collected at 26 piezometric
wells within the study area (Ghaffari 2015). These values were input as point data into
ArcGIS 10.1, interpolated using the kriging method, and subsequently classified into four
distinct categories, as detailed in Tablel.

2.1.7 Land use
Certain land uses, such as residential areas, agricultural fields, gardens, and salt marshes,

can restrict groundwater recharge. In contrast, pasturelands are particularly favorable for
water catchment initiatives due to their optimal conditions for infiltration and recharge.
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The land use map for the study area was created using Google Earth and converted into
araster layer. This layer was subsequently classified in ArcGIS 10.1, with the classification
details provided in Table 1.

2.2 Integrating thematic layers

Various methods can be used to integrate thematic layers in site selection processes. In this
study, three approaches—Analytic Hierarchy Process (AHP), Analytic Network Process
(ANP), and Fuzzy Analytic Hierarchy Process (FAHP)—were applied to identify suitable
areas for artificial recharge. Criteria and sub-criteria were evaluated and weighted for each
model based on expert opinions. Consistency coefficients were calculated using Super Deci-
sions and MATLAB software to ensure reliability. The final weights derived from these
analyses are presented in the subsequent tables. A summary of each method is provided
below.

2.2.1 Analytic Hierarchy Process, AHP

The AHP, introduced by Saaty in the 1970s, is one of the most widely used tools in Multi-
Criteria Decision Analysis (MCDA) (Latinopoulos et al. 2012). This method facilitates the
hierarchical structuring of complex problems, enabling the integration of both quantitative
and qualitative factors into the decision-making process (Saat 1980). A key advantage of
AHP lies in its use of pairwise comparisons, which simplifies judgments and calculations
while providing a mechanism to assess the consistency of decisions. Notably, AHP quanti-
fies the degree of consistency and inconsistency in decision-making, which is particularly
important in MCDA applications.

The AHP process involves three main steps: (1) constructing a hierarchical tree to graphi-
cally represent the problem, (2) performing pairwise comparisons to establish the relative
weights of the criteria, and (3) calculating the consistency ratio to evaluate the reliability of
the pairwise comparison matrices. In this study, all relevant parameters were weighted using
the AHP method, and the results are detailed in Table 2.

2.2.2 Analytic Network Process, ANP

The ANP, developed by Saaty (2001) as an extension of the Analytic Hierarchy Process
(AHP), replaces the hierarchical structure with a network-based approach. ANP retains
all the strengths of AHP, such as simplicity, flexibility, and the ability to incorporate both
quantitative and qualitative criteria. However, it surpasses AHP by accounting for complex
relationships, including interdependencies and feedback loops among elements, through a
network structure (Garcia-Melon et al. 2008).

ANP models problems as networks composed of criteria, sub-criteria, and options, orga-
nized into clusters. Unlike AHP, which relies on a strictly hierarchical structure, ANP allows
for interactions both within and between clusters, enabling feedback and mutual influences
among elements. The ANP framework comprises two main components: (1) the control hier-
archy, which defines the relationships among objectives, criteria, and sub-criteria, and (2)
the network communication, which addresses dependencies among elements and clusters.

The results of the weighting process using the ANP method are provided in Table 3.
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Table2 Assigned and normal Criterion Nor- Sub- criterion Assigned Nor-
weights for artificial recharge by malized weight mal-
the AHP method weight ized
weight
Geology 0.245 Younger alluvium 5 0.417
Older alluvium 4 0.333
Conglomerate 2 0.167
Others 1 0.084
Slope (%)  0.194  0-1 6 0.333
1-3 5 0.278
3-5 4 0.222
5-8 2 0.111
8-62 1 0.056
Drainage 0.095 0-1 5.5 0.324
density (km 1-2 4.5 0.265
km-?) 2-3 4 0.235
3-6 2 0.117
6-10 1 0.059
Unsaturated 0.194  0-8 1 0.080
zone thick- 8-15 2 0.160
ness (m) 15-25 4 0.320
25-54 5.5 0.440
Soil texture 0.126  Gravelly clay loam 7 0.350
Clay loam 6 0.300
Calcareous clay 4 0.200
loam 2 0.100
Salinity clay 1 0.050
Shallow sandy loam
Specific 0.083  0.013-0.04 1 0.077
yield 0.04-0.07 2 0.154
0.07-0.1 4 0.308
0.1-0.21 6 0.462
Landuse/ 0.064  Grassland Excellent 0.258
cover Forest Appropriate  0.226
Lake Appropriate  0.226
Wastelands Moderate 0.161
Road Poor 0.065
Agriculture Poor 0.065
Mountain Poor 0.065
Urban areas Highly poor  0.032

2.2.3 Fuzzy Analytic Hierarchy Process, FAHP

The theory of fuzzy sets is a generalization and natural extension of classical set theory,
aligning closely with human language and intuition. In fuzzy sets, membership is expressed
on a continuum from full membership (1) to non-membership (0). Unlike traditional meth-
ods that assign weights using precise, crisp values, the Fuzzy Analytic Hierarchy Process
(FAHP) assigns weights within a range of 0 to 1, effectively incorporating uncertainty and
ambiguity. Basic maps are then combined using fuzzy operators such as AND, fuzzy multi-
plication, fuzzy addition, and fuzzy gamma.

While traditional logic evaluates statements as either true or false, many scientific and
real-world problems involve degrees of uncertainty that binary logic cannot adequately cap-
ture. FAHP addresses this limitation by leveraging the principles of fuzzy logic. Developed
by Chang (1996), FAHP is among the most straightforward and widely used fuzzy multi-
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Table 3 Normal weights calculated for artificial recharge by the ANP method

Aim H&G T&M PH TUZ  SY DD S G ST LU
Aim 0 0 0 0 0 0 0 0 0 0 0
H&G 0 0 0 0 0 0 0 0 0 0 0
T&M 0 0 0 0 0 0 0 0 0 0 0
PH 0 0 0 0 0 0 0 0 0 0 0

TUZ 0.0989 0.0989 0.0989 0.0989 0.0989 0.0989 0.0989 0.0989 0.0989 0.0989 0.0989
SY 0.1008 0.1008 0.1008 0.1008 0.1008 0.1008 0.1008 0.1008 0.1008 0.1008 0.1008
DD  0.1095 0.1095 0.1095 0.1095 0.1095 0.1095 0.1095 0.1095 0.1095 0.1095 0.1095
S 0.1365 0.1365 0.1365 0.1365 0.1365 0.1365 0.1365 0.1365 0.1365 0.1365 0.1365
G 0.2087 0.2087 0.2087 0.2087 0.2087 0.2087 0.2087 0.2087 0.2087 0.2087 0.2087
ST 0.2246 0.2246 0.2246 0.2246 0.2246 0.2246 0.2246 0.2246 0.2246 0.2246 0.2246
LU 0.121  0.121 0.121 0.121 0.121 0.121 0.121 0.121 0.121 0.121  0.121

TUZ thickness of Unsaturated Zone, SY specific yield, DD Drainage Density, S slope, G geology, ST
Soil texture, LU Land Use, H&G Hydrology, and geohydrology, 7&M Topography, and morphology, PH
Physics

criteria analysis methods. It employs triangular fuzzy numbers and pairwise comparisons to
derive weights (Nepal et al. 2010).
The results derived using FAHP in this study are summarized in Table 4.

3 Results and Discussion

All parameters used in this study were mapped and zoned within a GIS environment. These
parameters were weighted and integrated using the AHP, ANP, and FAHP methods, and the
outcomes of the analyses are presented below.

As shown in Fig. 2a, the central region of the Ardabil Plain is dominated by young alluvial
sediments, extending toward its borders. The northern part of the plain primarily consists
of older alluvial deposits, while the peripheral areas feature various formations, including
volcanic andesite, basalt, sedimentary rocks, pyroclastics, and igneous rocks. Geologically,
the most suitable areas for artificial recharge are located within the young alluvial sediment
class (Selvam et al. 2016). Figure2b illustrates that most of the central and western regions
of the plain exhibit slopes between 0 and 1%. The northern and eastern regions have slopes
ranging from 0 to 5%, forming an axial hill, while the southern region has slopes of 0-8%,
with a maximum slope of 62% observed along the southern border. The optimal slope for
artificial recharge falls within the 0—1% range (Ghyoumian et al. 2007).

Figure 2¢ shows that drainage density across the plain is generally favorable for recharge,
with the most suitable areas classified within the 0—1 drainage density range (Chenini et
al. 2010). Figure2d highlights that the southern regions have the highest unsaturated zone
thickness, while the northern regions have the lowest. The ideal unsaturated zone thickness
for artificial recharge is between 25 and 54 m, which represents the most favorable classifi-
cation (Shekhar and Pande et al. 2015).

Figure 3a indicates that the plain is predominantly covered by medium to heavy soil tex-
tures, identified as the most suitable for artificial recharge (Mahmoud et al. 2014). Figure3b
reveals that the highest specific yield values (0.07—0.21) are concentrated in the northern
and southern regions, whereas the central, western, and eastern areas show lower values
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(0.013-0.07). The optimal specific yield for recharge is within the 0.1-0.21 range (Singh et
al. 2013).

Figure 3¢ demonstrates that water cultivation predominates in the southeast and north-
west regions, covering the largest areas, while population and industrial centers are primar-
ily located in the central and western parts of the plain. Pastures and rainfed cultivation
dominate the southern, northern, and northeastern areas. The most suitable land use for
artificial recharge is found in areas designated for pastures and rainfed cultivation.

Weights derived from the AHP, FAHP, and ANP methods were applied to the respective
maps in the ArcGIS 10.1 software environment. These maps were then integrated using
Spatial Analyst Tools and categorized into four classes: very good, good, moderate, and
poor. Figure 4a and b, and 4c present the classified maps generated using the AHP, ANP,
and FAHP methods, respectively. While the AHP and ANP methods produced similar results
(Fig. 4a and b), the FAHP method yielded significantly different outcomes. The AHP and
ANP methods classified most areas of the plain as having very good potential for artificial
recharge, whereas the FAHP method classified most of the plain as having poor potential.

The quantitative results of the AHP, ANP, and FAHP methods are summarized in Table
5, divided into the four classes: very good, good, moderate, and poor. According to the AHP
method, apart from the central, northern, and marginal areas of the plain, most regions were
classified as very good for artificial recharge. Table Sindicates that 584.8 km? (53.3%) of
the plain falls into the very good class, followed by 194.7 km? (17.7%) in the good class,
237.8 km? (21.7%) in the moderate class, and 80.0 km? (7.3%) in the poor class. Areas clas-
sified as poor are characterized by heavy and saline soil textures, as well as low specific
yield, drainage density, and unsuitable land use. Among the regions classified as suitable,
the southern and eastern areas predominantly feature rainfed cultivation, young alluvial
sediments, and slopes below 3%, aligning with the findings of Nasiri et al. (2013) and Singh
etal. (2013).

Results from the ANP method suggest that the southern, western, northern, and eastern
regions are suitable for artificial recharge, while the central areas are less favorable. Table
Sshows that 460.4 km? (42.0%) of the plain falls into the very good class, 240.5 km? (21.9%)
into the good class, 316.5 km? (28.8%) into the moderate class, and 79.9 km? (7.3%) into
the poor class. The most appropriate areas for recharge are located in young alluvial sedi-
ments with significant depth, slopes below 3%, and low drainage density, consistent with the
results of Singh et al. (2013) and Nasiri et al. (2013).

Finally, the FAHP method indicated that only the southern areas are suitable for artificial
recharge. According to this method, 65.3 km? (6.0%) of the plain is classified as very good,
121.1 km? (11.0%) as good, 205.7 km? (18.7%) as moderate, and 705.2 km? (64.3%) as poor
(Table 5). The southern areas, deemed most appropriate, are located in young alluvial sedi-
ments and predominantly feature rainfed cultivation and pastures.

These methods estimate the potential for artificial recharge by weighting factors such as
land slope, soil texture, geology, unsaturated layer thickness, land use, and other relevant
characteristics. However, since the weighting schemes vary between methods and none of
them has been directly compared to measured recharge values, determining their relative
superiority remains challenging.

As noted, the three methods produced differing results, with AHP and ANP showing a
degree of similarity. However, it remains unclear which method provides results that are
more consistent with actual recharge patterns. To address this, natural recharge from pre-
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thickness classes

cipitation was used in this study as a benchmark to evaluate the performance of the meth-
ods. Natural recharge incorporates the influence of all relevant factors and thus serves as a
reliable reference for assessing the accuracy of artificial recharge potential estimations. A
method that closely aligns with natural recharge is presumed to offer more accurate predic-
tions for artificial recharge potential.

The natural recharge data used in this study were derived from Ghafari (2015) and Gha-
fari et al. (2018), who calculated natural recharge for the Ardabil Plain using the Water Table
Fluctuation (WTF) method. The results for natural recharge from precipitation are presented
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Fig. 3 (a) Soil texture classes, (b) Specific yield classes, and (¢) Land use/ cover classes

in Fig.5. Recharge values ranged from a minimum of 1% to a maximum of 54.5%. To enable
comparison, these values were classified into four categories: very good, good, moderate,
and poor. In arid and semi-arid regions like Iran, groundwater recharge from precipitation
is typically less than 20% (Pourseyadi and Kashkul 2012; Nasiri et al. 2021; Heydari and
Jabbar 2022). Accordingly, recharge values above 20% were classified as very good, values
between 10 and 20% as good, values between 5 and 10% as moderate, and values below
5% as poor.
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Fig. 4 Zoning of appropriate places for artificial recharge, (a) AHP method, (b) ANP method, and (¢)
FAHP method

Table 5 Results of the final maps

Appropriateness ~ AHP ANP FAHP

Area (km?)  Area (%)  Area(km®)  Area(%)  Area(km®)  Area (%)
Very good 584.8 53.3 460.4 4.0 65.3 6.0
Good 194.7 17.7 240.5 21.9 121.1 11.0
Moderate 237.8 21.7 316.5 28.8 205.7 18.7
Poor 80.0 73 79.9 7.3 705.2 64.3
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The results of the natural recharge classifications were then compared with the artificial
recharge potentials estimated using the ANP, AHP, and FAHP methods. This comparison is
illustrated in Fig. 6 using a Taylor diagram. As shown, the ANP method demonstrated the
highest correlation with natural recharge values, achieving a correlation coefficient above
0.75, indicating superior compatibility with natural recharge data. In contrast, the FAHP
method exhibited the least consistency with natural recharge estimates.

4 Conclusions

The accelerated depletion of groundwater resources in recent decades highlights the urgent
need for effective artificial recharge strategies. This study employed the AHP, ANP, and
FAHP methods, integrated with GIS and key parameters—such as geology, slope, unsatu-
rated zone thickness, soil texture, specific yield, drainage density, and land use—to identify
suitable areas for flood spreading and artificial groundwater recharge in the Ardabil Plain.
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The area was classified into four categories (very good, good, moderate, and poor) based on
recharge potential.

The results from the AHP method indicated that 71% of the plain falls within the very
good and good categories, demonstrating high potential for artificial recharge. Similarly,
the ANP method classified 63% of the area as having high recharge potential. However,
the FAHP method produced contrasting results, with 64% of the area categorized as poor,
indicating limited recharge potential.

While the AHP and ANP methods produced relatively similar results, significant dif-
ferences were observed in specific regions. For example, the AHP method classified most
northern areas of the plain as moderate, whereas the ANP method categorized these same
areas as very good or good. These discrepancies underscore the challenges in selecting the
most reliable method for evaluating artificial recharge potential.

A key contribution of this study lies in comparing the results of these methods against
natural recharge by precipitation to determine their accuracy. The comparison revealed that
the ANP method exhibited the highest consistency with natural recharge data, followed by
the AHP method, while the FAHP method showed the least agreement. This finding supports
the ANP method as the most reliable approach for assessing artificial recharge potential in
this study.

Previous research by Panahi et al. (2017) and Vafadar et al. (2023) identified geology,
lineament density, and slope as the most sensitive parameters for groundwater potential, and
their sensitivity analysis aligned with the weights assigned to these factors. Similarly, in this
study, the ANP method highlighted soil texture, geology, and slope as the most weighted and
sensitive parameters. In contrast, the AHP and FAHP methods identified geology, unsatu-
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rated zone thickness, and slope as having the highest weights and sensitivities. Notably,
geology and slope were common influential parameters across all three methods (AHP,
ANP, and FAHP), underscoring their significance in groundwater recharge processes due
to precipitation (Pahlevani Majdabady et al. 2020; Banerjee et al. 2024). Consequently, the
ANP method is better suited for evaluating groundwater recharge influenced by precipita-
tion, given its emphasis on these critical factors.

This study provides valuable insights into the application of multi-criteria decision-mak-
ing methods for artificial recharge site selection, emphasizing the importance of validat-
ing these approaches with observed data to enhance their reliability and accuracy. Future
research could explore additional parameters, methodologies, and advanced models to fur-
ther refine the assessment of artificial recharge potential and improve decision-making for
sustainable groundwater management.
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