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Abstract: Coastal hazards are an urgent issue of global concern considering the increasing population
pressure in coastal regions, retreating coastlines, and rising seawater levels. Here we demonstrate the
process of assessing the vulnerability of a coastal urban environment using the case of Kuala Tereng-
ganu, a coastal town in Malaysia, and evaluating the potential social, environmental, and economic
impacts. Uncertainties in the human dimensions of global change deeply affect the assessment and
responses to environmental, climatic, and non-climate impacts on coastal city population growth
and communities. We address these uncertainties by combining a Delphi-Analytical Hierarchy
Process (Delphi-AHP) model and Geographic Information System (GIS)tools to determine mitigation
and adaptation probabilities as part of a Coastal City Vulnerability Assessment. We conclude by
presenting calculations of the short- and long-term suitability for land use and recommending hazard
mitigation measures to equip city planners and decision-makers in evaluating hazards and potential
impacts on coastal city areas.

Keywords: Delphi-AHP model; GIS; erosion; climate change; vulnerability index; coastal city

1. Introduction

Close to 50% of the world’s population lives within 200 km of a coastline, with projec-
tions suggesting this figure will rise to 70% by 2025 [1]. Knowledge of the vulnerability of
coastal cities enables scientists and policymakers to anticipate impacts that could emerge
from rising sea levels, floods, erosion, and other hazards [2]. This helps with prioritizing
measures to minimize risks and mitigate impacts. Because of the high value of natural
and socio-economic assets threatened or lost in coastal zones [3], it is important to identify
the types and magnitude of problems affecting coastal cities and possible adaptations to
them [4].

Due to combined environmental, climatic, and non-climatic influences, coastal cities
in some countries are highly vulnerable to adverse environmental impacts. Research in
this field has focused on three major strands [5]:
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i. The first strand discusses non-climatic causes, such as accelerated urbanization,
industrial growth, and property privilege, which have intensified vulnerability in
certain coastal cities [6-11].

ii. The second strand explores global warming and rising temperatures and how
they have jeopardized water supply, food production and security, and human
health [12-18].

iii. The third strand studies the impacts of climate change on coastal cities and low-
lying regions, which mainly focus on sea-level rise, flooding, erosion, storms, and
typhoons [19-24].

Along the eastern coast of peninsular Malaysia bordering the South China Sea (SCS),

flooding, coastal erosion, and coastal change constitute severe problems [25].

1.1. Land-Use Change and Destruction of Coastal City Regions

As noted [26] coastal flooding and sea-level rise in low-lying areas are expected to
cause major damage unless significant adaptations take place.

As coastal populations continue to grow, better ways are also needed to increase
coastal area resilience to the effects of storms, flooding, and erosion [27]. Many challenges
are faced in assessing environmental and non-climatic impacts on coastal areas. Because
of the rapid urbanization process, coastal regions have been densely populated and eco-
nomically developed and so their protection needs to be a great social and economic
priority [28].

Nevertheless, a holistic assessment of the effects of hazards on the coastal area is
required to develop appropriate adaptation strategies to minimize potential damage [29].
Numerous factors need to be considered: The highly dynamic nature of the coastal environ-
ment may affect public safety and lead to the destruction of property due to submergence,
flooding, saltwater intrusion in surface waters, and coastal erosion [30]. Consequently,
coastal communities are exposed to a greater risk of property and infrastructure damage
due to flooding [31]. Sea level rise increases coastal vulnerability to flooding, particularly
during rainstorms, because as the level of the sea rises, low areas drain more slowly. Flood-
ing occasioned by rainstorms may be aggravated if rises in temperatures increase rainfall
intensity during heavy storms [32]. Sea level rise can also increase the vulnerability of
low-lying areas to erosion and cause loss of beach [3]. Beaches and near-shore areas that
offer habitats for fish, shellfish, shorebirds, as well as other species might shift inland or
be lost. Conversely, coastal erosion aggravates the vulnerability to storms through the
removal of dunes and beaches which offer protection against waves [33].

Malaysia in particular has been affected by sea levels rising on average 1.6-3.6 mm per
year in the 1955-2003 period [34]. Coastal vulnerability index (CVI) studies are needed to
assist in hazard management and planning in Malaysia and elsewhere to better understand
the risk level that different coastal areas experience [4]. Coastal vulnerability encompasses
bio-geophysical, economic, institutional, and socio-cultural factors. Knowing vulnerability
may assist scientists and policymakers to forecast the effect of environmental impacts and
consequently prioritize mitigation measures to minimize risks and impacts. Malaysia
has developed an arsenal of programs and initiatives to manage coastlines, including an
adaptation program initiated in the Ninth Malaysian Plan (2006-2010) which also focuses
on the CVI. Also established was an Integrated Coastal Zone Management (ICZM) program,
a coastline protection program, known as Storm Water Management and Road Tunnel
(SMART), and a flood mitigation program. In our study, we focus on Terengganu, which
has great value for the country as one of Southeast Asia’s most popular tourist destinations
and marine tourism gateways to the East Coast Economic Region (ECER) [35]. It is known
for various unique tourism attractions catering to mainland coastal and island tourism,
ecotourism, urban tourism, and its traditional culture and heritage tourism.

Using Terengganu as a case study area, the specific focus of our study was on three
issues relevant for coastal cities:

i What type of vulnerabilities exists?
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ii. What are the options to adapt and mitigate vulnerabilities?
iii. What is the state of planning for adaptation?

Methodologically, we answered these questions by assessing the vulnerability and
impact of Terengganu as a coastal city using Multicriteria Decision Analysis (MCDA)
models and GIS tools. We will describe our approach in more detail in the following and
also highlight the novelty, and importance, of this research.

1.2. Application of MCDA Model and GIS for Coastal City Vulnerability

Using MCDA models and GIS to determine the vulnerability of coastal cities is very
effective at developing a consensus through soliciting expert opinions during successive
stages of questionnaire administration and feedback [36]. This method is well suited
as a research instrument when there is incomplete knowledge about a problem or phe-
nomenon [37]. It has proven well suited for building frameworks, forecasting, prioritizing
and decision-making, forecasting of uncertain factors capitalising on expert opinion where
there is little or no definitive evidence and where opinion matters [38].

The Delphi technique was chosen as an efficient method of producing creative solu-
tions [39]. This approach was applied successfully in environmental studies, industrial
engineering, and project assessments [40]. The strength of the Delphi method lies in
obtaining group opinions and expert judgment through anonymous, multilevel group
interaction [41]. Remote data collection is an essential benefit of the Delphy technique,
as participants may be spatially dispersed and questions can be administered by phone,
Skype, fax, or post [42]. The Delphi method assigns priority ranks to the variables using
pairwise comparisons at each level of the hierarchy [43].

The hierarchy approach, for instance, assessed the vulnerability criteria and sub-
criteria of erosion on the coastal city area, which required analysis of both qualitative
information on coastal city areas [13]. The analytic hierarchy process (AHP) is one of the
most widely used multi-criteria decision making (MCDA) techniques which has frequently
been used for solving decision problems through minimizing complex decisions to a series
of pairwise comparisons [44-48]. The AHP can accommodate both tangible and intangible
criteria, individual values and shared-value measures, and the interaction between them,
with the aim of synthesizing all the information and arriving at priorities that indicate
preferences in the group decision process [28,30,49]. This technique enables analysts and
decision-makers to organize the critical aspects of a complex decision-making problem
in the form of a hierarchical structure like a family tree [50]. A Delphi and AHP model
can evaluate many qualitative criteria and semi-quantitative criteria systematically based
on expert judgments and through a process of determining the relative importance of
a set of criteria [51]. One vital merit of MCDA is its ability to bring out the similarities
and possible conflict areas among stakeholders in group decision-making that enhance a
thorough understanding of the values of others [52].

Since the 1990s, coastal city planners have significantly increased their attention on
the incorporation of the multi-criteria decision-making approach with GIS to solve the
problems of spatial planning [53]. The ability of GIS to handle spatial facets of vulnerability
assessments has improved its application in the criteria-based assessment for prioritization,
and selection of possible appropriate and inappropriate areas, because the majority of the
conditions for vulnerability assessment are spatial data [54]. GIS tools were thought to be a
speedy tool for CCVA, especially for incomplete data situations.

We have developed a CCVA model by integrating GIS tools and the Delphi-AHP
model for coastal city land use. The combination of the GIS technique and the Delphi-
AHP model is a powerful approach that uses assessments of vulnerability in coastal city
areas [55]. The assessment of the CCVA model aims to compare different regions and weigh
them according to their vulnerability area. We showcase the capability of GIS to seamlessly
integrate with the SMCDA method by presenting maps of the vulnerability of the city of
Kuala Terengganu. In the GIS context, this study proposes a novel comparison framework
that integrates the Delphi-AHP model for weighing GIS layers and creating vulnerability
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maps. This combination approach entails proper case retrieval and indexing, as well as the
use of domain knowledge for feature weighting. The assignment of significance weights to
each characteristic for knowledge-guided retrieval and indexing is of particular importance.
The formulated CCVA constitutes an easily comprehensible tool to cope with and evaluate
coastal city erosion areas. It compares regions of vulnerability in GIS maps and relative
influences and sensitivity of diverse vulnerability layers.

2. Materials and Methods
2.1. Study Area

Kuala Terengganu is located in the southwestern part of the South China Sea, which
is the largest semi-enclosed marginal sea in the Western Pacific Ocean. Terengganu is a
constitutive state under the Federation of Malaysia and is located in Peninsular Malaysia
on the mainland of the Asian continent. Kuala Terengganu is bordered by Kelantan in the
North-West and Pahang in the South-West (Figure 1). The Terengganu people mostly live
in coastal towns and villages. The Kuala Terengganu, which is situated at the entrance
of the extensive Terengganu River, is the largest town in the state with an area of about
605 km?. Terengganu has a 200 mile (320 km) long coastline along the South China Sea.
It is located between the latitudes of 5°27'58.31” N and 5°11'42.36" N and the longitudes
of 102°57'06.10” E and 103°13'18.69” E. This study is focused on the Kuala Terengganu
coastline, which extends approximately 70 km from Merang to the southernmost point of
the Setiu District to Rusila, the northernmost point of the Marang District.
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Figure 1. Location of Kuala Terengganu, Malaysia.
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2.2. Data Requirement

In this chapter, we collected two types of data based on the CCVA model: primary
and secondary data for the Delphi-AHP model and the GIS. The primary data for the
Delphi-AHP model included expert knowledge and the expert choice matrix (ECM). ECM
was sent to 12 experts from different agencies in Malaysia such as the Department of
Irrigation and Drainage (DID), the SMART Control Centre, and the National Hydraulic
Research Institute of Malaysia (NAHRIM). The ECM was used for three runs over seven
months. The first run was carried out between 14 February 2014 and 17 April 2014, the
second run occurred between 22 August 2014 and 20 September 2014, and the third run was
carried out between 3 October 2014 and 7 November 2014. For GIS mapping, secondary
data from related departments were collected. The secondary spatial data for GIS in this
research were mainly retrieved from a topographic map (2002), a land-use map (2008) and
a MUKIM map (2010) from the Department of Survey and Mapping Malaysia (JUPEM), a
geology map from the Geology Department, a population map (2010) from the Department
of Statistics, and a soil map (2008) from the Department of Agriculture (DOA) (Table 1).

Table 1. Primary and Secondary Data.

Primary Data (Delphi-AHP)

Secondary Spatial Data (GIS)

ECM, send to the experts
Technical reports
Library survey

Digital Maps Year Resolution Source
Topography 2002 1:50,000
Land use 2008 1:100,000 JUPEM
MUKIM 2010 1:100,000
Population 2010 1:50,000 Statistic Department
Geology 2008 1:100,000 Geology Department
Soil 2008 1:100,000 MOA

The criteria were selected based on knowledge acquisition from the literature review,
previous research, various Malaysian reports such as [18,56], and International reports
such as those produced by the Ministry of Environment (2008), and the ETC CCA (2011).

2.3. CCVA Model Framework

The framework consists of six main segments, as indicated in Figure 2. The first
segment of the framework sought to identify and design each coastal city’s erosion vulner-
ability criteria and sub-criteria by using the Delphi-AHP model. The expert choice matrix
was created in the second part, which was submitted to 12 experts from various Malaysian
authorities (DID, SMART, NAHRIM). For six months, the expert choice matrix was in
use (for three rounds). The first round took place from 14 February to 17 April 2014, the
second round from 22 August to 20 September 2014, and the third round from 3 October to
7 November 2014. The vulnerability criteria, sub-criteria (qualitative data), and vulnerabil-
ity GIS layer classes were ranked and scored by professionals from numerous Malaysian
agencies (semi-quantitative data). The third segment examines the weights for qualitative
and semi-quantitative data using expert choice software along with sensitivity analysis
for every criterion and region (alternatives). In the fourth segment, the GIS vulnerability
layers and classes were investigated and organized according to the AHP design. The
fifth segment is there to apply the Delphi-AHP model and GIS technique for generating
vulnerability maps by overlayer mapping and to calculate the weights of all layer classes
in GIS software for generating the final vulnerability map. The final segment shows a wide
variety of adaptation solutions.
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2.4. Application of the Delphi-AHP Model and GIS Technique

This article proposes a comparative framework model which integrates knowledge
of the Delphi-AHP model in weighing CCVA. The Delphi-AHP framework involves an
empirical study based on the Delphi method to refine important criteria gleaned from a
literature review and other criteria resulting from an expert panel. This integration method
represents an adequate case retrieval and indexing and incorporates domain knowledge
for feature weighting. Our specific interest lies in the assignment of importance weights to
each feature for knowledge-guided retrieval and indexing. This integration approach is
recommended in intelligent modeling for a CCVA.

There are two types of vulnerability hierarchy designs: a qualitative design and a semi-
quantitative design. A qualitative design is used for the evaluation of erosion assessments
from expert knowledge. A semi-qualitative design is for erosion assessment from expert
and GIS layers. Through the Delphi-AHP approach, we assessed the vulnerability criteria
and sub-criteria of erosion affecting the coastal city area, which required analysis of both
quantitative and semi qualitative information. The model measures erosion vulnerability
in terms of a vulnerability index based on qualitative data and assesses semi-quantitative
erosion vulnerability in GIS layers. This model assigns priority weights to the variables
using pairwise comparisons at each level of the hierarchy. In the Delphi-AHP model,
qualitative and semi-quantitative data improve the system’s consistency and simplify the
calculation of the weight for criteria and sub-criteria.

The vulnerability hierarchy design encompasses criteria and sub-criteria of which we
select the best criteria based on expert knowledge by using the Delphi method and the
ECM, along with fieldwork and observation, and a literature review. In this component of
the research, one of the main objectives was to select one option from a set of known options.
In real-world spatial decision-making problems, the decision-maker should choose the best
geographical location of interest. GIS is known as a potential tool and powerful technique
for monitoring the changes in land use on a regional scale and handling environmental
spatial data in land-use assessment and planning. The combination of GIS and Delphi-
AHP models has been proven to be a powerful approach since the numbers of alternatives
originating from a GIS are very large (each location being represented by a line, point,
or polygon). Thus, in the spatial decision, listing the alternatives from a GIS would be
very difficult.

The sub-district map (MUKIM map) of Kuala Terengganu was divided into six regions
representing different areas of vulnerability. Selecting the best region does not mean
that it is the most suitable choice, rather it means that this area should be afforded the
highest priority for deciding on the most suitable areas. The following alternatives (regions)
available in the study area are: Merang; Batu Rakit; Kuala Nerus; Manir; Pengadang Buluh;
and Rusila.

In the AHP model, the evaluation criteria are associated with geographical entities
and the relationship between them. Hence, the evaluation criteria can be represented in
the form of maps or GIS layers. We collected and analysed the GIS maps that contain
geographical attributes. The following spatial layers have been incorporated as maps:
(1) environmental layers, and (2) human activity layers.

There are nine stages in the Delphi-AHP modeling process and GIS approach. The
CCVA model is produced by merging these two techniques with GIS. Stage 1: The decision
for the problem is structured into a hierarchical model. It includes the decomposition of
the decision problem into elements about their characteristics as well as the formation of a
hierarchical model having various levels [57]. Stage 2: Application of the Delphi method
and ECM. Stage 3: Collecting input data by making pairwise comparisons of decision
elements and obtaining the judgment scales. Stage 4: Derivation of priorities where, after
filling the comparison matrices, priorities can be computed [58]. Stage 5: Evaluating the
weight consistency of comparisons. In this step, calculations were performed to find the
maximum eigenvalue, the consistency ratio (CR), the consistency index (CI), as well as the
normalized values for each alternative and criterion [56]. The Delphi-AHP measures the
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overall judgments’ consistency through a consistency ratio (CR). The consistency of the
judgmental matrix can be determined by examining the total CR [59], being the ratio of CI

and R, as given by:

CI
CR= = 1)

RI is the random consistency index of a randomly generated reciprocal matrix from
the nine-point scale, with reciprocals forced [60]. If CR is less than 10%, the matrix is
considered to have an acceptable consistency [61]. The scores were accepted when they
reached a certain level of consistency, as determined by a consistency index (CI). [58] has
proposed a CI, which is defined as:

A
=1

Wi is the weight of criterion j and ClI; is the consistency index of criterion j. Stage 6: In
this step, the local weights of the elements are calculated by using the Expert Choice
software (EC) computing the Delphi-AHP weight. Stage 7: Weights across different levels
are aggregated to get the final weights of the alternatives. This step collects all priorities
from the decision table through a weighted sum of the type [51] and synthesizes the local
priorities across all criteria to identify the global priority. The final weight of alternatives
would be computed using an additive hierarchical aggregation rule Final Weight (5) by
normalizing the sum of the local priorities to unity, as shown below:

j

Z; is a global priority of the alternative, S;; is a local priority and wj is the weight of
the criterion j. The global priorities (Z;) thus obtained are finally used for normalizing by
dividing the score of each alternative only by the score of the alternatives and selection
of the best alternative under each criterion [51]. Stage 8: Since the Delphi-AHP model
is a responsive analysis, the input data is somehow modified to detect the effect on the
output [60]. We used sensitivity analysis only for qualitative data in this section of the
Delphi-AHP model, so experts rate and weight the qualitative data, where their findings
could be used to make a semi-quantitative data judgment. The current rank of Delphi-AHP
qualitative parameters is then provided based on a pair-wise comparison for land use
vulnerability, hazard, and risk performed by experts from SMART, DID, and NAHRIM.
One of the popular sensitivity graphs for expert selection is known as a radar graph.
Each radar graph has its special menu commands, and it is possible to compare each
sensitivity between the criterion and the alternative. If the priority sensitivity of one
criterion or alternative is increased, the number of changes that can be made as a result
of sensitive considerations may be found with other criteria or alternatives. Therefore,
by using qualitative results, we can make decisions and rank for semi-quantitative data
(GIS class) and ascertain the weight of each layer. Stage 9: The linear combination of the
Delphi-AHP weights for the assessment of the vulnerability is given as follows:

HAL = LV7 X Wvlc7 + LVS X WV1C8 + LV9 X WV1c9 (4)
EL = Lvl X Wvlcl + LVZ X WVICZ + LV3 X Wvlc3 + Lv4 X Wvlc4 + Lv5 X WVICS + LV6 X Wvlc6 (5)
CCVA = EL x HAL (6)

where EL signifies the Environmental Layer function, HAL refers to the Human Activity
Layer function, and Cy signifies the vulnerability layer and Wy, denotes the weight of the
vulnerable layer class, representing the CCVA function of erosion.
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3. Results

In Delphi-AHP, a model is used to identify the best criteria and to design the cri-
teria and sub-criteria. We divided all criteria and sub-criteria into qualitative and semi-
quantitative components. The qualitative component consisted of the vulnerability index,
environmental criteria, and criteria relating to human activities, with each criterion having
sub-criteria (Table 2). The weight of all criteria and sub-criteria was calculated, along
with alternatives for the qualitative design in the expert choice software. By using a
sensitivity analysis and weight for each criterion, ranks were established in the ECM for
the semi-quantitative component and weights calculated for the GIS layer classes of the
semi-quantitative data.

3.1. Delphi-AHP Qualitative Weights

For the environmental criteria, we selected six criteria based on erosion in the coastal
city areas by using the ECM from the experts applying the Delphi-AHP model. The
estimated final weight for each criterion, sub-criterion, and the alternative is as follows.
The high weight, River Criteria (RC) W was 0.232 with CR being 0.09, and the high
alternative being 0.439 in Pengadang Buluh and the low alternative being 0.053 in Merang.
In this region, the river is not sensitive to erosion because there is no river, which was
consequently given a low weight. However, in Pengadang Buluh, the substantive river
traversing the city center was assigned a high rank from the experts and high weight in
the expert choice software. In the (HAC), we had three criteria selected from the expert
choice matrix. The high weight is Build up Criteria (BC) W: 0.071 with CR: 0.09 and high
alternative being 0.434 in Pengadang Buluh, and low alternative being 0.055 in Merang
(Table 2). The alternative, Pengadang Buluh is located in parts of Kuala Terengganu with
built-up and coastal contracture. As a result, this area is both sensitive and important,
especially when compared to other places in terms of environmental evaluation, evaluation
of fieldwork observation, expert decision-making, and region-sensitivity analysis.

3.2. Delphi-AHP Model Sensitive Analysis

A sensitivity analysis shows the sensitivity of the alternatives for all the model’s
different criteria for the choice of the important erosion criteria in the Kuala Terengganu
coastal areas. The sensitivity analysis originates from the use of the radar graph (A and
B) through the application of the Delphi-AHP (Figure 3). Each radar graph has its unique
menu commands and the sensitivity between criteria and alternatives can be compared
with each other. If the priority sensitivity of each criterion or alternative is changed, the
number of changes that would be made using other criteria or alternatives can be viewed
as an output of the sensitivity analysis. Thus, the priorities of the alternatives will change
in the right column by changing the positions of the nine criteria priorities in the left
column. If a decision-maker thinks an objective might be more or less important than
originally indicated, the decision-maker can drag that objective’s bar to the right or left to
increase or decrease the objective’s priority and see the impact on the alternatives (Table 3
and Figure 3).
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Table 2. Delphi-AHP weights for coastal city vulnerability criteria for Kuala Terengganu, Malaysia.

Criteria

Sub-Criteria

Sub-

Goal Index Criteria Consistency S\Ztier}i: Sub-Criteria Consistency Criteria Alternative A‘l,:,il.;n;ttlve
Ratio & Ratio Weight &
Seasonal shifts 0.06 0.084 Merang 0.053
Discharge of water 0.06 0.207 Batu Rakit 0.129
. The severity of the flood 0.03 0.27 Kuala Nerus 0.199
River 0.09 0.232 Sedimentology (Sediment rate) 0.06 0.123 Manir 0.105
Water from runoff 0.07 0.06 Pengadang Buluh 0.439
Relationship between Rainfall and Runoff 0.06 0.256 Rusila 0.075
Cultivation & Plantation 0.07 0.125 Merang 0.101
Forestry 0.07 0.239 Batu Rakit 0.186
Rangeland 0.07 0.046 Kuala Nerus 0.218
Land Use 0.04 0.201 Industrial, and the commercial development 0.09 0.361 Manir 0.075
Watershed 0.06 0.105 Pengadang Buluh 0.237
Cultural areas 0.05 0.05 Nerus 0.183
Merang 0.101
Scale of geomorphology 0.08 0.566 Batu Rakit 0.066
Geology 0.08 0.058 Waterways 0.08 0.26 Kuell\l/[aalr:li irus giﬁ
C(iastalbc.llfy Vulnerability ~ Environmental Tectonic movement 0.08 0.086 Pengadang Buluh 0.435
vulnerability Index Epoch of geology 0.08 0.08 Nerus 0.067
assessment
Merang 0.052
Slope level 0.08 0.582 Batu Rakit 0.204
Slope 0.09 0.12 The average waterway/floodway slope 0.07 0.161 Kuilfaﬁirus 8}(1)2
The slope of land usage on average 0.09 0.197 Pengadang Buluh 0132
Without-slope regions 0.04 0.06 Nerus 0.392
Type of soil 0.08 0.373 Merang 0.075
Erosion of the Soil 0.07 0.337 Batu Rakit 0.1
Kuala Ni 267
Soil 0.09 0.092 Influence of the soil 0.06 0.099 Mo g ogs
Organic material 0.09 0.045 Pengadang Buluh 0.472
Amount of land used for agriculture 0.07 0.145 Nerus 0.048
. L Merang 0.104
Vertical categorization 0.09 0.223 Batu Rakit 0163
Topography 0.09 0167 Vertical classification in coastal area 0.09 0.239 Kue;\/[le;?;rus 8(1)?,2
Classification area and location 0.08 0.425 Pengadang Buluh 0.267
Average height 0.08 0.113 Nerus 0.232




Land 2021, 10, 1271 11 of 27
Table 2. Cont.
Criteria Criteria Sub-Criteria Sub- Alternative
Goal Index Criteria Consistency Weight Sub-Criteria Consistency Criteria Alternative Weight
Ratio 8 Ratio Weight &
Type of grid 0.09 0.2 Merang 0.082
The closeness of a water source to a road 0.09 0.148 Batu Rakit 0.059
Road 0.08 0.029 Kuala Nerus 0.093
oa : : Location of the road to the seaside 0.09 0.607 Manir 0.035
. Pengadang Buluh 0.528
Materials Types 0.09 0.045 Nerus 0223
Density/ha 0.09 0.112 Merang 0.063
Human Activity Landforms are shaped by density 0.07 0.129 Batu Rakit 0.267
Criteria Population 0.09 0.047 Kuala Nerus 0207
: : The density of the coastline 0.06 0.501 Manir 0.069
Density in rural and urban zone 0.06 0.045 Pengadang Buluh 0.299
Density in a potentially dangerous location 0.08 0.213 Nerus 0.095
The shape of the land 0.08 0.338 Merang 0.055
Location of the river grid 0.04 0.184 Batu Rakit 0.170
Build up 0.07 0.071 Kuala Nerus 0.172
’ : The distance from the coast 0.07 0.426 Manir 0.072
. : Pengadang Buluh 0.434
Materials supply, both local and non-local 0.07 0.052 Nerts 0.097
Table 3. Coastal city vulnerability sensitivity assessment.
Human Activity and Environmental Criteria
%  Land Use Topography Geology Slope Soil Built-Up  Population Road Merang Batu Rakit Kuala Nerus Manir Pengadang Buluh Nerus
10 23.5 20.7 4.2 13.8 10.4 0.9 55 3.5 10.2 17.6 16.5 9.5 26.4 19.9
River 50 11.1 17.3 2.0 6.5 49 3.9 2.6 17 8.7 14.2 17.6 10.4 344 14.7
90 2.3 3.6 0.5 14 1.1 8.3 0.6 0.4 7.3 11.2 19.7 10.8 42.2 9.4
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Figure 3. (a—i) Radar graph of the vulnerability criteria for coastal city erosion for Kuala Terengganu, Malaysia, as per

sensitivity analysis conducted in Expert Choice software. (j—r) Radar sensitive graph between the vulnerability criteria and

regions developed as an alternative.
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The study considered the land use criterion from the environmental criteria because
the Delphi-AHP results revealed that land use has a higher weight than the other envi-
ronmental and human activity criteria. By increasing the share of the river criteria to an
extreme value of 23.5% of the main goal, leaving 76.5% for the others, while keeping the
proportionality between them, it was noticed that the model still favored Pengadang Buluh
with a score of 26.4%. This was followed by Rusila with a score of 19.8%, Batu Rakit with a
score of 17.9%, Kuala Nerus with a score of 16.4%, Marang with a score of 10.0% (Figure 3).

As for the environmental criteria, an increase in the sensitivity of the river criterion to
a high weight (0.231 with a corresponding inconsistency of 0.09) to 10%, 50%, and 90% of
the main goal in the radar chart, was noticed that the Delphi-AHP model is still in favour
of the land use criterion with a score of 23.5%, 11.1%, and 2.3%, respectively. As for the
human activity criteria, a build-up with scores of 8.3%, 3.9%, and 0.9%, respectively, is
more sensitive than for population and road (Table 3).

The result is reasonable since more sensitivity exists towards the land-use criteria
in the vulnerability index, which is significantly greater than the other criteria. With an
increase in the sensitivity of the river criterion in Kuala Terengganu, land use criteria will
be less vulnerable than other criteria. In the radar graph, the study explained which area is
more vulnerable to erosion based on the criteria. The same conclusion could be drawn for
the regions where Pengadang Buluh remains the most vulnerable and sensitive area with
scores of 26.40%, 34.4%, and 42.20%. In contrast, Marang has scores of 10.20%, 8.70%, and
7.30%, respectively, and thus remains the least sensitive and vulnerable area for erosion
in the central Terengganu coastal area. Pengadang Buluh is consistently at the top, with a
score of more than 26.40%, followed by other Kuala Terengganu areas (Figure 3).

3.3. Delphi-AHP Semi Qualitative Weights and GIS Analysis

The erosion vulnerability assessment function of the coastal city is considered in
terms of the environmental and human activity vulnerability. The more vulnerable an
area is, the more important it is to protect the site. The erosion vulnerability functions
of coastal city areas address the environmental and human activity retention capability
of the city in this research. Weighted linear combinations of GIS layers were used for
the vulnerability evaluation of the coastal city erosion relating to the environmental and
human activity criteria.

The CCVA for the semi-quantitative Delphi-AHP design refers to a locale characterised by
a specific relative weakness of exposure to natural disasters and their ability to handle them
when they occur. CCVA can provide an understanding of relative future changes in coastal
cities. It can also be regarded as the theoretical basis for estimating the vulnerability of coastal
cities relating to erosion caused by environmental and social factors. Based on the results of the
Delphi-AHP model from experts’ opinion, the study constructed, classified, and quantified nine
vulnerability GIS layers (VGL) into two domains, namely the environmental GIS layer (EGL)
and the human activity GIS layer (HAGL) (Figures 4 and 5).

As can be seen from Figures 4 and 5 below, the EGL domain was constructed based
on a comprehensive literature review which was subsequently examined by experts. Six
layers were adopted for the EGL domain, namely: Land use; River; Geology; Slope; Soil;
and Digital Elevation Map (DEM). Under the HAGL, three layers were adopted, namely;
Population density; Build-up; and Road network. The EGL classes are weighted due to
serious coastal city erosion problems. The river class has the highest weighting of 0.281
while the geology class has the lowest weighting of 0.028.
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(A)

(D)

Each layer illustrated in Figures 4 and 5 was weighted according to its importance
and generated a GIS layer enabling the creation of maps in ArcMap. Figures 6 and 7 show
the maps consisting of environmental and human activity vulnerability layers. Before
calculating the Delphi-AHP weights for each layer, a classification, buffering, and distance
calculation was made for each layer. Through the Delphi-AHP weights for the vulnerability
layers, sensitive areas and vulnerable layers were identified for central Terengganu coastal
areas. In this part of the GIS analysis, we calculated all layers with environmental and
human activity functions for generating the final CCVA map. The linear combination of the
weights and layers for the evaluation of the environmental and human activity functions
are as follows:

EL function = [R] x 0.281 + [L] x 0.160 + [G] x 0.028 + [S] x 0.133 + [SO] x 0.094 + [D] x 0.145 (7)
HAL function = [B] x 0.073 + [P] x 0.062 + [R] x 0.024 (8)
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Figure 6. Environmental GIS layers class: (A) Land Use, (B) Geology, (C) River, (D) Slope, (E) Soil (F) Digital Elevation Map
(DEM). Environmental GIS layers based on calculations of Delphi-AHP weights, (G) Land use layer, (H) Geology layer, (I)
River layer, (J) Slope layer, (K) Soil layer, (L) Digital Elevation Map (DEM) layer.

By combining each layer weight and overlay with all layers to generate the envi-
ronmental map and human activity map to calculate and generate the final CCVA, the

functions are as follows:

CCVA function = EL,, x HAL,,

©)

The final CCVA map for the three regions in the Kuala Terengganu coastal area
developed through the AHP weighting (Figure 8) was analysed and compared between
the present conditions and GIS layers. Expert knowledge was used to rank vulnerability

parameters for each region from extremely high (7) to extremely low (1).

The main tributaries of the Kuala Terengganu River basin are the Nerus, Sekati,
Kepung, Telemung, and Berang. Agriculture, tourism, aquaculture, commercial industries,
urban and rural communities, reserves, and forests are all part of the socioeconomic
framework of these rivers. The aim of river research is to expand an area of knowledge
that encompasses floods, erosion, and sedimentation. The river criterion in this study has
the highest weighting of 0.232 and is particularly vulnerable to erosion in the environment
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index, whereas the slope criterion has the lowest loading of 0.012. After the river criterion,
the land use criterion is the most sensitive and relevant to erosion in the environment layer,
with the highest weighting of 0.201. Due to the loss of agricultural land during historical
events, land-use activities cause land erosion and sediment yields. Land use is a sort of
artificial land surface alteration that has a big influence on the environment and aquatic
life. The kind and factors of land use will be used to assess this.
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Figure 7. Human activity GIS layers: (A) Built-Up class, (B) Road class, (C) Population class. Human activity GIS layers

after calculating with Delphi-AHP weights: (D) Built-Up layer, (E) Road layer, (F) Population layer.
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Figure 8. Final vulnerability map and vulnerability regions of coastal erosion for the coastal areas of Kuala Terengganu, Malaysia.

With the highest weighting of 0.092 in the environmental criteria, the soil criterion
is sensitive and critical to erosion, and soil erosion is one of the factors that contribute to
increasing total suspended solid concentrations. This is due to the fact that land erosion
is one of the most difficult problems to anticipate, especially in rainy tropical climates.
If the sediment lifting procedure is not handled, it will result in a plethora of problems
in river and coastal area management. Total suspended solids concentrations were also
caused by human activities such as municipal, industrial, aquaculture, and aquaculture.
When the total suspended solid concentration in the Kuala Terengganu River and coastline
region is high, this becomes apparent. This situation demonstrates the increase of land
use development, such as residential, industrial, and tourism structures along the Kuaka
Terengganu River and coastline area, increasing the vulnerability of land erosion.

The projected socio-economic consequences of critical erosion vulnerability regions
suggest that erosion’s social and economic costs may soon become unsustainable. Fea-
sibility studies are needed in the Kuala Terengganu area to more clearly identify and
quantify such expenses, as well as the costs of control, so that affected institutions can make
protection investment decisions. According to sensitivity and vulnerability, three regions
in this study have previously taken such decisions: Batu Rakit, Kuala Nerus, Manir, and
Pengadang Buluh.

In Batu Rakit, which covers 11,500 ha, 6.2% (710 ha) of the area is considered ex-
tremely vulnerable, 14.16% (1678 ha) is considered very vulnerable, 38.7% (4452 ha) is
highly vulnerable, 13.7% (1580 ha) is moderately vulnerable, 10.9% (1254 ha) shows low
vulnerability, 6.4% (739 ha) shows very low vulnerability and 9.5% (1088 ha) represents an
area of extremely low vulnerability. Kuala Nerus, which covers 10,418 ha, encompasses an
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extremely vulnerable area of 1880 ha (18%), a very vulnerable area of 2035 ha (19.5%), a
highly vulnerable area of 2528 ha (24.3%), a moderately vulnerable area of 1157 ha (11.1%),
an area of low vulnerability of 989 ha (9.5%), an area of very low vulnerability of 404 ha
(3.9%), and an area of extremely low vulnerability of 1426 ha (13.7%).

In comparison to a very gentle profile, south of the river the beach and nearshore
profile in Kuala Nerus is very steep. Pengadang Buluh covers a total area of 8059 ha, which
includes 45.5% (3667 ha) of an extremely vulnerable area, 12.4% (1003 ha) of a very vulnera-
ble area, 17% (1370 ha) of a highly vulnerable area, 1.4% (115 ha) of a moderately vulnerable
area, 4.3% (350 ha) a low vulnerability area, 15.4% (1242 ha) and very low vulnerability area
and 3.9% (313 ha), and an area of extremely low vulnerability. Accordingly, Pengadang
Buluh shows the highest vulnerability with a vulnerability rate of 74.9% compared to
vulnerability rates of 61.8% and 59.5% in Kuala Nerus and Batu Rakit, respectively.

Kuala Nerus and Pengadang Buluh are two neighborhoods in Kuala Lumpur that
are separated by a big river (Kuala Terengganu River), which flows into the South China
Sea. This low-lying, low-elevation area was found to have the highest susceptibility,
and it might be used as a future reference for adaptive management planning. Kuala
Nerus and Pengadang Buluh (most susceptible) are in Kuala Terengganu, with the Right
Bank International Terrenganu Airport (ITA) and Universiti Malaysia Terengganu (UMT)
(Behand) to the Left Bank Bt.

Low-lying areas are difficult to maintain, and controlling them may be one of the
most onerous challenges facing coastal managers. The data also reveals that Terengganu'’s
International Airport (Sultan Mahmud Airport), which is close to Kg. Telaga Batin, has the
most erosion and is a high sensitivity region. The airport would be exposed to erosion and
floods as a result of this. Kg. Telaga Batin is an area of significant vulnerability to erosion.

The average erosion rate for Kuala Nerus and Pengadang Buluh is 3.20 m/year and
5.13 m/year, respectively [24]. These areas would see more erosion and land loss than
our research region. This is the greatest research area, which includes a major river (the
Kuala Terengganu River). This area has also suffered some of the most catastrophic coastal
erosion in the past. The beachfront is also fairly long from the south side of the Kuala
Terengganu River to the Ibai River, a developed district with new hotels and significant
mansions. The expected result in this part suggests that the Right Bank K. Ibai will be the
most eroded. The beach retreat is rather sensitive and important from the south side of the
Right Bank ITA and UMT to K. Ibai, a developed region with new hotels and the Sultan of
Terengganu'’s palace.

4. Discussion
4.1. Coastal City Mitigation Policies and Erosion Control Measures

The consequences of coastal erosion can be severe because erosion oftentimes radi-
cally changes landforms, land usage, and land ownership. The impacts of such changes
both directly and indirectly affect social, economic, and physical assets. A proper mit-
igation policies and erosion control (MPEC) program should be developed to keep the
consequences within acceptable limits. The definition of “acceptable limits” is a matter of
public policy that needs to be informed by engineers, scientists, and economists who offer
specialist knowledge and rigorous analyses. The product of MPEC adaptation planning
is a comprehensive plan including an action statement that lists deliverables. The impact
of coastal city erosion can be mitigated on land through structural solutions, vegetation
management, and planning, as well as beach improvements. Structural approaches may
change the physical characteristics of the shoreline and offer a physical barrier to the sea.
They always require great expenditures, and have immediate, and sometimes long-term
environmental impacts. Thus, spatial knowledge of the distribution of vulnerability classes
is important as efforts can be highly targeted.
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4.2. Implementing Adaptation Plans

There are several constraints for integrated MCDA modeling and the implementation
of GIS tools for vulnerable coastal cities such as Kuala Terengganu. One main limitation in
using MCDA models is the risk of using inadequate sources to determine environmental cri-
teria and sub-criteria for erosion in coastal areas. This fundamental limitation accrues from
insufficient documentation and reporting on relevant qualitative and semi-quantitative
data along and disintegrated environmental and non-climate data sets.

As we learned from the case of Malaysia, while attempts are made to implement
mitigation measures to control coastal erosion, there is often a lack of coordination in
undertaking the comprehensive mitigation strategies discussed above. Thus, we rec-
ommend four specific actions that can advance the implementation of mitigation and
adaptation measures:

1. Designate an appropriate federal agency to be responsible for the general direction
and coordination of adaptation plans and feasibility studies.

2. The final design and construction of protective works in accordance with feasibility
studies should be undertaken by a dedicated department. In the case of Malaysia,
this would be the Department of Irrigation and Drainage.

3.  Establish a technical coastal city erosion control center to orchestrate proposed devel-
opment in critical erosion areas, which requires coordination across all federal and
state government agencies.

4.  Initiate an inter-policy coordination process to negotiate trade-offs between potentially
conflicting goals to determine optimal adaption across various socio-economic and
environmental criteria.

The expected socio-economic implications of critical erosion vulnerability regions
imply that the social and economic costs of erosion may soon be intolerable. For the Kuala
Terengganu area, feasibility studies are needed to more accurately identify and quantify
such costs, as well as the costs of control, so that a protective investment choice may be
taken for affected institutions. In this research, those decisions and policies have already
been taken for three high vulnerability areas: Batu Rakit, Kuala Nerus, and Pengadang
Buluh. Kuala Terengganu'’s recreation resorts of Kuala Nerus and Pengadang Buluh are
located near Gong Merbau and Left Bank. Ibai, K. The recreational facility is a sandy beach
that is well-known and has a strong brand. Erosion has already had a significant physical
impact [24]. There are other beach areas in the region where recreation might be relocated
without too much difficulty. However, people are familiar with the Kuala Nerus and
Pengadang Buluh beaches, as they have developed support services and are well-known.

When all of these factors are taken into account, a moderate demographic impact is
predicted. It receives a modest economic effect rating based on similar reasoning. Damage
has already been done; the beach has been eroded, and a swimming pool has been ruined.
This gives the feasibility study a lot of weight and makes it a top priority. To establish the
most optimal protection scheme, the feasibility study will assess groynes, breakwaters,
jetties, and beach restoration separately and in combination.

Pengadang Buluh is a fishing town located between KG. Telaga Batn and S.K. Chen-
dring in Kuala Nerus. The village’s main access route has been ruined by erosion in this
location. Other areas of the beach have been armored with gabion walls, although these
offer just temporary protection. Threatened houses are low-cost, temporary buildings
and road closures cause all traffic to and from the town to detour and experience a delay.
Erosion has taken away the sand beach that formerly stood in front of the settlement.

The impending displacement of so many families, along with the loss of the village’s
principal access route, has a significant impact on and disrupts the village’s established
community life. As a result, the demographic impact is significant. Because a large
demographic impact and a moderate economic impact are likely, a feasibility assessment
is required immediately. The feasibility study will analyse revetments, seawalls, groynes,
and breakwaters in high-vulnerability regions in Kuala Terengganu.
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5. Conclusions

In a coastal city, environmental vulnerability is a complex and fuzzy problem that is
influenced by many variables. Therefore, our research calls for a holistic planning strategy
to resolve potential climate threats, current environmental, social, and economic sensitivi-
ties, emerging risks, and capability gaps. This study presents an analysis and approach for
the formulation of environmental mathematical models for establishing integrated MCDA
criteria and GIS tools to evaluate the vulnerability of the Kuala Terengganu coastal area in
Malaysia to erosion. We presented vulnerability maps highlighting impacts on the coastal
city that would potentially be caused by environmental factors.

An AHP model was used to investigate erosion vulnerability which proved efficient in
conjunction with the GIS as a tool for decision making. Our Delphi-AHP model highlighted
the presence of a river as the most influential (greatest weight) among all considered envi-
ronmental and social criteria for erosion vulnerability of the Kuala Terengganu coastal area.
Different coastal states will face different key impacts induced by environmental, climatic,
and non-climatic factors which can be identified using our study as a methodological
blueprint. We were able to pinpoint the greatest vulnerability to specific regions within
Kuala Terengganu. This helps with prioritising and localising actions.

A comprehensive set of criteria was considered, capturing environmental, social, and
economic development considerations, including data on the topography, presence of a
river, slope, soil, geology, land use, presence of roads, build-up, and population. These
criteria were thought to affect erosion directly or indirectly in the study area. The relative
importance of these criteria may vary by region and the AHP model is well-suited to work
with different sets of criteria. This is, however, also a limitation of our study, as new models
will need to be built in accordance with regional characteristics.

A challenge for our study was the lack of sources of regularly measured coastal data
that were sufficiently accurate and gathered in appropriate time intervals. Since this study
has been conducted by using limited coastal city data and maps, it is clear that it provides
a general view of environmental hazards for the Kuala Terengganu coastal area. However,
as one of the first overall coastal assessment and adaptation planning studies in the Kuala
Terengganu coastal area, future studies can build on it.

The study provides inputs for researchers, policymakers, and land-use planners
and developers for their future adaptation planning in Kuala Terengganu, as the most
vulnerable areas were identified. This study has direct planning implications for several
coastal cities in Malaysia, including, for example, Kuala Kuantan. A network of shared
knowledge and expertise will go a long way in connecting these cities and their planning
efforts with a long-term view on establishing adaptation planning systems and best practice
management in coastal city planning.
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