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Abstract: Coastal zones are an essential part of maintaining sustainability in the world. Coastal
regions have gained importance due to various factors, including high ecological production, dense
population, industry compatibility, waste disposal, leisure, transportation, and development of
military strategies. Coasts are often on the move and must adapt while nature constantly works to
maintain balance. Southeast Asia has gained prominence due to its rich ecosystem, high productivity,
and densely populated coastal region. In light of this, the coastlines of Southeast Asia are threatened
by various factors, including global climate change and human activities. These factors exacerbate
the shoreline erosion, frequent catastrophic events, rising sea levels, and saltwater intrusion. Coastal
management has become one of the most important challenges of the past decade. The coastal
vulnerability index (CVI) was developed to identify and manage vulnerable locations along the
coast. Thus, this review attempts to summarize coastal vulnerability in Southeast Asian based on
journals and reports. Topics covered include: (1) introduction to coastal vulnerability, (2) methods for
determining coastal vulnerability, (3) factors influencing coastal vulnerability (4) associated coastal
vulnerability, (5) assessment gaps, and (6) further courses of action. Consequently, assessment
of coastal vulnerability will support Southeast Asian coastal communities in guiding mitigation
strategies to manage coastal threats in future climate change and urban development.

Keywords: climate change; coastal vulnerability; geographical information system; geomorphology;
Southeast Asian shoreline

1. Introduction

Vulnerability to hazards is the result of the complex and dynamic interaction of econ-
omy, environmental, and social factors [1]. Coastal hazards have an impact on a variety
of ecological systems, including forest, rivers, wetlands, lakes, and marine environments,
as well as human systems, such as natural resources, agriculture, health, and communi-
ties. These dynamics, which operate on multiple spatial and temporal scales within the
linked human-environmental system, create vulnerability by affecting individuals” and
communities” ability to prepare, cope, and recover from the effects [2]. The degree of
vulnerability is determined by a coastal system’s susceptibility, resilience, and resistance
to hazards [3]. Susceptibility is an intrinsic feature of a coastal system that indicates its
vulnerability to being impacted by a hazard [4]. A system with soft sediments, for example,
is more vulnerable to storm surge changes than a system with hard sediments. Resilience
and resistance are aspects of a system’s stability in the presence of hazard. Resilience is
defined as the speed with which a system recovers from a hazard, whereas resistance
is termed as a system’s ability to avoid hazard [3]. Prior to a hazard, a coastal system’s
resistance is important, while resilience is important after a hazard.

Vulnerable coastlines have a low coastal elevation, abrasive sediment, high tide energy,
and a greater chance of experiencing storms, such as cyclones and coastal erosion [5] (as
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shown in Figure 1). Coastal systems become more vulnerable when sea levels rise and
storm frequency increases. The vulnerability in the coastal zone is being accessed by
system susceptibility, resilience, and resistance, allowing adaptive management plans to
be developed in perspective with the latest Intergovernmental Panel on Climate Change
(IPCC) report [6]. The physical characteristics of the shoreline are altered by human
activity, leading to a loss of ecology resilience and protection that a coastline could have
supplied in the event of a disturbance [7]. The coastal system’s resilience is harmed by
increased ecosystem stress caused by human activity. As a result, increased populations and
infrastructure in coastal areas make coastal environments, population, and infrastructure
more vulnerable.

Figure 1. Example of coastal hazard showing erosion in Kelanang Beach, Selangor, Malaysia.

The coastline of Southeast Asia is one of the most dynamic links in the world, spanning
the land-sea divide and supporting some of the world’s most biodiverse environments [8].
It covers approximately 20% of the Earth and is home to a substantial amount of the world’s
population. Different weather conditions have led to more significant geomorphological
variability of coasts that includes coastal regions, swamps, sea slopes, and corals. As a
result, humans became captivated by them and began to use them in various ways. Coastal
areas have been the focus of intense development and tourism, but they are now subjected
to shifting processes that have resulted in climate change [9]. Logging, agricultural fertilizer
waste, and raw wastewater threaten the swamp and reef as well. With around 40% of the
world’s citizens living within 50 km of the sea, the coastline is getting polluted, generating
a health crisis. Physical factors that are both powerful and dynamic impact the coastline
along with its ecology, thus creating threats to the population of humans [3]. Increased
storm intensity, resulting tides and coastal flooding, frequent flood, erosion of the coastline,
as well as the increased inflow of toxins like harmful algae bloom (HAB), expose the
coastal ecosystem to threats that emerge in the Southeast Asia’s coastline and urging
nations to consider where and how to protect vulnerable coastal resources. Events such as
Typhoon Rai in Philippines (2021) [10], Central Vietnam Flood (2020) [11], Cyclone Seroja
in Indonesia (2021) [12], deadly HAB in Malaysia (2015) [13], and Typhoon Damrey in
Thailand (2017) [14] illustrate the need of assessing coastal vulnerability in order to advise
effective coastal zone management Along with its geographical location, the Philippines
is highly vulnerable to coastal flooding and severe rains, as well as strong winds, which
result in heavy losses with agricultural and household damage [10].

Southeast Asia has a disproportionate amount of significant catastrophes in compari-
son to other parts of the world. Southeast Asia’s coastlines are particularly vulnerable to
hydrometeorological disaster. During the 2015-2020 period, hydrometeorological hazards
contributed for 80% of recorded disasters and 60% of fatalities. Floods are the most common
types of disaster, accounting for 50% over all people affected and 30% of economic dam-
age [15]. During this time, economic damage has increased significantly. Table 1 illustrates
the number of people killed and affected in Southeast Asia’s coastal countries between 2015
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and 2020. These six countries alone contributed approximately 16% of the total number of
people that died and 35% of those affected worldwide. Natural disaster consequences are
substantially diversified and unevenly dispersed among Southeast Asia’s regions. Due to
their geographic position, climate, geology, and ability to cope with extreme conditions,
some regions are more vulnerable than others [16]. Much of this growth has occurred in
low-lying flood plains, river deltas, and estuaries that are vulnerable to coastal risk. Key so-
cioeconomic changes influencing coastal vulnerability in Southeast Asia include increasing
population density as well as growth, rapid and poor planned urbanization, migration to
the coast, and improper development in high-risk areas for tourism, transportation and
industry [17]. These processes result in large-scale land-use changes and hydrological
system transformations in coastal areas, as well as the degradation of coastal ecosystems
with the loss of biodiversity [18], all of which are key indicators of vulnerability.

Table 1. Number of people killed or affected by coastal disasters in Southeast Asian countries between
2015 and 2020.

Country gﬁ?;dbe;e(:)fpllieeported Number of Affected People
Indonesia 3600 0.8 million

Malaysia 600 0.1 million

Philippines 14,180 30 million

Sri Lanka 4500 2.9 million

Thailand 5200 6.8 million

Vietnam 4700 8.3 million

Total World 200,140 1.4 billion

% Southeast Asia country 16 35

from Total World
Approximate data analyzed by data from Centre for Research on the Epidemiology of Disasters—CRED.

Climate change is estimated to worsen the exposure of many coastal regions, making
them more vulnerable to coastal hazards [19]. One of the most significant signs of climate
change is the rise in sea level. Between 1990 and 2100, the global mean sea level is estimated
to increase by 0.09 to 0.88 m [6], resulting in four important biogeophysical consequences in
coastlines: wetland replenishment, coastline erosion, storm flooding and damage, and an
increase in the salinity of estuaries [20]. These effects could have a variety of socioeconomic
consequences, such as the loss of economic, ecological, cultural, and subsistence values
due to the infrastructure, loss of land, and coastal habitats; increased flood risk to people,
land, and infrastructure, as well as the aforementioned values; and other effects related to
changes in water management, salinity, and biological activities [21].

Climate change is also projected to increase variability and affect the severity, fre-
quency, and duration of catastrophic disasters [6]. Climate change is anticipated to increase
the intensity of tropical cyclone wind and precipitation in some areas of tropical Southeast
Asia, causing coastal erosion, damage to homes and infrastructure, and damage to coastal
ecosystems, such as mangroves and reefs [22]. Drought and flood occurrences are expected
to worsen, as well as greater variability in Asian summer monsoon precipitation [23].
Climate change has the potential to damage decades of development assistance, poverty
alleviation, and disaster relief activities. Extreme occurrences occur so regularly in many
developing and least-developing countries that they appear to overwhelm the nation’s
adaptive capacity and impede long-term growth as attention and resources urgently re-
quired for poverty reduction and economic development are shifted to disaster relief efforts.
Developing countries (e.g., Brunei, Indonesia, Malaysia, the Philippines, Thailand, and
Vietnam) are overwhelmingly affected by climate change because climate-sensitive indus-
tries, such as fisheries and agriculture, which are economically important. These countries
have limited human, institutional, and financial capacity to prepare for and respond to the
impacts of climate change [23,24].
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Given the importance of protecting these Southeast Asian regions, namely Myanmar,
Vietnam, Laos, Thailand, Cambodia, Malaysia, Brunei, Philippines, Indonesia, and
Singapore (Figure 2) with various coastal structures to reduce or mitigate coastal erosion
problems, frequent floods, and increased storm intensity, this review has been prepared to
examine the lessons learned from the coastal vulnerability assessment. Besides, this review
aims to highlight the challenges related to the definition of coastal vulnerability, compare
and assess methodologies used in vulnerability assessment, and explore knowledge gaps
and way forward related to the assessment of coastal vulnerability based on a review of
reviewed journals and reports.

=
Malaysia
© LA
Indonesia ol

Figure 2. List of countries (circled in red) reviewed for coastal vulnerability assessment within
Southeast Asia.

2. Methods in Determining Coastal Vulnerability

The vulnerability of coastal areas due to climate change can be assessed in various
ways. There are several models for assessing vulnerability to sea level rise and, conse-
quently, coastal vulnerability assessment. The four types of coastal vulnerability assess-
ments based on methods are by [9]:

i.  Indexes

ii. Indicators

iii. Geographical Information System (GIS)
iv. Dynamic computer models

Some reviews have been conducted to assist coastal managers in choosing an appro-
priate method for assessing coastal vulnerability [25,26]. While models can target single or
multiple hazards, optimizing vulnerability assessments requires integrating all the different
types of risks faced by a coastal zone. In addition, the vulnerability assessment should
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integrate current and projected risks due to climate change or human activities [27]. The
index method is a simple, rapid, and systematic tool and is one of the most important
methods for assessing coastal vulnerability to the effects of sea level rise, particularly
erosion and flooding [28]. An index based on physical variables, such as coastal landforms,
relief, geology, relative sea level rise, coastal drift, tidal range, and wave height has been
widely used to assess coastal vulnerability in Southeast Asia. These four methods can be
mapped to highlight vulnerable regions in Southeast Asia and identify the highest risk
contributing to coastline changes.

2.1. Indexes

Gornitz created the coastal vulnerability index (CVI) concept [21], considering the
consequences of the rise in sea levels (particularly flood and erosion) using the following
parameters: geomorphology, shoreline change frequency, the slope of the coast, rate of
sea level, wave height, and range of tide. In recent years, there has been a substantial
increase in vulnerability indices for specific coastal locations. Coastal indexes were created
to group coastlines under homogeneous groups with comparable characteristics. These
classifications can then aid the establishment. The Gornitz [21] formula was used for
most vulnerability evaluations. Later, the CVI assessment was improved by changing the
availability and geographic location parameters.

Composite vulnerability indices and multiple-scale coastal vulnerability indexes have
resulted from the development of CVI assessment. Different subindices based on parameter
features are used in a multiple scale CVI, which are then blended for overall CVI, consid-
ering both the socioeconomic vulnerability index (SVI) and physical vulnerability index
(PVI). The PVI risk factors observed are coastal slope, geomorphology, elevation, coastline
fluctuation, rising sea level, range of tide, the height of the wave, and SVI risk factors con-
sisting of road network, tourism, land use and population. PVI and SVI are then calculated
using the hierarchical analytical process (AHP), and the overall CVIis determined by the
formula CVI = (PVI + SVI)/2 [10]. AHP is a process involving multiple criteria in deciding
which various variables are given a priority ranking [11]. The factors, which are dependent
on the physical properties of the area, are the initial stage in determining the CVI. These
characteristics are quantified and ranked, with the most common being low, moderate,
high, and very high. Ghazali et al. [23] investigated the northwest of Peninsular Malaysia
coastal vulnerability by summing factors and assigned values to different factors. The
authors looked at five parameters and assessed vulnerability by adding a parameter to
the variables based on the parameter’s relevance and the effect of sea-level rise, with the
following results: geomorphology, the slope of the coast, coastline change, tide range, and
wave height.

2.2. Indicators

A simple vulnerability indicator for natural phenomena, for example, may be char-
acterized as a factor that can affect the vulnerability. The method based on indicators
considers risk potential, multiple vulnerability factors that influence risk, and the ability to
adapt [24]. Most studies of natural phenomena concentrate on physical processes, and there
is a need to investigate the socioeconomic factors, which requires using an indicator-based
approach. There are several approaches to assess vulnerability. Using an indicator-based
approach, Huu et al. [24] assessed the coastal vulnerability of Vietnam’s Mekong Delta
using indicators, focusing on five primary parameters: tourism, urbanization, industry,
agriculture and sport activity.

2.3. Geographical Information System (GIS)

In numerous analyses, coastal vulnerabilities are displayed using a GIS. The use of the
square root of the output average, for example, has been combined with GIS approaches to
evaluate the coastal vulnerability [28]. Physical vulnerability is measured by the square root
of the parameter’s average, while social and environmental vulnerabilities are calculated
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using the normalized technique. In ArcGIS software, the three vulnerabilities are combined
and visually shown as reported by Malaysia, Thailand, and Vietnam, in order to map
the vulnerable coastlines. Climate change risk and the adaptation efforts simulator (sim-
CLIM), community vulnerability assessment tool (CVAT), dynamic interactive vulnerability
assessment (DIVA), and coastal and climate decision support systems (DSS) have been
developed and publicly available [29]. The Digital Shoreline Assessment System (DSAS)
has been widely used with ESRI ArcGIS 10 extension program to measure the rate of change
of coastline. To diminish the risk of cyclones, the Ayeyarwady Delta coast of Myanmar
has implemented integrated coastal zone management (ICZM), which then developed an
expert decision support system (EDSS) for coastal cyclone and storm vulnerability [30].

In the monitoring and mapping of geo-hazards, satellite remote-sensing data combined
with GIS provides an excellent alternative to traditional mapping methodologies. It is
used to handle, gather, share, record, analyze, update, organize, and integrate spatial
(geographic) information extracted from Global Positioning System (GPS), maps, and
remote sensing. GIS allows mapping and transforming overall risks data into visual
information [16]. GIS is the most direct method for mapping any risk area closely. It is an
important tool for expanding, developing, and testing vulnerability models that explicitly
focus on area [17].

2.4. Dynamic Computer Models

Dynamic computer models have been developed to analyze and map coastal systems’
risks. Sector models and integrated assessment models are the two types of models. These
models were developed to assess risks and vulnerabilities for components as well as many
parameters when used together [18]. The DIVA-coast and dynamic interactive vulnerability
assessment (initially known as DIVA) synthesis and upscaling of sea-level rise vulnerability
assessment research (SURVAS), and the community vulnerability assessment tool (CVAT)
are some of the models developed for vulnerability assessment [31].

In general, indicators and index-based systems are simple to implement. Their use
along the Southeast Asian coastline is heavily reliant on data availability. This could be
a key barrier in putting some of the methods discussed at the Southeast Asian coastline
scale to practice [32]. Adjustments to the method may be required to account for significant
features in different regions and make the best use of the available data [33]. Indicators
or index-based methods are practical for scoping or first-look evaluations—and thus for
identifying priority coastlines and systems at risk—but not for a more extensive quantita-
tive assessment of coastal vulnerability and the selection of adaptation options. Indicators
and indexes can be highly beneficial for communication because of their simplified meth-
ods. The final calculated indexes do not allow the users to identify the assumptions and
evaluations that direct their calculation; hence index-based techniques are not immediately
evident. A detailed explanation of the methodology used is required to assist the proper
implementation of these methods [34].

The conclusions were drawn concerning the possible use of models to estimate coastal
vulnerability to climate change in Southeast Asi, based on the review of the main pros and
cons [35] as well as the main characteristics summarized in the overview table (Table 2).
SimCLIM and DIVA are the two main relevant methods. A thorough assessment of vulner-
ability in Southeast Asian coastal areas is the goal, and socioeconomic and environmental
aspects must be considered. They can provide information to stakeholders regarding the
impact of sea-level rise in locations where resources and population are closely connected.
Nonetheless, they are distinct: DIVA is an open-source model in development, but Sim-
CLIM is a pre-installed, commercial piece of software that needs special training. SimCLIM
contains a simple impact model for CVI based on provided situations preloaded in the
scenario generator framework for assessing the consequences. DIVA incorporates a wide
range of climate change impacts, such as salinity intrusion and erosion flooding, however,
it requires external climatic situations to operate. SimCLIM is valid from local to global
scales by incorporating the appropriate data through multiple modules, whereas DIVA is
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well designed to analyze regional and factors global levels. SimCLIM and DIVA tend to be
valuable tools for assessing national and international authorities” vulnerability, mitigation,
and adaptive ability when considering the prior characteristics [36].

3. Factors Affecting Vulnerability

Naturally occurring changes in coastal shorelines of Southeast Asia are caused by a va-
riety of coastal phenomena, including geologic, physical, and sociocultural as summarized
in Figure 3. This factor creates a connection between shoreline changes and erosion, as well
as vulnerability. Erosion-prone coastlines are considered more susceptible due to the loss of
land, facilities, and coastal ecosystems. Additionally, erosion shortens the distance between
villagers and the sea, thus widening the risk of vulnerability in the community. As more
land is formed (accreting deltas), coastlines are subjected to accretionary processes [37].

eElevation

*Range of tide

Geologic Physical Sociocultural
*Geomorphology *Wave height eInfrastructure
*Coastal slope *Sea level rise ePopulation

eRoad networks

*Shoreline change eLand use

Figure 3. The most essential geologic, physical, and sociocultural factors that are used to determine
coastal vulnerability.

Among the geologic factors is geomorphology, which is the concept that examines
landscapes plus the geological events that generated them and the identification of com-
monalities between them. Geomorphology determines the erodibility of various landform
types, which is particularly important for coastal vulnerability [16]. Due to the high ero-
sion caused by waves and storms, coastal landforms, such as intertidal flats, marshes,
and dunes, will be redistributed due to erosion and rising sea levels. Coastal habitat and
population/infrastructure vulnerability will alter as coastal geomorphic characteristics
evolve. For example, coastal locations with stony shorelines are particularly less vulner-
able. Coastlines with sandy or muddy structures, such as beaches or swamps, are most
susceptible to erosion and rising sea levels [38]. The next geologic factor is a slope that
measures the coast’s steepness or gradient [39]. The coast’s slope implies the possibility of
floods and rapid shoreline retreat. Due to the slope’s link to the floods as a result of rising
sea levels or storms, this is a relevant thing to keep in mind when assessing vulnerability.
Reduced, gentler slopes have a higher risk of flooding and land loss, while higher, steeper
slopes have a lower risk of flooding and land loss. The coastal elevation is relevant to use
in assessing vulnerability because it could be used to (1) detect and measure the scope
of land threatened by sea-level rise, (2) potentially predict land available for mangrove
relocation, and (3) evaluate the effects of rising of sea level on community [39]. Since higher
altitudes are more resistant to flooding caused by sea-level rise or storm, coastal regions
with higher elevations are considered less vulnerable. As a result, lower-elevation coasts
are particularly prone to flooding and erosion. Additionally, geology studies the rock types
that make up the coastline as the substrate to erosion, determined by the relative hardness
of the minerals that make up the rock type. Rocks, sediments, erosional sediments, and
reefs are all forms of geology found in the coastal systems [40]. Coastlines with resilient
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geological formations are least susceptible to the storm’s eroded effects and rising sea level.
In comparison, coastlines with loose sediments are more susceptible to erosion caused by
storms and rising sea levels. Tides are highly predictable and are a product of the moon
and sun’s gravitational pull. The tidal range is the vertical distance between the highest
recorded tide and the lowest tide at a coastline. It is common to label beaches with an
extensive range of tides as extremely vulnerable [41].

Another factor in considering coastal vulnerability is physical, which includes the
rising sea levels. Due to the possibility of coastal land being inundated, coasts exposed to
the rising sea level are considered highly vulnerable locations. Coasts with low rates of
sea level rise are less susceptible to flooding. Rising sea levels influence coastal erosion,
geomorphology, land utilization, and a supply of groundwater [42]. The term wave height
refers to differences between mean and significant wave height. The trough’s height to
crest in the highest waves in 12 h is defined as the wave height. The wind that creates the
waves determines the height of the waves. An important component of coastal sediment
transport, wave energy is proxied by significant wave height. Therefore, the mobilization
and transport of coastal debris increases as wave energy increases. Coastlines with a greater
magnitude of significant waves are more susceptible to those than a smaller magnitude of
significant waves [43].

The population of a coastline lies under sociocultural factors. People are invested
in protecting their property against erosion and floods; hence the population variable is
sometimes seen as an economic indicator too. Furthermore, population growth may result
in increasing erosion along the coastline [44]. Protecting houses, possessions, land, and
infrastructure on a coastline with a bigger population will cost more money. A coastal
zone with a smaller population, on the other hand, is less vulnerable to environmental
degradation and has less infrastructure to protect [45]. Besides, the use of land can be
classified according to various criteria, including economic, culture, and environment [43].
Most of the time, land usage is classified and evaluated based on its monetary value to
humans. For example, industrial infrastructure with agricultural lands is considered very
vulnerable. The advantages and services given by the coastline and the possible value for
the land in the future are not considered in this land-use ranking approach.

However, although promised, the data were never forthcoming. Therefore, the ra-
tionale used for the economic ranking was based on a subjective assessment of which
land-use types were more or less valuable to humans than, others Typically, land use is
defined and valued according to its economic importance for humans. Land use for human
value is considered more vulnerable than less valuable, human-valued land uses [46].
Furthermore, infrastructure is another element under sociocultural factors. It is a broad
term that encompasses residential and commercial structures. Among them are wastewater
treatment plants, electric generating plants, schools, and hospitals, which are all considered
in economic analyses. Coastlines with infrastructure are more vulnerable than the coastline
with no infrastructure [47]. Coastline locations with a high density of roadways, such as
highways or expressways, are highly susceptible, whereas coastlines without roadways are
significantly less susceptible.

4. Vulnerabilities Associated with Southeast Asian Coast

Several different formulas (Table 2) were used to construct and estimate coastal vul-
nerability assessments, though they were mostly based on formulas developed by Holling
and Pimm [3,4]. The sum of products and product means of the square root product were
used to generate the coastal vulnerability assessments. The product means were applied
in two coastal vulnerability index calculations [48]. The square root of the product means
was applied the most, 19 times in total. The total of products was utilized three times to
evaluate coastal vulnerability assessments. Two alternative techniques, the sum of products
and the square root of the product mean, were used to calculate the coastal vulnerability
index in two different assessments [49].
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Table 2. A summary of location, parameters, and calculation of CVI in Southeast Asia for the past

five years.

Location

Parameters

CVI Calculation

Reference

Thanh Héa, Vietnam

Central Vietnam

Phetchaburi, Thailand
Prachuap Khiri Khan, Thailand
Riau, Indonesia

Aceh Besar, Indonesia

Davao del Norte, Philippines
Marinduque Island, Philippines
Pahang’s Coast, Malaysia
Cherating, Malaysia

Kelantan and Terengganu’s
Coast, Malaysia

Tutong River basin, Brunei
Coastal of Cambodia
Ayeyarwady Delta coast,
Myanmar

Southern Myanmar coast

Flood, Typhoon, Storm

Flood, storm, landslide

Erosion

Sea Level Rise

Erosion

Erosion

Cyclone, Rainfall, Erosion, Flood

X1+X2+X3+... Xn)/n
X1+X2+X3+... Xn)/n
X1+X2+X3+... Xn)/n
sqrt (X1 x X2 x X3 x ... Xn)/n)
sqrt (X1 x X2 x X3 x ... Xn)/n)
sqrt (X1 x X2 x X3 x ... Xn)/n)
X1+X2+X3+... Xn)/n

Hens et al. [37]

Hoang et al. [22]

Ritphring et al. [39]
Nidhinarangkoon et al. [50]
Sandhyavitri et al. [40]
Irham et al. [41]

Jocsonand Magallon [42]

Flood
Sea Level Rise
Sea Level Rise

X1+X2+X3+... Xn)/n
(XI x X2 x X3 x ... Xn)/n
sqrt (X1 x X2 x X3 x ... Xn)/n)

CVI=sqrt (X1 x X2 x X3 x ... Xn)/n)

Prasetyo et al. [43]
Mohd et al. [44]
Mohd et al. [44]

Sea Level Rise Ariffin et al. [45]

Flood sqrt (X1 x X2 x X3 x ... Xn)/n) Jha et al. [46]

Landslide sqrt (X1 x X2 x X3 x ... Xn)/n) Horlings and Marschke [47]
Cyclone sqrt (X1 x X2 x X3 x ... Xn)/n) Hirano [48]

Storm sqrt (X1 x X2 x X3 x ... Xn)/n) Mandle et al. [49]

Sqrt: square root; n is the number of associated parameters; X is a parameter.

In addition, a novel tool for evaluating coastal vulnerability, such as the use of scaling
or weighting factors, geometric means, and normalizing variables, was created. Five coastal
vulnerability assessments used a scaling or weight factor for each variable, whereas three
used the normalization technique [50]. In an evaluation, the geometric mean of all the
ranked variables was applied. It was also used in two freely available coastal vulnerability
assessment visualization platforms. The most vulnerable areas include the Philippines’
regions, Vietham’s Mekong River Delta region, virtually all around Cambodia, North
and East Laos, Bangkok of Thailand, and west and south Sumatra of Indonesia. From
most of the Southeast Asian countries, the Philippines is vulnerable not only to tropical
cyclones, particularly in the north and east, but also to a variety of other climate-related
hazards, such as flooding (Southern Mindanao and central Luzon), landslides (owing to
the state’s landscape), and droughts [31]. The National Capital Region is the Philippines’
most vulnerable area. The densely populated National Capital Region of the Philippines is
particularly sensitive to a variety of climate hazards (flood and cyclone). These findings
support prevailing perceptions that Southeast Asia’s most vulnerable areas comprise the
Mekong River Delta, Vietnam [11] as well as Bangkok, both of which are sensitive to rising
sea levels [33]. Apart from areas bordering the Mekong River Delta, Vietham (prone to
flood and rising sea level), nearly every province in Cambodia is vulnerable due to its weak
adaptation capacity. On the other hand, Kelantan and Terengganu are the most vulnerable
(due to flooding) states in Malaysia [23].

Furthermore, considering the regional norm, western and eastern Java places are
also vulnerable. Central Jakarta ranks top in the total vulnerability evaluation despite
having the best adaptation capacity score according to the ASEAN State of Climate Change
Report [36]. This is because, except for tropical cyclones, this district sits at the intersection
of all climate-changed dangers. This area is regularly flooded, but it is highly vulnerable
because it is one of Southeast Asia’s most densely populated areas. Western Java is also
particularly vulnerable due to many dangers (including floods and landslides) and high
population density.

The collection of data is essential for assessing the risk because there are many com-
pelling parameters. Two types of data are collected in order to assess the risk. The first is
conventional data, and the second is spatial data. The first is based on ground and aerial
surveillance inspections in the field, whereas the second is based on spatial sensors [51].
Table 3 lists the many datasets that are accessible for the study; some are freeware, while
others are for commercial use. The majority type of data collected were conventional data,
which are labelled as in situ data or point level observations collected all throughout the
year. Aerial photogrammetry images and topographic maps have conventionally been
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utilized to measure shoreline erosion and sea level rise [52]. This technique must be con-
ducted in the course of appropriate tidal datum, i.e., mean high tide. The sea level rate was
calculated from the in situ measurement of the tide gauge.

Table 3. Common types of data and their availability for assessing coastal vulnerability in Southeast Asia.

Type of Data Data Availability Purpose Reference

Conventional Sea level rise To understand the changes in sea level Kantamaneni et al. [38]

Spatial, conventional =~ RADAR band X, cyclone To gather data on landfalling storm and cyclone Rimba et al. [51]

Conventional Tide and wave To collect in situ data on water level and wave parameter Lumban-Gaol et al. [52]

Conventional Toposheet To collect data on shoreline changes, geomorphic Bera and Maiti [53]
parameters, and base map

Spatial Land used satellite To prepare map, geomorphology, and shoreline changes Zhang and Hou [54]

(LANDSAT)

The combination of geographical (satellite pictures, regional maps) and non-spatial
(statistics records, socioeconomic factors) data is another sort of data. The spatial data are
used to specify where the features appear, thereby supplying geographical references for
the non-spatial data, which document what the features indicate using a variety of char-
acteristics [53]. All of this spatial data can be divided into two categories: primary (those
gained through field and laboratory activity) and secondary (those obtained through scien-
tific literature, databases). The visual and digital interpretation and analysis of cartography
and remote sensing products yielded some data (LANDSAT and airborne RADAR band
X). Fieldwork between 2000 and 2015 enabled georeferencing of natural and man-made
components, identification of morphological features and processes, confirmation of remote
sensing image analysis results, and, lastly, design of coastal vulnerability [54].

5. Gap in Coastal Vulnerability Assessment

The review looked at coastal vulnerability assessments in Southeast Asia, examining
different components of vulnerability and applying a number of variables and calculations.
The range of coastal vulnerability assessments evaluated reflects the influence of various
factors, the most important of which is the scope and objective of the assessment [53].
Although tropical cyclones and coastal flooding were considered, the aim of constructing
coastal vulnerability assessments was strongly linked to erosion or rising sea level. In
coastal vulnerability assessments, geological and physical process factors have been most
frequently identified, particularly in Indonesia and Thailand.

Shoreline changes, geology, and geomorphology were the geological variables most
commonly considered when assessing coastal vulnerability. These variables indicate coastal
processes that influence coastal erodibility. Geology and geomorphology are included as
one variable in Vietnam [55], since landform and landform rock type are frequently included
in geomorphology. The physical variables most typically examined when measuring
coastal vulnerability were mean wave height, sea level rise, significant wave height, and
mean tidal range. These variables mostly represent the possibility of coastal flooding [56].
Both significant and mean wave heights are used as indicators for wave energy, and one
or the other was frequently used in the assessments. Researchers developed extensive
coastal vulnerability assessments along the coasts of Thailand and Vietnam that focused
on geological and physical vulnerabilities [33,57]. These pioneering coastal vulnerability
assessment efforts in Southeast Asia continue to affect the coastal vulnerability study.
Therefore, many coastal vulnerability assessments applied similar variables.

Coastal vulnerability in Southeast Asia was calculated in a variety of ways, including
utilizing the square root of product mean, product mean, sum of products, square root of
the product mean, or weighted variables of the variable of interest. The square root of the
product mean was the most commonly used formula. Though coastal vulnerability can be
evaluated using the sum or product of the variables, the product has the advantage of a
wider range of values [58]. It has been discovered that weighted variable calculations are
more responsive to variances in environmental conditions. The relative relevance of the
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individual variables determines the weight of the variables [59]. Weighting assignments,
on the other hand, are generally based on the best scientific judgement. Furthermore,
different ways of assessing vulnerability can yield substantially different outcomes, which
has important consequences for decision making.

In general, visualization platforms have just recentely been introduced into coastal
vulnerability assessments in Southeast Asia. There are various advantages of incorporating
coastal vulnerability assessments into ArcGIS. Recognizing patterns, merging numerous
vulnerability impacts (geological and physical vulnerabilities), and visualizing these com-
bined factors along coasts are only a few of the advantages [28]. Coastal vulnerability
assessments are improving, with more regular evaluation of the impact of various vulnera-
bilities and platforms that facilitate the visualization of coastal vulnerability, but there are
still substantial problems in producing and enhancing coastal vulnerability assessments.
Identifying the factors to include in the collection of data, even including socioeconomic
vulnerabilities, are all challenges [60,61]. As a result, the following criteria should be
considered when choosing such variables: Is the variable measuring the targeted vul-
nerability driver? Were there any proven causative links between the measured variable
and the process illustrated? Is the combination of many variables indicated in the assess-
ment’s outcome? Is the value of other response variables affected by the combination of
multiple variables?

Additional gaps associated with Southeast Asian coastal vulnerability assessments are
the use of variables that vary over time, location, and magnitude, which are comparable [62].
The variety of variables addressed in the reviewed assessments reflects these challenges.
Coastal environments, as well as coastal communities and infrastructure, are all affected
by sea level rise and coastal erosion. Direct loss of economic, cultural, livelihood, and
environmental factors due to loss of land, infrastructure, and coastal habitats, increased
flood risk to coastal populations, land, and infrastructure, as well as other impacts such
as saltwater intrusion, disruption of biological activities, and water are three potential
socioeconomic impacts [63].

Moreover, despite the significance of adding socioeconomic vulnerability in assess-
ments and recognition of the socioeconomic vulnerability of coastal regions, socioeconomic
variables are commonly ignored from Southeast Asian coastal vulnerability assessments.
The removal of socioeconomic elements from the assessment of vulnerable coastal systems
can affect the assessment of vulnerable coastal systems [40]. As a result, further assessments
that include socioeconomic vulnerability are being constructed. However, integrating so-
cioeconomic vulnerabilities in coastal vulnerability assessments poses significant challenges.
Variables, such as human wellbeing and relative as well as perceived human vulnerability,
for example, must be constructed [62]. Population increase or decrease, changes in human
perceptions, and the installation of new infrastructure are all challenges. Future coastal
vulnerability is frequently underestimated due to the dynamic nature of coastal and social
dynamics. Furthermore, coastal vulnerability is frequently assessed in order to determine
at-risk coastal areas for coastal zone management and to focus restoration activities [56].
Despite this, there are few strategies for connecting vulnerable coastal areas with proper
restoration approaches. Future research should look into ways to combine coastal risk
assessments with specific mechanisms that can be resolved through coastal protection.

6. Way Forward in Adaptation

The coastline study is problematic since variations may occur pertaining to days
or decades. It is critical to monitor, develop, and deploy adaption measures before a
hazard occurs in perspective with the latest IPCC report [6]. Unless adapting solutions are
implemented, the vulnerabilities will negatively influence Southeast Asia’s livelihoods and
socioeconomic situation [63]. A structure at the regional level with detailed specifics, rather
than national- and global-level frameworks, will offer a fundamental awareness of the
nation’s risk. Coastal vulnerability studies rely on remote sensing and GIS technologies [64].
The most practical strategy for this research is to combine spatial data with traditional
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data. Remote sensing technology is the most effective method for studying the coasts on a
regular basis, as they are continually changing.

In Malaysia, for example, The National Coastal Zone Physical Plan (NPP-CZ) doc-
ument plays an essential role in the application of the planning framework for coastal
zone areas [64]. It should be used to establish a strategic spatial framework for the coastal
zone that incorporates the multiple values and synergies between the natural, physical,
and socioeconomic systems that interact in this dynamic environment. Nevertheless, the
level of use of this document for reference purposes is mainly for development activity
in coastal areas and is still at a relatively low level. Thus, the government can oblige all
the developers to follow NPP-CZ in order to maintain a productive, safe, and biologically
diverse coastal zone for the sake of present and future generations. The existence of this
document in Malaysia is often overshadowed by the existence of other documents, such
as the National Physical Plan, State Structure Plan, and District Local Plan for planning
purposes, other than technical documents mainly produced by the Department of Irrigation
and Drainage (DID), such as Integrated Shoreline Management Plan (ISMP). It is suggested
that the content of policies and comprehensive strategies contained in the plan document
should be optimized for its functions and uses. In general, ISMP and DID are integrated
assessments of coastal areas to reduce risks resulting from the process beaches and devel-
opment activities. Among the objectives of the ISMP is the reassessment of coastal erosion
status coastal, studying coastal erosion control methods along with the expected effects
after the methods are implemented. The application of ISMP and IRBM strategies needs to
be done in the REZPPN-2 document to ensure uniformity in the aspirations and direction
of development for coastal areas. Goals and strategies of the physical plan (for planning
documents at the state and national levels) should be backed up by the justification of the
need for conservation of the area or development in the area of the coastal zone. Other
government plans can be used to help build an understanding of policy formulation as
well as development requirements in coastal areas.

Furthermore, organizing ongoing training programs as well as filling of posts related
to the field of beach management are important to ensure that the relevant agency tasked
with planning and managing the coastal zone is always in a state of readiness. This initiative
should be implemented in the regions of Southeast Asia, as it has been conducted in the
Philippines as well [43]. The training can be achieved through the following steps: train
and provide continuous exposure to agencies (especially the local government) involved
in managing and planning of coastal areas, provide assets as well as facilities that match
the description as well as the scope of the administrative task agency (boat and equipment
related to operations in the sea area), and fill a vacancy or create a new management-related
position (professional posts) with a focus area in coastal engineering (example—coastal
engineering beaches, geology, fisheries, marine ecology, and other related disciplines). The
focus of training should also be on the technical aspects related to management and coastal
planning, such as marine hydraulics as well as risk mitigation and disaster management.
The training should be ongoing to ensure that the agency tasked with planning and
managing the coastal zone is always in state of readiness. Government agencies, private
companies, or non-bodies of the government should provide incentives and training to the
community to encourage them.

In addition, coastal zone management in each region in Southeast Asia must be im-
plemented by a government agency and private companies to create diverse development
without compromising the environment and preparedness for any disasters. The zone
management has been implemented in Vietnam, Thailand, Sri Lanka, Indonesia, Malaysia,
Myanmar, and Timor Leste [65-71]; however, it still needs some improvements in prepara-
tion for disasters. Therefore, the guidelines are written statements that serve as a reference
in proceeding with development. These guidelines shall detail the planning recommen-
dations accordingly along with the physical characteristics of the coast and disaster risk
factors, including a planning guide based on disaster risk (tsunamis, coastal erosion, sea-
level rise and floods), a planning guide based on physical factors of the beach (sandy
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beach, grassy beach, rocky beach, etc.), and a planning guide for marine swamp forests
and peatland beaches. The purpose is to apply the latest aspects of coastal displacement
in detailing the aspects of disaster risk and controlling development so that it is uniform,
comfortable, and safe in land-use activities [72]. Every proposed development needs to
adhere to the guidelines that have been set.

Figure 4 shows some strategic solutions for adapting coastal vulnerability. Future
research will need to look at how coastal risk evaluations incorporate specific mechanisms
addressed by coast restoring and defending.

Beach
replenishment

Mangrove
regeneration
and
maintenance

Implementation
of coastal zone
management

Adaptive

strategy Construction

of seawalls
and groin
area

Organization
of training
programs

Guidelines on
coastal
management

Saltwater
intrusion

Figure 4. Suggestion of adaptive strategies in coastal vulnerability.

7. Conclusions

Southeast Asia’s economic income is based upon the efficient management of coastal
ecosystems over the long term. The growing number of natural hazards throughout the
nation’s coasts emphasizes the critical demand for accurate and rapid methods of coastal
vulnerability assessment. The world’s coastal zone is becoming increasingly stressed due to
increased industrialization tourist activity, the resulting expanding population of humans,
and declining water quality. Reservoir, sand mining, beach replenishment, excavation, port
development, retaining walls, jetty, and other human activities contribute significantly to
coastal vulnerability. Due to human activity, the coastal system becomes more vulnerable
with every natural disaster; an example is the decrease in coastal slope due to increased
population density. Although coastline erosion has naturally occurred, it is becoming
more vulnerable due to human interventions, such as coastal infrastructures. In some
ways, one could argue that natural processes are becoming risks as development activities
along the coast increase the area’s social and economic worth. Human activity is rapidly
increasing and becoming the major source of hazards, making coastal management crucially
important. Southeast Asia is essential for its multi-culture, economic, and environmental
factors. As a result, the risk of human activity with its land type is important to define
vulnerability. The location with the most erosion is that with constructed buildings, and
interventions should be taken.
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Coastlines in Southeast Asia are highly susceptible to climate change, particularly
ocean warming. As a result, for instance, rainfall pattern change, frequency of storms,
and rising sea level were observed recently. The fundamental causes of this increased
pressure are population expansion, rising urbanization, industry, and tourism in coastal
areas. Coastal environments are dynamic systems influenced by both natural and human-
made activities. Coastal vulnerability evaluations determine the degree to which different
regions are vulnerable. These assessments include geological, physical, and, more typically,
socioeconomic factors to identify susceptible coastal locations correctly. The goal, research
location, variables evaluated, and coastal vulnerability calculation should be examined in
determining Southeast Asia’s coastal vulnerability assessment. Considering the difficulties
associated with data collection, socioeconomic vulnerabilities have been acknowledged
as an essential component of assessment and are increasingly incorporated in coastal
vulnerability assessments. It is suggested that the usage of visual tools improves the
relationship of the combined impacts of coastal vulnerability in a centralized repository.
The assessment of coastal vulnerability can potentially clarify susceptible coastlines for
coastal zone management. However, there is a gap in how to link endangered coastal areas
to acceptable restoration strategies, and thus more research is needed to fill in the gap,
particularly in Southeast Asia’s coastal zone.
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