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Abstract
Coastal zones face increasing pressure from climate change and socioeconomic development, requiring robust, spatially
explicit vulnerability assessments. This study develops an integrated Fuzzy Composite Coastal Vulnerability Index
(FCVI) to evaluate spatial patterns of vulnerability along the Makran coast (Chabahar–Konarak, Iran) under three
climate scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5). The framework integrates physical exposure from the InVEST
Coastal Vulnerability model (version 3.19.0) with socioeconomic sensitivity and adaptive capacity, standardized using
fuzzy logic in a GIS environment. The results reveal pronounced scenario-dependent shifts in both the extent and
spatial configuration of vulnerability classes. The area classified as low vulnerability decreases from 1,315,095 ha
under SSP1-2.6 to 1,096,947 ha under SSP2-4.5, while high-vulnerability areas increase from 396,095 ha to 498,223
ha. Under the high-emission SSP5-8.5 scenario, high-vulnerability areas expand further to 521,574 ha, accompanied
by a marked reduction in moderate-vulnerability areas, from 616,608 ha to 420,038 ha. Beyond these quantitative
changes, the results indicate a clear spatial reorganization of vulnerability patterns. Under lower-emission scenarios,
high-vulnerability areas remain relatively fragmented and localized, whereas under SSP5-8.5, they become more
continuous and spatially connected. This transition suggests a nonlinear response, whereby increasing climatic pressure
may induce structural changes in the spatial distribution of vulnerability rather than a simple linear increase. The
proposed framework provides a consistent and transferable approach for identifying emerging vulnerability hotspots and
supporting scenario-based coastal planning, particularly in data-scarce regions.
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1. Introduction
Coastal zones are among the most dynamic and complex

natural systems on Earth, shaped by the continuous inter-

action of geomorphological processes, geological charac-

teristics, wave dynamics, ocean currents, and tidal regimes.

These systems are inherently dynamic and subject to con-

stant change; however, in recent decades, the intensity and

rate of their transformation have increased significantly

under the growing influence of climate change. Sea-level

rise, the intensification and increased frequency of storm

events, shifts in precipitation patterns, and ocean warm-

©2026 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

ing are among the most critical consequences of climate

change, all of which directly affect the stability of coastal

environments (IPCC, 2024; Pang et al., 2023). Recent stud-

ies have further confirmed the role of climatic variability

in amplifying environmental pressures and increasing the

occurrence of extreme coastal events (Vousdoukas et al.,

2020).

Although coastal areas account for a relatively small

proportion of the global land surface, they host a dispro-

portionately large share of the world’s population and in-

frastructure. It is estimated that more than 10% of the

global population resides in low-elevation coastal zones

(LECZ), with population growth in these areas continu-

ing at a rate exceeding the global average (Reimann et al.,
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2023). Projections indicate that by 2050, the population

inhabiting coastal regions will increase substantially (Neu-

mann et al., 2015). This demographic concentration, cou-

pled with rapid infrastructure development and escalating

climatic hazards, has significantly increased the likelihood

of losses associated with coastal flooding, storms, and ero-

sion, thereby substantially exacerbating the vulnerability

of both natural and human systems (Reimann et al., 2023).

Coastal change is not driven solely by climate-related

processes; anthropogenic interventions also play a de-

cisive role in altering the morphology and dynamics of

these environments. Activities such as beach nourishment,

the construction of seawalls, breakwaters, groynes, and

port infrastructure significantly modify sediment trans-

port pathways anddisrupt natural coastal dynamics. These

human-induced alterations, interacting with natural pro-

cesses such as waves, currents, tides, and coastal storms,

generate a highly complex system of feedback interactions

(Thieler and Hammar-Klose, 1999; Boumpoulis et al.,

2025). The coexistence of these natural and anthropogenic

complexities has rendered the assessment of coastal vul-

nerability a multidimensional and challenging task.

Under such conditions, evaluating coastal vulnerability

to climate-induced hazards has gained increasing impor-

tance. Risk assessment frameworks are commonly struc-

tured around three main components: hazard, exposure,

and vulnerability (IPCC, 2014). Vulnerability is a multi-

dimensional concept encompassing sensitivity, adaptive

capacity, and the socioeconomic conditions of a system. As

emphasized by Füssel and Klein (2006) and Hinkel (2011),

a comprehensive vulnerability assessment requires the

integration of physical, ecological, and social dimensions

within a coherent analytical framework. However, many

existing studies have either focused primarily on biophysi-

cal indicators or concentrated solely on socioeconomic di-

mensions, and the simultaneous integration of these com-

ponents within a unified framework remains challenging

(Hinkel and Klein, 2009; IPCC, 2014). Moreover, the selec-

tion and combination of indicators are often constrained

by data availability and the specific objectives of each study

(Arkema et al., 2013; Bevacqua et al., 2018).

In recent years, ecosystem-based approaches, includ-

ing the InVEST Coastal Vulnerability model, have been in-

creasingly applied to assess coastal exposure and vulnera-

bility across different spatial and temporal contexts. These

approaches account for the protective role of natural habi-

tats in reducing exposure to coastal hazards such as storm

waves, inundation, and erosion, thereby supporting the

assessment of climate-related risks and management al-

ternatives (Arkema et al., 2013; Hopper and Meixler, 2016;

Sajjad et al., 2018 The application of such tools has played

a significant role in identifying critical coastal zones and

enhancing coastal resilience. However, their focus has pre-

dominantly remained on biophysical dimensions, while

socioeconomic components and future climate scenarios

have often been incorporated in a limited or simplified

manner.

Alongside these approaches, composite coastal vulner-

ability indices have been developed to integrate multiple

dimensions of vulnerability within a unified framework

using multicriteria decision-making techniques (Abijith et

al., 2023). Among these, the Fuzzy Composite Coastal Vul-

nerability Index (FCVI) has emerged as a widely adopted

framework due to its ability to handle uncertainty, perform

nonlinear normalization of indicators, and simultaneously

integrate biophysical and socioeconomic components. As

highlighted by Cruz-Ramı́rez (2024), the FCVI framework

has been further expanded in recent studies to incorpo-

rate human pressures, development patterns, and social

indicators, thereby improving the understanding of coastal

hazard dynamics (Sfreddo et al., 2023).

Despite these advancements, existing applications of

FCVI still face several limitations. Notably, there is a lack of

multi-hazard frameworks capable of simultaneously cap-

turing the combined effects of sea-level rise, storm surges,

and coastal erosion (Deb et al., 2019, 2024; Mullick et al.,

2024; Zhang et al., 2024). Furthermore, the integrated role

of population dynamics, land-use change, and the degra-

dation of ecosystem services has not been sufficiently ad-

dressed in many previous studies, particularly in highly

dynamic coastal environments such as the Makran coast.

These gaps highlight the need for more comprehensive

frameworks capable of jointly assessing the multiple di-

mensions of coastal vulnerability under future climate sce-

narios (Mafi-Gholami et al., 2019).

2. Material and methods
2.1 Study area
The Makran coastal zone, extending along the northern

margin of the Arabian Sea and the Makran subduction sys-

tem, represents one of the most dynamic and strategically

significant coastal regions in southern Iran. This area has

been shaped by the combined influence of active tectonic

processes, marine dynamics, and warm to semiarid cli-

matic conditions, resulting in a highly complex environ-

mental setting characterized by diverse natural hazards

(Motaghi et al., 2020).

The present study focuses on the coastal counties of

Chabahar and Konarak in Sistan and Baluchestan Province,

which constitute the easternmost coastline of Iran and host

the country’s only oceanic port (Figure 1). These two coun-

ties serve as key hubs for maritime, fisheries, and trade-

related activities and play a pivotal role in Iran’s coastal de-

velopment strategy. In recent decades, rapid infrastructure

expansion, urban growth, and population increase have

significantly altered coastal land-use patterns, particularly

in low-lying areas. These transformations have intensified

the exposure of settlements, infrastructure, and economic

assets to coastal hazards (Pourkerman et al., 2022).
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Figure 1. Location map of the study area at regional and local scales.

The regional climate is characterized as hot arid to

semiarid coastal, strongly influenced by the Indian Ocean

monsoon system. The dominant climatic features include

high temperatures, intense evaporation rates, and low but

highly concentrated short-duration rainfall events, which

frequently lead to flash flooding. In addition, the coasts of

Chabahar and Konarak are exposed to a range of marine

hazards, including tropical storms, wave surges, severe sea

states, and coastal erosion, all of which have increased in

both frequency and intensity under the influence of climate

change (Mafi-Gholami et al., 2019).

From a geomorphological perspective, the coastline

comprises sandy beaches, intertidal flats, estuaries, deltas,

rocky headlands, and low-lying coastal plains. These geo-

morphic units exhibit varying responses to hydrodynamic

forces, sea-level fluctuations, and sediment transport dy-

namics, resulting in spatially heterogeneous levels of

coastal sensitivity and vulnerability. The concentration

of urban areas, port facilities, and engineered structures

within these sensitive geomorphic settings has further am-

plified overall vulnerability (Ghaderi and Rahbani, 2024).

Given the anticipated population growth and accel-

erated coastal development, Chabahar and Konarak are

expected to face increasing pressure from both climate

change and anthropogenic activities. The coexistence of

geomorphological diversity, high-energymarine processes,

and rising socioeconomic exposureprovides a robust frame-

work for comprehensive spatial vulnerability assessment.

Such an approach can serve as a scientific basis for in-

tegrated coastal zone management and climate change

adaptation planning in the region (Motaghi et al., 2021;

Pourkerman et al., 2022).

Coastal planning and management in the Makran re-

gion are governed by Iran’s national legal framework for

maritime areas and the institutional arrangements asso-

ciated with Integrated Coastal Zone Management (ICZM).

Under the Law on the Maritime Areas of the Islamic Re-

public of Iran in the Persian Gulf and the Sea of Oman, the

territorial sea extends 12 nautical miles (approximately

22.2 km) from the established baselines, while the con-

tiguous zone extends to 24 nautical miles. The law also

establishes Iran’s rights and jurisdiction over the Exclusive

Economic Zone and continental shelf (Government of the

Islamic Republic of Iran, 1993; United Nations, 2026). At

the institutional level, the Ports and Maritime Organiza-

tion (PMO), in coordination with relevant governmental

institutions and provincial authorities, plays a central role

in the development and refinement of ICZM studies. Iran’s

national ICZM plan was developed with the participation

of 18 institutions, organizations, and ministries and was

subsequently approved by the Supreme Council of Urban

Planning and Architecture (Ports and Maritime Organiza-

tion, 2014; Iranian Marine Engineering Association, 2017).

The coastal area examined in the present study is lo-

cated within this broader coastal and maritime setting

governed by Iran’s legal and institutional framework. The

legally defined maritime zones provide the jurisdictional

framework for the governance and management of coastal

and marine areas, whereas the spatial extent used in this

study represents the analytical area selected for the FCVI

assessment. Accordingly, the study area falls within the

broader framework of Iran’s legally regulated coastal and

maritime areas, while the specific spatial extent analyzed

in the FCVI was defined according to the requirements

of the coastal vulnerability assessment. This distinction

clarifies the relationship between the legal framework gov-

erning the coastal and maritime areas and the analytical

extent used in the present study.

2.2 Conceptual framework for coastal vulnerability as-
sessment

The assessment of coastal vulnerability in this study is

based on the widely used three-component framework in

climate change research, which conceptualizes vulnerabil-

ity as the result of the interaction among exposure, sensi-



Development of a Fuzzy Composite Index for spatial coastal vulnerability assessment … 4/22

Figure 2. Conceptual flowchart of the Fuzzy Composite Coastal Vulnerability Index (FCVI) calculation process.

tivity, and adaptive capacity. Within this framework, expo-

sure refers to the degree towhich the coastal system is sub-

jected to physical hazards driven by marine processes and

climate change impacts. Sensitivity represents the extent

to which human and environmental elements are affected

by these hazards, while adaptive capacity reflects the abil-

ity of the system to cope with, adjust to, and mitigate the

adverse effects of changing conditions. The integration of

these three components enables a comprehensive spatial

analysis of vulnerability and has been extensively applied

in climate risk assessment and adaptation planning stud-

ies.

In this research, building upon this conceptual frame-

work, a composite coastal vulnerability index was devel-

oped by integrating the aforementioned three components.

The Exposure Index (EI) was derived using the Coastal

Vulnerability module of the InVEST model, while the Sen-

sitivity Index (SI) and Adaptive Capacity Index (ACI) were

constructed from their respective spatial sub-indicators

in ArcGIS. Prior to integration, the input layers were stan-

dardized using linear fuzzymembership functions, with in-

creasing or decreasing membership relationships selected

according to the expected effect of each variable on coastal

vulnerability. The standardized EI, SI, and ACI layers were

subsequently integrated using the Fuzzy Gamma operator

(𝛾 = 0.5) to generate the final FCVI maps under the SSP1-

2.6, SSP2-4.5, and SSP5-8.5 scenarios. The fuzzy member-

ship functions and parameter values used for the input

variables are provided in the corresponding tables.

The overall analytical workflow used to construct the

Fuzzy Composite Coastal Vulnerability Index (FCVI) is pre-

sented in Figure 2. The workflow explicitly follows the se-

quence of EI, SI, and ACI derivation, fuzzy standardization,

and Fuzzy Gamma integration, providing a transparent

and reproducible framework for generating the scenario-

specific FCVI maps.

2.3 Data and preprocessing
In this study, a comprehensive set of biophysical, socioe-

conomic, and infrastructural datasets was employed to

assess coastal vulnerability based on three components:

exposure, sensitivity, and adaptive capacity (Table 1). The

datasets required for modeling coastal exposure included

physical andhydrodynamic variables related to coastal con-

ditions and marine processes, which were used as inputs

to the Coastal Vulnerabilitymodel in InVEST (Arkema et al.,

2013; Natural Capital Alliance, Stanford University, 2026).

In addition, to derive the sensitivity and adaptive capacity
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indicators, data related to population characteristics, land

use, infrastructure, and other socioeconomic attributes of

the study area were collected and transformed into spatial

layers.

To ensure data integration within the GIS environment,

all layers were harmonized in terms of coordinate refer-

ence system, spatial scale, and studyextent. Vectordatasets

were converted into raster format, and all layers were re-

sampled to a consistent spatial resolution to enable spatial

analysis and multilayer integration. Furthermore, quality

control procedures were conducted, including the removal

of incomplete records, correction of spatial inconsistencies,

and verification of layer overlaps. These preprocessing

steps provided the necessary foundation for implement-

ing the InVEST model, applying fuzzy standardization, and

performing subsequent spatial analyses.

2.4 Definition of climate scenarios
To examine the influence of climatic uncertainties on co-

astal vulnerability, the analyses were conducted under

three climate change scenarios based on the Shared So-

cioeconomic Pathways (SSPs) framework. These scenarios

included SSP1-2.6 as a low-emission optimistic scenario,

SSP2-4.5 as an intermediate stabilization scenario, and

SSP5-8.5 as a high-emission pessimistic scenario. The se-

lection of these three scenarios was intended to capture

a broad range of plausible future climatic conditions and

to enable comparative assessment of the coastal system’s

response under varying levels of climate change intensity.

Climate-related variables associated with coastal haz-

ards, particularly those influencing sea-level rise and hy-

drodynamic conditions, were extracted according to these

scenarios and used as inputs to the Coastal Vulnerability

module of the InVEST model. Accordingly, a distinct cli-

matic condition setwas defined for each scenario, resulting

in the generation of separate coastal exposuremaps. These

outputs formed the basis for subsequent scenario-based

vulnerability analysis.

2.5 Exposure Index based on the InVEST model
The Exposure Index (EI) was calculated using the coastal

vulnerability assessment framework implemented in the

Integrated Valuation of Ecosystem Services and Tradeoffs

(InVEST) model, developed by the Natural Capital Project

(Arkema et al., 2013; Sharp et al., 2020). This model inte-

grates biophysical hazard drivers with the protective role

of coastal ecosystems, enabling a comprehensive assess-

ment of physical exposure and aligningwith contemporary

frameworks for climate risk andmulti-hazard analysis (Op-

penheimer et al., 2019; IPCC, 2022).

Given that sea-level rise is one of the most critical dri-

vers of coastal hazard intensification in the 21st century,

future sea-level scenarios derived from the Shared Socioe-

conomic Pathways (SSPs) within the CMIP6 framework

were incorporated into the analysis. Specifically, SSP1-2.6,

SSP2-4.5, and SSP5-8.5 were selected to represent low, in-

termediate, and high emission trajectories, respectively

(IPCC, 2022). These scenarios correspond to different ra-

diative forcing levels by the end of the century and con-

stitute the main basis for climate projections in the Sixth

Assessment Report of the IPCC.

Accordingly, projected sea-level rise values under each

scenario were integrated into the coastal vulnerability

model, and the relative coastal elevation component was

Table 1. ndicator-based framework for coastal vulnerability assessment

Dimension Indicator Reference

Exposure • Geomorphology Gornitz (1991), Thieler and Hammar-Klose (1999),

• Natural habitats Arun Kumar and Kunte (2012), Thieler and Hammar-Klose (1999),

• Coastal relief ElKotby et al. (2024b) Torresan et al. (2020),

• Sea-level rise Hossain et al. (2022) , Oloyede et al. (2022)

• Wind, wave, and storm surge

Sensitivity • Urbanized area Cutter et al. (2003), Mavromatidi et al. (2018),

• Agricultural GDP Oloyede et al. (2022), Le Cozannet et al. (2013),

• Population density Hossain et al. (2022), Nguyen et al. (2016),

• Population growth rate Dasgupta et al. (2009), Akash et al. (2024)

• Vulnerable population

Adaptive Capacity • Per capita GDP

• Communication Tahri et al. (2017), Akash et al. (2024),

• Transportation Mani Murali et al. (2018), Oloyede et al. (2022)

• Education

• Medical services
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Figure 3. Spatial distribution of the main factors influencing coastal exposure along the Chabahar Bay and Oman Sea

coastline.

updated. Other biophysical drivers, including geomorphol-

ogy, habitat characteristics, and wave dynamics, were as-

sumed to remain constant. The Exposure Index was re-

calculated for each scenario to evaluate the progressive

influence of sea-level rise on hazard intensity along differ-

ent coastal segments. Recent studies have demonstrated

that sea-level rise, when interacting with wave dynam-

ics and storm-induced surges, can synergistically amplify

coastal flooding risks (Bevacqua et al., 2020; Mentaschi et

al., 2020; Vousdoukas et al., 2020). Accordingly, exposure

in this study is defined as the cumulative effect of physi-

cal forces acting on each coastal segment, consistent with

the emerging understanding of compound climate hazards

(Hinkel, 2011; IPCC, 2022).

All exposure-related variables were standardized prior

to aggregation and classified into a five-level ordinal scale

(1 = very low exposure to 5 = very high exposure), follow-

ing established approaches in coastal vulnerability studies

(Arkema et al., 2013; Krishnan et al., 2019). The Exposure

Index for each spatial unitwas computed using a geometric

mean formulation.

In this study, the exposure component was derived us-

ing the Coastal Vulnerability module of the InVEST soft-

ware. This process-basedmodel integrates key biophysical

coastal parameters to spatially assess exposure to climate-

related and marine hazards. In the version applied here,

the Exposure Index was calculated based on a combina-

tion of coastal geomorphology, coastal slope and eleva-

tion (DEM), bathymetry, wave climate, storm surge levels,

and the protective function of coastal ecosystems. The

model output provides a relative exposure index along the

coastline, representing the degree to which each coastal

segment is subject to physical hazards. Due to its capa-

bility to simultaneously incorporate physical processes

and ecosystem-based protection services, InVEST has been

widely used in coastal vulnerability and risk assessments

and was adopted in this study as the basis for estimat-

ing the Exposure Index (EI) within the FCVI framework

(Figure 3).

To quantitatively assess coastal exposure, a threshold-

based index framework was developed in which offshore

and local conditions are explicitly considered in a disag-

gregated manner. In this context, the conditional exposure

component is defined as follows:

𝐸𝑘 =

16

�

𝑛=1

𝐼(𝑥𝑛) 𝐴
𝑘
𝑛 𝐵

𝑘
𝑛 𝑘 ∈ {𝑜, 𝑙} (1)

where 𝑘 denotes the type of condition, including offshore

(𝑜) and local (𝑙) conditions. In this formulation, 𝑥𝑛 repre-

sents a threshold-dependent variable (such aswater depth,

fetch conditions, or other hydrodynamic parameters), and

ℎ is the critical threshold value defined for activating each

component. The indicator function 𝐼(𝑥𝑛) is defined as fol-

lows:

𝐼(𝑥𝑛) = �
0 𝑥𝑛 < ℎ,

1 𝑥𝑛 ≥ ℎ
(2)

Accordingly, only those parameters that exceed the

predefined threshold contribute to the computation of

total exposure. The coefficients represent, respectively,

the relative weight (or importance) of each factor and the

magnitude of its effect under offshore or local conditions.

This formulation enables the incorporation of nonlinear

behavior and the activation of critical thresholds within

the model framework.

To account for environmental energy effects, an

energy/potential component was also defined as

follows:

𝜙 = 1/2 𝜌2 (3)
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where (𝜌) is a characteristic parameter representing the

intensity or density of hydrodynamic energy acting on the

coast. This component serves as a moderating factor that

regulates the magnitude of forces exerted on the coastal

system.

Finally, the overall coastal exposure is expressed as

a function of the hydrodynamic indicators and the condi-

tional components defined above:

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 = 𝑓(𝑅𝐸𝐼,𝐸𝑤,𝐸
𝑜,𝐸𝑙,𝜑) (4)

where REI denotes the Relative Exposure Index, (𝐸𝑤) rep-

resents wave energy, and (𝐸𝑜) and (𝐸𝑙) correspond to off-

shore and local exposure components, respectively. Within

this framework, the dominant wave forcing is governed by

themaximumcontribution of offshore and local conditions,

allowing the model structure to capture and integrate hy-

drodynamic effects across multiple spatial scales.

To investigate the impact of climate change, the model

was independently run for each defined climate scenario.

Consequently, three separate coastal exposure maps were

generated, each representing the degree of coastal hazard

exposureunder different climatic conditions. The resulting

outputs were subsequently exported to the GIS environ-

ment for further analysis and served as the basis for fuzzy

standardization and integration with other vulnerability

components.

The use of the geometricmeanwas adopted to preserve

the noncompensatory nature of the index and to reflect the

multiplicative interaction among hazard drivers. In linear

additive approaches, high values of one variable can offset

low values of others, potentially leading to an underesti-

mation of the actual level of risk (Hinkel, 2011; Tonmoy

et al., 2014). In contrast, this formulation prevents such

compensation effects and provides a more realistic repre-

sentation of compound hazard interactions. This structure

is consistent with recent recommendations for integrating

multihazard risks within climate risk assessment frame-

works (Ward et al., 2020; Reimann et al., 2021; IPCC, 2022).

2.6 Sensitivity Index
The Sensitivity Index (SI)was developed to quantify the po-

tential susceptibility of socioeconomic structures to coastal

hazards. Within contemporary vulnerability assessment

frameworks, sensitivity is defined as an intrinsic charac-

teristic of society, encompassing demographic structure,

economic conditions, and social attributes that determine

the degree of impact experienced during hazard events

(Cutter, 2024).

Based on recent systematic reviews in the field of so-

cial vulnerability indicators, variables such as population

density, age structure, income level, employment status,

and land-use patterns are among the most commonly em-

ployed components for sensitivity assessment (Mah et al.,

2023; Kim et al., 2025). Accordingly, in the present study,

the Sensitivity Index was constructed using a set of demo-

graphic and economic sub-indicators, including population

density, population growth rate, proportion of urban land,

economic dependence on climate-sensitive activities, and

the proportion of vulnerable population groups. The sub-

indicators used are presented in Table 1. To integrate vari-

ables related to vulnerable population groups and reduce

internal multicollinearity, Principal Component Analysis

(PCA) was applied to derive a composite score.

At the initial stage, 10 socioeconomic variables were

examined, including urbanized area, agricultural gross

domestic product (GDP), population density, population

growth rate, population under 15 years of age, population

over 65 years of age, proportion of females, unemployment

rate, low-income population, and agricultural employment.

To reduce multicollinearity and information redundancy

among the variables, PCA was performed on standardized

data using Z-scores and the correlation matrix. Compo-

nents with eigenvalues greater than 1 were retained. Sub-

sequently, representative variables were selected based on

their factor loadings and conceptual relevance to socioe-

conomic sensitivity. Accordingly, five indicators, namely

urbanized area, agricultural GDP, population density, pop-

ulation growth rate, and vulnerable population, were re-

tained as the final indicators for calculating the Sensitivity

Index (SI). All sub-indicators were standardized prior to

aggregation and classified into a five-level ordinal scale

(1 = very low sensitivity to 5 = very high sensitivity).

2.7 Adaptive Capacity Index
The Adaptive Capacity Index (ACI) was developed to as-

sess the ability of socioeconomic systems to mitigate the

adverse effects of coastal hazards and to adapt to climate

change conditions. Within contemporary climate risk as-

sessment frameworks, adaptive capacity refers to the abil-

ity of a society to anticipate, cope with, respond to, and

recover from hazard events, thereby playing a mitigating

role in shaping overall vulnerability (IPCC, 2022).

Recent reviews indicate that adaptive capacity in co-

astal social-ecological systems is inherently multidimen-

sional and influenced by economic, institutional, educa-

tional, infrastructural, and resource-access-related factors

(Espinoza Córdova et al., 2024; Serdeczny et al., 2024).

These studies emphasize that index-based assessments of

adaptive capacity should incorporate not only economic

capital but also governance quality, livelihood diversifica-

tion, human capital, and access to public services (Zhai and

Lee, 2024).

Accordingly, in the present study, the Adaptive Capacity

Indexwas constructedbasedon a set of socioeconomic sub-

indicators, including education level, per capita income,

access to basic infrastructure, housing quality, economic

diversification, and availability of public services. These

variables reflect the potential of communities to reduce

damages, manage crises, and recover following coastal
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hazard events. The sub-indicators used are presented in

Table 1.

All sub-indicators were standardized prior to aggrega-

tion and classified into a five-level ordinal scale (1 = very

low adaptive capacity, 5 = very high adaptive capacity). To

preserve the noncompensatory nature of the index and to

avoid overestimation of adaptive capacity in cases where

only a subset of components performs well, the Adaptive

Capacity Index for each spatial unit was calculated using

the geometric mean

𝐴𝐶𝐼 = �

𝑛

�

𝑖=1

𝑅𝑖�

1

𝑛

(5)

where (𝑅𝑖) denotes the rank of the (𝑖) sub-indicator and

(𝑛) represents the total number of adaptive capacity sub-

indicators. This approach enables the representation of

the interactive effects amongdifferent components of adap-

tive capacity and is consistent with recent recommenda-

tions for index-based assessment of social-ecological sys-

tems (Espinoza Córdova et al., 2024).

2.8 Fuzzy standardization of indicators
Toaccount for inherent uncertainties in socio-environmental

datasets and to represent the gradual nature of changes

in vulnerability intensity, the Exposure Index (EI), Sensi-

tivity Index (SI), and Adaptive Capacity Index (ACI) were

standardized and integrated using a fuzzy logic approach.

Compared with discrete classification methods, fuzzy logic

enables the modeling of continuous transitions between

different levels of vulnerability and is therefore more suit-

able for analyzing complex socio-ecological systems.

Recent applications of fuzzy logic in flood-induced so-

cial vulnerability assessment havedemonstrated that fuzzy

membership functions can better capture gradual varia-

tions in exposure intensity and avoid artificial boundaries

between classes (Moragues et al., 2025). Moreover, the in-

tegration of multicriteria decision-making techniques with

fuzzy logic in climate risk analysis provides a flexible frame-

work for combining both natural and social drivers of risk

(Hodasová et al., 2025). Recent studies in urban flood risk

assessment have also shown that coupling geospatial data

with fuzzy inference systems improves the spatial accu-

racy of vulnerability estimation (Muthu and Ramamoorthy,

2025).

In this study, after the initial computation of EI, SI, and

ACI using the geometricmean, each indexwas transformed

into a fuzzy membership range of [0,1]. A value of zero

represents the lowest degree of membership in the “high

vulnerability” set, whereas a value of one indicates the

highest degree of membership. Based on the nature of

the indicators, an increasing membership function was

applied to EI and SI, whereas a decreasing membership

function was used for ACI.

For each indicator, the parameters of the linear fuzzy

membership function were defined using the lower and

upper bounds of the corresponding input layer. The lower

threshold represents the value assigned a fuzzy member-

ship of 0, whereas the upper threshold represents the value

assigned a fuzzymembership of 1. For indicators positively

related to vulnerability, membership values increase lin-

early from 0 to 1 between the lower and upper thresholds.

For indicators negatively related to vulnerability, member-

ship values decrease linearly from 1 to 0 over the same

range. The lower and upper thresholds were determined

separately for each indicator basedon its spatial data range,

and the same parameters were applied consistently across

the study area and the corresponding climate scenarios.

Fuzzy standardization was carried out as follows:

For increasing indicators (EI and SI):

𝜇(𝑥) = �

0 if 𝑥 ≤ 𝑎
𝑥−𝑎

𝑏−𝑎
if 𝑎 < 𝑥 < 𝑏

1 if 𝑥 ≥ 𝑏

(6)

For the decreasing indicator (ACI):

𝜇(𝑥) = �

1 if 𝑥 ≤ 𝑎
𝑏−𝑥

𝑏−𝑎
if 𝑎 < 𝑥 < 𝑏

0 if 𝑥 ≥ 𝑏

(7)

• 𝑥 = crisp input value

• 𝑎 = lower threshold

• 𝑏 = upper threshold

2.9 Scenario-based integration of indicators and gen-
eration of final coastal vulnerability maps

After calculating the three main components of vulnerabil-

ity, including the Exposure Index (EI), Sensitivity Index (SI),

and Adaptive Capacity Index (ACI), all outputs were trans-

formed into fuzzy membership values within the [0–1]

range to ensure a common scale for integration. Accord-

ingly, for each climate scenario, a fuzzy exposure map was

generated, while fuzzy maps of sensitivity and adaptive

capacity were independently produced.

In the next step, the fuzzy vulnerability index was com-

puted using the Fuzzy Gamma Operator to preserve the

noncompensatory structure of the integration while ac-

counting for both synergistic and interactive effects among

the different components. The general formulation of this

operator is expressed as follows:

𝜇𝛾 = (𝜇𝑠𝑢𝑚)
𝛾 × (𝜇𝑝𝑟𝑜𝑑𝑢𝑐𝑡)

(1−𝛾) (8)

𝐶𝑉𝐼𝛾=0.5 =

[1−(1−𝜇𝐸𝐼)(1−𝜇𝑆𝐼)𝜇𝐴𝐶𝐼]
0.5 ×

[𝜇𝐸𝐼 𝜇𝑆𝐼 (1−𝜇𝐴𝐶𝐼)]
0.5

(9)
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This formulation enables the simultaneous represen-

tation of uncertainty, nonlinear relationships, and inter-

dependencies among risk drivers and is consistent with

recent advances in fuzzy logic–based approaches for multi-

hazard vulnerability assessment (Hodasová et al., 2025;

Moragues et al., 2025).

To compute the final coastal vulnerability index, the

integration process was conducted in a scenario-based

manner. Accordingly, for each climate scenario, the corre-

sponding exposure map, together with the sensitivity and

adaptive capacity layers, was overlaid using fuzzy com-

bination operators within a GIS environment. This pro-

cedure was repeated three times, resulting in a distinct

coastal vulnerability map for each scenario. The resulting

maps represent the spatial pattern of relative coastal vul-

nerability under different climatic conditions and enable

a comparative analysis of changes in vulnerability across

scenarios.

3. Validation method
To assess the spatial consistency of the coastal vulnera-

bility assessment, a total of 20,000 sampling points were

systematically extracted along the Makran coastline using

Google Earth Pro. The number of sampling points was

selected to provide broad spatial coverage of the study

area and account for its geomorphological complexity and

spatial heterogeneity. Elevation values were extracted for

each sampling point from Google Earth Pro and classified

into three elevation classes: ≤ 0 m, 0–1 m, and 1–5 m.

Sampling points with elevations greater than 5 m were ex-

cluded from the elevation-based assessment because the

analysis focused on low-lying coastal areas that are more

directly relevant to coastal vulnerability. Coastal elevation

relative to sea level is a key factor controlling exposure to

sea-level rise and coastal flooding, particularly in low-lying

coastal environments (Gesch, 2018; Hooijer and Vernim-

men, 2021).

The sampling points were subsequently overlaid with

the coastal vulnerability maps developed for the SSP1-2.6,

SSP2-4.5, and SSP5-8.5 climate change scenarios. For each

elevation class and climate change scenario, the number of

sampling points falling within the High and Very High vul-

nerability classes was determined, and the corresponding

percentage was calculated using Equation (1):

𝑃 = (𝑁𝑣/𝑁𝑡)×100 (10)

where (P) represents the percentage of sampling points

classified as High or Very High vulnerability, (𝑁_𝑣) rep-

resents the number of sampling points falling within the

High and Very High vulnerability classes, and (𝑁_𝑡) rep-

resents the total number of sampling points within the

corresponding elevation class.

The resulting percentages were compared among the

three elevation classes for each climate change scenario

and subsequently examined across the SSP1-2.6, SSP2-4.5,

and SSP5-8.5 scenarios. This comparison was intended to

determine whether the modeled vulnerability patterns ex-

hibited a systematic relationship with coastal elevation. In

particular, a relatively greater proportion of High and Very

Highvulnerability pointswithin the lower elevation classes

was considered consistent with the expected spatial behav-

ior of coastal vulnerability, because low-lying coastal areas

are generallymore exposed to elevated coastalwater levels,

sea-level rise, and coastal flooding (Gesch, 2018; Hooijer

and Vernimmen, 2021). Thus, the elevation-based com-

parison provided a spatial consistency check to determine

whether areas identified by the FCVI as having greater vul-

nerability were preferentially concentrated within coastal

settings characterized by lower elevations.

To further examine the spatial coherence of the vulner-

ability patterns, the distribution of areas classified as High

and Very High vulnerability was also evaluated in relation

to major geomorphological and hydrological features of

the Makran coast. Particular attention was given to river

mouths, low-lying coastal plains, and estuarine environ-

ments, as these settings may represent areas where the

interaction between coastal processes, hydrological con-

ditions, and low terrain elevation can increase exposure

to coastal hazards. The spatial correspondence between

high-vulnerability areas and these coastal features was

therefore examined as an additional qualitative compo-

nent of the spatial consistency assessment.

Overall, the assessment combined a quantitative com-

parison of vulnerability classes across elevation ranges

with a qualitative examination of the spatial relationship

between high-vulnerability areas and major coastal geo-

morphological and hydrological features. This integrated

approach was used to evaluate the spatial coherence and

physical plausibility of the FCVI results across the three

climate change scenarios.

4. Results
4.1 Exposure Index
A comparative analysis of the coastal exposure index un-

der the three climate scenarios (SSP1-2.6, SSP2-4.5, and

SSP5-8.5) indicates that, although the total extent of the

coastal zone remains constant across all scenarios, the

spatial structure of exposure and the distribution of its

classes undergo substantial reconfiguration (Figure 4a–c).

This pattern suggests that the coastal system’s response

to increasing climatic stressors is not linear but rather

emerges through nonlinear and threshold-driven dynam-

ics. In other words, changes are not primarily expressed

through a uniform increase in overall exposure but rather

through a spatial redistribution of risk among exposure

classes.

From a quantitative perspective, the results show that

the “very low” exposure class maintains a relatively stable
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Figure 4. Spatial distribution of the Exposure Index along the Chabahar coastal zone. Warm colors indicate high exposure,

whereas cool colors indicate low exposure.

area across all scenarios. This stabilitymay reflect the pres-

ence of coastal segments with inherently higher resilience

to climatic changes, which exhibit minimal variation in ex-

posure levels across different forcing conditions. Similarly,

the “very high” exposure class also shows limited variation,

indicating the existence of structurally exposed zones with

persistently high baseline risk that remain in the highest

exposure category even under optimistic scenarios.

In contrast, the most pronounced scenario-dependent

variations are observed in the intermediate classes, par-

ticularly the “low,” “moderate,” and “high” categories. The

transition from SSP1-2.6 to SSP2-4.5 is characterized by

a gradual shift of areas from the “moderate” class toward

the “low” class, suggesting that the coastal system is en-

tering a transitional threshold phase. At the same time,

the gradual expansion of the “high” exposure class indi-

cates the initial intensification of climatic pressures and a

progressive weakening of the exposure system’s structural

equilibrium (Figure 4b).

However, the difference between SSP2-4.5 and SSP5-

8.5 is more profound and structural in nature. During this

transition, the area of the “low” exposure class experiences

a sharp decline, while the “high” exposure class shows

a marked and abrupt expansion, becoming the dominant

class across the coastal zone (Figure 4c). This shift indi-

cates that under the high-emission SSP5-8.5 scenario, the

coastal system enters a rapid risk escalation regime, in

which areas characterized by low or moderate exposure

are directly and quickly reclassified into high-exposure

conditions.

The expansion of high-exposure zones under SSP5-

8.5 further suggests an increased likelihood of spatial co-

occurrence and overlap of coastal hazards at the regional

scale. It also indicates that large portions of the coastline

would transition into persistently high and unstable ex-

posure states under this scenario. Overall, the findings

clearly demonstrate that the primary difference between

optimistic and pessimistic scenarios does not lie in a grad-

ual increase in coastal exposure but rather in the collapse

of low-risk structures and the rapid dominance of high-
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exposure classes. This highlights the limitations of linear

trend-based planning approaches and underscores the ne-

cessity of incorporating nonlinear and threshold-based

dynamics into coastal risk assessment and management

frameworks.

4.2 Sensitivity Index
As illustrated in Figure 5(a–e), the spatial distribution of

socioeconomic indicators related to sensitivity, as well as

the final composite Sensitivity Index, reveals pronounced

spatial heterogeneity along the coastal zone. The values of

these indicators exhibit distinct spatial patterns, reflecting

substantial differences in population pressure, urban de-

velopment intensity, economic dependence, and the distri-

bution of vulnerable communities across different coastal

segments.

The agricultural sector GDP indicator shows higher lev-

els of economic sensitivity in specific coastal areas with

greater dependence on agricultural activities. These re-

gions are characterized by elevated index values and dis-

play a clearly identifiable clustered spatial pattern. The

population density indicator reveals increased sensitivity

values along densely populated coastal corridors. High

population concentrations in these areas result in zones

with elevated index values, highlighting a clear distinction

between low- and high-density coastal regions.

Urbanized areas also exhibit an uneven spatial distri-

bution along the coastline. Regions with higher levels of

urbanization show a distinct spatial concentration of el-

evated sensitivity values, reflecting the pattern of urban

expansion in coastal zones. In addition, the distribution

of socially vulnerable population groups is spatially het-

erogeneous, with certain coastal segments characterized

by higher concentrations of these groups. These areas are

identified as zones of increased social sensitivity within

the framework of the indicators used.

Finally, the composite Sensitivity Index, derived from

the integration of socioeconomic components, presents an

integrated spatial pattern of sensitivity across the coastal

zone and identifies hotspots with higher index values, re-

flecting the spatial overlap of multiple sensitivity drivers.

4.3 Spatial pattern of the Sensitivity Index
The spatial analysis of the Sensitivity Index along the study

coastline reveals considerable heterogeneity in its distri-

bution. As shown in Figure 6, the highest sensitivity values

(up to 0.339, represented by red to orange classes) are pre-

dominantly concentrated in the central coastal segment,

particularly in the vicinity of Chabahar City. This pattern

indicates a direct relationship between increased coastal

sensitivity and the intensity of human activities, urban

development, and proximity to major transportation net-

works and infrastructure systems.

In contrast, the eastern and western sections of the

coastline are mainly characterized by low tomoderate sen-

sitivity levels (green to yellow classes), reflecting relatively

stable environmental conditions and lower anthropogenic

pressure in these areas. The gradual spatial variation in

sensitivity values along the coastline highlights the com-

bined influence of natural coastal processes and human

interventions on system vulnerability, emphasizing the

complex spatial response of coastal environments to envi-

ronmental stressors.

Overall, the results demonstrate that coastal segments

located near urban centers andmajor access routes exhibit

significantly higher sensitivity than other areas. Conse-

quently, these zones should be prioritized in integrated

coastal zone management strategies, continuous monitor-

ing programs, and risk reduction planning. The identifica-

tion of high-sensitivity areas provides a robust scientific

basis for evidence-based decision-making and contributes

to enhancing the resilience of coastal systems.

4.4 Adaptive Capacity Index
The analysis of the adaptive capacity maps presented in

Figure 7(a–e) indicates that the spatial distribution of the

main components of adaptive capacity, including education

level, per capita gross domestic product (GDP), medical

services, and transportation infrastructure, exhibits pro-

nounced spatial heterogeneity along the Chabahar coastal

zone. These patterns reflect a structural concentration

of these indicators within urban areas, accompanied by

a gradual decline toward peripheral and less-developed

coastal regions.

As shown in Figure 7d, the education index reaches its

highest valueswithin the urban area of Chabahar and parts

of the central regionof the study area. In contrast, a gradual

and significant decrease in this indicator is observed along

the eastern coastal segments and in areas located farther

from population centers, indicating more limited access to

educational infrastructure and services in these regions.

Similarly, as shown in Figure 7c, the per capita GDP

index exhibits higher values predominantly around Chaba-

har City and in areas characterized by concentrated eco-

nomic, commercial, and infrastructural activities. In con-

trast, less-developed coastal areas, particularly in the east-

ern part of the study region, exhibit lower values of this

indicator. This spatial pattern clearly highlights existing

socioeconomic disparities and underscores the pivotal role

of urban centers in enhancing adaptive capacity within the

coastal system.

Consistent with Figure 8, the Adaptive Capacity Index

along the Chabahar coastal zone exhibits pronounced spa-

tial heterogeneity. Higher values of the index are mainly

concentrated around the urban core of Chabahar and the

central coastal segments, reflecting the accumulation of in-

frastructural capacity, public services, and socioeconomic

resources in these areas. In contrast, the eastern coastal

areas, particularly within the Dashtiari region, are char-

acterized by lower adaptive capacity values, indicating

comparatively limited capacity to adapt to coastal hazards.
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Figure 5. Spatial patterns of socio-economic sensitivity indicators used in this study, including: a) agricultural GDP, b)

population density, c) vulnerable population, and d) urbanized areas. Panel e) shows the population growth rate.
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Figure 6. Spatial distribution of the Sensitivity Index along the study coastline, showing spatial heterogeneity in

sensitivity values and the concentration of high-sensitivity zones in the central coastal segments.

Overall, the results presented in Figure 8 highlight an un-

even spatial distribution of adaptive capacity, with a clear

concentration in urban hubs and a gradual decline toward

peripheral coastal zones.

The spatial distribution of the Coastal Adaptability In-

dex reveals considerable heterogeneity along the Chabahar

coastline. Higher index values are predominantly concen-

trated within Chabahar Bay and in areas adjacent to ur-

ban settlements, whereas the open and continuous coastal

stretches in the eastern part of the region are mainly char-

acterized by lower values. The spatial pattern of the in-

dex indicates a concentration of higher-adaptability zones

within the inner-bay areas and a gradual decrease in index

values toward the open coasts of the Sea of Oman.

4.5 Final climate scenarios of the Coastal Vulnerability
Index (FCVI)

The quantitative analysis of the Fuzzy Composite Coastal

Vulnerability Index (FCVI) under the SSP1-2.6, SSP2-4.5,

and SSP5-8.5 scenarios reveals significant changes in the

areal composition of vulnerability classes across the study

coastline (Table 2; Figure 9a–c).

Under the low-emission SSP2-6 scenario, the largest

proportion of the coastal zone falls within the “very low

vulnerability” class, while high and very high vulnerability

classes occupy a relatively limited extent. Intermediate

classes account for a considerable share of the study area,

indicating the dominance of low-risk conditions alongside

the presence of transitional zones.

With the increase in scenario intensity to SSP4.5, the

spatial distribution of FCVI classes undergoes a noticeable

reconfiguration. The proportion of low-vulnerability ar-

eas decreases, accompanied by an expansion in the “low,”

“high,” and “very high” vulnerability classes. This shift indi-

cates a gradual spatial spread of higher vulnerability zones

compared to the SSP2-6 scenario, reflecting an intensifica-

tion of climate-driven pressures across the coastal system.

Under the high-emission SSP5-8.5 scenario, the propor-

tion of the high-vulnerability classes remains substantial.

In this scenario, the combined area of the “high” and “very

high” vulnerability classes constitutes a considerable por-

tion of the coastal zone, whereas the share of the “very low

vulnerability” class decreases compared with the lower-

intensity scenarios. These results indicate a gradual recon-

figuration of the areal composition of coastal vulnerability

with increasing climate scenario severity.

The quantitative patterns presented in Table 2 are di-

rectly reflected in the scenario-based coastal vulnerabil-

ity maps. As shown in Figure 9, the reduction in low-

vulnerability classes and the increase in high-vulnerability

areas observed in the numerical results are spatially mani-

fested through the expansion and increased continuity of

high-vulnerability zones along the coastline.

Table 2. Area distribution of Fuzzy Composite Coastal

Vulnerability Index (FCVI) classes under different climate

scenarios.

Vulnerability class Value SSP8.5 (ha) SSP4.5 (ha) SSP2.5 (ha)

Very low 1 1,108,327 1,096,947 1,315,095

Low 2 706,912 752,582 444,277

Moderate 3 420,038 488,025 616,608

High 4 521,574 498,223 396,095

Very high 5 449,598 462,012 480,044

Total area – 3,252,118 3,252,118 3,252,118

Under the SSP1-2.6 scenario, the dominance of low-

vulnerability classes in the quantitative results is consis-

tent with a fragmented and localized distribution of high-

risk patches in the spatial maps. In contrast, under SSP2-

4.5 and particularly SSP5-8.5, the increasing share of the

“high” and “very high” vulnerability classes is spatially ex-
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Figure 7. Spatial distribution of socioeconomic components along the Chabahar coastal zone: a) transportation, b)

medical services, c) per capita GDP, d) education level, and e) communications.



Development of a Fuzzy Composite Index for spatial coastal vulnerability assessment … 15/22

Figure 8. Spatial distribution of the Coastal Adaptability Index along the Chabahar coastal zone.

Figure 9. Spatial distribution of the Fuzzy Composite Coastal Vulnerability Index (FCVI) along the Chabahar and Konarak

coasts under the SSP5-8.5 (a), SSP2-4.5 (b), and SSP1-2.6 (c) scenarios, showing the increasing extent and spatial

continuity of high-vulnerability zones under higher-emission scenarios.
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Table 3. Elevation-based spatial consistency assessment of coastal vulnerability maps under future climate scenarios.

Elevation Total Elevation
SSP1-2.6 SSP2-4.5 SSP5-8.5Class (m) Points (n)∗

Points (n) Percentage (%) Points (n)∗∗ Percentage (%)∗∗∗ Points (n)∗∗ Percentage (%)∗∗∗

≤ 0 1,419 1,022 72.00 984 69.34 977 68.85

0–1 1,192 868 72.80 890 74.66 911 76.42

1–5 6,460 4,089 63.29 4,509 69.79 4,480 69.34

Total 9,071 5,979 65.93 6,383 70.34 6,368 –

∗Total Elevation Points (n): Total number of DEM pixels within each elevation class.
∗∗Points (n): Number of vulnerable pixels classified as High or Very High within each elevation class.
∗∗∗Percentage (%): Percentage of vulnerable pixels relative to the total number of pixels within the corresponding elevation class.

pressed through the formation of more continuous and

extensive high-vulnerability belts and corridors.

This numerical–spatial consistency demonstrates that

changes in the areal composition of FCVI classes are ac-

companied by a clear spatial reorganization of coastal vul-

nerability patterns, highlighting a strong coupling between

quantitative shifts and spatial restructuring of coastal risk.

4.6 Spatial patterns of scenario-based FCVI maps
The scenario-based maps of the Fuzzy Composite Coastal

Vulnerability Index (FCVI) illustrate spatial variations in

the distribution of vulnerability classes under different

climate scenarios along the Chabahar coastline (Figure 9).

These maps indicate that, with increasing climate scenario

intensity, the spatial pattern of vulnerability shifts from

more fragmented configurations toward increasingly con-

solidated and spatially continuous patterns. Under the

SSP1-2.6 scenario, the spatial pattern of the FCVI is largely

dominatedby the “very low” and “low”vulnerability classes.

High- and very-high-vulnerability areas are distributed in

a patchy, limited, and discontinuousmanner, primarily con-

centrated in the western part of the study area and in cer-

tain segments around Chabahar Bay. In contrast, extensive

areas along the eastern coastline, particularly within the

Dashtiari region, fall within the low-vulnerability classes.

Under the SSP2-4.5 scenario, an expansion of the “mod-

erate” and “high” vulnerability classes is observed around

Chabahar Bay and in parts of the eastern coastline. Com-

pared with SSP1-2.6, high-vulnerability zones exhibit

greater spatial continuity and, in some coastal segments,

formmore elongated and coherent patterns. At the same

time, the extent of very-low-vulnerability areas decreases,

and the overall spatial configuration of the FCVI becomes

more compact.

Under the SSP5-8.5 scenario, the spatial transforma-

tion of the FCVI becomes more pronounced. In this sce-

nario, the “high” and “very high” vulnerability classes ex-

pand across large portions of the coastline and, in some

areas, particularly around Chabahar Bay and parts of the

western coastline, become the dominant spatial pattern.

High-vulnerability zones transition from fragmentedpatches

into more continuous belts and corridors, while the extent

of very-low-vulnerability areas declines significantly.

Overall, the combined quantitative and spatial results

of the Fuzzy Composite Coastal Vulnerability Index (FCVI)

demonstrate that, with increasing climate forcing from

SSP1-2.6 to SSP5-8.5, both the areal composition and spa-

tial configuration of vulnerability classes undergo gradual

yet significant transformation. These changes are char-

acterized by a reduction in low-vulnerability areas and

a simultaneous increase in both the extent and spatial con-

tinuity of high-vulnerability zones across the coastal land-

scape.

4.7 Validation Results Based on Elevation Classes
The validation results demonstrated that, across all cli-

mate scenarios, more than 63% of the validation points

within the low-elevation classes (≤ 5 m) were classified as

High or Very High vulnerability. The highest level of spa-

tial agreement was achieved under the SSP2-4.5 scenario

(70.34%), followed by SSP5-8.5 (70.20%) and SSP1-2.6

(65.93%). This strong correspondence indicates that the

proposed vulnerability model successfully captured the

spatial concentration of vulnerability in low-lying coastal

areas, which are inherently more exposed and sensitive to

coastal hazards (Table 3).

The results of this study indicate that coastal vulner-

ability patterns along the Makran coast are strongly de-

pendent on the intensity of climate change scenarios. The

observed variations in both the areal composition and spa-

tial continuity of vulnerability classes demonstrate that the

coastal system’s response to increasing climatic pressure

goes beyond a gradual increase in vulnerability magnitude

and is instead accompanied by a structural reorganization

of spatial patterns. These findings provide a meaningful

basis for interpreting the roles of physical, socioeconomic,

and ecological drivers in shaping coastal vulnerability.

The spatial patterns of coastal sensitivity and exposure

along the Chabahar coastline result from the interaction of

physical, socioeconomic, and ecological factors. The spatial

clustering of high-sensitivity zones in densely populated

and urbanized areas is consistent with a growing body
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of literature emphasizing the critical role of population

concentration, asset density, and urban development path-

ways in amplifying climate-related impacts (Birkmann et

al., 2022; IPCC, 2022). In this context, coastal settlements

are not only exposed to physical hazards but also exhibit

reduced adaptive capacity due to institutional, economic,

and infrastructural constraints (Hinkel et al., 2018; Oppen-

heimer et al., 2019).

From a methodological perspective, the findings un-

derscore the need to reconsider the structure of tradi-

tional coastal vulnerability indices. While classical coastal

vulnerability approaches have been effective in identify-

ing spatial patterns of vulnerability based primarily on

geomorphological and physical variables (Gornitz, 1991;

Thieler and Hammar-Klose, 2000), recent studies have

highlighted their limitations in adequately representing

human sensitivity and socioeconomic inequalities (Nguyen

et al., 2021; Bevacqua et al., 2023). The comprehensive

review by ElKotby (2026) further indicates that, in a sub-

stantial proportion of coastal vulnerability studies, socioe-

conomic components are either partially incorporated or

assigned a secondary role. In this regard, the simultaneous

integration of population density, urbanization, vulnerable

population groups, and economic dependency in this study

provides a more realistic representation of human sensi-

tivity and aligns with recent advances toward integrated

vulnerability frameworks such as ICVI and SVI (Cutter et

al., 2003; Rocha et al., 2023).

The spatial pattern analysis of exposure under different

climate scenarios reveals pronounced spatial heterogene-

ity and a strong dependence of exposure on future emis-

sion pathways. Under the low-emission scenario, exposure

remains relatively limited and spatially patchy, whereas

with increasing scenario intensity, both the extent and spa-

tial continuity of high-exposure zones increase. This tran-

sition from dispersed exposure to more continuous spatial

clusters, particularly along the eastern coast of Chabahar,

is consistent with global studies emphasizing the roles

of sea-level rise, intensification of extreme sea levels, and

changes in coastal flood hazard under future climate condi-

tions (Vousdoukas et al., 2018; Kirezci et al., 2020; Tebaldi

et al., 2021).

Studies of coastal flood risk indicate that the combined

effects of sea-level rise, extreme sea levels, wave forcing,

storm surges, and vertical land movements can substan-

tially amplify coastal flood exposure and risk (Vousdoukas

et al., 2018; Nicholls et al., 2021). Within this context, the

spatial patterns observed in this study can be interpreted

as reflecting the combined influence of geomorphological

characteristics, lowcoastal elevation and slope, and limited

natural buffering capacity. These factors are particularly

important in determining the spatial distribution of coastal

vulnerability, with global assessments indicating that tropi-

cal and subtropical regions generally exhibit higher coastal

vulnerability and that geomorphology and coastal slope

are among the dominant contributors to coastal vulnera-

bility (Basnayake et al., 2026).

A key finding of this study is the transformation of ex-

posure patterns from fragmented hotspots into spatially

connected corridors and coastal belts under high-emission

scenarios. This patternmay reflect a nonlinear response of

the coastal system to intensified climatic forcing, whereby

sea-level rise acts as a background driver that simulta-

neously activates thresholds for inundation and erosion,

leading to a spatial reorganization of exposure patterns

(IPCC, 2021; Haasnoot et al., 2020). Such transformations

highlight the importance of spatially explicit and scenario-

based analyses for long-term adaptation planning, as the

concentration of risk in specific hotspots may generate

disproportionate socioeconomic impacts.

Finally, the results are consistent with studies empha-

sizing the role of nature-based solutions in reducing expo-

sure and enhancing coastal resilience. Evidence suggests

that ecosystems such as mangrove forests, coastal wet-

lands, and tidal flats can significantly attenuate wave en-

ergy and reduce the intensity of coastal flooding (Narayan

et al., 2017; Reguero et al., 2018; Menéndez et al., 2020).

Accordingly, the degradation or loss of these systems can

be considered a key driver of increasing exposure and vul-

nerability in critical coastal zones.

The scenario-basedmapsof theFuzzyComposite Coast-

al Vulnerability Index (FCVI) developed in this study pro-

vide a spatial decision-support tool for integrated coastal

zone management. These outputs identify where and un-

der which climatic pathways the transition from fragment-

ed risks to continuous high-risk zones occurs. Accordingly,

they can be used for: (i) coastal zoning and land-use reg-

ulation through the definition of restricted development

corridors in highly vulnerable areas; (ii) prioritization of in-

terventions by allocating resources to transitional hotspots

that emerge under SSP2-4.5 but evolve into dominant high-

vulnerability zones under SSP5-8.5; and (iii) designing

place-based adaptation strategies that combine engineer-

ing measures with nature-based solutions, such as coastal

ecosystem conservation and restoration. This approach

not only reduces the risk of maladaptive infrastructure

investments in high-risk zones but also enables the devel-

opment of phased and scenario-based adaptationpackages

for the Chabahar and Konarak coastal regions.

The effectiveness of thesemanagementmeasures, how-

ever, also depends on the extent to which the interests,

knowledge, and priorities of relevant stakeholders are in-

corporated into subsequent planning and decision-making

processes. In the context of Integrated Coastal Zone Man-

agement (ICZM), the spatial information provided by the

FCVI can support dialogue and coordination among gov-

ernmental institutions, provincial and local authorities,

coastal communities, resource users, and other relevant

stakeholders. The identification of high- and very-high-

vulnerability areas can provide a common spatial evidence
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base for discussing management priorities, evaluating al-

ternative adaptation options, and allocating resources.

Stakeholder participation was not directly incorporated

into the FCVImodeling process in the present study. Rather,

the FCVI is intended to complement participatory coastal

planning by providing spatial evidence that can inform

subsequent stakeholder engagement, prioritization, and

implementation of coastal management measures. Incor-

porating stakeholder knowledge and preferences into the

prioritization and implementationof thesemeasures there-

fore represents an important direction for future research

and practical application.

5. Conclusion
This study, through the development and application of an

integrated framework based on fuzzy logic, makes a sig-

nificant contribution to improving coastal vulnerability

assessment under conditions of climatic uncertainty and

increasing human pressure. The results demonstrate that

coastal vulnerability along the Makran coast is not a static

or unidimensional phenomenon but rather the outcome of

a complex and nonlinear interaction among physical expo-

sure, socioeconomic sensitivity, and the adaptive capacity

of coastal communities. Undermore severe climate scenar-

ios, this interaction leads to a fundamental reconfiguration

of the spatial structure of vulnerability.

The scenario-based analysis of the Fuzzy Composite

Coastal Vulnerability Index (FCVI) reveals that themain dif-

ference between optimistic and pessimistic climate path-

ways is not merely a gradual increase in vulnerability mag-

nitude but rather a shift in the “spatial regime” of the

coastal system’s response. Under low-emission scenarios,

vulnerability remains largely patchy, fragmented, and spa-

tially limited, whereas under the high-emission SSP5-8.5

scenario, extensive and spatially continuous high-

vulnerability zones emerge. This indicates that the coastal

systemcrosses spatial thresholds and transitions intomore

unstable configurations. Such patterns suggest that coastal

systems respond to intensified climatic stress in a non-

linear and threshold-dependent manner that cannot be

adequately captured through linear or mean-based ap-

proaches.

From a methodological perspective, the findings high-

light the efficiency andnecessity of fuzzy-basedapproaches

for integrating heterogeneous physical, socioeconomic,

and ecological variables. The proposed FCVI framework

enables the simultaneous integration of exposure, sensitiv-

ity, and adaptive capacity, thereby overcoming key limita-

tions of traditional physically oriented coastal vulnerabil-

ity indices and providing a more realistic representation

of spatial vulnerability patterns. This approach is partic-

ularly relevant for dynamic regions such as the Makran

coast, where climatic uncertainty, geomorphological diver-

sity, and socioeconomic pressures coexist.

From an applied perspective, the identification of per-

sistent vulnerability hotspots and corridors along theChaba-

har and Konarak coasts provides a scientific basis for pri-

oritizing interventions, targeting place-based adaptation

policies, and strengthening integrated coastal zone man-

agement. The results indicate that relying solely on struc-

tural or reactive measures, without considering socioeco-

nomic capacity and ecosystem services, cannot lead to sus-

tainable risk reduction. In this context, combined strate-

gies, including the protection and restoration of coastal

ecosystems, enhancement of social infrastructure, and

strengthening of institutional capacity, play a central role

in improving coastal system resilience.

Finally, this studydemonstrates that the transition from

traditional vulnerability indices to integrated and scenario-

based frameworks is not merely a methodological choice

but a scientific necessity for addressing the complex chal-

lenges of climate change in coastal regions. The proposed

framework can serve as a foundation for future research,

multi-hazard assessments, and strategic decision-making

in other similar coastal environments, thereby contribut-

ing to the advancement of applied knowledge in coastal

climate riskmanagement. Withminimal datamodification,

the framework also has strong potential for transferabil-

ity to other developing coastal regions with comparable

geomorphological and socioeconomic characteristics.
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