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Abstract: A tropical cyclone is a significant natural phenomenon that results in substantial socio-
economic and environmental damage. These catastrophes impact millions of people every year,
with those who live close to coastal areas being particularly affected. With a few coastal cities with
large population densities, Tamil Nadu’s coast is the third-most cyclone-prone state in India. This
study involves the generation of a cyclone risk map by utilizing four distinct components: hazards,
exposure, vulnerability, and mitigation. The study employed a Geographical Information System
(GIS) and an Analytical Hierarchical Process (AHP) technique to compute an integrated risk index
considering 16 spatial variables. The study was validated by the devastating cyclone GAJA in 2018.
The resulting risk assessment shows the cyclone risk is higher in zones 1 and 2 in the study area
and emphasizes the variations in mitigation impact on cyclone risk in zones 4 and 5. The risk maps
demonstrate that low-lying areas near the coast, comprising about 3%, are perceived as having
the adaptive capacity for disaster mitigation and are at heightened risk from cyclones regarding
population and assets. The present study can offer valuable guidance for enhancing natural hazard
preparedness and mitigation measures in the coastal region of Tamil Nadu.

Keywords: cyclone vulnerability; risk assessment; GIS; remote sensing; AHP; Tamil Nadu

1. Introduction

Tropical cyclones are powerful natural disasters characterized by strong winds, heavy
rainfall, storm surges, and flooding [1,2]. They form over warm ocean waters near the
equator, where the sea surface temperature is at least 26.5 ◦C, and can reach wind speeds
up to 200 miles per hour [3]. The storm rotates around a calm eye, ranging from a few miles
to over 100 miles in diameter. Cyclones in the North Atlantic and Northwestern Pacific are
classified on the Saffir-Simpson Hurricane Wind Scale, ranging from Category 1 to Category
5, which estimates the potential damage of the cyclone [4]. In India, Indian Meteorological
Department (IMD) Cyclone Intensity Scale of eight classes are used namely Low Pressure
(Less than 31 km/h), Depression (31–49 km/h), Deep Depression (50–61 km/h), Cyclonic
Storm (62–88 km/h), Severe Cyclonic Storm (89–117 km/h), Very Severe Cyclonic Storm
(118–167 km/h), Extremely Severe Cyclonic Storm (168–221 km/h) and Super Cyclonic
Storm (More than 222 km/h) [5]. Annually, cyclones with strong wind velocity and storm
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surge damage property, livelihoods, human lives, and the natural environment all around
the globe [6]. Global climate change causes substantial increases in ocean temperatures,
resulting in an increased frequency of more severe events worldwide [7]. Intense tropical
cyclones possess destructive characteristics attributable to their mighty surface-level winds,
extensive precipitation, and the resulting storm surge. Consequently, they have the capac-
ity to inflict significant harm upon agriculture, properties, and livelihoods, resulting in
substantial economic losses. Every year, 80–100 destructive tropical cyclones strike various
parts of the world, affecting approximately 20,000 people and causing massive economic
losses estimated at 6–7 billion USD [8,9].

Climate change scenarios make coastal populations and the environment more vul-
nerable to tropical cyclones. The portion of strong tropical cyclones is anticipated to rise
further with greater wind speeds, higher storm surges, and extreme rainfall [10,11]. Most
climate model studies predict a decline in the proportion of low-intensity cyclones. Hence,
the annual total number of tropical cyclones is anticipated to fall or remain approximately
constant [12]. Estimates predict that tropical cyclone intensities will rise in the twenty-first
century if global warming and climate change continue on their current paths. Within
100 km of the storm eye, wind speeds are expected to rise by 10% and precipitation rates
to rise by nearly 20%. The behavior of tropical cyclones is predicted to vary in two ways
because of climate change. First, these storms usually form when the ocean surface is
very warm and there is a strong temperature gradient between the surface and the upper
atmosphere [13]. The gradient will likely weaken as the earth’s temperature rises, making
it less conducive for tropical cyclones to form. Second, higher ocean surface temperatures
can increase cyclones’ energy, resulting in stronger winds and more intense rainfall. As a
result, the overall number of tropical cyclones is anticipated to decrease, but those that do
form may be more powerful and destructive [14].

The Intergovernmental Panel on Climate Change (IPCC) has established a framework
wherein vulnerability can be defined as a combination of exposure, sensitivity, and adap-
tive capacity. Exposure relates to households, assets, and properties in areas vulnerable
to potential hazards, which may lead to adverse consequences such as damage or loss.
The utilization of the sensitivity concept may describe the diverse levels of susceptibility
exhibited by exposed components concerning loss and depletion. The term adaptive ca-
pacity applies to the ability of an individual, household, or community to build resilience
and adapt to potential hazards [15]. The cyclone risk assessment was based on several
key factors, including the intensity of the hazard, the level of population exposure, the
degree of poverty, and the level of governance [16]. The impact of population exposure
on mortality risk escalates with the intensity of the tropical cyclone [17]. Implementing
suitable mitigation strategies can decrease severe tropical cyclones’ negative consequences
and effects. A thorough evaluation of vulnerability to tropical cyclones can yield adequate
data to facilitate the implementation of efficient mitigation strategies [18,19].

The enhanced ability to forecast the trajectory and intensity of cyclones that have
emerged over the Bay of Bengal and Arabian Sea in India over the past decade is indicative
of the increasing expertise in this domain. Nevertheless, the implementation of more
comprehensive preparedness measures would invariably enhance our ability to mitigate the
detrimental effects of cyclones. Therefore, it is imperative to comprehensively understand
the susceptibility of every region within the country by utilizing contemporary datasets and
sophisticated technologies such as remote sensing and Geographic Information Systems
(GIS). The Bay of Bengal is highly conducive to forming tropical cyclones, which occur
five to six times more frequently than in the Arabian Sea. A comprehensive analysis of
cyclones formed in the Bay of Bengal from 1881 to 1990, spanning over a century, indicates
that around 14% made landfall in Bangladesh, while approximately 66% hit India. Notably,
although the Bay of Bengal accounts for 10% of the world’s cyclones, only 1.4% of the total
cyclones affected Bangladesh, while the rest impacted India [20,21]. Cyclonic systems are
a common occurrence in the North Indian Ocean, particularly during the pre-monsoon
(March–May) and post-monsoon (October-December) seasons [22]. The number of tropical
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cyclones in the post-monsoon season is higher, and the associated rainfall contributes to
approximately 60% of the total annual precipitation in the various coastal states of Orissa,
West Bengal, Tamil Nadu, and Andhra Pradesh [23] that are present along the Bay of Bengal.
The extreme rainfall associated with tropical cyclones can result in significant hazards [24].
The excessive population concentration, which amounts to 40% of India’s total population,
lives within 100 km of the coastline, and tropical cyclones harm approximately 340 million
people annually [25].

Geospatial techniques involving remote sensing and spatial analysis can be effective
tools for modeling tropical cyclone hazards. This approach can be enhanced by integrating
local knowledge and expertise, resulting in a simplified yet comprehensive methodol-
ogy [26]. Previous research has been carried out related to cyclones, focusing on assessing
the perception of cyclone risk, vulnerability, impacts, and adaptation. A substantial quantity
of pertinent qualitative and quantitative information is imperative to generate a compre-
hensive database for an efficacious evaluation of cyclone risk [27]. To achieve optimal
outcomes, integrating vulnerability and exposure assessments of both natural and anthro-
pogenic factors is necessary. According to Mohapatra [22], several regions in India are at a
higher risk of experiencing cyclone hazards, particularly those located on the east coast,
including Tamil Nadu, Andhra Pradesh, Orissa, and West Bengal, as well as the Union
Territory of Puducherry. Additionally, Gujarat, situated on the west coast, is susceptible to
severe cyclones.

Multiple Criteria Decision Analysis (MCDA) is a decision support technique that
facilitates the process of structuring, evaluating, and quantifying a decision problem [28].
Shankar et al. [29] aimed to identify flood-prone areas due to the Lehar cyclone in the
southern part of South Andaman, India, and used four parameters—Land Use and Land
Cover (LULC), geomorphology, slope, and demographic data—and multi-criteria weighted
overlay analysis techniques for finding the cyclone vulnerability. Mansour et al. [30] em-
ployed a GIS and an Analytical Hierarchical Process (AHP) methodology to compute an
integrated tropical cyclone risk. The index was based on a geodatabase comprising 17
variables and was conducted along the northeast coast of Oman. Hoque, M.A.A. et al. [19]
analyzed the spatial distribution of vulnerability to tropical cyclones in the western coastal
region of Bangladesh using the Fuzzy Analytical Hierarchy Process (FAHP) to generate
indices for physical vulnerability, social vulnerability, and mitigation capacity of tropical
cyclones. Even though tropical cyclones cause a disproportionately high number of oc-
currences, calamities, and damages to properties and environments, very few studies are
linked to tropical cyclone risk mapping in India. Various studies [5,26,31–35] around the
globe utilized the MCDA technique in the management of natural disasters and found it to
be extensive. However, it has been observed that there has been a lack of literature reviews
on the implementation of MCDA in the various phases of disaster management, including
mitigation, preparedness, response, and recovery [36]. Malak et al. [37] examined the
adaptive strategies employed by elderly individuals in response to cyclones in Bangladesh.
Walsh [38] elucidates the institutional determination to disregard the vulnerability issue in
the early warning system during the year 1892, and the study contributes to the existing
literature that emphasizes the significance of recognizing the enduring nature of disas-
ters in comprehending the emergence and persistence of vulnerability trajectories over
time. Numerous academic articles on vulnerability have underscored the significance of
integrating social and economic assets alongside physical and biophysical dimensions of
vulnerability to natural hazards [33,34,39–42].

This research aims to develop a comprehensive tropical cyclone risk map that incorpo-
rates hazards, vulnerability, exposure, and mitigation using AHP and geospatial techniques.
This study also attempts to examine the risk of cyclones without mitigation measures and
their impact on coastal regions by exploring the spatial distribution of tropical cyclone
vulnerability on the east coast of Tamil Nadu, India. The intended outcome is to quantify
the level of risk associated with tropical cyclone impacts in the region. The findings of this
study will provide valuable insights for policymakers across various governmental tiers in
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their endeavors to develop a universally applicable strategy for mitigating the risks posed
by natural hazards, ensuring inclusivity for individuals irrespective of their geographical
location, racial background, or other distinguishing attributes.

2. Materials and Methods
2.1. Study Area

The Tamil Nadu coastline is situated on the southeastern region of the Indian Peninsula,
comprising a segment of the Coromandel Coast that borders the Bay of Bengal in the east,
the Indian Ocean in the south, and the Arabian Sea in the west. With a length of 1076 km,
this coastline ranks second-longest in the country, after Gujarat. The study area has been
classified into five zones (Figure 1) based on the magnitude and type of hazard, as well
as the orientation of land towards the ocean. The zone 1 and 2 are severely affected by
cyclones, resulting in heavy precipitation and coastal flooding. Due to the geographic
location of the region, the zone 3 and 4 do not bear a heavy toll on these hazards. The
zone 5 is impacted by storm surges and coastal flooding. The lands of these five zones
have different orientations towards the coast, and the effect of littoral drift also varies with
the transportation of sediments along the segments. Zones 1 to 4 fall in the Bay of Bengal,
whereas zone 5 is shared by the Bay of Bengal, the Indian Ocean, and the Arabian Sea.
Chennai, the state’s capital, is a significant hub for commercial activities and industries
within the nation. It is situated in the northern region of the coastal area, while Kanyakumari
marks the southernmost point where the Indian Ocean, the Bay of Bengal, and the Arabian
Sea converge. Along the Palk Strait in the Gulf of Mannar, it has a maritime boundary with
Sri Lanka. The coastal corridor encompasses 14 districts and features 15 prominent ports,
harbors, and various sandy beaches, lakes, and river estuaries. Tamil Nadu is the only state
in India that possesses land on the southern, eastern, and western coastlines. The coastal
region begins at Pazhaverkadu in the Thiruvallur district and ends at Ezhudesam in the
Kanniyakumari district. Kanniyakumari is situated at the southernmost point of the Indian
subcontinent, where the three waters meet. With an average temperature of 22.4 ◦C and a
maximum temperature of 31.5 ◦C, it has a semi-arid tropical monsoon climate. After the
monsoon period, the area experiences the highest precipitation from October to December.
There are indications of a rise in intense rainfall during the northeast monsoon season and
a minor decline during the southwest monsoon season [43]. The study area encompasses
diverse natural habitats, such as sandy beaches, rocky coasts, and muddy flats, in addition
to its distinctive geography and climate. Despite the limited distribution of natural habitats,
Pichavaram, the world’s second-largest mangrove forest, is situated on the coast of the
Cuddalore district near Chidambaram [44,45]. The Bay of Bengal, located along the coastal
region, is widely recognized as the site of the most powerful and fatal tropical cyclones
globally. Tsunamis, such as the one that occurred in the Indian Ocean in 2004, resulting in
the loss of over 10,000 lives and the displacement of hundreds of thousands of individuals,
are great reminders of the devastating impact of these natural disasters [46–48].

2.2. Data Sources

A geodatabase has been developed to evaluate the coast’s vulnerability to cyclones,
including spatial layers and attribute datasets from various sources (Table 1). By utilizing
GIS and spatial analysis tools, diverse spatial and demographic data layers were trans-
formed into spatial data. The present study utilized the methodology depicted in Figure 2.
The decision criteria for cyclone hazards, vulnerability, exposure, mitigation, and risk
assessment have been carried out. The process of determining the weight of each factor
selected was carried out through Saaty’s Analytic Hierarchy Process (AHP) method. The
utilization of weighted overlay analysis was employed to integrate the spatial database in
order to analyze cyclone risk.
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Figure 1. Shows the geographical region for study, which has been divided into five distinct zones.

2.3. Previous Cyclones in the Study Area

The National Cyclone Risk Mitigation Project (NCRMP) categorizes the cyclone-prone
area into two categories based on the frequency of cyclone occurrence, population size, and
the extent of institutional mechanisms for disaster management. Andhra Pradesh, Gujarat,
Odisha, Tamil Nadu, and West Bengal have the highest vulnerability, falling under category
I, whereas category II states include Maharashtra, Karnataka, Kerala, Goa, Pondicherry,
Lakshadweep, Daman and Diu, and the Andaman and Nicobar Islands. Figure 3a depicts
the previous major cyclones that crossed India. Figure 3b shows that the cyclonic storms
crossed between 1980 and 2021 in the study area. From IMD cyclone reports, a few cyclones
and their effects are discussed.

Many severe cyclones have occurred in the Bay of Bengal, resulting in a huge surge of
up to 1–1.5 m in average along Chennai, Nagapattinam, Thanjavur, Cuddalore, Thondi,
Rameshwaram, Ramanathapuram, Kilakkarai, and Rochemary Island between 1940 and
2005, resulting in severe damage to properties and human lives. Some of the recent
cyclones, including Cyclonic Storm Baaz (November 2005), originated near the Andaman
and Nicobar Islands. Baaz made two landfalls, one over the Andaman and Nicobar Islands
and one over Tamil Nadu, just north of Puducherry. Both of its landfalls were below cyclone
intensity. Cyclone Fanoos (December 2005) caused severe to localized devastating flooding
across the area in and around areas of northern Sri Lanka and coastal Tamil Nadu state [49].
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Moving westward, it attained peak intensity with 85 km/h winds and made landfall near
Vedaranyam, Tamil Nadu. The storm was known for its excessive rainfall. Cyclonic Storm
Nisha (November 2008) formed near northern Sri Lanka and moved inland near Karaikal
with a maximum wind speed of 85 km/h. The storm brought heavy rainfall, which resulted
in 189 deaths in Tamil Nadu. Severe Cyclonic Storm Jal (November 2010) hit Chennai as a
deep depression with maximum winds of 110 km/h.

Table 1. Data sources of both primary and secondary data.

Parameters Data Source Source Location

Cyclone intensity

The International Best Track Archive for
Climate Stewardship (IBTrACS) and IMD

https://www.ncei.noaa.gov/products/
international-best-track-archive

(accessed on 15 January 2023)
http://www.rsmcnewdelhi.imd.gov.in/

(accessed on 20 January 2023)

Cyclone frequency

Cyclone Path

LULC Landsat 8
Google Earth Engine (GEE)

https://code.earthengine.google.com/
(accessed on 20 January 2023)

Elevation
Shuttle Radar Topography Mission (SRTM)

Slope

NDVI Landsat 8

Rainfall IMD https://www.imdpune.gov.in/
(accessed on 22 January 2023)

Road Network
OpenStreetMap (OSM)

https://www.openstreetmap.org
(accessed on 29 January 2023)Stream Network

Distance to shoreline Coastline https://www.ngdc.noaa.gov
(accessed on 31 January 2023)

Population Density
NASA’s Socio-economic Data and

Applications Center (SEDAC)
https://sedac.ciesin.columbia.edu/

(accessed on 6 February 2023)
Literacy rate

Household density

Distance from a cyclone shelter
Google Earth

https://earth.google.com/
(accessed on 10 February 2023)Distance to the health center

Cyclone Thane hit the Tamil Nadu coast in December 2011 and destroyed houses,
boats, standing crops, livestock, and livelihoods. As per government sources, the cyclone
killed 35 people. The storm clocked wind speeds up to 135 km/h (83 mph) and tidal
surges reaching 1.5 m. Cyclonic Storm Nilam (October 2012) was the deadliest tropical
cyclonic storm surge. A surge of about 1–1.5 m over the astronomical tide inundated
low-lying areas of Chennai, Kancheepuram, Tiruvallur, and Nellore districts. Cyclone
Nilam has killed seven people and displaced around 150,000 people in India and Sri Lanka.
The Deep Depression occurred in the Bay of Bengal in November 2015. The storm made
landfall near Puducherry with peak winds of 55 km/h. It brought heavy rainfall, resulting
in extensive flooding and killing 71 people in Tamil Nadu. Very Severe Cyclonic Storm
Vardah (December 2016) hit northern Tamil Nadu, uprooting trees and big broken branches
blocking the roads, damaging compound walls and vehicles under fallen trees, and causing
power cuts. Chennai’s vegetation cover considerably decreased as the cyclone uprooted
thousands of trees. The major affected areas were the north coastal areas of Chennai,
Tiruvallur, and Kancheepuram districts in Tamil Nadu. A maximum gale wind of about
100–110 km/h, gusting to 125 km/h, has been reported in these districts. At landfall, the

https://www.ncei.noaa.gov/products/international-best-track-archive
https://www.ncei.noaa.gov/products/international-best-track-archive
http://www.rsmcnewdelhi.imd.gov.in/
https://code.earthengine.google.com/
https://www.imdpune.gov.in/
https://www.openstreetmap.org
https://www.ngdc.noaa.gov
https://sedac.ciesin.columbia.edu/
https://earth.google.com/
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maximum storm surge of about 1 m inundated low-lying areas of Chennai, Thiruvallur
districts of Tamil Nadu, and Nellore districts of Andhra Pradesh.
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Figure 2. Shows the detailed methodology flow chart for the study. Figure 2. Shows the detailed methodology flow chart for the study.

Cyclone Ockhi (December 2017) caused the deaths or disappearance of over 350 people
and injured over 200, affecting many fishermen in southern Kerala and Tamil Nadu. A
storm surge of about 1 m above astronomical tides inundated low-lying areas. Cyclone Gaja
(November 2018) made landfall in South India at Vedaranyam, Tamil Nadu. At the time
of the cyclone’s landfall, speeds of 100–120 km/h were experienced. Losses and damage
due to the impact of the cyclone were very high. The reported deaths accounted for 52
people, and 259 people were injured. Almost five lakh people are directly affected, and
a storm surge of about 1.0 m above the astronomical tide inundated low-lying areas of
Nagapattinam, Thanjavur, Pudukkottai, and Ramanathapuram districts of Tamil Nadu and
Karaikal district in Puducherry at the time of landfall. Severe Cyclonic Storm Mandous
(December 2022) was the third cyclonic storm and most intense tropical cyclone of the 2022
North Indian Ocean cyclone season. It attained a wind speed of 105 km/h and strengthened
into a Severe Cyclonic Storm. About 180 residences were damaged in rain-related incidents.
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2.4. Methodology

Cyclones represent a natural phenomenon that necessitates the utilization of meteo-
rological data to evaluate their potential impact. However, additional variables may also
contribute to the risk associated with these events. A range of variables were gathered from
previous literature to evaluate the possible risks posed by cyclones. These factors were
subsequently plotted through GIS technology and statistical analysis. The criteria should
be relevant, understandable, and justify the actual circumstances. The present investigation
involved preparing 16 thematic layers associated with vulnerability, hazards, exposure,
and risk mitigation capacity. In this study, the factors contributing to cyclone occurrences
were selected based on existing literature, published research, geographic location, and
personal findings conducted in the study area. These factors were chosen based on their
relevance and significance in assessing cyclone risks. [30,31,50–52]. The georeferencing
process utilized the UTM zone 44 N projection system with a spatial resolution of 30 m.

2.4.1. Factors for Cyclone Hazard Evaluation

Hazards are severe occurrences that harm people, property, and the environment.
The potential dangerous effects of tropical cyclones are estimated using historical records
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and literature. The hazard probability is computed based on the severity, location, timing,
intensity, and frequency [50]. For this study, cyclone intensity, cyclone frequency, and
maximum rainfall were chosen for hazard evaluation (Figure 4).
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The intensity of a cyclone directly impacts the magnitude of the storm surge, pre-
cipitation levels, wind velocity, and the likelihood of harm to infrastructure and assets.
Regions with a higher susceptibility to cyclones, such as coastal areas characterized by
low-lying terrain, inadequate infrastructure, and a dense population, are expected to en-
counter more severe consequences from cyclones of greater magnitude [53,54]. The term
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"intensity" pertains to the highest attainable wind velocity that a cyclone can produce. The
greater the intensity of a cyclone, the more potential it has for causing destruction. It is
imperative for communities and infrastructure situated in regions with a probability of
cyclones to consider the possibility of severe storms with high intensity [55]. Cyclone
frequency is the number of cyclones that occur in a region over time. It is an important
metric in cyclone vulnerability studies as it helps to evaluate the likelihood and frequency
of cyclones affecting a specific location. To determine the average frequency of cyclones
per year, the total number of cyclones occurring in a region is divided by the duration
of the time interval considered [56]. The cyclone intensity and frequency are obtained
from the publicly available IBTrACS and IMD datasets. The maximum rainfall parameter
holds significant importance in assessing the potential impact of a cyclone in the context of
weather-related events. Cyclonic weather events yield extensive precipitation, which may
lead to flooding. The maximum rainfall parameter is utilized by researchers investigating
cyclone vulnerability to comprehend the impact of cyclones on various regions and to
evaluate the potential danger to communities and infrastructure [57]. The study of rainfall
in the context of cyclone vulnerability is of great importance. This includes an investigation
into the consequences of intense rainfall during cyclones on areas that are susceptible to
such incidents, an assessment of the efficacy of early warning systems and measures for
flood control, and an analysis of the contribution of vegetation in improving the impacts of
heavy rainfall [58]. The maximum average rainfall was collected from 1980–2021 from the
IMD dataset.

2.4.2. Factors for Cyclone Vulnerability Evaluation

The degree of vulnerability is the degree of loss to the element at risk as a result of
the hazard’s occurrence. Distance from the cyclone path, shoreline, and stream, elevation,
slope, and LULC are variables for vulnerability mapping (Figure 5). The distance of a
region from the path of a cyclone is directly proportional to its probability of causing
damage and devastation due to the effects of strong winds, storm surges, and intense
precipitation. Typically, regions within a 100-km radius of the cyclone’s center are at greater
risk of damage. The distance of a region from the path of a cyclonic system can be a
crucial determinant in assessing its susceptibility to cyclones. Regions near the anticipated
trajectory of a cyclonic storm are typically more susceptible to encountering powerful
gusts, surges of water, and extensive precipitation throughout the occurrence [59]. Coastal
communities are at a higher risk of encountering erosion and harm to their infrastructure
and assets after a cyclonic disruption. Moreover, communities dependent on fishing and
other marine-related activities as their source of income may also face adverse consequences
due to the damage caused to boats and fishing equipment during a cyclone [60]. The cyclone
path is collected from the IBTrACS and IMD datasets, as shown in Table 1.

The shoreline is downloaded from the NOAA Global Self-consistent Hierarchical
High-Resolution Shorelines (GSHHS) data. The stream network is downloaded from the
OSM data. The study employs the Euclidean distance tool to determine the proximity of
the shoreline and stream. In which up to 25 km inland is calculated in the study area. Areas
close to streams might have greater vulnerability to flooding and storm surges during
cyclonic events [61]. In this study, SRTM DEM, downloaded from the USGS, has been
utilized. It is open-access data with a spatial resolution of 30 m. Higher elevations are less
susceptible to cyclones, and vice versa. Slope is derived from the DEM data, wherein steep
hills are less likely to flood, while low slopes indicate greater risks [62].

LULC analysis is crucial to aiding environmental stability. Inappropriate growth and
its impact on natural ecosystems have become crucial for decision-makers and conserva-
tionists [63,64]. Landsat 8 is used to generate the LULC map for 2020. The LULC has been
classified into five classes: settlement, waterbody, barren land, forest, and agriculture, using
the Random Forest algorithm in GEE (Figure 5f). Higher household density may increase
the likelihood of damage and fatalities in cyclone-prone locations. High housing densities
may also make it more challenging to evacuate residents during a cyclone. Providing
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adequate transportation to rapidly and safely evacuate everyone can be difficult, as many
people live in isolated locations [65].
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2.4.3. Factors for Cyclone Exposure Evaluation

The inclusion of physical and geographic components within the exposure dimensions
of risk is a crucial aspect to consider. This study considers population density, literacy
rate, and household density as exposure indicators (Figure 6). The population density in a
region can heighten its susceptibility to cyclones due to the concentration of individuals
within a limited space. This can pose challenges regarding evacuation and exacerbate
the risk of fatalities and harm to infrastructure. Providing sufficient protection for all
residents in densely populated areas may be challenging due to the limited space available
for cyclone shelters or evacuation centers. Furthermore, densely populated urban regions
tend to possess more structures and physical systems, rendering them more susceptible to
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destruction from strong winds and inundation [66]. The literacy rate refers to the proportion
of individuals who possess the ability to read and write and reside in cyclone-prone areas.
Since education and literacy are important for promoting awareness and comprehension
of the risks of natural disasters like cyclones, localities with higher literacy rates typically
have stronger disaster preparedness and response mechanisms. However, vulnerability
to cyclones also depends on several other variables, including infrastructure, access to
information, and poverty [8]. Thus, the population density, literacy rate, and household
density data are utilized from NASA’s SEDAC data.
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2.4.4. Factors for Cyclone Mitigation Evaluation

Mitigation of coastal hazards can be achieved through three primary strategies: pro-
tection, accommodation, and retreat. These approaches encompass both structural and
non-structural measures. Structural measures pertain to implementing physical infrastruc-
ture, whereas non-structural measures refer to enforcing regulations and disseminating
awareness campaigns [67]. The present study incorporates various factors, including prox-
imity to shelters, health centers, roads, and NDVI, in mitigating tropical cyclone hazards
(Figure 7).
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The proximity of a cyclone shelter can significantly impact one’s susceptibility to a
cyclone. Cyclone shelters have been specially designed to provide temporary protection for
individuals residing in coastal regions susceptible to a cyclone’s impact. The shelters are
constructed to endure strong winds and flooding and are fitted with essential emergency
provisions, including food, drinking water, and medical equipment. It is generally advised
that individuals residing in regions susceptible to cyclones have access to a cyclone shelter
located reasonably close, typically within a few kilometers [34]. The proximity of the
health center can significantly influence a community’s susceptibility to the consequences
of a cyclone. During a cyclone, the availability of medical assistance can be crucial for
individuals who require urgent and essential medical care. In instances where a community
is situated quite a distance from a healthcare facility, the response of medical personnel
may be impeded, posing a challenge to providing timely and effective medical attention.
Furthermore, the occurrence of a cyclone has the potential to cause transportation dis-
ruptions or complete termination, thereby posing a challenge for individuals to access a
nearby health center [68]. The proximity to the cyclone shelter and health center is digitally
extracted from the Google Earth software. Distance from roads significantly influences
the cyclone vulnerability index, given its potential impact on evacuation and emergency
response operations. In the event of a cyclone, evacuating individuals or transporting
resources and supplies may prove challenging in regions situated at a considerable distance
from a roadway or possessing inadequate road infrastructure [69]. The distance from the
road is extracted from the OpenStreetMap data.

NDVI is a widely employed remote sensing methodology to quantify and monitor
vegetation’s health. In the context of cyclones, regions characterized by low vegetation
cover and density exhibit greater susceptibility to the hazardous effects of cyclones, in-
cluding soil erosion, landslides, and flooding. The presence of vegetation is a natural
impediment, decreasing the velocity of wind and water and mitigating their capacity to
erode. Consequently, regions exhibiting elevated NDVI values may exhibit comparatively
lower susceptibility to the effects of cyclonic disturbances when contrasted with regions
characterized by diminished NDVI values [70,71]. The NDVI is created from Landsat 8 data
for the year 2020 using GEE.

The AHP technique was proposed by Saaty [72–74]. It helps decision-makers solve
complex spatial problems related to environmental issues. Multiple parameters have been
considered for determining cyclone vulnerability. The methodology comprises the fol-
lowing main steps: (1) definition of the vulnerability matrix; (2) definition and scoring of
vulnerability classes; (3) assignation of weights to vulnerability factors; (4) aggregation of
vulnerability factors; (5) normalization and classification of vulnerability values; (6) con-
struction of vulnerability maps Thus, the weight and rank of each factor are calculated by
creating the pairwise comparison matrix, by which the individual weights of the layers
are determined.

3. Results

The final AHP weights for each factor and their respective classes, deduced as shown
in Table 2, are calculated to derive the final cyclone risk map for the Tamil Nadu coast. The
pairwise comparison matrix is used to generate each component of the cyclone risk index,
which is then totaled to 100%. In the Hazard component, cyclone intensity is one of the
main factors with a weight of 0.63. With a weight of 0.33, distance from the cyclone path
is an essential factor in vulnerability. Population density is a key factor in the exposure
component, with a weight of 0.49. Distance from cyclone shelter is one of the most critical
factors in mitigation, with a weight of 0.43. The weights of each class in the factors are also
totaled to 100%. Then the weights for each class are multiplied with those of the factors in
each component to obtain the final cyclone risk map. Locations with a higher rating are
more susceptible to cyclones, and vice versa. Classifying the results into a range of distinct
vulnerability maps is essential. The natural break categorization method classifies their
forecasts’ outcomes into five categories: very low, low, moderate, high, and very high. By
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applying Jenks optimization, also known as natural break classification, one may determine
the optimal value effect of various classes. This categorization approach reduces the average
difference between classes while increasing the gap within each class [75]. Consequently,
the strategy minimizes inequality within classes while concurrently increasing inequality
across groups [76]. The percentage area of hazards, vulnerability, exposure, mitigation, and
cyclone risk is shown in Figure 8.

Table 2. Ratings and weights based on AHP for cyclone vulnerability.

Components Factors Class AHP Weight for Classes AHP Weight for Factors

Hazard

Cyclone Intensity (km/h)

<45 0.12

0.63

45–55 0.15

55–60 0.19

60–65 0.24

>65 0.31

Cyclone Frequency

1–5 0.12

0.26

6–10 0.13

11–15 0.19

16–20 0.26

>20 0.30

Maximum Rainfall (mm/yr)

<1000 0.10

0.11

1000–1400 0.15

1400–1700 0.20

1700–1900 0.24

>1900 0.31

Vulnerability

Distance from cyclone path (km)

0–5 0.37

0.33

5–10 0.24

10–15 0.18

15–20 0.13

>20 0.08

Distance from Shoreline (km)

1 0.32

0.24

2 0.23

3 0.20

4 0.15

>4 0.10

Distance from stream (km)

>4 0.12

0.17

4 0.15

3 0.19

2 0.23

1 0.31

Elevation (m)

0–5 0.32

0.14

5–10 0.24

10–20 0.19

20–50 0.15

>50 0.10
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Table 2. Cont.

Components Factors Class AHP Weight for Classes AHP Weight for Factors

Slope (◦)

0–2 0.29

0.07

2–5 0.26

5–15 0.21

15–25 0.14

>25 0.10

LULC

Waterbody 0.09

0.05

Forest 0.16

Agriculture 0.26

Settlement 0.32

wasteland 0.17

Exposure

Population density (/km2)

>5000 0.32

0.49

1500–5000 0.29

500–1500 0.18

150–500 0.12

<150 0.09

Literacy rate (/km2)

<1400 0.32

0.31

1400–8500 0.29

8500–5500 0.18

5500–110,000 0.12

>110,000 0.09

Household density (/km2)

<0.1 0.10

0.20

0.1–0.25 0.15

0.25–0.4 0.20

0.4–0.5 0.23

>0.5 0.32

Mitigation

Distance from cyclone shelter (km)

<2 0.10

0.43

2–4 0.13

4–6 0.20

6–8 0.26

>8 0.31

Distance from Road (km)

<2 0.12

0.26

2–4 0.15

4–6 0.19

6–8 0.24

>8 0.30

Distance to the health center (km)

<1 0.08

0.20

1–3 0.12

3–5 0.17

5–10 0.25

>10 0.38
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Table 2. Cont.

Components Factors Class AHP Weight for Classes AHP Weight for Factors

NDVI

Deep and
Shallow

waterbodies
0.08

0.11

Settlement
wasteland 0.12

Sandy Beach,
dry

waterbodies
0.16

Less dense
Vegetation 0.25

High dense
Vegetation 0.39
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Figure 8. Percentage area of cyclone index.

3.1. Hazard

A hazard map (Figure 9a) for cyclone vulnerability typically includes cyclone intensity,
cyclone frequency, and maximum rainfall for mapping hazards. In this study, cyclone
intensity ranges from <45 to >65 km/h; zone 1 and zone 2 have concentrations of extremely
intense cyclones, with Chennai and Cuddalore being particularly vulnerable. In zone 3, the
Nagapattinam region has clusters of high intensity. In zone 3, the Rameshwaram region
has a cluster of cyclones that occurred in 1964, and zones 3, 4, and 5 are generally low
intensity. The cyclone frequency plays a crucial role in identifying areas at a higher risk
of experiencing recurrent cyclones, leading to substantial damage and the loss of human
lives. The frequency of cyclones ranges from 1 to >20, with the southern regions of Chennai
and Nagapattinam having the highest frequency. The connection between rainfall and the
landfall of tropical cyclones leads to inundation and agricultural loss. From the spatial
map, zones 1, 2, and 5 have high rainfall regions with maximum precipitation ranging from
1000 to >1900 mm. Zone 4 falls in a moderate rainfall region, and zone 3 generally receives
less precipitation. The technique of kernel density estimation was employed to generate a
spatial layer. Considering these three parameters, the hazard is calculated, and the spatial
distribution reveals that 12.10% of the area is classified as a very high zone and 27.62% as a
high zone. These zones are located predominantly in zones 1 and 2. The moderate zone
encompasses 14.02% of the study area and is located primarily in the southern part of zone
2 and the northern portion of zone 3. The low and very low vulnerable zones comprise
20.01% and 26.14% of the study area and are dispersed throughout all zones.
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3.2. Vulnerability

When mapping vulnerability, several factors are considered, including distance to the
cyclone path, distance from the shoreline, elevation, slope, and LULC. Figure 9b represents
the exposure map. The cyclone path is used to evaluate the vulnerability to tropical
cyclones, ranging from 2 to >8 km; the concentrations are higher in zones 1 and 2. Zone
3 is moderate because the number of cyclones is minimal, while zones 4 and 5 are low.
The distance from the shoreline ranges from 0 to 20 km, where the closeness to the shore
is more susceptible to the effects of tropical cyclones. Most coastal communities have
densely populated regions near the shore, including Chennai, Pondicherry, Cuddalore,
Nagapattinam, Thoothukudi, and Kanyakumari. Tropical cyclones pose a significant threat
to areas with low elevations and slopes. The elevation ranges from 0 to 50 m, and the slope
gradients from 0 to 25◦. Most coastal cities fall within 0 to 10 meters of elevation and 0 to 5◦

of slope. The beaches in Kanyakumari exhibit a greater degree of variance in elevation and
slope as they are characterized by rocky outcrops and isolated stretches of sand. Whereas
Chennai, Cuddalore, and Nagapattinam regions have minimal elevation and slope. LULC
is a valuable exposure and indicator for tropical cyclone vulnerability, and the LULC map
reveals that coastal cities have concentrations of settlement. In zone 2, the Kaveri Delta
has more agricultural land. Pulicat Lake and Point Calimere are large bodies of water and
wasteland visible throughout the study area. The mangrove forests of the Pichavaram
region near the coast and the upland region in zone 5 are notable for their forest cover. The
analysis of spatial distribution in vulnerability reveals that the very high (18.56%) and high
(28.56%) classes are prevalent in zones 1 and 2. The moderate (29.19%) vulnerability class
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is widespread in the study area, whereas the low (18.55%) and very low (5.12%) classes are
primarily located in zones 3, 4, and 5.

3.3. Exposure

Exposure denotes the extent to which individuals and resources are susceptible to
a specific cyclonic calamity. Figure 10a represents the exposure map associated with the
physical, environmental, and socio-economic conditions of both populations and assets. In
this study, the exposure parameters considered are Population density, literacy rate, and
Household density. Population density ranges between >5000 and <150. Most regions
have a moderate population density, whereas Cuddalore and Kanyakumari have a high
population density, and Chennai and Pondicherry have a very high population density.
Literate people are more aware of cyclones’ effects, and the literacy rate ranges from 1400
to >110,000. One or two locations in Thoothukudi, Kanyakumari, and Chennai have a
high literacy rate. The majority of studies show a low literacy rate. In contrast to their
population densities, Chennai and Kanyakumari have a high literacy rate. Due to the
high household density, the area is highly susceptible to tropical cyclones. The household
density in this study ranges from <0.1 to >0.5. The important cities along the coasts have a
very high density, while most regions have a moderate density. The spatial distribution
of exposure reveals that 3.04% of the area is classified as a very high exposure zone and
8.64% as a high exposure zone. The moderate zone encompasses 12.54%. Low and very low
exposure zones comprise 34% and 41.7% of the study area, respectively, and are dispersed
throughout all zones.
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3.4. Mitigation

Mitigation (Figure 10b) is the measure taken to reduce and protect the impact of
cyclones on vulnerable populations and infrastructure. In this study, distance from the
cyclone shelter, Distance from the road, Distance to the health center, and NDVI are
considered. The distance from the cyclone shelter and distance from roads ranges from <2
to >8 km. The coastal cities, especially those in zones 1 and 2, have the greatest number of
shelters and the best road connections, and the majority of the study area is considered to
be safe in terms of both shelter availability and improved road connectivity. The distance
to the health center ranges from <1 to >10 km. Even though local health facilities also
provide emergency care before a cyclone’s landfall, the number of centers near the coast is
low throughout the study area. During cyclone occurrences, NDVI is seen as a protective
measure because of its ability to lessen the impact of wind and storm surges on coastal areas.
NDVI is classified based on the index values in this study as deep and shallow waterbodies,
settlements, wasteland, sandy beaches, dry water bodies, less dense vegetation, and high
dense vegetation. Most of the region is covered by waterbodies, Settlement wasteland,
Sandy Beach, and dry water bodies. High-density vegetation is seen near the Pichavaram
mangrove and Deep and Shallow waterbodies in Pulicat Lake and Point Calimere. The
spatial extent of mitigation reveals that 13.07% of the study region comes under the very
high hazard zones; 23.17% are high; 29.11% are moderate; 23.27% and 11.36% are low and
very low zones, respectively.

3.5. Risk

The risk map is used to evaluate the region prone to cyclones, in which the study
considers two scenarios, i.e., with mitigation and without mitigation. The risk map with
mitigation (Figure 11a) shows the ability of the community resilience in the study, whereas
the risk map without mitigation (Figure 11b) shows the effect of the cyclonic hazard on the
coastal districts of Tamil Nadu. Various literatures have widely used the United Nations
proposed definition of the risk method [77] for evaluating the vulnerability of tropical
cyclones [30,78,79]. According to the principle of risk, the risk assessment model considers
hazards, vulnerability, exposure, and mitigation, and the cyclone risk index was computed
as follows:

R =

[
H × V × E

M

]
(1)

where R is the risk, H is the hazard, V is a vulnerability, E is the risk exposure, and M
is Mitigation.

The risk assessment without considering mitigation measures indicates that a signifi-
cant portion of the study area falls under the high-risk categories, with 8.12% in the very
high-risk category and 18.03% in the high-risk category. Moderate-risk areas cover 19.02%
of the study area, while the very low-risk and low-risk categories comprise 19.61% and
35.19%, respectively. However, when mitigation measures are considered, the risk map
shows a notable reduction in the high-risk categories, with only 2.59% in the very high-
risk category and 7.59% in the high-risk category. The moderate-risk areas cover nearly
20.33% of the study area, while the very low-risk and low-risk categories cover 37.50%
and 31.98%, respectively. Most regions in zone 1 and zone 2 are at significant risk from
cyclones, including Chennai, Cuddalore, Nagapattinam, and the Cauvery Delta areas. The
comparison of the two risk maps reveals that the mitigation parameters reduce their risk.
The results were consistent with the degree of vulnerability and hazard, namely: distance
to shore, low elevation, steep slope, dense population, cyclone intensity, and maximum
rainfall. Including mitigation measures has led to a significant reduction in the high-risk
categories in zone 1 and zone 2, indicating that such measures positively impact reducing
the vulnerability of the study area to cyclone hazards.
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4. Validation

The validation of a cyclone risk map using a recently occurring cyclone provides
important insights into the accuracy and effectiveness of the map. The validation of cyclone
risk maps with actual events will enhance their reliability and utility in decision-making
processes related to disaster management. In this research, the evaluation of the cyclone
risk map is carried out by comparing it with the impact and damage caused by Cyclone
Gaja (Figure 12). The employed methodologies yielded reliable results in validating our
risk assessment approach, thereby substantiating the reliability of our data and mapping
procedures. The storm intensified into a Severe Cyclonic Storm on 11 November 2018. It
made landfall on the Tamil Nadu coast between Nagapattinam and Vedaranyam (10.45◦ N
and 79.8◦ E) on 16 November 2018 with a maximum wind speed of 70 knots, gusts of
about 53.9 knots, and an average rainfall of 22.31 mm. It was observed and classified as a
Very Severe Cyclonic Storm. Further, Gaja survived to move into districts of Tamil Nadu
such as Nagappattinam, Thanjavur, Thiruvarur, Karaikal, Cuddalore, Trichy, Pudukottai,
Ramanathapuram, and Dindigul [80]. The photographs in Figure 13 depict the aftermath
of Cyclone Gaja in the regions of Vedharanyam. Findings suggested that the hazard,
vulnerability, exposure, mitigation, and risk without adding mitigation and risk with a
mitigation map provide a good estimate of the areas likely to be affected by a cyclone.
Furthermore, the risk outcomes verified by comparing them with cyclone events strengthen
our confidence in the accuracy of our findings. However, some discrepancies between the
map and the actual impact of the cyclone are identified, which can be attributed to factors
such as the intensity and track of the cyclone and the accuracy of the input data used for
generating the map. One of the most arduous aspects of regional risk assessment is the
process of validation. The verification of risk assessment quality is contingent upon the
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ability to assess the reliability of the generated risk map through comparison with historical
disaster damage data. Unfortunately, damage data are scarce, which means that most risk
evaluations presented in the literature cannot be confirmed.
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5. Discussion

Cyclones can wreak havoc on coastal communities through heavy rainfall, inundation,
landslides, and infrastructure damage. Climate models continue to predict future decreases
in global tropical cyclones, projected increases in the intensities of the strongest storms,
and increased rainfall rates [81]. When a cyclone makes landfall, it can bring intense winds
and heavy rainfall, resulting in widespread inundation and landslides [82]. Flooding and
landslides can cause extensive property damage, disrupt livelihoods, and damage vital
infrastructure such as roads, bridges, and electricity lines [83]. Apart from the primary
impacts of the cyclone, there may also be secondary consequences, such as uprooted trees
and crop damage. In addition to further destruction of property, the uprooted trees may
block the roads, posing a challenge for emergency personnel to access the affected areas.
Crop damage can result in food shortages and farmers’ income losses [80].

Tamil Nadu’s coast has different geological coastlines, such as alluvial coastlines
from Pulicat to Vedaranyam and Mandapam. Deltaic Coastline from Mandapam to Kan-
niyakumari. Sand Dunes Coastline from Kanniyakumari to Nagercoil Barrier Beach [84].
As natural geomorphic barriers, dune ridges shield the hinterland from extreme oceano-
graphic wave run-ups. Wide coastlines and tall dunes are effective wave energy dissipators.
Consequently, sand dunes serve as reserves from which powerful surges draw during
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extreme events [85]. Sri Lanka acts as a barrier, blocking or weakening the intensity of
cyclonic winds and reducing their direct impact on the central Tamil Nadu coast. This
geographical positioning can help mitigate the severity of cyclones by providing a natural
buffer zone for the coastal communities of central Tamil Nadu. Even in a disaster like the
tsunami, the devastation to this region was minimal. In addition, the coastline is a bay
formation with little littoral drift activity [86]. The northern region’s geographic location
makes it vulnerable to various natural hazards, including tropical cyclones, storm surges,
and coastal flooding. The Bay of Bengal puts it in the path of many tropical cyclones that
form in the region, particularly during the monsoon season from June to September [87,88].
The role of precipitation in cyclone vulnerability is significant for several reasons. Heavy
rainfall associated with cyclones can cause extensive damage in vulnerable areas. The
amount of precipitation influences the effectiveness of early warning systems and flood
control measures. Vegetation also plays a crucial role in mitigating the impact of heavy
rainfall. A region’s vulnerability to a cyclone depends on multiple variables, such as the
intensity and extent of the cyclone, the terrain and infrastructure of the area, and the
preparedness and resilience of the local population. Areas outside the direct path of a
cyclone can still experience significant consequences, particularly in low-elevation and
coastal regions, including intense precipitation and flooding [89].

The Bay of Bengal is more prone to cyclones and depressions than the Arabian Sea and
is frequently affected. Gujarat is the most vulnerable state to tropical cyclones originating
in the Arabian Sea [90]. Deadly cyclones like Severe Cyclonic Storms mainly originate
in the Bay of Bengal due to warm air. Tropical cyclone paths may suddenly deviate
during their active period, and most historical cyclone hits occurred during September,
October, and November [91,92]. The South Indian Ocean’s primary cyclone season is from
May–July and September–December, with significant occurrences of storms in April and
August based on the historical return period data [93]. The present cyclone prediction
models exhibit certain limitations. The predictive capacity of these models is frequently
compromised by the insufficient incorporation of oceanic variables, resulting in inaccurate
projections of cyclonic intensity. Consequently, the models exhibit limitations in their ability
to comprehensively depict the magnitude and severity of cyclones [94]. Using data from
a 50-year return period to simulate storm surges, concomitant water levels, and inland
inundation, Rao, A.D., et al. [95] conducted a study of the Kalpakkam region in which the
extreme water levels were determined by calculating the 50-year return period.

Experiments determined that the region is susceptible to inundation when the pressure
deficit reaches or exceeds 66 hPa. The study also found that the peak surge caused horizon-
tal inundation to extend between 1 and 1.5 km inland. According to Saravanan et al. [89],
the northern coastal taluks of Tamil Nadu are more vulnerable to cyclones than the south-
ern coastal taluks. The most vulnerable areas were Ponneri, Cheyyur, and Tindivanam
taluks, which fell under the very high cyclone vulnerability zone. In contrast, Sirkali,
Tharangambadi, Pattukkottai, Peravurani, Rameswaram, Agastheeswaram, Kalkulam,
Vilavancode, and Karaikal taluks were the safest regions. Karuppusamy et al. [96] analyzed
the socio-economic vulnerability of micro-administrative units along the coastal plains of
Tamil Nadu. Household data-based indicators were used to determine the degree of vul-
nerability, and the indicators were summed up to identify the hot spots of socio-economic
vulnerability. The results showed that approximately 60% of the villages in the coastal
stretch from Nagapattinam to Puducherry, including major parts of the Cuddalore dis-
trict, were highly vulnerable to multi-hazard risks. The cyclone risk maps also revealed
a noteworthy observation, indicating that the absence of adequate mitigation measures
leads to an escalation in cyclone risk. The aforementioned statement elucidates that the
regions of Rameshwaram, Tuticorin, Tirunelveli, and Kanyakumari, falling within zones
4 and 5, are classified as low to moderate risk areas in the risk maps with mitigation
measures. Conversely, the risk map without mitigation indicates that the majority of these
regions are categorized as very low-risk zones. This phenomenon may be attributed to the
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higher concentration of settlements in these regions, coupled with the limited availability
of cyclone shelters.

Collaboration between the public and government is crucial for developing resilience
to natural disasters. This involves identifying potential risks, creating strategies to mitigate
them, and implementing preparedness measures to minimize the impact of disasters. The
public can contribute by raising awareness on social media, being ready, and following
evacuation orders when necessary. The government can participate by providing resources,
policies, and funding for disaster risk reduction and preparedness programs [97]. Effective
collaboration between the public and government can lead to better disaster management
and more resilient communities [98]. To reduce the likelihood of cyclone damage, destruc-
tion, and losses, various services and facilities, such as health and civil defense facilities,
should be evaluated for preparedness and mitigation methods. Structures like cyclone
shelters and hospitals should be built in layers. Mangrove forests and other dense trees can
act as barriers that protect coastal settlements from high waves, decrease wind intensity,
and reduce the severity of deadly storms. To enhance disaster response and management,
facility distribution, coverage, and accessibility should be measured. Schools or other
community facilities can be used as cyclone shelters, so they should be appropriate and
easily accessible. Hospitals and clinics offering medical treatment should be properly
maintained to reduce risks.

6. Conclusions

The research utilized geospatial techniques and the AHP method to assess the hazards,
vulnerability, exposure, and risks of cyclones on the Tamil Nadu coast by taking a total
of 16 variables into account. Zone 1 and zone 2 are particularly susceptible to cyclonic
activity, and these regions encompass significant agricultural and industrial areas. The
study also revealed that low-lying areas and coastal urban settlements are at a higher
risk of experiencing damage and casualties caused by cyclones, and these areas also have
high vulnerability and low capacity for mitigation. Furthermore, the research included
the distribution of assets in key sectors such as housing, education, and employment to
determine the exposure index, which indicated that the concentration of assets and their
proximity to the coastline are closely linked to the level of exposure to cyclone risks. In order
to mitigate the risks associated with potential disasters and their dramatic economic and
social implications, it is recommended that disaster preparedness plans be implemented
in these regions. The outcomes of this study will benefit developing nations in terms
of facilitating efficient planning to mitigate the destructive impacts of coastal hazards.
Expensive engineering interventions will probably be required to safeguard the highest
societal significance. The methodology utilized in this research is broad, rendering it
applicable for implementation in numerous coastal regions worldwide. For developing
countries like India, the results of this study will be useful for effective planning and
to mitigate the devastating effects of coastal hazards. Engineering solutions are likely
necessary to protect the most valuable portions of the threatened coastline. The study
is sufficiently general that it can be adapted in many other coastal regions worldwide to
identify a pathway toward adopting more integrated coastal management approaches.

Limitations are common in research, and this study is no exception. Such limitations
include the absence of numerical predictive modeling and event-based studies like the
size and speed of tropical cyclones, which have the potential to yield more precise results
regarding the relevant timeframe. The enhancement of model results can be effectively
achieved by improving the data resolution, which is a crucial constraint. Incorporating
climate change as a variable in accounting and using machine learning models for predictive
purposes presents a promising avenue for future research. Unmanned aerial vehicles
(UAVs), commonly known as drones, have facilitated the acceleration of the assessment
process and provided valuable insights for the strategic planning of response activities.
UAVs emerged as a viable solution for the efficient and economical acquisition of geospatial
data, thereby facilitating the production of accurate and high-resolution cartographic
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products. The maps are equipped with pertinent characteristics, such as geographic
coordinates and land elevation particulars, which are beneficial in making sensible choices
regarding the placement and construction of emergency shelters.
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