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Abstract: Groundwater vulnerability has gained widespread attention, particularly in Chiang Mai
Province, one of Thailand’s fastest-growing cities, which is experiencing rapid development in both
economic and social sectors. The expansion of urban communities and the industrial, tourism, and
agriculture sectors has resulted in the overutilization of available resources, notably water resources.
This overuse, coupled with the adoption of modern technology to boost productivity and meet
market demands, has led to an increased reliance on groundwater to supplement surface water
sources, providing benefits across all sectors. However, the economic and social growth plays a
pivotal role in shaping the diversity of land use, encompassing residential, commercial, industrial,
and agricultural activities. These activities, in turn, directly contribute to environmental pollution,
particularly in terms of the risk of groundwater contamination in Chiang Mai Province. This study
aims to predict the future vulnerabilities of groundwater resources under an ensemble of climate
change scenarios and changes in land-use patterns. Chiang Mai Province in northern Thailand
is one of the fastest-growing cities and therefore is experiencing rapid urbanization, as well as
land-use pattern changes, which was important for the case study. The new DRASTIC model,
namely the DRASTIC-LP model, combined with GIS-based techniques and overlay techniques, was
used to generate the map of groundwater resource vulnerabilities. A point pollution source (P)-
related land-use pattern (L) that represents contamination impacts was considered an additional new
DRASTIC parameter. The study’s findings reveal the high reliability and maximum effectiveness
of the new DRASTIC-LP model in assessing groundwater vulnerability and contamination-risk
areas under a climate change scenario (by MIROC-ESM-CHEM model under RCP.8.5 scenario)
and land-use pattern changes (by CA_Markov Chian Model) for both the current year (2020) and
the next 50-year period (2021–2070). Furthermore, the new DRASTIC-LP model is employed to
trace the movement of pollutants from high- to very high-risk areas based on the groundwater
vulnerability and contamination-risk maps. The results highlight that waste disposal dumping sites
pose a more critical distribution and movement of pollutants when compared to industrial sites.
Additionally, unconsolidated aquifers and cracked consolidated rock aquifers show a potentially
higher occurrence of pollutant distribution and movement when compared to consolidated aquifers.
Consequently, the study’s outcomes are applied to formulate guidelines for the management and
control of groundwater resource contamination. These guidelines serve as valuable tools for decision
makers, aiding in pollution prevention and the effective management of contamination risks in
groundwater resources.

Keywords: climate change; land-use patterns change; GIS-based techniques; high-risk pollutant;
contamination-risk map

1. Introduction

The issue of groundwater pollution has garnered significant attention in Thailand,
particularly in the northern region, which holds an estimated 166,860 million cubic meters
of groundwater resources, constituting 14.67% of the nation’s total groundwater volume [1].

Water 2024, 16, 547. https://doi.org/10.3390/w16040547 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w16040547
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w16040547
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16040547?type=check_update&version=1


Water 2024, 16, 547 2 of 39

However, due to rapid population growth and extensive development in the tourist,
industrial, and agricultural sectors of northern Thailand, the groundwater situation has
suffered varying degrees of damage [2,3]. Aligning with prior studies, it has been reported
that 80% of shallow groundwater and 30% of deep groundwater in the People’s Republic
of China exhibit varying levels of pollution [4].

The review of past research indicates that assessing the vulnerability of groundwater
resources is crucial for effective planning, policymaking, and decision making, as well
as for the sustainable management of these resources. Such assessments not only aid
decision makers in adopting effective management strategies to mitigate groundwater
pollution, but also contribute to developing a conceptual framework for the allocation of
groundwater resources. This framework helps determine appropriate land-use patterns
and practices, fostering awareness among the population regarding the risks associated
with groundwater contamination [5]. The concept of groundwater resource vulnerabil-
ity aims to identify and prioritize the most vulnerable areas or regions within a river
basin that could lead to groundwater contamination. Additionally, it furnishes essential
scientific information for the protection and preservation of groundwater resources [6].
Consequently, a comprehensive review encompassing all methods and approaches used to
assess groundwater resources vulnerability from the past to the present is necessary. For
instance, Ducci [7] discovered that regional groundwater pollution vulnerability patterns
vary between drought, average, and wet climatic conditions. Butscher and Huggen-
berger [8] conducted an analysis of a karst aquifer system in north-west Switzerland and
found that groundwater vulnerability is influenced by climate-affected recharge conditions.
Keilholz et al. [9] highlighted the effects of land use and climate change on groundwater
and ecosystems at the middle reaches of the Tarim River, using the MIKE SHE-integrated
hydrological model. Nistor [10] confirmed the impact of climate change on groundwater
vulnerability in the Pannonian basin through a calculation of spatial analysis for ground-
water vulnerability, using GIS-based techniques. The groundwater vulnerability maps
indicated that the Pannonian basin appears highly vulnerable to climate change in both the
present (2020s) and future (2050s) scenarios.

The vulnerability of groundwater resources can undergo changes overtime due to
climate fluctuations, alterations in land use, and land cover (LULC). Various methods have
been proposed for assessing groundwater resource vulnerability, including the original
DRASTIC model [11] and the modified DRASTIC model, as evidenced by studies over the
past ten-year period [12–17]. A comprehensive literature review, as presented in Table 1,
reveals that there is a gap in past reviews, particularly the lack of studies dealing with
groundwater resource vulnerability under the influence of climate change and changes in
land-use patterns using modern models. In summarizing the research related to assessing
groundwater resource vulnerability, two main groups emerge:

1. Approaches undertaken globally by the original DRASTIC Model [11], combined with
the overlay technique and/or the GIS-based technique. This group, totaling 12 research papers,
includes studies by Aller et al. [11], Rahman [18], Shirazi et al. [19], Zghibi et al. [20], Ab-
deslama et al. [21], Rajput et al. [22], Mohammed et al. [23], Nurroh et al. [24], Bera et al. [25],
Chilaule et al. [26], Zhang et al. [27], and Wei and Chi [28]. The limitation of these as-
sessments lies in their focus on simulating the susceptibility of groundwater aquifers
to contamination from both natural conditions and anthropogenic activities. Notably,
these studies primarily concentrate on current scenarios, neglecting any consideration of
future scenarios.

2. Applied approaches from the original DRASTIC model to the Modified DRASTIC
model. This group, totaling six research papers, encompasses various methodologies,
including the overlay technique, the GIS-based technique, and/or remote sensing (RS).
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Table 1. Comparisons of the methodology of assessing the groundwater resources vulnerability of this research with the literature reviews.

Literature Review
(References)

Methodology of Assessing the Groundwater
Resources Vulnerability

Tools Study Area Limitation
Original

DRASTIC Modified DRASTIC

Aller et al. (1987) [11] 7 indexes Overlay technique USA.

These assessments focus on simulating the
susceptibility of groundwater aquifers to

contamination from both natural conditions and
anthropogenic activities. Notably, these studies

primarily concentrate on current scenarios, neglecting
any consideration of future scenarios.

Rahman (2008) [18] 7 indexes
ILWIS 3.0 model and
GIS-based techniques using
ArcView 3.2a GIS software

Aligarh, India

Shirazi et al. (2013) [19] 7 indexes GIS-based techniques and
remote sensing Melaka State, Malaysia

Zghibi et al. (2016) [20] 7 indexes GIS-based techniques Tunisian Coastal Aquifer

Abdeslama et al. (2017) [21] 7 indexes GIS-based techniques using
ArcGIS Northeast of Algeria

Rajput et al. (2020) [22] 7 indexes GIS-based techniques Rajasthan, India

Mohammed et al. (2020) [23] 7 indexes GIS-based techniques Basara Basin, the Iraqi Kurdistan
Region

Nurroh et al. (2020) [24] 7 indexes GIS-based techniques Yogyakarta, Indonesia

Bera et al. (2022) [25] 7 indexes AHP techniques and GIS-based
techniques

Semi-arid Totko River Basin,
India

Chilaule et al. (2023) [26] 7 indexes GIS-based techniques Comarca de la Janda, Province of
Cádiz, Spain

These assessments focus on simulating the
susceptibility of groundwater aquifers to

contamination from both natural conditions and
anthropogenic activities. Notably, these studies

primarily concentrate on current scenarios, neglecting
any consideration of future scenarios.

Zhang et al. (2023) [27] 7 indexes GIS-based techniques Tangshan City, a Coastal Area in
China

Wei and Chi (2023) [28] 7 indexes AHP techniques and GIS-based
techniques

Remediation of Contaminated
Sites in China (PRC)

Sadat-Noori and Ebrahimi
(2016) [14] 7 indexes 7 indexes; using to calibrate and modify

the original algorithm
GIS-based techniques and
simple statistical techniques

Saveh-Nobaran Plain, the Central
Iran

These assessments of the vulnerability of groundwater
resources focus mainly on land-use pattern and/or
anthropogenic activities (population density, etc.)

indices, without considering future scenarios.

Jenifer and Jha (2018) [16] 7 indexes
9 indexes; adding two exogenous

factors, namely: lineament density (LD),
land-use and land cover (LU)

GIS-based techniques Tiruchirappalli District, Tamil
Nadu, India

Maqsoom et al. (2020) [17] 7 indexes 8 indexes; adding anthropogenic
activity index (A)

GIS-based techniques using
ArcGIS 10.3 software

Karakoram Highway (a Part of
the CPEC Route (China-Pakistan

Economic Corridor)
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Table 1. Cont.

Literature Review
(References)

Methodology of Assessing the Groundwater
Resources Vulnerability

Tools Study Area Limitation
Original

DRASTIC Modified DRASTIC

Zhang et al. (2022) [29] 7 indexes

11 indexes; adding four exogenous
factors, namely: land-use type (L),

aquifer thickness (T’), aquifer water
potential (P’), and pollution source

distance (D’)

AHP techniques and GIS-based
techniques using ArcGIS
environment

Northern part of Shifang City,
Sichuan Province, China (PRC)

The traditional DRASTIC model considers the
influence of anthropogenic activities based to the

current situation. In addition to the seven commonly
used factors reflecting natural conditions, four

additional evaluation factors—land-use type, aquifer
thickness, aquifer water potential, pollution source

distance—were considered. A new model, including
the DRASTIC-LTPD and AHP-DRASTIC-LTPD

models, was proposed, without considering future
scenarios.

Lima et al. (2011) [12]

8 indexes (DRASTIC-P); adding
land-use index (P) and/or the future
agricultural expansion scenarios by

Dyna-CLUE model

GIS-based techniques
Dulce Creek Basin, the Southeast

of the Bunos Aires City,
Argentina

This assessment’s primary focus on land-use pattern
indices under the current and future scenarios,

without considering future climate changes.

Li and Merchant (2013) [13] 7 indexes (DRASTIL) except C; adding
land-use index (L)

LTM Model (Land
Transformation Model),
environmental conditions and
GIS-based techniques

Great Plains State, North Dakota,
USA.

The assessment of the vulnerability of groundwater
resources noted that the groundwater vulnerability
maps developed for this research indicate only the

“risk” of groundwater pollution on a regional scale,
but may not be used to interpret actual local

groundwater contamination incidences, due to the
site-specific factors, such as hydraulic fracturing for

shale oil, which may cause drinking water
contamination, not being considered.

Huang et al. (2017) [15] 8 indexes; adding land-use pattern
index (L)

LTM Model (Land
Transformation Model) and
GIS-based techniques

Hunan, China (PRC)

The assessment of groundwater vulnerability
confirmed the depth-to-water table (DTW), and that

the land-use patterns contribute differently to
variations in groundwater vulnerability. Additionally,
this study emphasizes the importance of generating

an impact model of climate changes and
anthropogenic activities on future ground-water

resource vulnerability; this would directly link future
DTW variations to climate change and associate
land-use patterns with anthropogenic activities.
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Table 1. Cont.

Literature Review
(References)

Methodology of Assessing the Groundwater
Resources Vulnerability

Tools Study Area Limitation
Original

DRASTIC Modified DRASTIC

Mkumbo et al. (2022) [30] 8 indexes; adding land-use and land
cover (LU/LC)

AHP techniques and GIS-based
techniques using ArcGIS
environment

Morogoro Municipality, Tanzania

This assessment of groundwater resource
vulnera-bility focuses mainly on land use and

landcover indexes, without considering
future scenarios.

This Paper
9 indexes; adding 2 anthropogenic

activities, namely: land-use pattern (L)
and point source pollution (P)

CA_Markov Chain Model
(Cellular Automata and
Markov Chain Model); and
MIROC-ESM-CHEM Model
under RCP8.5 Scenario; and
GIS-based techniques using
ArcGIS 10.5 software

Chiang Mai Province, Thailand

A comprehensive review of the literature reveals that
past reviews had a narrow focus, and lacked a real

coverage of studies, as well as not utilizing
state-of-the-art methods to deal with groundwater

resource vulnerability. Consequently, this paper
focuses on in-depth reviews, considering the best

methods and approaches under climate change and
land-use pattern changes, while using modern models
for analyzing current (2020) scenarios and forecasting

future (2070) scenarios.
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(a) Approaches without consideration of land-use pattern changes and/or climate change
without considering future scenarios: This subgroup consists of three research papers,
including Sadat-Noori and Ebrahimi [14], Jenifer and Jha [16], and Maqsoom et al. [17].
The limitation of these assessments of groundwater resource vulnerability is that
they mainly focus on land-use pattern and/or anthropogenic activity (population
density) indices.

(b) Approaches without consideration of land-use pattern changes and/or climate change
without considering future scenarios: This subgroup consists of one research paper:
Zhang et al. [29]. This assessment of groundwater resource vulnerability focuses
mainly on four additional evaluation factors: land-use type (L), aquifer thickness (T’),
aquifer water potential (P’), pollution source distance (D’). These are considered with
the new proposed model that includes DRASTIC-LTPD and AHP-DRASTIC-LTPD.

(c) Approaches considering land-use changes and land cover without considering future
scenarios: one research paper, Kmumbo et al. [30], is included in this subgroup.
The limitation of this assessment is its primary focus on land use and land cover
(LU/LC) indexes.

(d) Approaches considering changing land-use patterns under future scenarios, using
the Dyna-CLUE model: a study by Lima et al. [12] is included in this subgroup. The
limitation of this assessment is its primary focus on land-use pattern indices under
both current and future scenarios, without considering future climate changes.

(e) Approaches considering changing land-use patterns using the LTM model (Land
Transformation model), and climate changes using the GCMs model for future scenar-
ios: this subgroup consists of two research papers, including Li and Merchant [13]
and Huang et al. [15]. The limitations of this assessment of groundwater resource
vulnerability were as follows:

i Li and Merchant [13] found that the groundwater vulnerability maps devel-
oped for this research indicate only the risk of groundwater pollution on
a regional scale but may not be used to interpret actual local groundwater
contamination incidents, due to the site-specific factors, such as hydraulic
fracturing for shale oil, which may cause drinking water contamination, not
being considered.

ii Huang et al. [15] confirmed the depth-to-water table (DTW), and also confirmed
that the land-use patterns contribute differently to variations in groundwater re-
source vulnerability. Additionally, this study emphasizes generating an impact
model of climate changes and anthropogenic activities on future groundwater
resource vulnerability, directly linking future DTW variations to climate change
and associating land-use patterns with anthropogenic activities.

Despite the various methodologies applied, addressing future groundwater vulnera-
bility, based on the potential land-use changes and climate change scenarios, is essential for
formulating effective policies that ensure sustainable groundwater resource development.
This proactive approach aids decision makers in identifying potential future vulnerabilities
and taking early steps to protect critical groundwater resources. In the specific context
of Chiang Mai Province, Thailand, the assessment of groundwater resource vulnerability
utilized the original DRASTIC model [11] and the modified DRASTIC model, incorpo-
rating a land-use pattern index (L). Notably, point source pollutions have emerged as
critical contributors to groundwater contamination. As mentioned earlier, although many
researchers have assessed groundwater vulnerability using the original DRASTIC model
and the modified DRASTIC model, these numerous researchers were mainly focused on
only current scenarios or land-use patterns change and/or the expansion of anthropogenic
activities, without any consideration of climate change scenarios. Little is known, how-
ever, about future groundwater resource vulnerability, or the impact of the combination
of climate changes and land-use pattern changes under an ensemble of climate change
scenarios. The response of groundwater vulnerability to the projected changes in climate
change and land-use pattern changes is expected to be profound. Climate change and
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land-use pattern changes cannot be neglected during the process of the assessment of
groundwater vulnerability.

In Chiang Mai Province in the northern region of Thailand, land-use patterns and
point source pollution stand out as primary contributors, directly impacting groundwater
resources. Consequently, the vulnerability assessment of groundwater resources, utilizing
the new DRASTIC-LP model (modified from Aller et al. [11]), aims to simulate both the
current situation and future scenarios, considering climate change under high emission
scenarios (or RCP8.5 scenario) and land-use pattern changes. Additionally, the identify-
cation of contamination-risk areas is an integral part of this assessment. To identify the
impacts of the mentioned factors on groundwater vulnerability, the study proposes an
integrated approach, as follows:

1. Assessment of climate change situations: Three models suitable for Thailand are
selected, specifically three global climate models (GCMs). The data from the three
GCMs AR5 [31] models are modified to incorporate spatial data, aligning with inspec-
tion data measures from the past. This modification aims to predict the appearance
and behavior of temperature and rainfall conditions.

2. Assessment of land-use change situations: Utilizing the CA_Markov Chain Model,
the study analyzes the changes in various types of land-use patterns [32].

3. Assessment of groundwater resource vulnerability: The original DRASTIC model [11]
is employed to assess the vulnerability of groundwater resources, both in the current
and future scenarios.

4. New approach for risk assessment and management: The research introduces a novel
approach for the risk assessment and management of groundwater vulnerability.
This approach integrates the aforementioned assessments while incorporating the
land-use patterns index, denoted as L, and point source pollutions, marked as P,
using Geographic Information System (GIS) techniques. The goal is to produce a
comprehensive map depicting the vulnerability of groundwater resources.

2. Site Description and Hydrogeology Condition
2.1. Site Condition

Chiang Mai Province covers a total area of 20,107.06 sq.km. or 12,566,912.50 rais, as
shown in Figure 1 [33]. Situated in the upper northern part of Thailand, it stands out as
one of the fastest-growing cities, experiencing rapid development in both economic and
social sectors. This growth has resulted in the expansion of urban communities, industrial
sectors, and the tourism industry. The escalating economic prosperity, coupled with the
infusion of modern technology to enhance productivity and meet public sector demands,
has led to the overuse of available resources, particularly water. Consequently, a surge in
water demand has emerged as a significant challenge. Despite comprising predominantly
reserved and conserved areas, covering 15,403.77 sq.km. or 9.627 million rais, constituting
76.61 percent of Chiang Mai’s total area [34], legal restrictions prevent the development of
medium-to-large surface water reservoirs. The province is situated within the Chiang Mai-
Lamphun and Fang groundwater basins [35], with a potential groundwater source. capable
of supplying water ranging from less than 2 cubic meters/hour to more than 20 cubic
meters/hour [36]. Utilizing groundwater in both basins to replace or supplement surface
water sources stands as a beneficial solution across all sectors. The expansive growth in
economic and social systems within Chiang Mai Province has significantly influenced the
diversity of land-use patterns and the expansion of residential, commercial, industrial, and
agricultural sectors. It is evident that activities in these sectors contribute to environmental
pollution, posing a threat to groundwater contamination in the Chiang Mai-Lamphun and
Fang groundwater basins [2,3].
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2.2. Hydrogeologic Setting of Chiang Mai Province

The hydrogeological characteristics and the geological map of Chiang Mai Province are
shown in Figure 2. The province exhibits both unconsolidated and consolidated aquifers.
The unconsolidated aquifers in Chiang Mai Province cover an area of approximately
2800 sq.km. or 1,750,000 rais, ranging from 18◦30′ to 19◦ N and from 98◦45′ to 99◦15′ E.
These areas are flanked by mountain ranges on both the east and west sides, with the Ping
River being the main river, generally flowing from north to south. The narrowest width of
Chiang Mai Province is approximately 20 km. [37]. Various geologic units, spanning from
Precambrian to recent ages, are exposed in the area. Unconsolidated Quaternary alluvium
deposits overlay older rock formations, dominating most of Chiang Mai Province [38–40].
These aquifers comprise Quaternary sediments, including gravel, sand, silt, and clay,
categorized as fluvial deposits aquifers (Qfd), younger terrace aquifers (Qyt), consisting of
low terrace aquifers (Qtl) and middle terrace aquifers (Qtm); and the old terrace aquifer
(Qot), comparable to high terrace aquifers (Qth) and colluvial aquifers (Qcl). The fluvial
deposits aquifer is widespread in the lowlands of the Chiang Mai-Lamphun basin.

On the other hand, consolidated aquifers encompass semi-consolidated aquifers (Tsc),
middle Korat aquifers (Jmk), lower Korat aquifers (TRJlk), Lampang aquifers (TRlp),
Permian carbonate rocks aquifers (Pc), Permian-Carboniferous metasediments aquifers
(PCms), Carboniferous metasediments aquifers (Cms), Ordovician limestone aquifers (Ols),
Silurian-Devonian metamorphic aquifers (SDmm), Cambrian metamorphic aquifers (Emm),
Precambrian metamorphic aquifers (PEmm), Volcanic aquifers (Vc), and Granitic aquifers
(Gr). All these aquifers may undergo fracturing during tectonic events, transforming
into cracked consolidated rock aquifers. Groundwater wells in Chiang Mai Province are
typically shallow, with a general depth ranging from approximately 20 to 70 m below
the ground surface. Figure 3 shows that hydrogeologic cross-sections in lines A0–A1,
B0–B1, C0–C1, and D0–D1 (refer to Figure 2) are derived from various lithologic logs,
illustrating that semi-consolidated-to-consolidated aquifers are amalgamated into a single,
heterogeneous unit, denoted by a dark red color.

The groundwater yield varies across the region, typically falling within the range of
2–10 cubic meters per hour. Notably, the fluvial deposit aquifer (Qfd) exhibits higher
groundwater quantities, reaching up to 20 cubic meters per hour, as depicted in
Figure 4, modified from the Groundwater Potential Map of Chiang Mai Province (scale
1:100,000, [41]). The flow direction of groundwater resources in the unconsolidated aquifer
primarily moves from the edge of the basin towards the center, and ultimately drains into
the Ping River. The central alluvial channel of Chiang Mai Province experiences the highest
groundwater exploitation. Hydraulic conductivities of these aquifers, as evaluated from
pumping tests, range from 0.01 to approximately 20 m per day [42]. Groundwater quality in
the region is generally favorable, with the total dissolved solids (TDS) measuring less than
250 mg/L. Fluoride and iron concentrations are consistently low, particularly in the upper
part of the aquifer; this can be attributed to the high oxygen levels and flow velocities [2,3].

The research found that it was extremely difficult to delineate the sedimentary units
in the Chiang Mai Province, because any correlation was almost impossible due to high
heterogeneity [37,43,44]. The hydrostratigraphic model revealed sedimentary facies are
associated with varying depths and are intercalated. The correlation between adjacent
wells was extremely difficult, due to the lack of key beds or recognizable sequences [44].
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3. Materials and Methods
3.1. Research Methodology

This study focuses on evaluating the vulnerability of groundwater resources to pollu-
tion loads, stemming from both natural and anthropogenic sources. The assessment aims
to gauge the risk of groundwater resource vulnerability in Chiang Mai Province, utilizing
a new DRASTIC-LP model. This model integrates groundwater resource vulnerability,
climate change scenarios featuring very high greenhouse gas emissions (RCP8.5 scenario),
land-use change scenarios, and anthropogenic source points, as identified through the
CA_Markov Chain model [45].

The overarching goal is to provide insights into future groundwater resource vulnera-
bility management. Identifying areas that are more susceptible to contamination from both
natural and anthropogenic sources has become a pivotal aspect for land-use planning and
comprehensive resource management in the northern region of Thailand. This study ad-
heres to the established criteria and employs conventional research methodology, ensuring
the reliability and efficient management of operating times. The conceptual framework of
all the details of the research methodology is shown in Figure 5, and this also clarifies all
aspects of the research methodology, tools, and equipment employed. This comprehensive
approach not only strengthens the credibility of the study. but also contributes valuable
information for informed decision making in groundwater resource management in Chiang
Mai Province.
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3.2. Data Analysis and Results of the Study
3.2.1. Climate Change Analysis

A performance analysis of the three general climate models (3GCMs), namely the
GFDLSM2M model, the HadGEM2-ES model, and the MIROC-ESM-CHEM model, were
compared to determine which model was most suitable for predicting both temperature
and rainfall, according to the coefficient of determination (R2 or R-square). From the study,
it was revealed that the MIROC-ESM-CHEM model can simulate rainfall behavior in the
30-year period (1991–2020), corresponding to past rainfall behaviors, according to the
coefficient of determination (max R2 = 0.5991); this does so in a much more effective way
than the HadGEM2-ES model (max R2 = 0.5613), and GFDLSM2M model (max R2 = 0.4503).

1. Monthly temperature data from the 30-year period (1991–2020), provided by the
Thai Meteorological Department (TMD) [46] in Chiang Mai Province and its surrounding
areas, were collected from eight meteorological stations. These stations were included the
Mae Sariang Weather Station (300202), the Mae Hong Son Meteorological Station (300201),
the Chiang Mai Meteorological Station (Northern Meteorological Center) (327501), the
Lampang Agricultural Weather Station (328301), the Lampang Meteorological Station
(328201), the Lamphun Meteorological Station (329201), and the Chiang Rai Meteorological
Station (303201). Changes in monthly temperatures over the specified period are depicted
in Figure 6.
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An analysis of future temperature situations by the MIROC-ESM-CHEM model under
the RCP8.5 scenario (very high greenhouse gas (GHG) emissions) is shown in Table 2 and
Figure 7. The minimum temperature during the 30-year period (1991–2020) is 20.07 ◦C
for the months of December to February. During the decade of 2021–2030, the minimum
temperature is predicted to drop to 18.68 ◦C, a decrease of −1.38 ◦C from the 30-year
period (1991–2020). Additionally, during the 30-year period (1991–2020), the maximum
temperature is 32.08 ◦C. In the future, specifically across five periods, 2021–2030, 2031–2040,
2041–2050, 2051–2060, and 2061–2070, the maximum temperature is predicted to be 33.44 ◦C,
33.09 ◦C, 33.88 ◦C, 35.43 ◦C, and 35.48 ◦C, respectively, with an increase over the 30 years
(1991–2020) between +1.02 ◦C to +3.40 ◦C. The overall average temperature for the 30 years
(1991–2020) is 25.62 ◦C, while this is predicted to increase from +0.17 ◦C to +2.55 ◦C over
the 30-year period (1991–2020).
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Table 2. Analysis of future temperature situations with the MIROC-ESM-CHEM model under the
RCP8.5 scenario.

Month

Average Monthly Temperature (Celsius)

Obs. MIROC-ESM-CHEM under RCP8.5 Scenario; Year

1991–2020 2021–2030 2031–2040 2041–2050 2051–2060 2061–2070

January 21.62 21.80 22.62 17.55 24.09 21.37

February 22.86 22.77 24.15 21.84 25.87 24.87

March 26.38 26.54 24.35 27.85 27.48 29.48

April 28.69 29.16 29.38 29.29 31.44 32.53

May 28.38 31.26 28.61 33.03 32.20 29.84

June 27.85 31.68 26.14 29.84 32.16 29.70

July 27.33 28.54 27.02 27.81 28.86 29.16

August 26.83 27.02 27.03 28.73 28.42 29.94

September 25.63 26.57 27.91 28.95 28.55 29.82

October 25.97 25.34 26.54 27.45 28.50 29.15

November 24.23 22.50 25.04 24.97 26.63 27.20

December 21.71 19.55 20.75 22.66 22.39 25.05

Average 25.62 26.06 25.80 26.66 28.05 28.18

Diff. (Obs.-Model), ◦C 0.44 0.17 1.04 2.43 2.55

Percentage, % 1.71 0.67 4.06 9.47 9.96
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2. Monthly rainfall data from the same period from the Thai Meteorological Depart-
ment (TMD) [47], which included 39 stations, and the Royal Irrigation Department (RID) [48],
which included 10 stations, but here, the extreme rainfall values were gathered. The
continuous monthly rainfall data over a five-year period were used to analyze an average,
minimum, and maximum monthly rainfall, as shown in Figure 8.
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Figure 8. Average, minimum, and maximum monthly rainfall data (mm.), from the 30-year period
(1991–2020) in Chiang Mai Province.

Analysis of future rainfall situations by MIROC-ESM-CHEM model under RCP8.5
scenario (very high greenhouse gas (GHG) emissions) as shown in Table 3 and Figure 9.
During the 30–year period (1991–2020), the average annual rainfall is 1071.43 mm/year.
From the prediction of the model, in the decade of 2021–2030, the average annual rain-
fall is predicted to be 1241.36 mm/year, with a trend increasing of +15.86% over the
30–year period (1991–2020). During the rainy season (July to October) in this decade
(2021–2030), the model predicts to be 209.13–290.25 mm., and the highest monthly rainfall
in September is 290.25 mm/year. Moreover, in the decade of 2031–2040, the average annual
rainfall is predicted to 1241.36 mm/year, with an increasing trend of +15.86% over than the
30–year period (1991–2020). The overall average annual rainfall for three periods: 2041–2050,
2051–2060, and 2061–2070, the model predicts to be 1377.25, 1250.12, and 1339.16 mm/year,
respectively. Their average annual rainfall of them, predicted to increase of +16.68% to
+28.54%, over the 30–year period (1991–2020).
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Figure 9. Future rainfall situations using the MIROC-ESM-CHEM model under the RCP8.5 scenario.
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Table 3. Analysis of future rainfall situations using the MIROC-ESM-CHEM model under the
RCP8.5 Scenario.

Month

Average Monthly Rainfall (mm.)

Obs. MIROC-ESM-CHEM under RCP8.5 Scenario; Year

1991–2020 2021–2030 2031–2040 2041–2050 2051–2060 2061–2070

January 8.52 0.51 0.74 11.11 0.97 0.28

February 5.78 1.45 1.21 0.63 1.99 0.39

March 18.97 5.88 80.62 0.85 9.69 6.60

April 53.96 56.84 37.64 93.13 114.97 56.28

May 160.43 87.46 202.90 54.80 82.21 153.49

June 126.36 63.21 209.01 149.00 66.25 163.25

July 160.07 233.26 162.12 204.95 274.34 205.42

August 205.82 290.25 321.52 241.88 280.01 275.15

September 183.10 270.59 225.09 257.89 161.14 306.66

October 103.42 209.13 135.72 320.45 238.75 133.45

November 34.98 18.32 35.37 32.95 3.85 34.92

December 10.05 4.45 4.64 9.61 15.98 3.27

Average Annual
Rainfall 1071.43 1241.36 1416.58 1377.25 1250.12 1339.16

Diff. (Model-Obs.),
mm. 169.93 345.15 305.82 178.69 267.73

Percentage, % 15.86 32.21 28.54 16.68 24.99

3.2.2. Land-Use Pattern Change Analysis

Satellite data from Landsat-5 and Landsat-8 covering 2001, 2011, and 2020, with a
resolution of 30 × 30 m per pixel, has been imported and examined. The existing land-use
patterns are applied by a level one land-use map in Chiang Mai Province (GIS), with a
scale of 1:25,000 of the Land Development Department (LDD) [49]. These land-use patterns
are divided into six categories, namely (i) agricultural areas, (ii) community and buildings
areas, (iii) industrial areas, (iv) forest areas, (v) water body, and (vi) miscellaneous areas. A
total of twelve scenes of satellite data (Landsat-5/Landsat-8) covering 2001, 2011, and 2020,
amounting to four scenes/year, were utilized.

An analysis of trends in land-use pattern changes, as well as community and urban
expansion, is undertaken by comparing the changes in land-use patterns over the past
20-year period (2001–2020) using Landsat-8 satellite imagery from 2001, 2011, and 2020. The
land-use patterns map for Chiang Mai Province (GIS), 2001, 2011, and 2020, with a scale of
1:25,000 of the Land Development Department (LDD), is shown in Figure 10. Additionally,
a topographic map with a scale of 1:4000 (DEM: Digital Elevation Model) is used to verify
the accuracy of land-use patterns. Field investigations were conducted in the following
time periods: February to March 2020, May to June 2020, and November to December 2020.

An analysis of trends in future land-use patterns changes is conducted for every ten-
year period (2030, 2040, 2050, 2060, and 2070) using land-use pattern databases from 2020,
in conjunction with Chiang Mai Province Comprehensive Plan. This analysis employs the
CA_Markov Chain Model (Cellular Automata and Markov Chain Model) [33], verified at
least 5 times to ensure validity and reliability. The analysis of trends in each future land-use
pattern changes over a 50-year period (2021–2070) in Chiang Mai Province is represented
in Geographic Information System (GIS) maps, as shown in Figure 11 and Table 4.
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Figure 10. Land-use patterns of Chiang Mai Province level 1 (2001, 2011, and 2020).

Table 4. An analysis of the land-use patterns over a future 50-year period (2021–2070) using the
CA_Markov Chain model and GIS-based techniques, covering the area of Chiang Mai Province,
totaling 20,107.06 sq.km. or 12,566,912.50 rais.

Land-Use Pattern Categories

Land-Use Pattern 1/,2/

2020 2030 2040

(sq.km.) % (sq.km.) % (sq.km.) %

1. Agricultural Areas 4718.06 23.46 4906.61 24.40 5066.68 25.20

2. Community and Building Areas 792.20 3.94 854.06 4.25 901.16 4.48

3. Industrial Areas 25.05 0.12 25.76 0.13 29.87 0.15

4. Forest Areas 14,059.72 69.92 13,847.78 68.87 13,641.06 67.84

5. Water Body 193.68 0.96 170.45 0.85 158.48 0.79

6. Miscellaneous Areas 318.35 1.58 302.39 1.50 309.81 1.54

Total Areas 20,107.06 100.00 20,107.06 100.00 20,107.06 100.00

Land-Use Pattern Categories

Land-Use Pattern 1/,2/

2050 2060 2070

(sq.km.) % (sq.km.) % (sq.km.) %

1. Agricultural Areas 5190.33 25.81 5304.45 26.38 5401.77 26.87

2. Community and Building Areas 984.16 4.89 1047.04 5.21 1104.86 5.49

3. Industrial Areas 41.24 0.21 44.56 0.22 46.61 0.23

4. Forest Areas 13,430.25 66.79 13,239.69 65.85 13,080.07 65.05

5. Water Body 148.27 0.74 155.91 0.78 152.66 0.76

6. Miscellaneous Areas 312.81 1.56 315.42 1.57 321.09 1.60

Total Areas 20,107.06 100.00 20,107.06 100.00 20,107.06 100.00
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Table 4. Cont.

Land-Use Pattern Categories

Land-Use Pattern Change 1/,2/ Ratio of Annual Change

2020–2030 2020–2070 2020–2070

(sq.km.) % (sq.km.) % (sq.km.) %

1. Agricultural Areas 61.86 0.21 683.71 3.40 13.67 0.29

2. Community and Building Areas 0.72 0.03 312.65 1.55 6.25 0.79

3. Industrial Areas 188.55 0.25 21.57 0.11 0.43 1.72

4. Forest Areas −211.94 0.17 −979.65 −4.87 −19.59 −0.14

5. Water Body −23.23 −0.37 −41.02 −0.20 −0.82 −0.42

6. Miscellaneous Areas −5.96 −0.13 2.74 0.01 0.05 0.02

Notes: 1/ An analysis of the land-use patterns in a future 50-year period (2021–2070), using the CA_Markov Chain
Model and a GIS-based technique; 2/ Area size is calculated by ArcGIS 10.5.
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3.2.3. An Assessment of the Vulnerability of Groundwater Resources

A process for analyzing the groundwater vulnerability in Chiang Mai Province, using
the new DRASTIC-LP model, are shown in Figure 5. It can be explained as follows:

1. Normally, either the traditional method or the original DRASTIC model [11] are
used for groundwater vulnerability analysis. This research proposed a new approach
to groundwater vulnerability assessments by adding two essential extra indexes, which
are land-use pattern (L) and point source pollutions (P), into the conventional DRASTIC
Equation (1), as follows:

DRASTIC Index (Di) = DrDw + RrRw + ArAw + SrSw + TrTw + IrIw + CrCw + LrLw + PrPw (1)

D = Depth-to-water table
R = Net recharge has been considered from the amount of rainfall in the area and

the rate of rainwater infiltration by the soil-type classification of the Land Development
Department (LDD) [50], as shown in Equation (2):

r = 0.24(i) + 3.20 (2)

The permeability rate was assessed using the percentage of rainfall (r) and the soil
permeability coefficient (i), measured using centimeters per hour (cm/hr).

R = Rainfall × Percentage of the permeability rate of water
A = Aquifer media
S = Soil media
T = Topography
I = Impact of vadose zone
C = Hydraulic conductivity of the aquifer
L = Land-use patterns
P = Point sources
r = Weighting values of hydrogeological factors by new DRASTIC-LP model
w = The weights of each determining factor for new DRASTIC-LP model as detailed

in Table 5 [11,51].
2. The analysis of vulnerability of the overall groundwater aquifers to pollution is cal-

culated from both secondary data and primary data, obtained from the field investigations.
(a) Depth-to-water table (D): The groundwater development is mainly drilled wells,

which are less than 150 m deep. To simulate future net recharge (R) on a large scale,
assumptions are proposed based on the very high greenhouse gas (GHG) emissions, using
the RCP8.5 scenario provided by the MIROC-ESM-CHEM model. Equation (3), which was
used to calculate the depth-to-water table (D), is based on Huang et al. [15]:

D = ∆R(ti) + H(ti) (3)

∆R(ti) = net recharge occurring between initial time t0 and ending time ti; and
H(ti) = baseline depth-to-water table (D), attributed to the recharge period. The predicted
scores of the depth-to-water table (D) for the baseline (2020) and the future 50-year periods
(2021–2070) are shown in Figure 12.

(b) Net Recharge (R): Considering annual rainfall statistical data from the 30-year pe-
riod (1991–2020), the rate of rainwater infiltration by the soil-type classification of the Land
Development Department (LDD) [50] can be obtained from Equation (2): r = 0.24(i) + 3.20.
The permeability rate is assessed as the percentage of rainfall (r) and the soil permeability
coefficient (i) in centimeters per hour (cm/h) from the following equation: R = Rainfall ×
Percentage of the permeability coefficient. The predicted scores of net recharges (R) for the
baseline (2020) and the future 50-year period (2021–2070) are shown in Figure 13.

(c) Aquifer Media (A): Considering the aquifer according to the hydrogeological rock
unit, there are a total of 17 rock units. Unconsolidated sediment has permeability rates,
depending on the properties of the sediment, such as grain size, sorting, and sediment
binding, etc. Types of aquifers include fluvial deposit aquifers (Qfd), young terrace deposit
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aquifers (Qyt), and old terrace deposit aquifers (Qot), while consolidated rocks are highly
fractured with high groundwater permeability.

(d) Soil Media (S): This depends on soil texture and soil depth (less than 1.80 m from
the soil surface [50]). Soil characteristics are divided into two types, namely clay varieties
(low-lying plain with clay, clay mixed with sandstone fragments, laterite, sandy clay, etc.),
as well as terraces (slop complex).

(e) Topography or Slope (T): The plain basin on the east side, surrounded by high
mountains, causes most areas to have a slope of >18%, accounting for 70% of the total area.
Some areas have a slope of <2% (relatively flat), accounting for 9% of the total area.

(f) Impact of Vadose Zone (I): This is classified according to the characteristics of the
soil and bedrock above the groundwater layer.

(g) Hydraulic Conductivity of the Aquifer (C): Data obtained from the pumping
tests of the main groundwater resources [51] reveal permeability coefficients between
1.0–10.0 m/day.

(h) Land-use patterns (L): These are divided into six types, namely (i) agricultural
areas, (ii) forest areas, (iii) water body, (iv) community and building areas, (v) industrial
areas, and (vi) miscellaneous. The scores of land-use patterns (L) are shown in Figure 11.

(i) Point Source Pollutions (P): Various anthropogenic activities consist of eight types
of point source pollutions, including 233 landfills, 19 sanitary landfills, 457 factories at risk
of contamination, 4 active mining sites related to heavy metal elements, 30 active mining
sites (industrial quarry), 7 non-active mining sites (old mine), 216 Gas/Petrol Stations, and
1 wastewater treatment plant. A risk assessment for contamination toxics in groundwater
resources is conducted using a buffer distance of 200 m from industrial point sources, as
shown in Figure 14.

3. Data preparation for groundwater resource vulnerability assessments involves
assessing the vulnerability of groundwater resources using a criteria-based vulnerability
index with five levels, namely level 1 (very low), level 2 (low), level 3 (moderate), level 4
(high), and level 5 (very high).

4. The tools for analyzing groundwater vulnerability to pollution are as follows:

(a) ArcGIS Ver. 10.5, comprising a set of tools and commands, is utilized for spatial
analysis in a raster-based analysis.

(b) The Model Builder is employed as a process for analyzing the new DRASTIC-
LP model to obtain groundwater vulnerability index results (DRASTIC-LP
Index Value) regarding pollution.

5. Geo-informatics technology (GIS-based techniques) is selected to create a new
groundwater resource vulnerability map (DRASTIC-LP Map). This map is compared
with the nitrate (NO3

−) concentration in groundwater resources from various sources,
including the Department of Groundwater Resources (DGR) [51], the Pollution Control
Department (PCD, 2020), the Royal Irrigation Department (RID, 2020), and the Environment
and Pollution Control Office 1 (Chiang Mai, 2020), etc. These groundwater samples indicate
contamination from anthropogenic activities or natural conditions.

6. Calibration of groundwater resource vulnerability using nitrate (NO3
−) concentra-

tion data from field sampling during the rainy (298 samples) and the winter (299 samples)
seasons [51]. As nitrate is one of the most important pollutants in the environment, it causes
environmental pollution by converting to nitrite (NO2

−) compounds [52]. It is also found
at sites of high levels from anthropogenic activity, such as sewage, septic tank leakages,
community, and municipal solid waste. Nitrogen substances are used to make chemical
fertilizers, livestock, or non-point pollutions source that runoff from agricultural areas [53].
Moreover, the nitrogen compounds produced by the decomposition of plants and animals
accumulated in the soil are converted to nitrate (NO3

−) compounds by bacteria. Plants
absorb nitrogen compounds from the soil in the form of nitrate (NO3

−) compounds. It
can infiltrate into the ground and reach plant roots and, therefore, groundwater resources
very easily by rainfall or runoff. Infants below six months old consuming water with
high nitrate (NO3

−) concentrations may experience serious health issues, become seriously
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ill, and, if untreated, may die, not to mention conditions such as shortness of breath or
blue-baby syndrome. The US EPA reported that when nitrate (NO3

−) concentrations in
groundwater resources exceed 1 mg/L, this indicates contamination from anthropogenic
activities [54]. Additionally, concentrations exceeding 3 mg/L suggest contamination
affecting domestic consumption [55]. The EPA’s maximum contaminant level (MCL) for ni-
trate (NO3

−) concentrations to protect against blue-baby syndrome must be over 10 mg/L.
The groundwater threshold for monitoring should begin at 5.0 mg/L (Estimated Use of
Water in the United States: USGS, 2005) [56], while the groundwater quality standard
for drinking purposes, according to the notification of the Ministry of Natural Resources
and Environment (2008) [55], is 45.0 mg/L for the maximum allowable concentration of
nitrate (NO3

−). The groundwater resource vulnerability is assessed by with groundwater
nitrate (NO3

−) concentrations from groundwater samples collected during the rainy season
(September 2018 to November 2018), comprising 299 samples, and during the winter season
(December 2018 to February 2019), consisting of 298 samples [51]. These findings are shown
in Figure 15. The results showed concentrations exceeding 3 mg/L in 34 samples of the
rainy season, or 11.37% of a total sample, and 4 samples of the winter season, or 8.30% of a
total sample. The groundwater nitrate (NO3

−) concentrations exhibit high vulnerability
class in both the young terrace deposits aquifer (Qyt) and the old terrace deposits aquifer
(Qot) (Figure 16). These groundwater resources, in both types of aquifers, are used in most
intensive agricultural areas along the river bank and tributaries. These results are consistent
with the existing literature and regulatory standards. Dubrovsky et al. [57] and Madison
and Brunett [58] both indicate the EPA’s maximum contaminant level (MCL), as well as
the estimated use of water in the United States in 2005 [56], suggesting that groundwater
resource vulnerability ranges from moderate to very high classes due to anthropogenic
activities in these areas. Although the concentration values in some areas do not exceed
the groundwater standard according to the EPA’s maximum contaminant level (MCL) and
estimated use of water in the United States in 2005 [56], the likelihood of contamination
remains significant in areas with high anthropogenic activity.

7. Conventionally, groundwater resource vulnerability is analyzed with the origi-
nal DRASTIC model (seven indexes) [11]. This research proposes a new approach for
groundwater vulnerability analysis (the new DRASTIC-LP model) by adding two essential
extra-indexes, which are two risk factors caused by anthropogenic activities: land-use pat-
terns (L) and point source pollutions (P). Thus, groundwater vulnerability can be obtained
from the following Equation (4):

DRASTIC Index (Di) = DrDw + RrRw + ArAw + SrSw + TrTw + IrIw + CrCw + LrLw + PrPw (4)

Additionally, groundwater resource vulnerability, as determined by the criteria for
assessing the vulnerability index, is divided into 5 levels: <120.00 scores (level 1: very low),
120.00–140.00 scores (level 2: low), 140.01–160.00 scores (level 3: moderate), 160.01–180.00
scores (level 4: high), and >180.00 scores (level 5: very high). The distribution of ground-
water vulnerability in Chiang Mai Province, considering the increasing risk factors from
anthropogenic activities, land-use patterns (L), and point source pollutions or point sources
(P), using the new DRASTIC-LP, is shown in Table 6 and Figure 17. These results reveal
that the anthropogenic activities (L, P), and the depth-to-water table (D) directly influence
vulnerability and the risk of pollution contaminant in groundwater resources. Moreover,
the results of the analysis are more reliable than the conventional analysis as they are simu-
lated in current conditions and situations. The analysis of the groundwater vulnerability
using the new DRASTIC-LP model can be a better and more comprehensive analysis than
the original DRASTIC model [11] and can also contribute to long-term resource manage-
ment. Pollution levels are rapidly increasing due to the expansion of urban communities,
intensive agricultural areas, and industries/factories/manufactures, etc., highlighting the
importance of these results. National resources are heavily used with very few appropriate
controls. The variety of pollution depends on the various land-use patterns, as well as
point source pollutions. Moreover, the pollutants are directly correlated to the quality of
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groundwater resources. Thus, the contamination of pollution to groundwater resources
has to be seriously protected, in order to sustain these resources.

Table 5. Weights of each determining factor or weighting values for the new DRASTIC-LP model.

Main Factor Weighting Values Index Score Interval Score

1. Depth-to-water table (D) 1/ 5 1/

<1.50 m. 10

1.50–4.50 m. 9

4.51–9.00 m. 7

9.01–15.00 m. 5

15.01–22.50 m. 4

22.51–30.00 m. 3

30.01–50.00 m 2

>50.00 m. 1

2. Net Recharge (R) 1/ 4 1/

<30.00 mm/year 1

30.01–50.00 mm/year 2

50.01–70.00 mm/year 4

70.01–90.00 mm/year 5

>90.00 mm/year 6

3. Aquifer Media (A) 1/ 3 1/

Fluvial Deposits Aquifer, Qfd 9

Young Terrace Deposits Aquifer, Qyt 9

Old Terrace Deposits Aquifer, Qot 9

Semi-consolidated aquifer, Tsc 6

Middle Korat Aquifers, Jmk 6

Lower Korat Aquifer, TRJlk 6

Lampang Aquifer, TRlp 6

Permian Carbonate Rocks Aquifer, Pc 7

Permian-Carboniferous Metasediments Aquifers, PCms 6

Carboniferous Metasediments Aquifer, Cms 6

Silurian-Devonian Metamorphic, SDmm 3

Ordovician Limestone Aquifer, Ols 8

Cambrian-Devonian Metamorphic Aquifer, DEmm 3

Cambrian Metamorphic Aquifer, Emm 3

Precambrian Metamorphic Aquifer, PEmm 2

Granitic Aquifer, Gr 4

Volcanic Aquifer, Vc 3

4. Soil Media (S) 1/ 2 1/

Clay consists of 40% or more of clay size particles, 45%
or less of sand size particles, and less than 40% of silt

size particles.
3

Silt or silt loam 4

Loam consists of 7–27% clay size particles, 28–50% silt
size particles and less than 52% sand size particles 5

Sand consists of 85% or more of sand size particles 6

Terrace (slope complex) 6
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Table 5. Cont.

Main Factor Weighting Values Index Score Interval 2/ Score 2/

5. Topography (Slope) (T) 1/ 1 1/

<2.00% 10

2.01–6.00% 9

6.01–12.00% 5

12.01–18.00% 3

>18.00% 1

6. Impact of Vadose Zone (I) 1/ 5 1/

Alluvial deposits unit consists of sand, gravel, silt, clay,
laterite. They are fluvial deposits (Qfd); young terrace

deposits (Qyt); old terrace deposits (Qot)
9

Limestone unit consists of limestone and dolomitic
limestone. They are Ordovician limestone (Ols) and

Permian limestone (Pc)
8

Sedimentary rock and metasediment units consist of
sandstone, shale, conglomerate, mudstone, etc. They are
semi-consolidated rock (Tsc), Korat rock (Jmk/TRJlk),

Lampang rock (TRlp), Permian Carbonate rocks,
Carboniferous metasediments rock (Cms)

6

Metamorphic and igneous units are Silurian-Devonian
rock (SDmm), Cambrian-Devonian rock (DEmm),

Metamorphic rock (Emm), Precambrian metamorphic
rock (PEmm), Granitic rock (Gr), Volcanic rock (Vc)

4

7. Hydraulic Conductivity of
the Aquifer (C) 1/ 3 1/

<0.050 m/day 1

0.051–0.100 m/day 2

0.101–0.500 m/day 3

0.501–1.000 m/day 4

1.001–10.000 m/day 7

>10.000 m/day 8

8. Land-use Pattern (L) 5

Agricultural area 8

Industrial area 8

Water body 8

Community and buildings area 5

Miscellaneous area 3

Forest area 1

9. Point Source (P) 5

Landfill 10

Sanitary landfill 8

Factory 8

Active mining related to heavy metal elements 9

Active mining (industrial quarry) 7

Non-active mining (old mine) 6

Petrol/Gas station 8

Wastewater treatment plant 5

Notes: Ref: 1/ Aller et al. [11]
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Figure 12. Depth-to-water table (D) of baseline (2020) and future (2030–2070) periods, using the MI-
ROC-ESM-CHEM model with the RCP8.5 scenario. 
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MIROC-ESM-CHEM model with the RCP8.5 scenario.
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Figure 13. Net recharge (R) of baseline (2020) and future (2030–2070) periods, using the MIROC-
ESM-CHEM model with the RCP8.5 scenario. 
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8. An analysis of groundwater resource vulnerability using the new DRASTIC-LP
model was conducted, comparing the present (2020) with the future situations over the
50-year period (2021–2070). Key factors considered include predictions of rainfall behavior
under the RCP8.5 scenario [(very high greenhouse gas (GHG) emissions)] and the land-use
patterns, as modeled by the CA_Markov Chain Model, which is one of the risk factors that
influenced the change of the vulnerability of groundwater resources. These results highlight
the trends of decreasing or increasing groundwater vulnerability projected by the MIROC-
ESM-CHEM model for future periods of every 10 years (2021–2030, 2031–2040, 2041–2050,
2051–2060, and 2061–2070), as shown in Table 6 and Figure 17. The overall vulnerability
changes in groundwater resources in Chiang Mai Province, Thailand during the period
ranging 2000–2070 covers 20,107.06 sq.km., with percentages in vulnerability classes for very
low (−5.10%), low (+3.44%), moderate (+0.48%), high (−0.24%), and very high (+1.41%).
The anticipated groundwater vulnerability changes in the next 50 years (2021–2070) suggest
significant shifts in groundwater vulnerability patterns under the combined influence



Water 2024, 16, 547 29 of 39

of climate change and land-use patterns, particularly under the RCP8.5 scenario. Some
areas of Chiang Mai Province may face a high risk of groundwater pollution in this period
(2021–2070), with vulnerability classes expanding from urban centers, the central business
district (CBD), the medium-large industrial areas, and the intensive agricultural areas,
etc., to surrounding areas, especially recharge areas and lowland areas along the main
rivers, namely Nam Mae Ping, Nam Mae Kok, Nam Mae Khan, and Nam Mae Taeng, etc.
These overall areas of vulnerability classes of moderate to very high will directly affect
and increase the areas of expansion, corresponding to the risk of increasing groundwater
pollution in the future. Furthermore, the areas of vulnerability classes of low to very low
will also substantially decrease. Hence, the results affirm that the new DRASTIC-LP model
in this study is able to effectively identify the potential areas of Chiang Mai Province,
Thailand that are more vulnerable to groundwater pollution.

Table 6. Analysis of groundwater vulnerability by the New DRASTIC-LP model, comparing the
rainfall behavior and land-use pattern situations of the baseline (2020) and future 10-year periods
(2030, 2040, 2050, 2060, and 2070).

Contaminate Class Index Values

New DRASTIC-LP MIROC-ESM-CHEM Model 1/

Present (2020) RCP8.5 Scenario (2030) RCP8.5 Scenario (2040)

Area Area Change Area Change

(km2) % (km2) % % (km2) % %

Very Low <120.00 14,789.43 73.55 15,166.77 75.43 +1.88 15,679.55 77.98 +4.43

Low 120.00–140.00 2066.23 10.28 1708.12 8.50 −1.78 1260.91 6.27 −4.01

Moderate 140.01–160.00 1090.13 5.42 1025.93 5.10 −0.32 863.56 4.29 −1.13

High 160.01–180.00 1718.64 8.55 1818.32 9.04 +0.50 2031.15 10.10 +1.55

Very High >180.00 442.63 2.20 387.91 1.93 −0.27 271.89 1.35 −0.85

Contaminate Class Index Values

New DRASTIC-LP MIROC-ESM-CHEM Model 1/

Present (2020) RCP8.5 Scenario (2050) RCP8.5 Scenario (2060)

Area Area Change Area Change

(km2) % (km2) % % (km2) % %

Very Low <120.00 14,789.43 73.55 15,306.31 76.12 +2.57 15,300.11 76.09 +2.54

Low 120.00–140.00 2066.23 10.28 1597.81 7.95 −2.33 1545.01 7.68 −2.59

Moderate 140.01–160.00 1090.13 5.42 1025.26 5.10 −0.32 1089.43 5.42 −0.00

High 160.01–180.00 1718.64 8.55 1831.98 9.11 +0.56 1833.12 9.12 +0.57

Very High >180.00 442.63 2.20 345.69 1.72 −0.48 339.39 1.69 −0.51

Contaminate Class Index Values

New DRASTIC-LP MIROC-ESM-CHEM Model 1/

Present (2020) RCP8.5 Scenario (2070)

Area Area Change

(km2) % (km2) % %

Very Low <120.00 14,789.43 73.55 14,900.39 74.11 +0.55

Low 120.00–140.00 2066.23 10.28 1890.64 9.40 −0.87

Moderate 140.01–160.00 1090.13 5.42 1136.32 5.65 +0.23

High 160.01–180.00 1718.64 8.55 1810.66 9.01 +0.46

Very High >180.00 442.63 2.20 369.05 1.84 −0.37

Note: 1/ MIROC-ESM-CHEM Model can simulate rainfall behavior across the 50-year period (2021–2070).
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Figure 17. Groundwater resources vulnerability of the baseline period (2020) and for the future pe-
riod (2021–2070), using the MIROC-ESM-CHEM model with the RCP8.5 scenario. 

Figure 17. Groundwater resources vulnerability of the baseline period (2020) and for the future
period (2021–2070), using the MIROC-ESM-CHEM model with the RCP8.5 scenario.

4. Groundwater Resource Risk Management

Normally, achieving the sustainable development of groundwater resources involves
striking a balance between usage and demand, encompassing both aspects of quality and
quantity. In Chiang Mai Province, it has become evident from historical to current contexts
that effective groundwater resource management is imperative. Failure to regulate and
mitigate groundwater usages can result in various short-term and long-term problems,
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including groundwater deterioration, heavy metal contamination, other toxins, and even
over-pumping. Consequently, managing groundwater resources is intricately linked to
the overseeing groundwater user groups to attain equilibrium within the socio-economic
system for national development and ensuring the sustainability of hydrogeological sys-
tems on the supply side. A risk management approach for the sustainable development of
groundwater resources is proposed as follows:

1. Groundwater resource management for sustainable development is divided into
three phases, as follows:

(a) Short-term or urgent phase (1–3 years):

i. Government agencies must thoroughly study and review existing laws
and regulations related to groundwater protection, utilization, monitoring,
remediation, as well as identify regulatory gaps and update needs.

ii. Establish a baseline database of the nation’s groundwater quality, re-
view the locations of monitoring stations and data gaps, and ensure
that the collected data aligns with the requirements for monitoring and
prediction models.

iii. Establish heavy metals baseline values in groundwater resources, review
critical parameters, and set up a list of parameters to be tracked and
modeled, including useful indicators like As, Pb, and NO3

−, etc. Urgent
mitigating measures should focus on controlling and reducing fertilizer
use, including nitrate and pollution control, particularly wastewater from
septic tanks in urban areas.

iv. Establish a general awareness campaign, including in schools, emphasiz-
ing the importance of properly managing this valuable natural resource.
Encourage uncontrolled farmers who are conducting agricultural activities
along the Mae Ping River to cooperate in reducing fertilizer use, including
nitrate, especially in urban areas.

(b) Medium-term phase (3–10 years):

i Strengthen and focus on regulations for better the monitoring and control
of groundwater resource usage.

ii Develop guidelines for planning, developing, remediating, and monitor-
ing groundwater use, as well as treatment, rehabilitation, and damage
assessment for heavy metal contamination in groundwater resources.

iii Authorize and expand the roles and responsibilities of relevant govern-
ment agencies, especially the Department of Groundwater Resources
(DGR), the Royal Irrigation Department (RID), the Department of Water
Resources (DWR), and the Office of National Water Resources (ONWR).

iv Promote community education and involvement in groundwater manage-
ment, as well as generate economic tools to offset damage to anthropogenic,
natural resources, and the environmental aspects from heavy metal or toxic
contamination in groundwater resources.

(c) Long-term phase (>10 years):

i. Concerned government agencies, especially the Department of Ground-
water Resources (DGR), must be supported, and must cooperate with
other local agencies and local communities for public participation in all
sectors related to groundwater resources management. The participation
cloud involves site selection, groundwater well drilling, well develop-
ment, the design and installation of pumps, training, and well maintenance.

ii. Review the institutional structure for groundwater resource management
and the roles of stakeholder departments at 10–year intervals for efficiency
and relevance in order to adapt to changing conditions and needs.

iii. Periodically review regulations, guidelines, and standards every 10–15 years
in order to ensure that they remain up to date with practices and tech-
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nology. Harmonize water-related laws for both groundwater and surface
water resources.

iv. Continuously educate and raise awareness in every sector, intermittently.

2. The action plan for sustainable groundwater resource management should be imple-
mented in order to inspect and assess the conditions of groundwater resources, based on the
study and analysis of main factors like groundwater vulnerability, vulnerability mapping,
contamination risks, groundwater conditions, treatment plants, rehabilitation, ground-
water damage assessment, and the roles and responsibilities of concerned government
agencies. Thus, the action plan for sustainable groundwater resource management should
involve the country, expanding the tool for local decision makers and assessing scenarios,
such as new developments. Responsible government agencies include the Department of
Groundwater Resources (DGR), the Department of Industrial Work (DIW), the Department
of Local Administration (DLA), the Provincial Industry Office (PIO), the Environmental
and Pollution Contral Office (EPCO), the Provincial Public Health Office (PPHO), and the
Provincial Natural Resources and Environment Office (PNREO), etc. These action plans
include the following:

(a) Establish a predictive vulnerability model for all regions.
(b) Develop the early warning system, disseminating information to local communities,

decision makers, and stakeholder agencies at the central level. Responsible government
agencies include the Department of Groundwater Resources (DGR), the Department of
Industrial Work (DIW), the Department of Local Administration (DLA), the Provincial
Industry Office (PIO), the Environmental and Pollution Control Office (EPCO), the Provin-
cial Public Health Office (PPHO), and the Provincial Natural Resources and Environment
Office (PNREO), etc.

(c) Implement a remote data collection, monitoring, and evaluation system for ob-
taining real-time data. Responsible agencies include the Department of Groundwater
Resources (DGR), the Pollution Control Department (PCD), the Wastewater Management
Authority (WMA), the Department of Industrial Works (DIW), the Provincial Industry
Office (PIO), the Provincial Natural Resources and Environment Office (PNREO), and the
Environmental and Pollution Control Office (EPCO), etc.

(d) Develop pollution source tracking and identification capabilities using the model
to identify illegal polluters. Responsible government agencies include the Pollution Control
Department (PCD), the Provincial Natural Resources and Environment Office (PNREO),
and the Department of Groundwater Resources (DGR), etc.

(e) Set up an interface plan for water resource management, integrating groundwater
and surface water resources. Responsible government agencies include the Department of
Groundwater Resources (DGR), the Royal Irrigation Department (RID), the Office of the
National Water Resources (ONWR), and the Department of Water Resources (DWR), etc.

(f) Determine guidelines for improving the law in order to enhance the roles and
duties of officials under the Groundwater Act 1977, making them administrative officials or
police officers, according to the criminal procedure law for more efficient law enforcement.
Responsible government agencies include the Department of Groundwater Resources
(DGR), the Secretariat of the House of Representatives (SHR), and the Secretariat of the
Senate (SS), etc.

5. Discussion

The primary objective of groundwater resource protection is to safeguard both consoli-
dated and unconsolidated aquifers, comprehensively. In addition, groundwater source pro-
tection aims to prevent the anthropogenic contamination of groundwater production wells,
as opposed to natural contamination. While most groundwater vulnerability studies focus
on groundwater resource protection, this research extends its scope to encompass all vulner-
ability studies related to groundwater resources or groundwater source protection. Previous
studies have proposed various methods for assessing groundwater resource vulnerability
over the past 35 years, as shown in Table 7. These various methods highlight diverse ap-
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proaches undertaken globally, starting with the original DRASTIC model [11], and evolving
through subsequent modifications, e.g., Sadat-Noori and Ebrahimi [14], Jenifer and Jha [16],
Maqsoom et al. [17], Rahman [18], Shirazi et al. [19], Zghibi et al. [20], Abdeslama et al. [21],
Rajput et al. [22], Mohammed et al. [23], Nurroh et al. [24], Bera et al. [25], Chilaue et al. [26],
Zhang et al. [27], and Wei and Chi [28]. Some studies have applied the original DRAS-
TIC model to the modified DRASTIC model, e.g., Lima et al. [12], Li and Merchant [13],
Sadat-Noori and Ebrahimi [14], Huang et al. [15], Jenifer and Jha [16], Maqsoom et al. [17],
Mkumbo et al. [30], and Zhang et al. [29], and Mkumbo et al. [30]. These reviews focus
on index-based applied methods, considering land-use pattern changes and/or climate
change, for both the current situation and the future scenarios when assessing groundwater
resource vulnerability. Consequently, a comprehensive review of the literature, as shown
in Table 1, reveals that past reviews had several gaps and lacked a coverage of studies
that dealt with groundwater resource vulnerability under the influence of climate change
and land-use pattern changes, and while using modern models. These limitations imply a
narrow focus, necessitating an in-depth review, considering the state-of-the-art methods
and approaches that consider the influence of climate change and land-use pattern changes,
based on the current situation and the future scenarios, and using modern models.

This paper aims to assess the future risks of groundwater resource vulnerability
patterns, based on climate change, projected by the MIROC-ESM-CHEM model under
the RCP8.5 scenario (indicating very high greenhouse gas emissions), stemming from
anthropogenic activities and changes in land-use patterns (using the CA_Markov Chain
model). These risks span various spatial and temporal scales. This study integrates climate
change, land-use pattern changes models, and a groundwater vulnerability model using
GIS-based overlay techniques to produce a groundwater vulnerability map for the next
50 years (2021–2070) in Chiang Mai Province, Northern Thailand. The new DRASTIC-LP
approach, modified by Aller et al. [11], effectively links groundwater resource vulnerability
patterns with climate change and land-use pattern changes at the regional scale, with
potential application in other areas of Thailand and even globally.

The results of the new DRASTIC-LP mapping indicate that groundwater resource vul-
nerability patterns in Chiang Mai Province will change over the next 50 years (2021–2070).
The risk of groundwater resource vulnerability, centered around districts like Mueang
Chiang Mai District, Mae Rim District, Saraphi District, Mae Taeng District, Hang Dong
District, San Sai District, San Pa Tong District, San Kamphaeng District, Chom Thong
District, Doi Tao District, Doi Lo District, Mae Ai District, Fang District, and Hot District,
is expected to spread continuously to surrounding areas. The study emphasizes that the
eastern areas of Chiang Mai Province, particularly recharge areas and low-lands along main
rivers and tributaries, will be significantly affected by climate change and land-use pattern
changes. Under the RCP8.5 scenario (very high greenhouse gas emissions) in the next
50 years (2021–2070), the new DRASTIC-LP modeling reveals an increased contamination
risk in groundwater resources through nitrate (NO3

−) compounds from chemical fertilizers
and/or pesticide in intensive agricultural sectors and/or the processing of industrial areas,
especially in the eastern part of Chiang Mai Province. The results indicate a notable rise in
groundwater pollution risks under these scenarios, suggesting that the rapid development
of Chiang Mai Province may not be sustainable in terms of the environment, social aspects,
and quality of life. Recent field studies conducted during February to March 2020, May to
June 2020, and November to December 2020 [51,52] further support these findings, showing
a significant increase in nitrate (NO3

−) concentrations in the shallow groundwater aquifer
in eastern areas and lowlands along main rivers and tributaries. Furthermore, in the future,
increasing risks of groundwater pollution will persist, driven by urbanization and the
expansion of intensive agricultural areas, industrial processes, and anthropogenic activities.
To address these concerns, effective site selection, the prioritization of monitoring areas,
appropriate remedial measures, and the formulation of pollution protection and prevention
strategies and policies are crucial, especially in high groundwater vulnerability areas.
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Table 7. Summary of methodological comparisons between this paper and other DRASTIC techniques: (a) the Original DRASTIC model (Aller et al. [11]); and
(b) the Modified DRASTIC model.

Methodology of Assessing the
Groundwater Resources Vulnerability

Modified DRASTIC Model Original DRASTIC Model

This Paper [12] [13] [14] 1/+2/ [15] [16] 2/ [17] 2/ [29] 1/+2/ [30] [11] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28]

1. Terms in Equation (Indexes) 9 8 7 7 8 9 8 11 8 7 7 7 7 7 7 7 7 7 7 7 7

2. Components of Equation

2.1. D (Depth to Water) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.2. R (Net Recharge) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.3. A (Aquifer Media) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.4. S (Soil Media) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.5. T (Topography) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.6. I (Impact of Vadose Zone) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.7. C (Hydraulic Conductivity) ✓ ✓ x ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.8. L/P/LU/LC (Land-Use Pattern) ✓ ✓ ✓ x ✓ ✓ x ✓ ✓ x x x x x x x x x x x x

2.9. P (Point Source Pollution) 3/ ✓ x x x x x x x x x x x x x x x x x x x x

2.10. A’/LD (Anthropogenic Activities) 3/ ✓ x x x x ✓ ✓ ✓ x x x x x x x x x x x x x

2.11. T’ (Aquifer Thckness) x x x x x x x ✓ x x x x x x x x x x x x x

2.12. P’ (Aquifer Water Potential) x x x x x x x ✓ x x x x x x x x x x x x x

2.13. D’ (Pollution Sources Distance) x x x x x x x ✓ x x x x x x x x x x x x x

3. Climate Change Analysis
3.1. MIROC-ESM-CHEM Model under

RCP8.5 Scenario ✓ x x x x x x x x x x x x x x x x x x x x

3.2. GCMs Model under the B1, A1B, A2
Scenarios/RCP2.6, 4.5, 6.0, 8.5

✓ x ✓ x ✓ x x x x x x x x x x x x x x x x

4. Land-Use Patterns Change Analysis
using CA_Markov Chain Model;
LTMModel; or Dyna-CLUE Model

✓ ✓ ✓ x ✓ x x x x x x x x x x x x x x x x

5. Groundwater Risk Mapping

5.1. GIS-based Techniques ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ x ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

5.2. Overlay Techniques ✓ x x x x x x x x ✓ x x x x x x x x x x x

6. Predicting Future Groundwater
Resources Vulnerability

✓ ✓ ✓ x ✓ x x x x x x x x x x x x x x x x

Notes: 1/ = The modified DRASTIC model is used to calibrate and modify the original algorithm in order to obtain accurate results. 2/ = The original DRASTIC model is used to compare
with the modified DRASTIC. 3/ = Point source pollutions are part of anthropogenic activities that affect the groundwater resources vulnerability. ✓= yes; x = no.
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6. Conclusions

In conclusion, the new approach model serves as a valuable planning and predictive
tool for local and national decision makers involved in regional development. While this
study focuses on Chiang Mai Province, its adaptability and applicability is evident, par-
ticularly in other regions of Thailand or even globally who are facing significant climate
changes and rapid land-use pattern changes. Considering future climate changes when
using the MIROC-ESM-CHEM Model under the RCP8.5 scenario (very high greenhouse gas
emissions), alongside future land-use patterns by the CA_Markov Chain model, the simu-
lation of groundwater vulnerability patterns for the next 50 years (2021–2070) emphasizes
the necessity of formulating policies and strategies for sustainable groundwater resource
development. The groundwater vulnerability map, derived from the new DRASTIC-LP
model, can be used as a base for managing groundwater pollution in the future scenario,
aiding decision makers in identifying potential vulnerabilities and taking early measures
to protect and restore critical groundwater resources in Chiang Mai Province.

The contamination-risk management of sustainable groundwater resource develop-
ment places emphasis on concerned government agencies. Standardizing and establishing
heavy metal baseline values in groundwater resources, along with classifying groundwater
quality, are imperative. Moreover, a thorough review and legislation of pertinent laws and
regulations, accompanied by the authorization and expansion of roles and responsibilities
of concerned government agencies, are necessary. The promotion and support of local
communities in participating in the maintenance, selection of groundwater well sites, and
well development, as well as fostering public participation across various sectors such as
government, local scholars, academia, local communities, and industrial private sectors,
etc., are essential actions. These efforts are particularly crucial for generating economic
tools to address any environmental damage caused by anthropogenic activities, as well as
the contamination of heavy metals or toxic wastes in groundwater resources. Consequently,
an action plan for sustainable groundwater resource management must be implemented
to inspect and assess the condition of groundwater resources. This action plan should be
based on the results of studies and analyses addressing the following issues:

1. Groundwater resource vulnerability: Evaluate the susceptibility of groundwater
resources to external influences, considering factors such as land-use patterns, anthropo-
genic activities, and point source pollutions.

2. Groundwater vulnerability map: Develop comprehensive groundwater resource
vulnerability maps using advanced tools and GIS-based techniques, integrating data on
climate change, land-use patterns, and hydrogeological conditions.

3. Groundwater risk: Identify and assess potential contamination risks associated
with groundwater contamination, considering factors like point pollutant sources, aquifer
characteristics, and human or anthropogenic activities.

4. Groundwater conditions: Analyze the present state of groundwater conditions,
including water levels, quality, and natural variations, to understand the contamination
baseline and potential deviations.

5. Treatment plan: Formulate plans for treating contaminated groundwater, outlining ef-
fective strategies for the removal of pollutants and the implementation of preventive measures.

6. Rehabilitation: Develop rehabilitation programs for every area affected by ground-
water contamination and groundwater risks, including measures to restore aquifer health
and mitigate long-term environmental damage.

7. Groundwater damage assessment: Conduct assessments to quantify and under-
stand the extent of damage caused by anthropogenic/human activities, heavy metal con-
tamination, or toxic waste in groundwater resources.

8. Roles and responsibilities of concerned government agencies: Clearly define and
allocate roles and responsibilities among government agencies involved in groundwater
management, such as the Department of Groundwater Resources (DWR), the Royal Irriga-
tion Department (RID), and the Environmental and Pollution Control Office (EPCO).
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By systematically addressing these issues in the action plan, effective and sustainable
groundwater management can be achieved. The active involvement of local communities
and collaboration across diverse sectors will play a pivotal role in mitigating environ-mental
damage and ensuring the long-term health of groundwater resources.

The results of this study will be extended in future studies in mapping the risks of
groundwater contamination under climate change, based on the RCP8.5 scenario and
changes in land-use patterns for the 50-year period with numerical concept models, hy-
drogeological models, or (numerical) groundwater flow models (or called MODFLOW
model) [59]. It predicts the possibility of spreading the risk of heavy metal contamination
in groundwater resources from pollutant sources. Moreover, it is also used to predict the
impacts of anthropogenic activities on the quality and quantity of groundwater resources.
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