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Abstract: Assessing the capacity of groundwater is essential for efficient water management.
Regrettably, evaluating the potential of groundwater in regions with limited data accessibility, particularly
in mountainous regions, presents significant challenges. In the Nan basin of Thailand, where there is
a scarcity of groundwater well data, we utilized remote sensing and geographic information system
(GIS) techniques for evaluating and determining the potential of groundwater resources. The analysis
included seven hydrological factors, including elevation, drainage density, lineament density, land use
and land cover, slope, soil moisture, and geology. The quantification of groundwater potential was
conducted by the utilization of linear combination overlays, employing weights derived from two distinct
methodologies: the analytical hierarchy process (AHP) and the frequency ratio (FR). Interestingly, it is
noteworthy that both the FR and AHP approaches demonstrated a very comparable range of accuracy
levels (0.89–1.00) when subjected to cross-validation using field data pertaining to groundwater levels.
Although the FR technique has shown efficacy in situations when data is well-distributed, it displayed
constraints in regions with less data, which could potentially result in misinterpretations. On the other
hand, the AHP provided a more accurate assessment of the potential of groundwater by taking into
account the relative importance of the criteria throughout the full geographical scope of the study.
Moreover, the AHP has demonstrated its significance in the prioritization of parameters within the
context of water resource management. This research contributes to the development of sustainable
strategies for managing groundwater resources.
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1. Introduction

Long-term drought and population growth are threatening water supplies, leading to adverse
consequences [1–3]. On a global scale, groundwater plays a vital role as a significant supply of fresh
water with the capacity to address these challenges. Groundwater is typically less polluted than surface
water, which enhances its significance for public water supply, agriculture, industrial, and residence
purposes [4–6]. The aspects of population growth, urbanization, agricultural development, and climate
change contribute to an increased demand for groundwater [7]. Therefore, it is necessary to estimate
groundwater potential to lay the groundwork for its development and utilization [8]. An assessment of
groundwater potential assists in determining an appropriate technique for artificial groundwater
recharge, which can facilitate agricultural activities and increase agricultural income [9]. Groundwater
is particularly vital in mountainous areas [10], where residents often face water supply challenges due
to a scarcity of available surface water [11]. Additionally, the lack of wells in mountainous locations
worldwide has created a data gap for groundwater, affecting these high-elevation, sparsely populated
regions and presenting significant access challenges [12]. Forecasting groundwater supplies in
mountainous areas necessitated a method that considered a broad collection of data and method
availability, including various mathematical methodologies [13]. Previous studies have examined
groundwater potential zones using integrated remote sensing (RS) and geographic information systems
(GIS), which offer the advantage of covering broad areas, including inaccessible locations, and provide
quick and cost-effective methods for obtaining crucial geological and morphological data [14–20].
Nowadays, advancements in information and technology are available, including GIS, remote sensing
technologies, modeling, along with multi- criteria decision-making (MCDM) such as frequency ratio
(FR), weights- of-evidence (WOE), certainty factor (CF), fuzzy logic index models (see [21–23])
allowing to move beyond direct investigation from fieldwork [24]. For instance, Aghlmand and
Abbasi [25] utilized several sources of data, including geological, hydrogeological, hydrological,
climatological, and geographical factors, to simulate groundwater resource systems. They deployed the
MODFLOW model to analyze both qualitative and quantitative aspects of the system. Additionally, a
number of researchers have studied groundwater evaluation in dry and semi-arid regions of developing
nations using GIS and RS [26]. The GIS-based Multiple criteria decision making (MCDM) technique is
a highly effective alternative that offers a range of methods for various applications. The most regularly
used is the analytical hierarchy process (AHP); the relative impact of multiple criteria on each other
when developing suitable areas produces valuable results in groundwater potential using the model
designed specifically for this investigation [24]. Furthermore, the FR method is widely used for
evaluating the potential of groundwater in multi-criteria decision making. It is a fundamental statistical
method used in multiple domains to analyze two variables together [27]. The FR model is employed in
geospatial evaluation to determine the probabilistic correlation between variables or classified thematic
layers [28]. Groundwater evaluation is commonly accomplished through the use of RS and GIS data in
the AHP [24]. The AHP technique was devised by Saaty [29]. The groundwater recharge zone in the
Korba aquifer (northeastern Tunisia) was mapped by Zghibi et al. [23] using two MCDM approaches:
the multi-influencing factors (MIF) and the AHP. The outcome demonstrated the practicality of using
AHP methodologies for evaluating groundwater potential, providing a quick, accurate, and
cost-effective assessment. Similarly, the study of Pande et al. [30] applied AHP and MIF for
groundwater potential delineation in the Mula river bain, India. Moreover, the FR technique has been
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employed to evaluate landslides in the Kermanshah region of western Iran. This approach demonstrates
high precision when compared to historical data on landslides and has the capability to forecast spatial
landslides [31]. Also, the FR approach was utilized to project the mapping of groundwater potential in
the Lower Valley of the Medjerda River sub-basin. Approximately 60 groundwater transmissivity data
points were randomly divided into a training dataset, with 70% being used for model training and 30%
for validation. The assessment of a map based on 15 parameters revealed a high degree of accuracy [32].
The FR method, it was believed, could also be used to estimate groundwater potential [33]. Integrating
RS-GIS with the AHP and FR approaches decreases the expenses and duration required to address the
intricate understanding of extensive areas, including inaccessible groundwater. These methods also help
produce highly reliable results that can support further planning and sustainable groundwater resource
utilization in water-stressed areas [34].

Due to the high concentration of wells in the urbanized zone of the mountainous region of Nan
province, Thailand, there are few unexplored areas in this region. The limited availability of direct
information from a small number of groundwater wells within a localized area is a substantial obstacle to
comprehending the local groundwater system. Most of the information regarding groundwater potential
in this region is still to be acquired. The objective of this study is to evaluate the potential of groundwater
in the Nan basin by utilizing GIS and RS techniques and applying the AHP and FR approaches. The use
of GIS and RS tools enables a thorough comprehension of the hydrogeomorphological features that
are pertinent to the groundwater potential in the area under investigation. In addition, the groundwater
potential maps produced using the AHP and FR methodologies are verified by comparing them to
groundwater level data collected from field investigations. These results provide a model for evaluating
groundwater potential in areas lacking sufficient groundwater well data, especially mountainous regions.
Moreover, the delineation of groundwater potential areas can facilitate strategic planning for the effective
management and usage of this valuable resource.

2. Materials and methods

2.1. Study area

Figure 1 depicts the location of the Nan Basin, which is positioned in the mountainous terrain of
central Nan Province in northern Thailand. The basin has a total area of 3,327.13 square kilometers. The
study area encompasses eight districts: Wiang Sa, Mae Charim, Phu Phiang, Mueang Nan, Santi Suk,
Bo Kluea, Pua, and Tha Wang Pha. Elevations within the region vary from 143 to 1,885 meters above
sea level, with north-south-oriented mountain ranges in the east and west. The Nan River flows through
the research area. The southwest and northeast monsoons have an impact on the tropical climate that
this region experiences, which is marked by hot summers and cold winters. Temperature decreases from
October to February during the winter months, with an average temperature of 25.9 ◦C. The basin has
an average annual precipitation of approximately 1,456 mm. Notably, the study area features numerous
geological fractures, including cracks, faults, and joints, stemming from active faults [35]. As per data
from the Department of Groundwater Resources of Thailand [36], groundwater potential assessments
have primarily focused on areas with existing groundwater wells, mainly in urban zones, as depicted in
Figure 2. The mountainous regions outside residential areas, where groundwater wells are lacking, have
been categorized as low potential zones, with high levels of uncertainty.
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Figure 1. Map of the study area, Nan Basin, Nan, Thailand.

Figure 2. Groundwater potential map data obtained from the Department of Groundwater
Resources (DGR).
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Figure 3. Methodology flowchart and data collection of the present study.

2.2. Development of thematic maps

This study examines seven hydrogeomorphological parameters that affect groundwater potential.
These parameters include proven influential factors [37, 38] such as lineament density, drainage density,
geology, and slope. Additionally, other factors that influence groundwater potential are soil moisture,
elevation, and land use and land cover. Secondary data were retrieved from various governmental
databases and re-evaluated using GIS techniques. Remote sensing data from various databases were
analyzed using GIS techniques. All data were delineated into thematic maps; data sources are indicated
in Table 1. All data were recorded in the Universal Transverse Mercator Projection, northern zone 48,
datum WGS84 during the data collection phase. Subsequently, ArcGIS 10.5, PCI Geomatics 2016, and
eCognition Developer 64 were used to process the data. Figure 3 illustrates the complete procedure for
determining groundwater potential zones in the designated study region.
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Table 1. Data sources for hydrological factors–influenced groundwater potential thematic
maps.

Data Sources Scale/Resolution Thematic maps

Digital Elevation Alaska Satellite Spatial resolution -Drainage density
Model (DEM) Facility (ASF) 12.5 m. -Elevation

-Slope

Geologic map of Nan Department 1: 250,000 -Geologic map
Province of Mineral

Resources (DMR)

Satellite image European Space Spatial resolution -Lineament density
(Sentinel-2) Agency (ESA) 10 m. -Land use and land Cover

-Soil moisture

2.3. Groundwater potential map using multi-criteria decision

2.3.1. Analytic hierarchy process (AHP)

The AHP technique quantitatively converts measurable objects using a ratio scale. AHP is an
application of mathematical principles, falling under the category of multi-criterion analyses, specifically
MCDA. It facilitates the analysis and decision-making process for complex choices involving multiple
criteria that may be challenging to evaluate and resolve. Consequently, all tangible and intangible factors
must be considered. Ratings based on expert judgment are assigned using numbers ranging from 1 to 9
to prioritize factors and ensure consistency [39].

2.3.2. Pairwise comparison–thematic map

To minimize the need for extensive calculations during subsequent arithmetic operations on these
scales, a standardized scale has been employed to assess the qualities of factors through pairwise
comparisons [29]. By constructing a matrix for pairwise comparisons, each element at a higher level is
compared to the items immediately below it. A numerical value between 1 and 9 is used to indicate
the significance of a factor, with more significant factors being assigned higher numbers [39]. The
pairwise comparison matrix is a necessary step in calculating the normalized principal eigenvector,
which quantifies the relative values of the parameters [40].

2.3.3. Consistency evaluation

The level of consistency attained in the ratings is quantified using a consistency ratio (C.R.), which
represents the likelihood that the ratings in the matrix were generated randomly. The C.R. value of 0.1
or lower signifies a satisfactory reciprocal matrix, whereas a ratio above 0.1 suggests that the matrix
needs to be modified [41]. Inconsistency can be interpreted as a required change to make the similarities
more accurate [42]. Using the following formula, the C.R. is determined by

C.R. = C.I./R.I.,

C.I. = consistency index,
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R.I. = random consistency index (see Table 2).
The consistency index of a matrix is determined follows,

C.I. =
λmax − n

n − 1
,

where λmax is the principal eigen value and n is the number of comparisons. [41, 42].

Table 2. Random consistency ratio [43].

Order 1 2 3 4 5 6 7 8 9 10

R.I. 0 0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

2.3.4. Groundwater potential map delineation using AHP

The AHP was utilized in this study to classify potential groundwater areas within the Nan watershed.
The research focused on hydrogeological factors assessed by experts, which included land use and
land cover, drainage density, elevation, geology, lineament density, slope, and soil moisture. The
selection of key factors for decision-making is a critical aspect of the process. The size of the metrics is
determined by the factors chosen for calculations in the weight matrix and the normalized principal
eigenvector [29, 39]. The quantitative evaluation of groundwater has been delineated by calculating
the groundwater potential zone (GWPZ). The GWPZ for the research area was calculated using the
subsequent equation:

GWPZ = EVwEViw + SLwSLiw +DDwDDiw + LDwLDiw + SMwSMiw + LULCwLULCiw +GGwGGiw,

where w = normalized weight of a feature, iw= individual feature normalize weight, EV = elevation,
SL = slope, DD = drainage density, LD = lineament density, SM = soil moisture, LULC = land use and
land cover, and GG = geology.

2.3.5. Frequency ratio (FR)

The FR represents the probability of a specific attribute occurring, with a FR value of 1 indicating a
high probability. When assessing the potential of groundwater, a frequency ratio below 1 implies a low
likelihood of groundwater existence, whereas a ratio around 1 signifies a high likelihood. An evaluation
was conducted to determine the sensitivity of each aspect and, afterwards, a probability frequency model
was utilized to map the regional groundwater potential [44]. The groundwater potential frequency ratio
was then calculated by superimposing the various components assigned to the frequency ratio, with
a frequency ratio being assigned to each factor’s class. To compute the FR value for each class of
groundwater-related factor, we used the following equation:

FR = (W/G)/(M/T).

For each conditioning factor, W is the number of pixels with a groundwater well; G represents the
total number of groundwater wells in the study area; M is the number of pixels in the factor’s class area;
T is the total number of pixels.
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The groundwater potential index (GPI) is measured by multiplying the ratio values of each factor
and can be calculated by

GPI =
∑

FR,

where Fr = Rating of each factors’ type or range [28].

2.3.6. Validation of the identified groundwater potential zone by confusion matrix

During field data collection, a low groundwater potential zone in the center of the study region
provided a groundwater level map, which was used to validate the groundwater potential zone. A
confusion matrix was employed to verify the prediction results. A true positive (TP) occurs when both
the actual data and the projected value are positive. A false negative (FN) occurs when the anticipated
value is negative, despite the actual output being positive. A true negative (TN) refers to a scenario
when both the observed outcome and the prediction are negative. A false negative (FN) occurs when the
anticipated value is negative, but the actual output is positive [45]. Binary classification metrics were
used to evaluate default classification accuracy [46]. Accuracy, as shown in Equation (2.1), estimates
the probability of true values (TP and TN) of the class. Precision, as shown in Equation (2.2), measures
correctness. Sensitivity (or recall), as demonstrated in Equation (2.3), assesses the completeness or
accuracy of positive examples. Specificity, represented in Equation (2.4), is the conditional probability
of true negatives (TN) given [47].

Accuracy = (TP+TN) / (TP+TN+FP+FN), (2.1)
Precision = TP/ (TP+FP), (2.2)

Sensitivity = TP / (TP+FN), (2.3)
Specificity = TN / (TN+FP). (2.4)

3. Results and discussion

Seven hydrogeomorphological factors–elevation, drainage density, lineament density, land use and
land cover, slope, soil moisture, and geology–as indications of groundwater potential have been prepared
for AHP and FR calculation to evaluate the groundwater potential of the Nan basin. The results are
compared and discussed as follows.

3.1. AHP

In the pairwise comparison procedure, all seven factors were arranged in a matrix table to compare
their relative influence on other factors according to the Saaty’s 9-points scale [43], as shown in Table
3. In this mountainous study area, fracture-related factors, lineament density, drainage density, and
geology were considered the most influential factors compared to others. The influential level of each
factor is indicated in the pairwise matrix scale; 1 represents equal importance, and 9 represents a highly
influential level.

AIMS Geosciences Volume 10, Issue 2, 242–262.



250

Table 3. Pairwise comparison matrix of all hydrogeomorphological factors–influenced
groundwater potential in an AHP method.

Factors EV SL DD LD SM LULC GG

EV 1.00 1/3 1/5 1/5 1/4 3.00 1/3
SL 3.00 1.00 1/4 1/8 1/2 2.00 1/3
DD 5.00 4.00 1.00 1.00 4.00 6.00 1.00
LD 5.00 8.00 1.00 1.00 2.00 9.00 1.00
SM 4.00 2.00 1/4 1/2 1.00 3.00 1/7
LULC 1/3 1/2 1/6 1/9 1/3 1.00 1/4
GG 3.00 3.00 1.00 1.00 7.00 4.00 1.00
Totals 21.33 18.83 3.87 3.94 15.08 28.00 4.06

By dividing the amount of each factor column by the cell number given to each factor, the relative
normalized weight of the criterion was determined. Furthermore, each factor was divided into five
classes by the Natural Break Jenks technique and each class was assigned its own rank. Except for
geology factors, classes and its assigned ranks were determined by permeability according to lithological
properties of each rock formation. Weight and rank of hydrogeomorphological factors are shown in
Table 4.

3.2. FR

Wells distribution throughout the study area was a significant criterion for FR method calculation
to determine a relationship between groundwater (potential) well locations and hydrogeomorphologic
factors. According to the groundwater level database and groundwater measurement from the field
study, high groundwater potential wells are limited, which is a challenge. The groundwater wells that
were taken into consideration were low-potential groundwater wells mostly concentrated in the center
of the study area. Thus, FR was analyzed based on a spatial distribution of low groundwater potential
area (higher groundwater potential = low FR), listed in Table 5. A total of 46 wells were included in the
field study, out of which 29 groundwater wells were selected based on their spatial distribution. Among
these, 21 wells were utilized for training purposes, while the remaining 8 wells were used for validation.

3.3. Parameters influencing groundwater potential

3.3.1. Elevation (EV)

Elevation reflects groundwater potential from various perspectives. The area’s elevation provides
insights into its surface geomorphology, reflecting the region’s geological characteristics, such as basins
or low areas capable of holding water and allowing it to seep underground [48]. Typically, higher
elevations exhibit characteristics of groundwater recharge areas with higher water tables. The 12.5
meter-resolution digital elevation model (DEM) was employed to generate the elevation map (Figure 4
a). Elevation levels were categorized into five distinct ranges: very–low (143–306 m), low (306–484
m), moderate (484–730 m), high (730–1,078 m), and very–high altitude (1,078–1,884 m) above mean
sea level. The research area is primarily a mountainous terrain, with lower heights in the central half,
implying the presence of a ridge oriented in a north-south direction.
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Table 4. Data sources for hydrological factors–influenced groundwater potential thematic maps.

Criteria Normalize weight Class Assigned rank Feature normalized weight
EV (m) 0.0533 143–306 5 0.42

306–484 4 0.26
484–730 3 0.16
730–1078 2 0.10
1078–1884 1 0.06

SL (Degree) 0.0681 0–7 5 0.42
7–13 4 0.26
13–20 3 0.16
20–29 2 0.10
29–72 1 0.06

DD (km/sq.km) 0.2408 30–70 5 0.42
77–79 4 0.26
99–119 3 0.16
119–134 2 0.10
134–162 1 0.06

LD (km/sq.km) 0.2675 0–0.42 1 0.06
0.42–0.81 2 0.10
0.81–1.22 3 0.16
1.22–1.74 4 0.26
1.74–2.80 5 0.42

SM 0.0991 Very–low 1 0.06
Low 2 0.10
Moderate 3 0.16
High 4 0.26
Very–high 5 0.42

LULC 0.0333 Building 3 0.10
Bare Soil 2 0.16
Vegetation 4 0.28
Water 5 0.47

GG 0.2380 Qa 5 0.19
Tr1 4 0.13
CP 3 0.08
JKpw 3 0.08
Png2 3 0.08
TRJ 3 0.08
Trgr 2 0.05
PTr 2 0.05
JPK 2 0.05
Tmm 2 0.05
Jv 1 0.03
Ptru 1 0.03
Pr-2 1 0.03
Tr2 1 0.03
Trwc 1 0.03
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Table 5. The spatial relationship between factors and groundwater wells using frequency
ratio.

Criteria Sub-class No. of pixels Percentage of sub-class No. of wells Percentage of wells FR Weight

EV(m) 143–306 2343787 44.03 21 100 2.27 1.994
306–484 1637049 30.75 0 0 0.00
484–730 819445 15.39 0 0 0.00
730–1078 359929 6.76 0 0 0.00
1078–1884 163044 3.06 0 0 0.00

SL(Degree) 0–7 1537601 28.88 21.00 100.00 3.46 1994
7–13 1236124 23.22 0.00 0.00 0.00
13–20 1252052 23.52 0.00 0.00 0.00
20–29 951705 17.88 0.00 0.00 0.00
29–72 345771 6.50 0.00 0.00 0.00

DD 30–70 1155033 21.78 0.00 0.00 0.00 1.000
(km/sq.km) 77–79 2203154 41.54 4.00 19.05 0.46

99–119 1345062 25.36 3.00 14.29 0.56
119–134 499485 9.42 12.00 57.14 6.07
134–162 100851 1.90 2.00 9.52 5.01

LD (km/sq.km) 0–0.42 1092610 20.60 0.00 0.00 0.00 1.579
0.42–0.81 1586183 29.91 3.00 14.29 0.48
0.81–1.22 1493621 28.16 17.00 80.95 2.87
1.22–1.74 906948 17.10 1.00 4.76 0.28
1.74–2.80 224344 4.23 0.00 0.00 0.00

SM Very–low 555729 10.48 2.00 9.52 0.91 1.219
Low 663175 12.51 12.00 57.14 4.57
Moderate 825390 15.56 6.00 28.57 1.84
High 1590995 30.00 1.00 4.76 0.16
Very–high 1667896 31.45 0.00 0.00 0.00

LULC Building 182961 3.45 16.00 76.19 22.08 1.951
Bare Soil 1090802 20.57 1.00 4.76 0.23
Vegetation 3999858 75.42 4.00 19.05 0.25
Water 29504 0.56 0.00 0.00 0.00
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3.3.2. Slope (SL)

Slope is an important parameter that refers infiltration degree spatially. As the slope is the result of
elevation changes, water permeability is an important hydrological factor for potential groundwater
areas [24]. This is because the impact of gravity on the movement of water is a controlling factor.
Inversely proportional to the slope value is the penetration rate of water into the underground. That is,
areas with low slopes (flat areas) have elevated water penetration into the basement [49]. The slope
plays a significant role in controlling the time cycle of overland flow, penetration, and through flow.
Higher slope trends to influence water to flow over surface as runoff instead of infiltrating into the
subsurface, and vice versa. Higher runoff, lower infiltration, and lower groundwater recharge are all
effects of steeper slopes [46]. Thus, higher groundwater potential is expected in a lower slope area.
The slope map was delineated in ArcMap software (version 10.5). The study area can be categorized
into five different slope levels (Figure 4b): very–low slope with the value 0–7◦, low slope with 7–13◦,
moderate slope with 13–20◦, high slope with 20–29◦, very–high slope with 29–72◦.

3.3.3. Drainage density (DD)

Drainage density is calculated by dividing the total length of all the rivers in a drainage basin by the
total area of the drainage basin [50]. The drainage density illustrates the route of drainage within the
studied area. The rate at which water enters the basement is inversely correlated with the density of
the drainage. Areas with high drainage densities result in low infiltration rates into the basement [33].
The DD was calculated using 12.5 meters-resolution DEM. The study area can be categorized into five
different DD (Figure 4c): areas with very–low drainage densities of 30–70 km./sq.km., low drainage
densities of 77–79 km./sq.km., areas with moderate drainage density of 99–119 km./sq.km., areas with
high drainage density of 119–134 km./sq.km., and very–high drainage densities of 134–162 km./sq.km.
High to very–high drainage density areas were found in the middle part of the study area along the Nan
River, resulting in low groundwater potential.

3.3.4. Lineament density (LD)

Lineament characteristics are the result of tectonic, which can be observed by using satellite images.
These characteristics indicate geological structures such as faults, fractures, and joints, indicating water
in secondary porosity. When the linear structure maps were analyzed together with the exploration
drilling, they provided good drilling and exploration results [49]. Lineament density indicates the
possible penetration of surface water into the groundwater. Areas with high lineament density will
penetrate and fill the basement with water, which provides a guideline for potential groundwater research
and exploration [51]. Groundwater feeding is more significant in areas where line density is elevated;
groundwater feeding is lower in low-density areas [24]. Lineament density map is generated as a result
of lineament map. Automatic lineament extraction from high-resolution sentinel 2 (band 8) satellite
imagery was analyzed via PCI Geomatica (version 2016) software. Linear structures extracted using the
Edge detection and thresholding command and the Curve extraction command determine the factors
for assessing lineament structure. Finally, LD was analyzed with Arcmap 10.5 software using the Line
density command in the Spatial analysis tool.
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The density of lineaments reveals the presence of a zone of weakness in the research area. The
density of lineaments is categorized into five distinct groups (Figure 4d): very–low LD 0.00–0.42
km./sq.km., low LD 0.42–0.81 km./sq.km., moderate LD 0.81–1.22 km./sq.km., high LD 1.22–1.74
km./sq.km., and very–high LD 1.74–2.80 km./sq.km., indicating a high groundwater potential area. A
significant concentration of lineaments was identified in the southeastern portion of the research area.

3.3.5. Soil moisture (SM)

The quantity of water in the soil is soil moisture. It is often located in an unsaturated zone, consistent
with the ground cover, in the uncontaminated rock layer before the water table [48]. Areas of study
play a key role in controlling runoff and permeability rates for skin and soil types, important factors in
controlling potential groundwater areas. The permeability of soil is determined by the porosity of each
type of soil, which is significantly affected by soil texture, structure, gap ratio, and saturation level [52].

Using the band ratio technique, the soil moisture map (Figure 4e) was created using satellite imagery
with a spatial resolution of 10 m in order to construct the normalize different moisture index (NDMI).
The soil moisture in the study area is categorized into five classes: very–low, low, moderate, high, and
very–high. The study area revealed high soil moisture levels along its eastern and western borders. The
distribution is also present across the mountainous region of the research area.

3.3.6. Land use and land cover (LULC)

Water recharge, evapotranspiration, and runoff are all directly influenced by land use and land
cover [53]. Water seepage into the groundwater has decreased as the built-up area has increased. The
study area’s land use and land cover type are used to determine runoff and permeability [48]. Human
activities play an important role in the formation and distribution of groundwater [51]. Water surface
covers, such as water bodies, contribute to higher groundwater areas than built-up areas. Cultivated areas
prevent the seepage of water into the ground [24]. In the study area, LULC could be classified into four
types (Figure 4f): 1) building-up, 2) bare soil 3) vegetation, and 4) water body. Most of the study areas
were characterized as areas of vegetation, covering more than 75.42% spread along the mountain area.

3.3.7. Geology (GG)

The type of rock has an impact on the ability for groundwater recharge [34]. Geology is a consideration
governing groundwater quality and quantities. The rock’s characteristics provide information about the
porosity and permeability of the aquifer material in the research area [49, 54]. The different rocks
have varying coefficients of permeability. Therefore, the permeability of surface water to groundwater
has distinct characteristics [55]. High-porosity areas will lead to high permeability and groundwater
retention; as a result, there is much water in that area [56]. The study area can be classified into 15
different geological types (Figure 4g) of unconsolidated sediments, igneous rocks, sedimentary rocks,
and metamorphic rocks. The central area of the Quaternary sediment, which accumulates along the Nan
River, is littered with unconsolidated sediment. This sediment has a high permeability, resulting in a high
groundwater potential in the region. Igneous and metamorphic rocks were also discovered scattered about
the study area. Because this rock has low primary porosity, that area has a low groundwater potential.
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Figure 4. Thematic maps of groundwater potential factors in the study area; (a) elevation, (b)
slope, (c) drainage density, (d) lineament density, (e) soil moisture, (f) land use and land cover,
and (g) geology maps.
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3.4. Groundwater potential zone

The AHP and FR approaches were utilized to evaluate the impact of all seven parameters on
groundwater potential. The purpose of these analyses was to create groundwater potential maps for the
Nan Basin in Nan Province, Thailand, which is an area with limited well data. The resulting groundwater
potential maps, produced through AHP and FR methodologies, were categorized into four levels–very
low, low, high, and very high–using the equal interval function in ArcGIS software (version 10.5), as
summarized in Table 6. Significant differences exist between the groundwater potential zones identified
by the AHP and FR techniques, especially in the category of very–high groundwater potential. The
many variances will be thoroughly examined within the framework of each groundwater potential map.

Table 6. Predictive evaluation.

AHP method FR method

Class Area (km2) Area (%) Area (km2) Area (%)

Very–low 131.60 3.99 367.97 11.15
Low 404.99 12.27 1835.53 55.61
High 677.94 20.55 955.27 28.94
Very–high 2084.81 63.19 142.10 4.30

Figure 5. Groundwater potential zones of the study area based on (a) AHP and (b) FR.

The groundwater potential zone of the study region can be categorized into four levels using
hydrogeological analysis through the AHP. These zones, which represent very high, high, low, and very
low groundwater potential, cover 2085 sq.km. (63.19%), 678 sq.km. (20.55%), 405 sq.km. (12.27%),
and 132 sq.km. (3.99%), respectively (Figure 5a). The southeastern half of the research region has
a wide variety of groundwater potentials, varying from high to very–high. The study area included
locations in the central part with low to extremely–low potential, as indicated by drainage densities. The
FR approach involved the delineation of a groundwater potential map using data from 21 groundwater
wells (plus 8 wells for validation). The map was then separated into four distinct levels: the area
of very–high groundwater potential is 142 sq.km. (4.30%), high groundwater potential 955 sq.km.
(28.94%), low groundwater potential 1,836 sq.km. (55.61%), and the area of very–low groundwater
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potential 368 sq.km. (11.15%) (Figure 5b). The Nan River, located in the central region, was assessed
as having low to very–low potential for groundwater.

3.5. Validation

The accuracy of the groundwater potential maps was assessed through field data collection,
specifically groundwater level measurements. To validate the methods, we employed a confusion matrix
and binary classification. Out of the 46 groundwater levels measured within the study area, 30 wells
located in moderate to very–low groundwater potential zones were selected for dual purposes: (1) FR
analysis, encompassing both training and testing, and (2) serving as testing wells to validate the
groundwater potential map generated using the AHP method. For the validation process, groundwater
levels from nine wells were utilized, with five cross-validations conducted to assess the accuracy of the
groundwater maps generated by both the AHP and FR methods. In each cross-validation, nine testing
wells were randomly chosen. The results revealed that both the AHP groundwater potential map and the
FR method demonstrated comparable accuracy levels within the range of 0.89–1.00.

As a result, both the FR and AHP methods for potential groundwater mapping exhibited identical
accuracy levels in areas characterized by a concentrated distribution of wells within relatively low
groundwater potential zones. The FR method’s effectiveness in groundwater potential assessment was
determined based on the spatial distribution of wells across different classes [57]. Notably, the FR
technique offers the advantage of not requiring user-defined weights and ranks [58]. It is a particularly
convenient approach when dealing with large datasets [59]. The FR method is likely to yield reliable
results when groundwater wells are distributed evenly across all factor classes. In contrast, AHP requires
deep knowledge of the physical meaning of the influencing factors [58]. Moreover, AHP is not suitable
for complex determination, and uncertainty can be associated with experts’ opinions [33]. AHP is
commonly used in multi-criteria decision analysis because it is flexible, and the influencing factors can
be rated in numerical values [33]. Although both the AHP and the FR approaches yielded comparable
accuracy in generating groundwater potential maps, using the groundwater map generated by the AHP
method is recommended. The AHP results can indicate factors influencing groundwater potential
and their weight. Additionally, the application of the AHP in this study resulted in the generation
of a spatial representation of groundwater potential that aligns with established theoretical criteria.
Notably, areas with high groundwater potential corresponded with regions of high elevation, high
lineament density, and substantial soil moisture. Hence, AHP can offer a conceptual framework for
groundwater management in the basin, specifically in terms of devising management plans for each
hydrogeomorphological factor. More information on groundwater levels in a well-lacking mountainous
area will improve the accuracy of the groundwater potential map. Therefore, it is recommended to do
additional local groundwater potential research if the groundwater potential map generated from this
study is to be used for groundwater drilling and utilization purposes.

4. Conclusions

Assessing groundwater potential in mountainous areas presents unique challenges due to the scarcity
of groundwater wells. The Nan Basin in Thailand is characterized by a concentration of wells in urban
areas with high groundwater utilization. Evaluating groundwater potential in such mountainous regions
holds promise as an alternative groundwater resource. Utilizing GIS and RS techniques offers a broader
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perspective for spatial groundwater potential assessment.
This study utilized two distinct multi-criteria decision analysis techniques: AHP and FR. We

considered seven hydrogeomorphological factors that influence groundwater potential, with their
weights determined using the AHP method: lineament density, drainage density, geology, soil moisture,
slope, elevation, and land use and land cover. Notably, the most influential factors in the AHP method
were associated with fractured rock properties. As a result, we generated groundwater potential maps
using both the AHP and FR methods and evaluated their accuracy by comparing them with groundwater
level data collected from 46 wells in the study area. The results indicated that both methods achieved a
comparable accuracy range, ranging from 0.89 to 1.00. However, despite their similar accuracy levels,
the AHP method is recommended for this study due to its ability to provide valuable factor weights that
can inform groundwater exploration and basin management.

By leveraging GIS and RS techniques, our groundwater maps offer a broader perspective for
evaluating groundwater potential in areas lacking sufficient well data, thereby enhancing groundwater
utilization beyond well-concentrated areas. As a result, the groundwater potential maps produced in
this study can contribute to a more comprehensive groundwater resource management compared to
existing maps from the Department of Groundwater Resources (DGR) of Thailand. Our findings have
the potential for application in other well-lacking areas, particularly in additional mountainous regions
where groundwater potential assessment is currently lacking. Furthermore, the choice between AHP
and FR methods should take into account the availability of well data in each basin. The FR technique
for assessing groundwater potential is appropriate for regions with a substantial number of accessible
groundwater wells. On the other hand, the AHP technique is recommended for assessing groundwater
in a limited number of wells where there is a lack of well distribution. The AHP technique enables
experts to examine the significant hydrogeomorphological factors affecting groundwater potential while
including statistical support to ensure accuracy. Therefore, it is essential for the researcher to take
into account the quantity and spatial distribution of groundwater wells before adopting an appropriate
method for groundwater potential evaluation.
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