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Coastal cities face escalating environmental challenges, demanding integrated planning that
balances development with climate resilience. This study develops a comprehensive GIS
framework for Thoothukudi, India, integrating multi-hazard vulnerability (flood, cyclone,
urban heat island) with solar energy potential to delineate smart planning zones. Using the
Analytical Hierarchy Process, flood vulnerability (51%) and cyclone vulnerability (38%) were
weighted highest. Three indices such as compound vulnerability, development opportunity, and
urban resilience were combined to establish five smart planning zones (no development to
priority development). Results show 78.88% of the area has moderate vulnerability. Preferred
development zones (34.63% of the area) are concentrated in the southwest, benefiting from
favourable elevation and solar conditions. Restricted development zones cover 32.46%,
primarily in the central urban core and coastal industrial areas. The framework identified
strategic development corridors extending from high-resilience southwestern zones towards
moderate-resilience areas, providing evidence-based guidance for sustainable expansion. This
integrated methodology offers a transferable approach for coastal cities to implement climate-
informed planning, addressing both disaster risk reduction and sustainable development. The
resulting smart planning zones provide municipal authorities with actionable spatial guidance
for adaptive management and renewable energy development while upholding environmental
safety standards.
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1. INTRODUCTION

Coastal urban environments worldwide face unprecedented challenges as accelerating climate
change intersects with rapid urbanization trends(Ciss¢, 2025). More than 680 million people
currently inhabit low-elevation coastal zones, with this population projected to exceed one
billion by 2050 (Bendoni et al., 2025; McMichael et al., 2020). These densely populated areas
experience disproportionate exposure to multiple climate-related hazards including intensified
tropical cyclones, increased flood frequencies and elevated temperatures due to both global
warming and localized urban heat effects (Vinayachandran et al., 2022). Traditional urban
planning approaches developed during periods of relatively stable climatic conditions prove
increasingly inadequate for addressing the compound nature of contemporary environmental
risks (Blakely, 2022; Mumtaz et al., 2025). Coastal cities in developing regions face
particularly acute vulnerabilities where rapid population growth often outpaces infrastructure
development and regulatory frameworks. The convergence of sea-level rise, extreme weather
events and urban expansion creates complex risk landscapes that demand innovative planning
methodologies (Mariano & Marino, 2022). Conventional single-hazard assessments fail to
capture the synergistic effects of multiple environmental stressors leading to inadequate risk
characterization and suboptimal planning decisions. The existing planning frameworks
typically operate in reactive modes responding to disasters after they occur rather than
proactively building resilience through evidence-based spatial planning (Adebayo, 2024). This
reactive approach results in perpetual cycles of damage and reconstruction imposing
substantial economic burdens on urban communities while failing to address underlying
vulnerability drivers (Rezvani et al., 2023).

Multi-hazard vulnerability assessment has emerged as a critical component of
contemporary urban planning offering systematic approaches to understanding and
quantifying compound environmental risks (Drakes & Tate, 2022; Mohammadi et al., 2024).
Geographic Information Systems and remote sensing technologies have revolutionized the
spatial analysis capabilities available to urban planners enabling comprehensive evaluation of
hazard exposure, sensitivity and adaptive capacity across urban landscapes (Abdalla &
Abdalla, 2024; Rezvani et al., 2023). Smart city initiatives worldwide increasingly emphasize
the integration of environmental risk considerations with sustainable development objectives
recognizing that long-term urban prosperity depends fundamentally on environmental
resilience (Mehmood et al., 2024). The United Nations Sustainable Development Goals
explicitly call for making cities inclusive, safe, resilient and sustainable highlighting the global
recognition of interconnected urban challenges (Barcellos-Paula et al., 2025). Recent advances
in satellite Earth observation capabilities provide unprecedented opportunities for monitoring
urban environmental conditions at fine spatial and temporal resolutions (Yu & Fang, 2023).
Machine learning algorithms and big data analytics enhance the ability to process vast
environmental datasets, enabling more sophisticated risk modelling approaches (Gomes et al.,
2025). The translation of these technological capabilities into practical planning tools remains
challenging particularly in resource-constrained developing urban contexts. Many existing
multi-hazard assessment frameworks focus exclusively on risk characterization without
adequately considering development opportunities that could enhance urban resilience while
supporting economic growth (Mohammadi et al., 2024). This limitation often results in overly
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restrictive planning recommendations that may be politically and economically unfeasible in
rapidly growing urban areas.

Tropical coastal cities face distinctive challenges that differentiate them from their
temperate counterparts including higher baseline temperatures, intense monsoon system and
greater exposure to tropical cyclones (Calvin et al., 2023). Tropical cities often possess
significant renewable energy potential particularly for solar power generation due to abundant
solar irradiation throughout the year (Ukoba et al., 2024). The integration of renewable energy
considerations into urban planning processes remains limited despite growing recognition of
energy security as a critical component of urban resilience (Kapucu et al., 2024). Coastal urban
areas in India exemplify these challenges where cities like Chennai, Visakhapatnam and Kochi
experience recurring flood events, cyclone impacts and increasing urban heat intensities. The
development of industrial corridors along India’s coastline has accelerated urbanization while
simultaneously increasing environmental pressures and infrastructure vulnerabilities (Sharma
& Khan, 2023). Traditional land use planning in these contexts often fails to account for the
spatial variability of environmental risks or the potential for leveraging natural resources to
enhance urban sustainability (Metternicht, 2018). Climate change projections indicate that
coastal Indian cities will experience more frequent extreme weather events, higher
temperatures and altered precipitation patterns over the coming decades (Subramanian et al.,
2023). The National Action Plan on Climate Change emphasizes the need for climate-resilient
urban development, yet practical methodologies for implementing such approaches at the city
scale remain underdeveloped (Rezvani et al., 2023a). Existing planning practices typically
address individual hazards in isolation, missing opportunities to develop integrated strategies
that simultaneously reduce risks and enhance development potential.

The primary objective of this research is to develop an integrated GIS-based
framework for delineating smart planning zones that simultaneously consider multi-hazard
vulnerability and renewable energy development opportunities in coastal urban environments.
Specific objectives include: (1) developing spatially explicit assessments of flood
vulnerability, cyclone exposure, urban heat island intensity and solar energy potential using
satellite remote sensing and GIS techniques, (2) creating compound vulnerability and
development opportunity indices through multi-criteria decision analysis and (3) establishing
a classification system for smart planning zones that balances risk reduction with sustainable
development objectives. This framework aims to provide urban planners and policymakers
with evidence-based tools for making informed decisions about land use allocation,
infrastructure development, and disaster risk reduction strategies.

2. MATERIALS AND METHOD

This research employed a comprehensive GIS-based framework integrating multi-hazard
vulnerability assessment with renewable energy potential mapping to develop evidence-based
smart planning zones for coastal urban environments.

2.1 Study Area

Thoothukudi Municipal Corporation (8°45°N to 8°50°N and 78°08’E to 78°12’E) located in
Tamil Nadu, India serves as the investigation area for this research. The study area
encompasses 136.15 km? along the Gulf of Mannar coast and supports a population of
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approximately 237000 inhabitants. This coastal urban centre experiences a tropical semi-arid
climate with distinct wet (October-December) and dry (January-September) seasons. Annual
precipitation ranges from 570-750 mm with normal rainfall of 694 mm primarily concentrated
during the northeast monsoon period. The region faces recurrent environmental challenges
including coastal flooding during cyclonic events, urban heat stress during summer months
(March-June) and periodic droughts. As a major port city and industrial hub, its key position
serves as an example of rapidly developing coastal urban areas in the Indian Ocean region.
The flat coastal topography with elevations ranging from sea level to 45 meters above mean
sea level contributes to flood vulnerability while offering favourable conditions for solar
energy applications is shown in Figure 1.
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Figure 1. Digital elevation model of the study area.

2.2 Data Collection

Multi-source datasets were systematically acquired to support comprehensive environmental
assessment and renewable energy evaluation. Landsat 8 Operational Land Imager and Thermal
Infrared Sensor imagery provided the foundation for land surface analysis with cloud-free
scenes selected during post-monsoon periods to ensure consistency. The Shuttle Radar
Topography Mission 30-meter digital elevation model supplied topographic information for
drainage analysis and slope calculations. Meteorological datasets from the India
Meteorological Department included daily temperature, precipitation, humidity and wind
speed records. Solar irradiation data derived from NASA’s Surface Meteorology and Solar
Energy database provided long-term average values across the study region. Census 2011
demographic data and Municipal Corporation infrastructure databases furnished population
density and critical facility location information. Ground control points collected using
differential GPS supported geometric correction and validation procedures.
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3.3 Methodology

The analytical framework comprised four sequential phases is shown in Figure 2. Each
component underwent systematic quantification using established geospatial techniques
before integration through weighted overlay analysis.
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Figure 2. Methodology Flow chart of the Integrated Urban Smart Planning study.
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3.3.1 Individual Assessment Framework
Individual assessments employed standardized multi-parameter approaches to quantify spatial
vulnerability patterns across the study area.

3.3.1.1 Flood Vulnerability Evaluation

Flood vulnerability mapping utilized a hierarchical approach incorporating elevation
characteristics, slope gradients, drainage density patterns, land use classifications, soil
infiltration properties and precipitation intensity data. Digital elevation models were processed
to extract topographic parameters, while drainage networks were delineated through flow
direction and accumulation analysis. Land use land cover classification employed both
Maximum Likelihood Classification and Support Vector Machine algorithms applied to multi-
temporal satellite imagery to achieve optimal accuracy. The integration of these parameters
through weighted overlay analysis produced spatially explicit flood vulnerability indices
across the study area.

3.3.1.2 Cyclone Vulnerability Assessment

Cyclone vulnerability evaluation incorporated meteorological parameters including historical
storm track frequencies and wind velocity patterns, topographical elements such as coastal
proximity and elevation characteristics, geomorphological features encompassing shoreline
configuration and land form types, infrastructure and demographic variables including
population density and critical facility exposure and environmental protection factors such as
mangrove coverage and natural barrier effectiveness. Each parameter was systematically
weighted based on its relative contribution to overall cyclone vulnerability with spatial
integration performed through multi-criteria overlay techniques to generate comprehensive
vulnerability maps.

3.3.1.3 Urban Heat Island Intensity Mapping

Urban heat island intensity was quantified through land surface temperature retrieval from
thermal infrared satellite imagery combined with spectral index analysis. Land surface
temperature calculations utilized single-channel algorithms applied to Landsat thermal bands,
while vegetation indices including Normalized Difference Vegetation Index and Soil Adjusted
Vegetation Index were computed alongside built-up indices such as Normalized Difference
Built-up Index. Correlation analysis between land surface temperature and various spectral
indices enabled quantification of relationships between urban land cover types and thermal
patterns facilitating the identification and classification of heat island zones.

3.3.1.4 Solar Energy Potential Assessment

Solar energy suitability evaluation integrated photovoltaic performance parameters including
solar irradiation intensity and sunshine duration, climatic factors encompassing temperature
and humidity patterns, topographic considerations such as slope orientation and terrain
characteristics, environmental constraints including land use compatibility and protected area
restrictions and accessibility factors covering proximity to electrical grid infrastructure and
transportation networks. Multi-criteria analysis techniques were employed to synthesize these
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diverse parameters into composite suitability indices identifying optimal locations for solar
energy development.

3.3.1.5 Spatial Data Standardization Framework

All individual assessment outputs underwent systematic standardization to ensure
compatibility for integrated analysis (Table 1). Coordinate system harmonization projected all
datasets to WGS 1984 UTM Zone 44N, while spatial resampling established uniform 30-meter
resolution across all layers. Extent normalization ensured consistent coverage boundaries and
value range standardization was achieved through min-max normalization techniques.

Table 1: Standardization Parameters Applied to Individual Assessment Layers

Standardized Resampling
Assessment Range Range Method Data Type
Flood | 2.0-5.0 0.0- 1.0 Bilinear Continuous
Susceptibility
Cyclone Nearest .
Vulnerability 2.0-3.0 0.0-1.0 Neighbour Thematic
UHI Intensity 1.0-4.0 0.0-1.0 Bilinear Continuous
Solar Potential 1.0-5.0 0.0-1.0 Bilinear Continuous

3.3.2 Analytical Hierarchy Process Implementation

Weight determination for multi-criteria integration employed the Analytical Hierarchy Process
methodology. Pairwise comparison matrices were constructed using Saaty (1980)based on
expert judgment and literature review considering the relative importance of each assessment
component for coastal urban planning decisions (Table 2 and 3).

Table 2 AHP Pairwise Comparison Matrix for Compound Vulnerability Components

Criteria Flood Cyclone UHI

Flood 1.00 0.50 4.00

Cyclone 2.00 1.00 5.00

UHI 0.25 0.20 1.00

Table 3 Derived AHP Weights for Compound Vulnerability Index
Vulnerability Component AHP Weight Percentage Influence

Cyclone Vulnerability 0.38 38%
Flood Vulnerability 0.51 51%
UHI Intensity 0.11 11%

3.3.3 Index Development and Integration

Standardized hazard and opportunity assessments were synthesized through mathematical
integration using AHP-derived weights to create composite indices for planning guidance.
Three hierarchical indices were developed serving specific planning objectives within the
comprehensive framework.
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3.3.3.1 Compound Vulnerability Index Development

The compound vulnerability index synthesized multiple hazard assessments into a unified

vulnerability metric. This integration prioritized primary hazard factors while incorporating

environmental stress components to provide comprehensive vulnerability characterization.
CVindex = (Fnorm X Wf) + (Cnorm X Wc) + (Hnorm x Wh)

Where, CVindex is Compound Vulnerability Index (0-1), Fnorm is Normalized Flood

Vulnerability, Cnorm is Normalized Cyclone Vulnerability, Hnorm is Normalized Heat Island

Intensity, Wf, Wc, Wh are AHP-derived weights.

3.3.3.2 Development Opportunity Index Construction
Sustainable development potential incorporated solar energy suitability with safety
considerations. Weight allocation prioritizes renewable energy potential (75%) over low-risk
areas (25%)

DOindex = (Snorm X 0.75) + ((1 — CVnormalized) X 0.25)
Where, DOindex is Development Opportunity Index, Snorm is Normalized Solar Energy
Potential and CVnormalized is Normalized Compound Vulnerability.

3.3.3.3 Urban Resilience Index Calculation
Comprehensive planning guidance integrated vulnerability reduction with development
enhancement. Weight distribution emphasizes safety (65%) while incorporating opportunity
(35%).

URI = ((1 — CVnormalized) x 0.65) + (DOindex x 0.35)
Where, URI is Urban Resilience Index (0-1), CVnormalized is Normalized Compound
Vulnerability and DOindex is Development Opportunity Index.

3.3.4 Smart Planning Zone Determination

Smart planning zones were delineated through statistical classification of the urban resilience
index establishing five distinct categories for planning guidance (Table 4). Zone boundaries
were determined using natural breaks classification to optimize within-group homogeneity and
between-group heterogeneity.

Table 4 Smart Planning Zone Determination Criteria

Zone URI Development .

Class Threshold Category Spatial Strategy
Zone | 0.0-2.0 No Development Disaster preparedness focus
Zone 11 2.0-4.0 Restricted Development High Risk Management
Zone 111 4.0-6.0 Managed Development Climate-Adaptive

Infrastructure
Zone IV 6.0 - 8.0 Preferred Development Sustainable Growth
Zone 111 8.0-10.0 Priority Development Smart City Core
3. Results
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3.1 Individual Assessment Qutcomes

The individual assessment framework successfully quantified spatial vulnerability and
opportunity patterns. Flood vulnerability assessment (Figure 3a) revealed that 52.08% of the
area (70.9 sq.km) falls within high to very high susceptibility categories, with moderate
vulnerability covering 31.91% (43.44 sq.km) and low vulnerability areas representing only
16.02% (21.81 sq.km), indicating significant flood exposure concentrated in low-lying coastal
zones and areas with inadequate drainage infrastructure (Burayu et al., 2023; Kader et al.,
2024; Saranya et al., 2024). Cyclone vulnerability (Figure 3b) analysis demonstrated that
64.37% of the study area (87.64 sq.km) exhibits moderate vulnerability, while 25.80% (35.13
sq.km) shows high to very high vulnerability levels, with the most severe impacts concentrated
along the immediate coastal zone reflecting storm surge susceptibility and wind exposure (S.
Das & Ghosh, 2024; T. Das et al., 2024; Hasan et al., 2024). Urban heat island intensity (Figure
3¢) mapping identified that 63.07% of the area (85.9 sq.km) experiences moderate thermal
stress, with 19.38% (26.39 sq.km) classified as strong to very strong heat island zones,
primarily corresponding to dense built-up areas and industrial complexes, while 17.56%
(23.92 sq.km) remains as thermal cold spots (Ezimand et al., 2024; Kasniza Jumari et al., 2023;
Zhao et al., 2024). Solar energy potential (Figure 3d) assessment revealed highly favourable
conditions with 60.43% of the study area (82.28 sq.km) demonstrating good to excellent solar
potential indicating substantial renewable energy development opportunities, while areas with
low to moderate potential comprise 39.57% (53.87 sq.km) demonstrating the region’s
significant capacity for sustainable energy generation (Faqe Ibrahim et al., 2024; Imam et al.,
2024; Kasniza Jumari et al., 2023).
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Figure 3. Spatial distribution maps of individual assessment parameters: (a) flood
susceptibility zones, (b) cyclone vulnerability index, (c) urban heat island intensity zones and

(d) solar energy potential suitability of the study area.
3.2 Index Development Evaluation

3.2.1 Compound Vulnerability Index

The compound vulnerability assessment revealed a predominantly moderate risk landscape of
the study area with 78.88% (107.4 km?) classified as moderately vulnerable to combined
environmental hazards (Figure 4). High vulnerability zones encompassed 14.21% of the total
area (19.34 km?) concentrated primarily in the central urban core around Muthammal Colony,
Bryant Nagar and Caldwell Colony extending southward through Thermal Nagar to the
harbour industrial estate. These high-risk areas coincided with dense urban settlements,
industrial facilities and low-lying coastal zones experiencing compound exposure to flood,
cyclone and urban heat island effects. The low vulnerability areas comprised only 6.91% of
the study region (9.41 km?) predominantly distributed along the western and southwestern
peripheries near Korampallam, Pottalkadu and Mullakadu where higher elevations, reduced
urban density and greater vegetation cover provided natural protection against multiple
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Figure 4. Spatial distribution of compound vulnerability index across the study area.
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The spatial distribution of compound vulnerability exhibited a distinct east-west
gradient with vulnerability intensities increasing toward the coastline and urban centre. The
eastern coastal belt including Arockiapuram and areas adjacent to the harbour estate
demonstrated consistently elevated vulnerability levels due to direct exposure to storm surge
impacts, industrial heat generation and inadequate drainage infrastructure (Dharmarathne et
al., 2024; Shrestha et al., 2023). Inland areas toward Sankaraperi and the northwestern sectors
showed mixed vulnerability patterns reflecting the heterogeneous nature of land use transitions
from urban to peri-urban environments. Notable vulnerability hotspots emerged in densely
built-up residential areas where the convergence of limited green space, impervious surface
coverage and proximity to flood-prone drainage channels created compound risk scenarios
(Wu et al., 2025).

3.2.2 Development Opportunity Index
Development opportunity assessment demonstrated significant spatial variability with
excellent to good development potential covering 36.51% of the study area (49.7 km?)
indicating substantial capacity for sustainable infrastructure development (Figure 5). Excellent
opportunity zones representing 11.26% of the total area (15.33 km?) were concentrated in the
southern and southwestern regions particularly around Athimarapatti, Mullakadu and
Pottalkadu, where favourable solar energy potential combined with relatively low
environmental vulnerability to create optimal development conditions. Good opportunity areas
comprising 25.25% of the study region (34.37 km?) formed extensive corridors connecting the
southwestern excellent zones with scattered patches in the eastern coastal areas indicating
strategic development pathways for renewable energy infrastructure and climate-resilient
urban expansion.

N
Development Opportunity 8

- Low Opportunity
Very Low Opportunity

Moderate Opportunity

Good Opportunity

- Excellent Opportunity

Figure 5. Development opportunity index distribution across the study area
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Moderate development opportunity encompassed 22.65% of the study area (30.84
km?) primarily distributed through transitional zones between high and low opportunity areas
suggesting locations suitable for managed development with appropriate risk mitigation
measures. Low to very low opportunity zones collectively covered 40.84% of the total area
(55.61 km?) concentrated in the central and northern urban sectors around Sankaraperi,
Muthammal Colony and parts of the industrial corridor. These restricted development zones
coincided with areas experiencing high compound vulnerability indicating the effective
integration of risk considerations into opportunity mapping (Romshoo et al., 2024; Xue et al.,
2024). The spatial pattern revealed an inverse relationship between development opportunity
and existing urban density with peripheral areas demonstrating higher development potential
due to lower environmental constraints and greater renewable energy accessibility (Romshoo
et al., 2024).

3.2.3 Urban Resilience Index

The urban resilience assessment synthesized vulnerability and opportunity considerations to
generate comprehensive planning guidance across a normalized scale from 0 (lowest
resilience) to 1 (highest resilience) shown in Figure 6. The spatial distribution exhibited
pronounced variability with resilience values demonstrating clear geographical clustering
patterns that reflected the underlying integration of risk reduction and development potential
factors (Rezvani et al., 2023b; J. Wang et al., 2023). High resilience zones were predominantly
located in the southwestern quadrant encompassing areas around Pottalkadu, Mullakadu and
southern Athimarapatti where low environmental vulnerability combined with excellent solar
energy potential to create optimal conditions for sustainable urban development.
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Figure 6. Urban resilience index in normalized values across the study area

Moderate resilience areas formed transitional corridors connecting high-resilience
southwestern zones with scattered patches in the eastern coastal regions indicating strategic
locations for controlled urban expansion and infrastructure development. These intermediate
resilience areas offered balanced conditions suitable for managed growth with appropriate
environmental safeguards and climate adaptation measures. Low resilience zones (values
approaching 0.0) were concentrated in the central urban core and industrial areas around
Thermal Nagar, Bryant Nagar and the harbour estate, where high compound vulnerability
significantly constrained development opportunities and planning flexibility. The resilience
index revealed a distinct spatial gradient from southwest to northeast, with resilience values
systematically decreasing toward the established urban centre and industrial zones. This
pattern reflected the cumulative impact of environmental constraints, existing development
pressures and limited adaptive capacity in densely built areas (Rezvani et al., 2023; D. Wang
et al., 2024). The resilience assessment identified strategic development corridors extending
from high-resilience southwestern areas toward moderate-resilience zones providing clear
guidance for phased urban expansion that balances growth objectives with environmental
sustainability. The comprehensive integration of multiple factors in the resilience index
successfully captured the complex interplay between vulnerability reduction and development
enhancement offering a robust foundation for evidence-based urban planning decisions.

3.3 Smart Planning Zone Delineation
The smart planning zone classified into five distinct development categories based on the
Urban Resilience Index thresholds providing comprehensive spatial guidance for evidence-
based urban planning (Figure 7). The analysis revealed that preferred development zones
constitute the largest planning category encompassing 34.63% of the study area (47.15 km?)
followed by restricted development zones covering 32.46% (44.19 km?) indicating a
predominantly cautious development approach necessitated by the coastal urban environment
inherent vulnerabilities. Preferred development areas demonstrated favourable spatial
distribution across multiple sectors with significant concentrations in the southwestern
periphery around Pottalkadu and Mullakadu, eastern coastal areas near Arockiapuram and
scattered patches throughout the central transitional zones. These zones represent optimal
locations for strategic urban expansion, infrastructure development and renewable energy
projects where moderate environmental risks combine with adequate development
opportunities to support sustainable growth initiatives. The substantial coverage of preferred
development areas provides municipal planners with considerable flexibility for
accommodating future urban growth while maintaining environmental safety standards.
Restricted development zone represents the second-largest category at 32.46% of the
total area formed extensive corridors through the central urban core encompassing densely
populated areas around Sankaraperi, Muthammal Colony and portions of the industrial belt.
These areas require stringent development controls enhanced risk mitigation measures and
adaptive management strategies due to elevated compound vulnerability levels that constrain
conventional development approaches. The prevalence of restricted zones reflects the
challenging planning environment characteristic of established coastal cities, where existing
development patterns limit future expansion options. Managed development areas covered
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17.77% of the study region (24.19 km?) primarily distributed as transitional zones between
restricted and preferred development areas creating strategic buffer zones that facilitate
controlled urban growth with appropriate environmental safeguards. These intermediate zones
offer opportunities for innovative planning approaches including climate-adaptive
infrastructure, green building standards and integrated risk management systems that can serve
as demonstration models for sustainable coastal urban development(Rezvani et al., 2023; D.

Wang et al., 2024).
W%E
Smart Planning

- No Development

- Restricted Development
Managed Development

- Preferred Development
- Priority Development

Figure 7. Smart planning zone classification based on Urban Resilience Index threshold
analysis.

No development zones encompass 11.05% of the study area (15.04 km?) were concentrated in
high-risk areas including portions of Thermal Nagar, the harbour industrial estate and scattered
locations throughout the central urban core where compound vulnerability levels exceed
acceptable thresholds for new development. These prohibition zones require immediate
attention for disaster preparedness, existing infrastructure retrofitting and potential managed
retreat strategies to reduce future risk exposure. The relatively limited extent of no
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development areas (11.05%) indicates that while significant environmental challenges exist,
most of the study area retains some development potential under appropriate management
frameworks. Priority development zones represented the smallest category at 4.1% of the total
area (5.59 km?) concentrated primarily in the southwestern sectors around Pottalkadu and
Mullakadu where excellent development opportunities coincide with low environmental
vulnerability. These flagship zones offer optimal conditions for smart city initiatives,
renewable energy infrastructure and innovative urban design projects that can demonstrate
best practices for climate-resilient coastal development. Despite their limited spatial extent,
priority zones provide crucial anchoring points for transformative development initiatives that
can catalyse broader urban sustainability transitions (J. Wang et al., 2023).

4. DISCUSSION

4.1 Spatial Patterns and Relationships

The spatial analysis revealed distinct geographical patterns that reflect the complex interplay
between environmental hazards, urban development pressures and renewable energy potential
in coastal urban environments. The pronounced southwest-to-northeast vulnerability gradient
observed across Thoothukudi demonstrates how distance from the coastline, elevation
variations and urban density patterns collectively influence environmental risk exposure. This
gradient aligns with established coastal vulnerability theories where proximity to the ocean
increases exposure to storm surge, saltwater intrusion and wind-driven impacts while
simultaneously reducing elevation-based protection against flooding events. The inverse
relationship between compound vulnerability and development opportunity creates spatially
coherent planning zones that reflect underlying environmental processes. Areas exhibiting
high compound vulnerability particularly around Thermal Nagar and the central industrial
corridor, consistently demonstrate reduced development opportunities due to the convergence
of multiple environmental stressors. The southwestern peripheral areas around Pottalkadu and
Mullakadu benefit from elevated topography, reduced urban heat island effects and optimal
solar irradiation conditions that collectively enhance development suitability. This spatial
coherence validates the integrated assessment approach and suggests that environmental
factors operate synergistically rather than independently in determining urban development
potential.

The dominance of moderate vulnerability category (78.88%) in the study area
indicates that most coastal urban environments exist in transitional risk states rather than
experiencing extreme vulnerability or complete safety. These finding challenges binary
approaches to coastal risk management and supports the need for nuanced planning
frameworks that can accommodate gradual risk transitions. The spatial clustering of similar
vulnerability levels creates distinct risk neighbourhoods that require tailored management
strategies, moving beyond uniform city-wide policies toward spatially differentiated
approaches that recognize local environmental conditions. Correlation analysis between
individual hazard components reveals that flood and cyclone vulnerabilities demonstrate
strong spatial association, particularly in low-lying coastal areas where both hazards converge.
The urban heat island intensity exhibits more heterogeneous patterns that reflect land use
characteristics rather than pure topographic controls. This differential spatial behaviour among
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hazard types underscores the importance of multi-hazard approaches that capture both
correlated and independent risk factors in comprehensive vulnerability assessments.

4.2 Planning Implications

The smart planning zone framework provides municipal authorities with actionable spatial
guidance that addresses the fundamental challenge of balancing development needs with
environmental safety in rapidly growing coastal cities. The identification of preferred
development zones covering 34.63% of the study area offers substantial opportunities for
accommodating urban growth while maintaining acceptable risk levels. These areas provide
strategic locations for implementing smart city initiatives, renewable energy infrastructure and
climate-adaptive building standards that can serve as demonstration projects for broader urban
sustainability transitions. Restricted development zones encompassing 32.46% of the study
area require immediate attention for implementing enhanced building codes, infrastructure
retrofitting and disaster preparedness measures. These areas present opportunities for
innovative planning approaches including vertical densification with climate-adaptive designs,
green infrastructure integration and community-based disaster risk reduction programs. The
spatial configuration of restricted zones suggests potential for creating resilience corridors that
connect safer areas while providing strategic evacuation routes and emergency service access.
Priority development zones cover only 4.1% of the study area offer crucial anchoring points
for transformative urban development initiatives. These flagship areas can accommodate high-
value investments in renewable energy infrastructure, smart grid systems and sustainable
transportation networks that generate demonstration effects throughout the broader urban
system. The concentration of priority zones in southwestern areas provides opportunities for
creating integrated sustainable development clusters that can catalyse regional economic
transformation while maintaining environmental integrity.

No development zones require comprehensive risk management strategies including
potential managed retreat policies, enhanced early warning systems and restrictions on critical
infrastructure placement. These areas offer opportunities for implementing nature-based
solutions, urban wetland and green buffer zones that can provide ecosystem services while
reducing overall urban vulnerability. The relatively limited extent of no development areas
(11.05%) suggests that prohibition strategies should be coupled with intensive management
approaches in adjacent zones to maximize overall urban resilience. The framework supports
implementation of differential development standards across planning zones enabling
municipalities to optimize resource allocation while maintaining appropriate safety margins.
Higher-risk zones can implement stringent environmental impact assessments, mandatory
climate adaptation measures and enhanced infrastructure standards, while lower-risk areas can
accommodate streamlined approval processes and innovative development approaches that
support economic growth objectives.

4.3 Methodological Contributions

The study significantly advances coastal urban planning by addressing critical gaps in
vulnerability assessments and sustainable development frameworks through several key
innovations. It pioneers the integration of multi-hazard vulnerability assessment with
renewable energy potential mapping offering a novel, evidence-based approach that
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simultaneously addresses risk reduction and sustainable development unlike previous studies
that treated these areas separately. The implementation of the Analytical Hierarchy Process
(AHP) enhances transparency and reproducibility in decision-making by systematically
determining weights for flood vulnerability (51%), cyclone vulnerability (38%) and urban heat
island intensity (11%). A three-tier index framework supports multi-scale decision-making,
comprising a compound vulnerability index for immediate safety, a development opportunity
index for economic potential and an urban resilience index for balanced guidance. The smart
planning zone classification system translates complex environmental data into five actionable
categories bridging the gap between scientific assessments and practical policy
implementation. The methodology’s reliance on accessible data and standardized techniques
ensures its transferability to other coastal cities making it adaptable to diverse environmental
conditions and planning priorities. This comprehensive approach represents a significant step
forward in climate-informed urban planning.

5. CONCLUSION
The study successfully developed and implemented an integrated GIS-based framework for
delineating smart planning zones that simultaneously addresses multi-hazard vulnerability and
renewable energy development opportunities in coastal urban environments. The methodology
effectively synthesized flood vulnerability, cyclone exposure, urban heat island intensity and
solar energy potential through systematic multi-criteria analysis to generate evidence-based
spatial guidance for sustainable urban planning. The assessment revealed that study area
exhibits predominantly moderate vulnerability patterns (78.88%) with significant spatial
variability reflecting the complex interplay between environmental hazards and urban
development pressures. The identification of preferred development zones covering 34.63%
of the study area provides substantial opportunities for accommodating future urban growth
while maintaining acceptable environmental risk levels. The delineation of restricted and no
development zones (43.51% combined) highlights areas requiring enhanced risk management
strategies and adaptive planning approaches.

The framework’s integration of vulnerability and opportunity assessments through the
Urban Resilience Index successfully captured the spatial trade-offs between environmental
safety and development potential enabling balanced planning decisions that support both risk
reduction and economic development objectives. The southwest-to-northeast development
gradient identified through the analysis provides clear strategic direction for phased urban
expansion that prioritizes environmental sustainability while accommodating growth
pressures. The methodology’s transferability and reliance on readily available satellite data
enables application to other coastal cities facing similar climate challenges and development
pressures. The smart planning zone classification system provides municipal authorities with
actionable spatial guidance that can be implemented through existing regulatory frameworks
while supporting climate adaptation and sustainable development goals. Future research
should focus on incorporating temporal dynamics, social vulnerability indicators and climate
change projections to enhance the framework’s adaptive capacity and long-term planning
utility. Integration of community-based assessment approaches and real-time environmental
monitoring would further strengthen the methodology’s effectiveness for supporting climate-
resilient coastal urban development.
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