
[image: Image 1]

[image: Image 2]

[image: Image 3]

Acadlore Transactions on Geosciences

https://www.acadlore.com/journals/ATG

Prioritization of Coastal Environmental Risks under

Climate Change in Quang Ngai, Vietnam: An Integrated Analytic Network Process–Risk Score Approach

Vo Van Tuyen*

Faculty of Economics, Quang Ngai Campus, Industrial University of Ho Chi Minh City, 700000 Ho Chi Minh, Vietnam

* Correspondence: Vo Van Tuyen (vovantuyen.quangngai@gmail.com) Received: 11-15-2024

Revised: 12-19-2024

Accepted: 12-24-2024

Citation: V. V. Tuyen, “Prioritization of coastal environmental risks under climate change in Quang Ngai, Vietnam: An integrated analytic network process–Risk score approach,”  Acadlore Trans. Geosci. , vol. 3, no. 4, pp. 237–251, 

2024. https://doi.org/10.56578/atg030405. 

2024 by the author(s). Published by Acadlore Publishing Services Limited, Hong Kong. This article is available for free download and can be reused and cited, provided that the original published version is credited, under the CC BY 4.0 license. 

Abstract: Coastal regions are increasingly threatened by climate change, which amplifies the frequency and severity of extreme weather events and exacerbates environmental vulnerabilities. Quang Ngai Province in central Vietnam, characterized by its complex terrain and high exposure, represents a critical case where climate-induced risks require systematic evaluation and prioritization. In this study, coastal environmental risks were prioritized through the integration of the Analytic Network Process (ANP) with the Risk Score (RS) index. A network structure of risk criteria was developed, and expert knowledge from twelve specialists with substantial academic and practical experience was elicited to perform pairwise comparisons. A hyperlink matrix was constructed, and aggregate weights were derived using a constraint matrix. These weights were linearly interpolated to determine impact levels, which were subsequently combined with probability estimates to compute the RS for each criterion. The results revealed that coastal erosion and landslides represent the most critical risk (RS = 11.45), followed by flooding in low-lying areas (RS = 8.99), while economic and livelihood losses in coastal communities and the occurrence of strong storms and extreme weather events were ranked equally (RS = 5.00). These risks are both highly probable and capable of producing extensive ecological, infrastructural, and socioeconomic disruptions. The methodological framework offers a robust basis for adaptive policymaking, the prioritization of resource allocation, and the incorporation of climate risk management into coastal development planning. The findings underscore the necessity of proactive, evidence-based interventions to safeguard vulnerable coastal systems and communities against intensifying climate change impacts. 
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1 Introduction

Climate change is becoming one of the most serious environmental challenges on a global scale [1]. The impact of climate change is no longer a forecast but is clearly present in many areas, especially coastal areas, where population density is high, many sensitive ecosystems are concentrated, and a high level of dependence on natural resources exists [2]. Phenomena such as rising sea levels, increased frequency and intensity of storms, coastal erosion, flooding, and changes in the hydrological cycle have been negatively affecting infrastructure, water resources, and agricultural land of coastal communities [3, 4]. These risks are not only immediate but also create long-term, complex, chain-like, and unpredictable consequences. 

In Vietnam, a country with more than 3,260 km of coastline, coastal areas are identified as the most vulnerable to the impacts of climate change [5]. In particular, Quang Ngai Province, located along the central coastal strip, is faced with many specific risk factors: a coastline of nearly 130 km, terrain fragmented by a river system flowing into the sea, a dense population in coastal estuaries, along with an ecosystem of much mangrove and lagoon vegetation that plays an important role in ecological balance [6]. Similar to other coastal provinces in Vietnam, in recent years, Quang Ngai has been affected by coastal erosion, damage from storms and floods, as well as the decline of coastal natural resources [7]. This context poses an urgent need for the analysis and assessment of environmental risks
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associated with climate change in order to develop adaptive response solutions, orient sustainable development, and mitigate long-term damage. 

However, environmental risks arising in the context of climate change are often multifactorial in nature, with complex interactions between natural, economic, and social environmental components. Many current studies still approach these risks in a discrete or linear manner, while in reality a systematic and integrated approach is required to reflect the interdependent and spreading nature of risk factors. In that context, the ANP method is considered a suitable and effective tool. It is an extension of the hierarchical analysis method [8]. ANP allows the establishment of a network of criteria with interdependencies and two-way feedback, instead of the traditional linear hierarchical structure [9]. With ANP, the interactions between risk groups can be modeled more intuitively and accurately [10]. 

Furthermore, integrating ANP with the RS model allows for quantification of risk levels in a concrete manner, rather than just a qualitative assessment. This not only improves the feasibility of applying research results into practice but also provides strong support for decision-making, planning, and risk management processes by region or priority level. 

Therefore, this study applies ANP integrated with RS to analyze the main environmental risks caused by climate change in the coastal area of Quang Ngai Province, thereby ranking the relative severity of each risk factor and proposing policy implications for management, planning, and enhancing adaptation capacity to climate change. The urgency of the study comes not only from the high vulnerability level of the locality but also from the gap in empirical research related to the application of complex quantitative models such as ANP in environmental risk assessment in Vietnam. The application of modern analytical methods such as ANP combined with RS models to analyze and prioritize environmental risks in the coastal area of Quang Ngai is a research direction that contributes to narrowing the academic gap while meeting the practical needs of the locality. The research results are expected to contribute to providing a scientific and practical basis for developing integrated, adaptive, and effective climate change response strategies locally and in the central region in general. 

2 Literature Review

The flexibility, ability to integrate qualitative and quantitative data, and high reliability make ANP an increasingly popular tool in interdisciplinary risk studies. Many studies have applied ANP to solve risk problems in different fields. Nguyen et al. [11] applied ANP to assess the risk of road and bridge projects. Dharma et al. [12] analyzed risk management strategies in the tourism industry through the application of ANP. Cheng et al. [13] applied ANP

to assess risks in high-speed rail operations. Suciana et al. [14] applied ANP to analyze flood risks. In addition, Li et al. [15] analyzed risks related to mining activities in the coal and mineral industry. 

ANP is also often flexibly combined with many other methods to enhance the applicability and reliability of assessment. Combining ANP with complementary methods not only promotes the strengths of each tool but also creates an integrated analysis system, capable of simulating different risk scenarios and suitable for specific research contexts. Some studies have followed this direction. Khalilzadeh et al. [16] applied fuzzy Decision-Making Trial and Evaluation Laboratory (DEMATEL)-ANP to assess the risks of projects in the oil and gas industry. Thakkar [17]

applied the integrated DEMATEL and ANP methods to quantify supply chain risks in the oil sector. Qi et al. [18]

applied a combination of ANP and a risk matrix to assess possible fire and explosion risks in the laboratory. Yazdani et al. [19] conducted a risk assessment of cloud computing by using a combination of fuzzy-ANP and Failure Modes and Effects Analysis (FMEA) methods. In addition, Wang et al. [20] applied a combination of ANP and Back Propagation Neural Network (BPNN) methods in assessing electrical safety risks in fireworks manufacturing enterprises. 

Climate change is currently one of the most serious threats to the environment, economy, and society on a global scale. Impacts such as sea level rise, temperature change, and increased frequency and intensity of extreme weather events have been causing many complex consequences, especially in coastal areas—where there are sensitive ecosystems, high population density, and concentrated economic activities. Many studies in the world as well as in Vietnam have shown that coastal provinces are facing increasing levels of environmental risks, in which phenomena such as coastal erosion, saltwater intrusion, landslides, and unusual storms and floods not only threaten the safety of the community but also directly affect sustainable socio-economic development. 

Focusing on climate change or referring to the environmental risk aspect under the impact of climate change, many studies have built different scenarios on the impact of climate change. Nayak and Nandimandalam [21]

reviewed the impact of climate change and coastal salinity on the risk of heavy metal pollution in the environment along the coast of Odisha, India. The study results showed that seawater intrusion is responsible for increased metal solubility, mineral weathering, leaching, and enhanced ion exchange due to seawater. Tsatsaris et al. [22]

reviewed the environmental hazards in the context of climate change. The study suggested that catastrophic natural phenomena and hazards due to climate change on the environment, such as drought, soil erosion, degradation in quantity and quality of groundwater, frost, floods, sea level rise, etc., are increasing. The impacts of these phenomena are devastating to human life and the global economy. Tan et al. [23] examined the links between climate change 238
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vulnerability and poverty in coastal provinces of central Vietnam. The study identified a persistent cycle of poverty and livelihood vulnerability in coastal communities, with dependence on nature-based income as the root cause. 

Cheng et al. [24] considered the impact of climate change on the livestock industry. Halkos and Zisiadou [25]

analyzed the impact of climate change on the environment related to weather. Calculli et al. [26] considered the aspect of human perception of climate change and related environmental issues. Kabir et al. [27] analyzed the impact of climate change on the environment, referring to the important index of carbon dioxide concentration. 

In Vietnam, studies on climate change phenomena are mainly concentrated in the provinces of the Mekong Delta, the central region, and the northern coastal region, which shows the need to develop risk assessment models suitable for each locality. Gibb et al. [28] generalized analyses of climate change in Vietnam, especially in terms of infrastructure and transportation. Ho et al. [29] analyzed the factors affecting climate change on rice production in the Mekong Delta. Nguyen and Scrimgeour [30] proposed a general view of the impact of climate change on Vietnamese agriculture. Thai et al. [31] mentioned another aspect, which is to consider the impact of climate change on the financial performance of enterprises in Vietnam. In addition, Tuyen [32] mentioned the risks of sea-island tourism activities and emphasized one of the important risks related to climate change. 

Although there have been many domestic and foreign studies focusing on climate change, practice shows that there are still significant gaps in the approach and application of modern analytical methods. Quang Ngai Province, a coastal locality in central Vietnam, is often heavily affected by storms, floods, saltwater intrusion, and coastal erosion. 

In particular, there are very few studies in this locality applying advanced multi-criteria decision-making models such as ANP to model the interaction and feedback relationships between risk factors, while this is an important feature of the environmental risk system. At the same time, the integration of ANP with the RS model to quantify and visualize the level of risk on a geographic map has not been fully exploited in Quang Ngai. 

In this study, the ANP method helps to identify and quantify the interaction, dependence and feedback relationships between environmental risk factors. The RS index allows for a comprehensive assessment of the impact level of risks, thereby helping to make scientific risk prioritization decisions. The results of this study are an important basis for policy orientation to effectively adapt to climate change in the coastal area of Quang Ngai Province, Vietnam. 

3 Methodology

3.1 Research Process

To prioritize environmental risks due to climate change in the coastal area of Quang Ngai Province, Vietnam, the study integrated the ANP method and the RS index. Figure 1 illustrates the basic steps of the research process. 

Figure 1. Research framework

3.2 ANP

ANP is a multi-criteria decision-making technique developed from the Analytic Hierarchy Process (AHP) to solve complex problems with interactions and interdependencies between criteria, groups of criteria, or elements in the system [33]. Unlike AHP, which builds models according to a simple hierarchical structure, ANP uses a more complex network structure, allowing elements to not only impact in one direction from top to bottom but also to interact with each other in the same layer or between different layers [34, 35]. This helps ANP handle practical 239

problems that are non-linear, multi-dimensional, and characterized by complex interdependencies, which are difficult to solve effectively using traditional methods. 

In terms of characteristics, ANP represents the system structure as a network of clusters of factors, in which each cluster includes related factors and the links between these factors represent the level of mutual influence [36]. 

Thereby, ANP helps to assess more comprehensively and accurately the relative weights of factors, thereby supporting optimal decision-making in complex, uncertain, or interactive situations [37]. ANP not only helps to determine the level of priority and select optimal options but also contributes to a better understanding of the cause-effect relationship between influencing factors [38]. ANP helps managers and experts make more feasible and sustainable decisions in the long term. 

According to Taherdoost and Madanchian [39], the ANP implementation process is carried out through the basic steps below. First, the decision-making goal and related factors are determined, and the factors are grouped into appropriate clusters. Second, a network of factors are built, including establishing the influence relationships between factors within and between clusters. Third, pairwise comparisons between related factors in the network are performed to assess relative priority. Fourth, these assessments are synthesized to build a hyperlink matrix, which shows all the influence relationships between factors. Fifth, the hyperlink matrix is standardized and iterated to find stable weights, thereby determining the final priority of the factors in the network. Finally, based on these weights, the decision-maker can choose a solution or identify priority factors that need to be focused on. 

In the framework of this study, the ANP method was implemented below. First, an expert panel was established, including experts with experience in the environmental field, especially knowledgeable about climate change in Quang Ngai Province. To determine the environmental risk criteria due to climate change in coastal areas, an in-depth group discussion was organized with the participation of experts in the fields of environment, climatology, and coastal resource management in the locality. The discussion was designed in a semi-structured manner to facilitate the experts to exchange freely while sticking to the key research contents. Before the discussion, a preliminary document was sent, summarizing potential risk factors related to the impacts of climate change in the locality, thereby serving as a basis for the discussion. 

The discussion results not only help establish the initial criteria system for the study but also provide the necessary interdisciplinary perspectives to ensure objectivity and completeness in assessing the risk level using the ANP method. The list of environmental risk criteria due to climate change in the coastal area of Quang Ngai Province is shown in Table 1. 

Then an analytical network was built to clearly demonstrate the interactions between factors. Instead of assuming that the criteria are independent, as in traditional hierarchical models like AHP, the ANP method allows for the assessment of the mutual influences between criteria. Based on the constructed network, the quantitative assessment was performed by comparing pairs of interacting criteria. In this process, each pair of risk criteria was considered in parallel to determine the relative priority based on their importance in the overall influence network. The comparison was made using the importance scale presented in Table 2. 

After collecting sufficient data from experts, a comparison matrix was built for each pair of risk criteria with respect to their relative importance (Tables A in the Appendix) and for each pair of interrelationships between risk criteria (Table B1-Table B9 in the Appendix). From these results, a hyperlink matrix (W) was built, a typical structure of the ANP method, showing all the mutual influence relationships between factors in the network system. This matrix integrates the relative weights from the comparison pairs and reflects the level of interaction between criteria in each cluster as well as between different clusters. 

To ensure reliability and consistency in data processing and calculation, the Microsoft Excel software was used as a calculation support tool. The calculated value is only accepted when the Consistency Ratio (CR) ≤ 10%(0.1), with the Consistency Index (CI) and CR calculated by the following formula: CR = CI/RI, where RI is the random index (Table C in the Appendix), and CI = (λ max −n)/(n − 1); λ max is the eigenvalue of the matrix, with λ max = Pn

wi × Pn

aij. The matrix normalization operation was performed and repeated continuously i=1

j=1

to bring the hyperlink matrix to a convergent state, as shown in Eq. (1). This iterative process was performed until the hyperlink matrix converged, meaning that the weight values reach stability, thereby determining the final priority weight of each risk criterion in the overall system. 

lim (W )k

(1)

k→∞

The hyperlink matrix converged when the values in the matrix no longer changed significantly, indicating that it reaches a steady state, which is also called the limit matrix. Then limk→∞(W )k = Wlimit or W k = W k+1, where Wlimit is the limit matrix, and k is the number of repetitions, also known as the exponent. These stable weights are important outputs of the ANP model, which represent the final priority of each criterion in the entire network, helping to reflect the overall impact of each criterion in the context of complex and multidimensional interactions such as in the environmental risk issue due to climate change in the coastal area of Quang Ngai Province. 
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Table 1. Environmental risks due to climate change in coastal areas of Quang Ngai Province Risk Criteria

Source

Explanation

Rising temperatures and sea

Coastal ecosystem

levels and pollution are

degradation and

Santojanni et al. [40]

destroying ecosystems such as

biodiversity (C1)

mangroves, tidal flats, and coral reefs, 

which are home to many aquatic species. 

It is the phenomenon of soil, 

sand, and materials on the

Coastal erosion

coast being washed out to sea by waves, 

and landslides

Pang et al. [41]

strong winds, and currents, 

(C2)

narrowing the coastline and

losing natural land. 

Climate change is making storms

Increased storms

more frequent and stronger

and extreme

Clarke et al. [42]

and less predictable and

weather events (C3)

increasing extreme weather events such as

heavy rain, wind gusts, flash floods, and tornadoes. 

Due to rising sea levels and

Saltwater intrusion

reduced river flows, saltwater from the sea

and freshwater

Tarolli et al. [43]

penetrates deep into the mainland, 

resource depletion (C4)

polluting surface and groundwater resources. 

Economic sectors that depend on

Economic loss

the sea, such as fisheries, aquaculture, marine tourism, 

and livelihood

Saha et al. [44]

and seaports, are severely affected by

of coastal communities (C5)

natural disasters, climate change, 

and environmental degradation. 

Construction works such as seawalls, 

Weakening of coastal

dykes, roads, houses, and schools

infrastructure and

Ridha et al. [45]

in coastal areas are corroded and

urbanization (C6)

damaged faster due to the impact of

salt, strong winds, and floods. 

Extreme rainfall increases the frequency

and intensity of flooding in low-lying riverine

Flooding of low-lying

and coastal areas. Unplanned

Hsiao et al. [46]

areas (C7)

urbanization and loss of

mangrove forests also

contribute to the situation. 

The intrusion of salt water

Phenomenon of

and the oxidation of

acidification and

minerals in the soil create

salinization of

Mazhar et al. [47]

alum and salinity, causing severe soil

coastal agricultural

degradation and making it

land (C8)

unsuitable for cultivation. 

Sea level rise due to

Sea level rise (C9)

Griggs and Reguero [48]

melting ice and thermal

expansion of seawater. 

Table 2. RI index [49]

n

1

2

3

4

5

6

7

8

9

10

RI

0

0

0.58

0.9

1.12

1.24

1.32

1.41

1.45

1.49

3.3 RS Index

The RS is calculated based on the combination of the impact level and the frequency of occurrence of a risk to comprehensively and scientifically assess the severity of that risk to the system or research area. Basically, this is a 241

quantitative method to prioritize risks based on two important factors: the impact level when the risk occurs and the possibility of that risk occurring in reality. 

Impact level represents the intensity or extent of the impact of a risk when it occurs. Frequency reflects the likelihood or probability of a particular risk occurring over a given period of time. This frequency helps assess the frequency and continuity of risk events, thereby providing an overview of the prevalence of the risk. For each risk, the frequency scores from the twelve experts were averaged. To simplify the results and facilitate classification, this average was then rounded up to the nearest positive integer. This rounding method ensures that no risk is underestimated due to the influence of the average and provides a single representative index for each risk, which serves as the basis for the next calculation step. 

The RS index was calculated using a simple formula like Eq. (2). 

Risk Score (RS) = Impact × frequency of occurrence

(2)

Multiplying these two factors helps to synthesize the overall impact of the risk in an intuitive and easy-to-understand way. The higher the RS, the more it shows that the risk not only has a large impact but also occurs frequently, thereby being prioritized for early intervention and prevention. The impact and frequency scales are presented in Table 3 and Table 4, respectively. 

Table 3. Scale of impact level of risks

Level

Definition of Impact Level

Description

5

Very serious

Very serious impact

4

Serious

Serious impact

3

Medium

Medium impact

2

Mild

Limited impact

1

Very mild

Very low impact

Table 4. Scale of likelihood of risks

Level

Definition of Occurrence Frequency

Description

Very common

5

Very high

occurrence

4

High

Frequently occurs

3

Medium

Occurs occasionally

2

Small

Rarely happens

1

Very small

Very rare

In this study, after determining the final weights of the risk criteria through the ANP method, these weights were converted into impact levels using linear interpolation techniques. This transformation aims to align the weights to the same scale as the frequencies, thereby facilitating the integration of quantitative data. Then the impact value of each criterion was multiplied by the corresponding frequency of occurrence, which was collected through an expert opinion survey. The result of this multiplication created a relative risk index for each criterion, reflecting the overall severity based on both the probability and the consequences of the impact. Based on these RS values, the priority levels were ranked among the criteria, thereby proposing environmental risks that need to be prioritized for management or intervention in the context of climate change impacts on the coastal area of Quang Ngai Province. 

4 Discussion

4.1 Expert Characteristics

In this study, twelve highly qualified and experienced experts in the fields of environment, natural resources, disaster risk management, and climate change adaptation were consulted. The experts were deliberately selected to ensure convergence between a solid academic background and a deep understanding of local practices, especially in the central coastal region of Vietnam. Most of the experts currently hold key roles in state management agencies and technical consulting organizations related to environment and climate change. All have a master’s degree or higher, with an average working time of over ten years. Notably, many experts are deeply interested in climate change issues and truly understand the actual climate change context of Quang Ngai. 
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4.2 Overall Weighting of Risk Criteria

After comparing the relative priorities of risk criteria in the context of coastal environmental risks in Quang Ngai, the mutual relationships of each pair of these criteria were compared. The hyperlink matrix W was established, as shown in Table 5. This matrix fully reflects the dependency structure and feedback relationship between the criteria, playing a key role in calculating the global weight of the risk criteria. 

Table 5. Hyperlink matrix W

Goal

C1

C2

C3

C4

C5

C6

C7

C8

C9

Goal

0

0

0

0

0

0

0

0

0

0

C1

0.0702

0

0.3022

0.0637

0.0684

0.1864

0.0634

0.3100

0.1795

0.0786

C2

0.2990

0.1397

0

0.1838

0.0386

0.0646

0.1075

0.1069

0.1013

0.0786

C3

0.1998

0.0467

0.1021

0

0.0386

0.0366

0.0347

0.0334

0.0345

0.0435

C4

0.1052

0.2427

0.0606

0.0637

0

0.0646

0.0634

0.0887

0.3093

0.0435

C5

0.0566

0.2427

0.1810

0.3111

0.1926

0

0.1834

0.1824

0.1795

0.3582

C6

0.0362

0.0798

0.1810

0.1838

0.1926

0.3154

0

0.1824

0.1013

0.2217

C7

0.1864

0.1397

0.1021

0.1214

0.1114

0.1093

0.1834

0

0.0601

0.1326

C8

0.0274

0.0798

0.0355

0.0362

0.3190

0.0366

0.0347

0.0629

0

0.0435

C9

0.0192

0.0287

0.0355

0.0362

0.0386

0.1864

0.3294

0.0334

0.0345

0

The hyperlink matrix W was repeatedly multiplied until it converged. Specifically, through the process of multiplying the matrix W 15 times in a row, a new matrix (Wlimit ) was created, which is called the hyperlink matrix limit. This matrix represents the stable weights of the criteria, reflecting the relative importance of each coastal environmental risk factor under climate change conditions in Quang Ngai. The results are presented in Table 6. 

Table 6. Limited hyperlink matrix Wlimit

0

0

0

0

0

0

0

0

0

0

C1

0.1362

0.1362

0.1362

0.1362

0.1362

0.1362

0.1362

0.1362

0.1362

0.1362

C2

0.0874

0.0874

0.0874

0.0874

0.0874

0.0874

0.0874

0.0874

0.0874

0.0874

C3

0.0423

0.0423

0.0423

0.0423

0.0423

0.0423

0.0423

0.0423

0.0423

0.0423

C4

0.0997

0.0997

0.0997

0.0997

0.0997

0.0997

0.0997

0.0997

0.0997

0.0997

C5

0.1823

0.1823

0.1823

0.1823

0.1823

0.1823

0.1823

0.1823

0.1823

0.1823

C6

0.1624

0.1624

0.1624

0.1624

0.1624

0.1624

0.1624

0.1624

0.1624

0.1624

C7

0.1123

0.1123

0.1123

0.1123

0.1123

0.1123

0.1123

0.1123

0.1123

0.1123

C8

0.0713

0.0713

0.0713

0.0713

0.0713

0.0713

0.0713

0.0713

0.0713

0.0713

C9

0.1061

0.1061

0.1061

0.1061

0.1061

0.1061

0.1061

0.1061

0.1061

0.1061

From Wlimit , the weights of coastal environmental risk criteria under climate change in Quang Ngai were obtained, as shown in Table 7. 

Table 7. Overall weighting of coastal environmental risk criteria due to climate change in Quang Ngai Risk Criteria

Symbol

Overall Weight

Coastal ecosystem degradation and biodiversity

C1

0.1362

Coastal erosion and landslides

C2

0.0874

Increased storms and extreme weather events

C3

0.0423

Saltwater intrusion and freshwater resource depletion

C4

0.0997

Economic loss and livelihood of coastal communities

C5

0.1823

Weakening of coastal infrastructure and urbanization

C6

0.1624

Flooding of low-lying areas

C7

0.1123

Phenomenon of acidification and salinization of coastal agricultural land C8

0.0713

Sea level rise

C9

0.1061

4.3 RS Results and Priority Ranking of Risk Criteria

After obtaining the aggregate weights of the risk criteria from the hyperlinked matrix, this result was further normalized into the corresponding impact levels through linear interpolation. The interpolation process helped to 243

convert the relative weights into a quantitative scale reflecting the specific impact level of each criterion in the practical context. On that basis, the impact level of each criterion was multiplied by the corresponding probability of occurrence to calculate the RS. The detailed results of the RS for each criterion and their priority ranking are presented in Table 8. 

Table 8. RS and prioritization of risk criteria

Impact

Frequency of Occurrence

RS

Rank

Coastal ecosystem

degradation and

3.68

1

3.68

5

biodiversity

Coastal erosion

2.29

5

11.45

1

and landslides

Increased storms

and extreme

1.00

5

5.00

3

weather events

Saltwater intrusion

and freshwater

2.64

1

2.64

8

resource depletion

Economic loss

and livelihood

5.00

1

5.00

3

of coastal communities

Weakening of

coastal infrastructure

4.43

1

4.43

4

and urbanization

Flooding of

2.99

3

8.99

2

low-lying areas

Phenomenon of acidification

and salinization

1.83

2

3.66

6

of coastal

agricultural land

Sea level rise

2.82

1

2.83

7

The results of the analysis of coastal environmental risks in Quang Ngai through the integrated ANP method with RS are shown in Table 8, showing a significant differentiation between risk groups in terms of both impact level and probability of occurrence. This difference reflects not only the specific nature of each type of risk but also clearly shows the local context, which is affected by multidimensional impacts from climate change. Four environmental risks were identified with the highest priority for the Quang Ngai coastal area in the context of climate change, including erosion and landslides of the coastline, flooding of low-lying areas, economic and livelihood losses of coastal communities, and increased strong storms and extreme weather events. Most notably, the risk of coastal erosion and landslides is ranked as the highest priority with an RS of 11.45. Although the impact level is only average (2.29), but the probability of occurrence is at the maximum level (5). This reflects the common and increasing trend of landslides in many coastal areas of Quang Ngai, especially in river mouths and areas strongly affected by waves and the northeast monsoon. With increasingly frequent occurrence, this type of risk directly threatens coastal land, infrastructure, and disaster prevention works. Agreeing with this view, Pang et al. [41] also said that coastal erosion is a normal natural process; however, the rate of coastal erosion is currently increasing globally due to the impacts of climate change. 

Low-lying flood risk is ranked second with an RS of 8.99, which is a typical risk in low-lying coastal areas of Quang Ngai. Those low-lying coastal areas are often flooded because this is the end point of many large rivers in the province. When heavy rains last for a long time, the amount of water flowing from upstream is concentrated in the delta and river mouth, causing water to not drain out to the sea in time, thereby leading to serious flooding. 

Flooding not only affects agricultural production but also threatens the lives and health of the community and reduces the resilience of the locality. Hsiao et al. [46] also highlighted that in the context of negative developments of climate change, flooding is a phenomenon that has caused serious disasters in coastal areas around the world. 

The two risks ranked third are economic loss and livelihood of coastal communities and increased strong storms and extreme weather events, with the same RS of 5.00. Although different in nature, i.e., one represents socio-economic consequences, while the other reflects severe natural phenomena, both have direct and indirect impacts on the coping capacity of coastal communities. This is especially important in the context of Quang Ngai with a high coastal population density and relying heavily on coastal fisheries and agriculture, which are vulnerable to climate change. 
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The livelihoods of coastal communities are being significantly affected by the complex developments of climate change; this issue mainly arises from the heavy dependence on natural resources that are sensitive to the impacts of climate change [44]. High-impact storms have become more common and stronger in the context of climate change [50]. 

The risk of weakening coastal infrastructure and urban areas is ranked fourth (RS = 4.43), indicating significant concerns about the resilience of technical infrastructure and urban areas to increasingly extreme natural disasters. 

Along with that, the risk of degradation of coastal ecosystems and biodiversity is ranked fifth, with an RS of 3.68, although it was assessed lower than other risks. However, this is still a necessary warning, especially for mangrove, coral, and seagrass ecosystems that have been severely degraded in recent years due to human and climate pressures. 

The remaining risks, such as acidification and salinization of coastal agricultural land, sea level rise, saltwater intrusion, and loss of freshwater resources, have lower RS values, reflecting that the probability or level of impact is not too serious at present. However, this does not mean that it can be taken lightly, because these risks tend to increase in the medium and long terms under the impact of rising sea levels and changing rainfall patterns. In particular, saline intrusion and freshwater loss, although currently assessed at a low level (RS = 2.64, ranked 8), are potential long-term risks that can affect water security and agricultural production in the future. 

5 Conclusions, Recommendations, and Limitations

5.1 Conclusions

The study applied ANP integrated with RS to analyze and determine the priority level of coastal environmental risks due to climate change in Quang Ngai Province, Vietnam. By combining the overall impact weight of each criterion with the probability of occurrence, the study quantified the risks in a more comprehensive and objective way than traditional unidimensional approaches. The analysis results showed that the four risks ranked at the highest priority level include coastal erosion and landslides, flooding in low-lying areas, economic and livelihood losses of coastal communities, ranked at the same level as strong storms and extreme weather. These are risks with high frequency and widespread impact, clearly demonstrating the urgency and necessity to be prioritized in climate change management and adaptation strategies at the provincial and regional levels. 

The study not only provides a scientific basis for prioritizing actions but also contributes to risk assessment methodologies by integrating quantitative factors with expert analysis, thereby creating an assessment model that is flexible, highly scalable, and suitable for the context of coastal areas strongly affected by climate change. In the context of limited resources, correctly identifying priority risks is an important step to improve investment efficiency while creating a premise for building more targeted, feasible, and sustainable adaptation solutions in the future. 

5.2 Recommendations

Based on the results of the analysis and ranking of priority levels of coastal environmental risks due to climate change, a number of policy orientations and solutions are commended to enhance adaptive capacity, minimize damage, and improve sustainability in the development of the Quang Ngai coastal area. 

1. Control and response to coastal erosion and landslide risks should be prioritized. This is the risk with the highest RS, with a very high probability of occurrence. Therefore, it is necessary to urgently invest in structural and non-structural solutions such as coastal reinforcement, mangrove restoration in estuary areas, applying early warning models, and monitoring shoreline changes using remote sensing technology. 

2. Capacity to prevent and adapt to floods in low-lying areas should be strengthened. As the second risk, floods directly affect people’s livelihoods and safety. It is necessary to review and adjust drainage planning, upgrade the dike system, and integrate ecological solutions such as developing natural flood storage areas in the downstream of major rivers. 

3. Extreme climate factors should be integrated into livelihood development and social security plans. With two risks ranked third, economic and community livelihood losses and strong storms/extreme weather, it is necessary to develop sustainable livelihood strategies, appropriate job transitions, and enhanced community resilience through training, risk communication, and micro-insurance system development. 

4. Targeted investment in resilient coastal infrastructure should be focused on. The risk of weakening coastal infrastructure and urban areas is ranked fourth, reflecting the need to improve design standards for coastal works, especially civil works and essential infrastructure such as transportation, electricity, water supply, and drainage. 

5. Coastal ecosystems should be protected and restored. Although the risk of ecosystem and biodiversity degradation is not too high, this is a long-term risk that can lead to widespread consequences in the future. There should be a strict policy to protect mangroves, seagrass, and coral areas and control unsustainable exploitation activities of coastal resources. 

245

5.3 Limitations

Although the study applied the ANP method combined with the RS model to systematically and comprehensively analyze coastal environmental risks due to climate change in Quang Ngai, there are still some limitations. Firstly, the number of experts is twelve, which may affect the coverage of the assessment, especially when interdisciplinary areas of expertise require broader participation from stakeholders such as local communities, businesses, and non-governmental organizations. In future studies, it is necessary to expand the spatial scope to compare between different coastal provinces or apply the model according to smaller administrative units to support decision-making at the grassroots level. In addition, integrating quantitative data from climate simulation models, remote sensing, and geographic information systems (GIS) into the ANP analysis structure will help improve accuracy and real-time updating capabilities. The combination of qualitative analysis and big data is also a potential approach to improve the efficiency and objectivity of coastal environmental risk assessments in the context of increasingly complex climate change. 

Data Availability

The data used to support the findings of this study are available from the corresponding author upon request. 

Conflicts of Interest

The authors declare that they have no conflicts of interest. 

References

[1] K. Abbass, M. Z. Qasim, H. Song, M. Murshed, H. Mahmood, and I. Younis, “A review of the global climate change impacts, adaptation, and sustainable mitigation measures,”  Environ. Sci. Pollut. Res. , vol. 29, no. 28, pp. 42 539–42 559, 2022. https://doi.org/10.1007/s11356-022-19718-6

[2] S. Lincoln, P. Buckley, L. Ella Howes, M. Katherine Maltby, and et al., “A regional review of marine and coastal impacts of climate change on the ROPME sea area,”  Sustainability, vol. 13, no. 24, p. 13810, 2021. 

https://doi.org/10.3390/su132413810

[3] Q. Zhao, A. Pepe, A. Devlin, S. Zhang, and et al., “Impact of sea-level-rise and human activities in coastal regions: An overview,”  J. Geod. Geoinf. Sci. , vol. 4, no. 1, pp. 124–143, 2021. https://doi.org/10.11947/j.JGG

S.2021.0115

[4] P. Roy, S. C. Pal, R. Chakrabortty, I. Chowdhuri, A. Saha, and M. Shit, “Effects of climate change and sea-level rise on coastal habitat: Vulnerability assessment, adaptation strategies and policy recommendations,”  J. 

 Environ. Manage. , vol. 330, p. 117187, 2023. https://doi.org/10.1016/j.jenvman.2022.117187

[5] T. Phuong Huynh, D. Ngoan Le, T. H. Sen Le, and X. Hong Nguyen, “Vulnerability of fishery-based livelihoods to climate change in coastal communities in central Vietnam,”  Coast. Manag. , vol. 49, no. 3, pp. 275–292, 2021. https://doi.org/10.1080/08920753.2021.1899927

[6] B. K. Veettil, X. Tran, and M. S. Lopes, “Mangrove vegetation changes and shoreline erosion along the central coastline of Vietnam: A study from Quang Ngai province,”  Environ. Dev. , vol. 52, p. 101065, 2024. 

https://doi.org/10.1016/j.envdev.2024.101065

[7] T. D. Tran and T. Van Nguyen, “Climate change adaptation in Vietnam,” in  Climate Change Adaptation in Southeast Asia. 

Springer Singapore, 2021, pp. 217–233. https://doi.org/10.1007/978-981-16-6088-7 11

[8] L. Thomas Saaty, “Decision making — The Analytic Hierarchy and Network Processes (AHP/ANP),”  J. Syst. 

 Sci. Syst. Eng. , vol. 13, no. 1, pp. 1–35, 2004. https://doi.org/10.1007/s11518-006-0151-5

[9] A. Sánchez-Garrido, I. Navarro, J. Garc´ıa, and V. Yepes, “An adaptive ANP and ELECTRE IS-based MCDM

model using quantitative variables,”  Mathematics, vol. 10, no. 12, p. 2009, 2022. https://doi.org/10.3390/math

10122009

[10] P. Chemweno, L. Pintelon, A. Van Horenbeek, and P. Muchiri, “Development of a risk assessment selection methodology for asset maintenance decision making: An analytic network process (ANP) approach,”  Int. J. 

 Prod. Econ. , vol. 170, pp. 663–676, 2015. https://doi.org/10.1016/j.ijpe.2015.03.017

[11] M. D. Nguyen, P. Q. Tran, and H. B. Nguyen, “An application of analytic network process (ANP) to assess critical risks of bridge projects in the Mekong Delta region,”  Eng. Technol. Appl. Sci. Res. , vol. 13, no. 3, pp. 

10 622–10 629, 2023. https://doi.org/10.48084/etasr.5802

[12] Y. Dharma, N. Faliza, H. Fakhrial, and R. Malinda, “Risk management strategies in the tourism industry: Developing an ANP model for risk reduction and resilience enhancement amid crises,”  J. Ecohuman. , vol. 3, no. 8, pp. 2667–2673, 2024. https://doi.org/10.62754/joe.v3i8.4916

[13] L. Cheng, Y. Wang, and Y. Peng, “Research on risk assessment of high-speed railway operation based on network ANP,”  Smart Resil. Transp. , vol. 3, no. 1, pp. 37–51, 2021. https://doi.org/10.1108/srt-10-2020-0024

246

[14] A. T. Suciana, E. Suhartanto, and S. Wahyuni, “Analysis of flood risk areas by weighting the analytic network process (ANP) method,”  J. Tek. Pengairan, vol. 15, no. 2, pp. 112–123, 2024. https://doi.org/10.21776/ub.pe

ngairan.2024.015.02.2

[15] Y. Li, J. Bai, W. Yan, X. Wang, and et al., “Risk early warning evaluation of coal mine water inrush based on complex network and its application,”  Adv. Civ. Eng. , vol. 2021, no. 1, p. 9980948, 2021. https://doi.org/10.1

155/2021/9980948

[16] M. Khalilzadeh, H. Shakeri, and S. Zohrehvandi, “Risk identification and assessment with the fuzzy DEMATEL-ANP method in oil and gas projects under uncertainty,”  Procedia Comput. Sci. , vol. 181, pp. 

277–284, 2021. https://doi.org/10.1016/j.procs.2021.01.147

[17] J. J. Thakkar, “An integrated dematel-anp (danp) mcdm approach for quantifying the supply chain risk: A case of indian petroleum supply chain,” in  Multi-Criteria Decision Making. 

Springer Singapore, 2021, pp. 

349–365. http://dx.doi.org/10.1007/978-981-33-4745-8 21

[18] C. Qi, Q. Zou, Y. Cao, and M. Ma, “Hazardous chemical laboratory fire risk assessment based on ANP and 3d Risk matrix,”  Fire, vol. 7, no. 8, p. 287, 2024. https://doi.org/10.3390/fire7080287

[19] A. A. Yazdani, A. Keramati, O. Turetken, and Y. Palanichamy, “Evaluation of cloud computing risks using an integrated fuzzy-ANP and FMEA approaches,”  Int. J. Appl. Decis. Sci. , vol. 16, no. 2, pp. 131–164, 2023. 

https://doi.org/10.1504/ijads.2023.129477

[20] F. Wang, X. Wang, D. Liu, and H. Liu, “Comprehensive safety risk evaluation of fireworks production enterprises using the frequency-based ANP and BPNN,”  Heliyon, vol. 9, no. 11, 2023. https://doi.org/10.1016/

j.heliyon.2023.e21724

[21] S. K. Nayak and J. R. Nandimandalam, “Impacts of climate change and coastal salinization on the environmental risk of heavy metal contamination along the odisha coast, India.”  Environ. Res. , vol. 238, p. 117175, 2023. 

https://doi.org/10.1016/j.envres.2023.117175

[22] A. Tsatsaris, K. Kalogeropoulos, N. Stathopoulos, P. Louka, and et al., “Geoinformation technologies in support of environmental hazards monitoring under climate change: An extensive review,”  ISPRS Int. J. 

 Geo-Inf. , vol. 10, no. 2, p. 94, 2021. https://doi.org/10.3390/ijgi10020094

[23] N. Q. Tan, N. C. Dinh, N. H. K. Linh, P. X. Hung, N. D. Kien, T. T. Phuong, and B. D. Tinh, “Climate change vulnerability and poverty nexus: Evidence from coastal communities in central Vietnam,”  J. Agric. Environ. 

 Int. Dev. , vol. 117, no. 1, pp. 61–84, 2023. https://doi.org/10.36253/jaeid-13966

[24] M. Cheng, B. McCarl, and C. Fei, “Climate change and livestock production: A literature review,”  Atmosphere, vol. 13, no. 1, p. 140, 2022. https://doi.org/10.3390/atmos13010140

[25] G. Halkos and A. Zisiadou, “The effects of climate change to weather-related environmental hazards: in-terlinkages of economic factors and climate risk,”  J. Risk Financ. Manag. , vol. 16, no. 5, p. 264, 2023. 

https://doi.org/10.3390/jrfm16050264

[26] C. Calculli, A. M. D’Uggento, A. Labarile, and N. Ribecco, “Evaluating people’s awareness about climate changes and environmental issues: A case study,”  J. Clean. Prod. , vol. 324, p. 129244, 2021. https://doi.org/

10.1016/j.jclepro.2021.129244

[27] M. Kabir, U. E. Habiba, W. Khan, A. Shah, and et al., “Climate change due to increasing concentration of carbon dioxide and its impacts on environment in 21st century; a mini review,”  J. King Saud Univ. Sci. , vol. 35, no. 5, p. 102693, 2023. https://doi.org/10.1016/j.jksus.2023.102693

[28] R. Gibb, J. Felipe Colón-González, P. T. Lan, and e. a. P. T. Huong, “Interactions between climate change, urban infrastructure and mobility are driving dengue emergence in Vietnam,”  Nat. Commun. , vol. 14, no. 1, p. 

8179, 2023. https://doi.org/10.1038/s41467-023-43954-0

[29] D. Tien Ho, K. John Kuwornu, and W. Takuji Tsusaka, “Factors influencing smallholder rice farmers’ vulnerability to climate change and variability in the Mekong Delta Region of Vietnam,”  Eur. J. Dev. Res. , vol. 34, no. 1, pp. 272–302, 2021. https://doi.org/10.1057/s41287-021-00371-7

[30] C. T. Nguyen and F. Scrimgeour, “Measuring the impact of climate change on agriculture in Vietnam: A panel Ricardian analysis,”  Agric. Econ. , vol. 53, no. 1, pp. 37–51, 2021. https://doi.org/10.1111/agec.12677

[31] H. M. Thai, G. Nguyen Thuc Huong, T. T. Nguyen, H. T. Pham, H. T. K. Nguyen, and T. H. Vu, “Impacts of climate change risks on financial performance of listed firms in agriculture industries in Vietnam,”  J. Agribus. 

 Dev. Emerg. Econ. , vol. 14, no. 5, pp. 937–957, 2023. https://doi.org/10.1108/jadee-07-2022-0137

[32] V. V. Tuyen, “Prioritization of risk factors in sea-island tourism: A study in Quang Ngai Province, Vietnam,” 

 Tour. Spectr. Div. Dyn. , vol. 1, no. 3, pp. 141–151, 2024. https://doi.org/10.56578/tsdd010302

[33] A. U. Khan and Y. Ali, “Analytical hierarchy process (AHP) and analytic network process methods and their applications: a twenty year review from 2000-2019: AHP and ANP techniques and their applications: Twenty years review from 2000 to 2019,”  Int. J. Anal. Hierarchy Process. , vol. 12, no. 3, pp. 369–459, 2020. 

https://doi.org/10.13033/ijahp.v12i3.822

247

[34] M. Sharon Ordoobadi, “Application of ANP methodology in evaluation of advanced technologies,”  J. Manuf. 

 Technol. Manag. , vol. 23, no. 2, pp. 229–252, 2012. https://doi.org/10.1108/17410381211202214

[35] L. Thomas Saaty, “Making and validating complex decisions with the AHP/ANP,”  J. Syst. Sci. Syst. Eng. , vol. 14, no. 1, pp. 1–36, 2005. https://doi.org/10.1007/s11518-006-0179-6

[36] X. Yang, Q. Xing, K. Tian, C. Liu, and J. Yang, “Using the ISM-ANP-SD combination model to explore the mechanism and intervention strategies of influencing factors of coal mine safety system,”  Front. Public Health, vol. 10, 2022. https://doi.org/10.3389/fpubh.2022.1053298

[37] C. Chen, “A hybrid multi-criteria decision-making approach based on ANP-entropy TOPSIS for building materials supplier selection,”  Entropy, vol. 23, no. 12, p. 1597, 2021. https://doi.org/10.3390/e23121597

[38] S. Rostamzadeh, A. Abouhossein, M. H. Chalak, S. Vosoughi, and R. Norouzi, “An integrated DEMATEL–ANP

approach for identification and prioritization of factors affecting fall from height accidents in the construction industry,”  Int. J. Occup. Saf. Ergon. , vol. 29, no. 2, pp. 474–483, 2022. https://doi.org/10.1080/10803548.202

2.2052479

[39] H. Taherdoost and M. Madanchian, “Analytic Network Process (ANP) method: A comprehensive review of applications, advantages, and limitations,”  J. Data Sci. Intell. Syst. , vol. 1, no. 1, pp. 12–18, 2023. https:

//doi.org/10.47852/bonviewjdsis3202885

[40] F. B. Santojanni, H. Miner, H. Hain, and G. Sutton, “The impact of climate change on biodiversity in coastal ecosystems,”  J. Ilmu Pendidik. Humaniora, vol. 12, no. 3, pp. 167–182, 2023. https://doi.org/10.35335/jiph.v1

2i3.9

[41] T. Pang, X. Wang, R. A. Nawaz, G. Keefe, and T. Adekanmbi, “Coastal erosion and climate change: A review on coastal-change process and modeling,”  Ambio, vol. 52, no. 12, pp. 2034–2052, 2023. https://doi.org/10.100

7/s13280-023-01901-9

[42] B. Clarke, F. Otto, R. Stuart-Smith, and L. Harrington, “Extreme weather impacts of climate change: An attribution perspective,”  Environ. Res. Climate, vol. 1, no. 1, p. 012001, 2022. https://doi.org/10.1088/2752-5

295/ac6e7d

[43] P. Tarolli, J. Luo, E. Straffelini, Y. Liou, and et al., “Saltwater intrusion and climate change impact on coastal agriculture,”  Plos Water, vol. 2, no. 4, p. e0000121, 2023. https://doi.org/10.1371/journal.pwat.0000121

[44] M. K. Saha, A. A. A. Biswas, and M. Faisal, “Livelihood vulnerability of coastal communities in context of the climate change: A index-based assessment,”  World Dev. Sustain. , vol. 4, p. 100152, 2024. https:

//doi.org/10.1016/j.wds.2024.100152

[45] T. Ridha, D. Ashley Ross, and A. Mostafavi, “Climate change impacts on infrastructure: Flood risk perceptions and evaluations of water systems in coastal urban areas,”  Int. J. Disaster Risk Reduct. , vol. 73, p. 102883, 2022. 

https://doi.org/10.1016/j.ijdrr.2022.102883

[46] S. Hsiao, W. Chiang, J. Jang, H. Wu, W. Lu, W. Chen, and Y. Wu, “Flood risk influenced by the compound effect of storm surge and rainfall under climate change for low-lying coastal areas,”  Sci. Total Environ. , vol. 

764, p. 144439, 2021. https://doi.org/10.1016/j.scitotenv.2020.144439

[47] S. Mazhar, E. Pellegrini, M. Contin, C. Bravo, and M. De Nobili, “Impacts of salinization caused by sea level rise on the biological processes of coastal soils - A review,”  Front. Environ. Sci. , vol. 10, 2022. https:

//doi.org/10.3389/fenvs.2022.909415

[48] G. Griggs and G. Borja Reguero, “Coastal adaptation to climate change and sea-level rise,”  Water, vol. 13, no. 16, p. 2151, 2021. https://doi.org/10.3390/w13162151

[49] T. L. Saaty, “The analytic hierarchy process: Decision making in complex environments,” in  Quantitative Assessment in Arms Control: Mathematical Modeling and Simulation in the Analysis of Arms Control Problems. 

Boston, MA: Springer US, 1984, pp. 285–308. 

[50] M. Ginesta, P. Yiou, G. Messori, and D. Faranda, “A methodology for attributing severe extratropical cyclones to climate change based on reanalysis data: The case study of storm Alex 2020,”  Clim. Dyn. , vol. 61, no. 1, pp. 

229–253, 2022. https://doi.org/10.1007/s00382-022-06565-x

248

Appendix

Table A. Pairwise comparison matrix of risk criteria C1

C2

C3

C4

C5

C6

C7

C8

C9

Priority Vector

C1

1

1/4

1/4

1/2

1

2

1/5

4

6

0.0702

C2

4

1

3

4

6

6

2

8

8

0.2990

C3

4

1/3

1

2

4

6

2

6

9

0.1998

C4

2

1/4

1/2

1

2

4

1/2

4

6

0.1052

C5

1

1/6

1/4

1/2

1

2

1/4

2

4

0.0566

C6

1/2

1/6

1/6

1/4

1/2

1

1/6

2

2

0.0362

C7

5

1/2

1/2

2

4

6

1

7

8

0.1864

C8

1/4

1/8

1/6

1/4

1/2

1/2

1/7

1

2

0.0274

C9

1/6

1/8

1/9

1/6

1/4

1/2

1/8

1/2

1

0.0192

RI = 1.45; λ max = 9.5635; CI = 0.0704; and CR = 0.0485 < 0.1. 

Table B1. Pairwise comparison matrix of the interrelationships between risk criteria (C1) C1

C1

C2

C3

C4

C5

C6

C7

C8

C9

Priority Vector

C1

-

-

-

-

-

-

-

-

-

0

C2

-

1

3

1/2

1/2

2

1

2

5

0.1397

C3

-

1/3

1

1/5

1/5

1/2

1/3

1/2

2

0.0467

C4

-

2

5

1

1

3

2

3

7

0.2427

C5

-

2

5

1

1

3

2

3

7

0.2427

C6

-

1/2

2

1/3

1/3

1

1/2

1

3

0.0798

C7

-

1

3

1/2

1/2

2

1

2

5

0.1397

C8

-

1/2

2

1/3

1/3

1

1/2

1

3

0.0798

C9

-

1/5

1/2

1/7

1/7

1/3

1/5

1/3

1

0.0287

RI = 1.41; λ max = 8.0524; CI = 0.0075; and CR = 0.0053 < 0.1. 

Table B2. Pairwise comparison matrix of the interrelationships between risk criteria (C2) C2

C1

C2

C3

C4

C5

C6

C7

C8

C9

Priority Vector

C1

1

-

3

5

2

2

3

7

7

0.3022

C2

-

-

-

-

-

-

-

-

-

0

C3

1/3

-

1

2

1/2

1/2

1

3

3

0.1021

C4

1/5

-

1/2

1

1/3

1/3

1/2

2

2

0.0606

C5

1/2

-

2

3

1

1

2

5

5

0.1810

C6

1/2

-

2

3

1

1

2

5

5

0.1810

C7

1/3

-

1

2

1/2

1/2

1

3

3

0.1021

C8

1/7

-

1/3

1/2

1/5

1/5

1/3

1

1

0.0355

C9

1/7

-

1/3

1/2

1/5

1/5

1/3

1

1

0.0355

RI = 1.41; λ max = 8.0524; CI = 0.0074; and CR = 0.0053 < 0.1. 
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Table B3. Pairwise comparison matrix of the interrelationships between risk criteria (C3) C3

C1

C2

C3

C4

C5

C6

C7

C8

C9

Priority Vector

C1

1

1/3

-

1

1/5

1/3

1/2

2

2

0.0637

C2

3

1

-

3

1/2

1

2

5

5

0.1838

C3

-

-

-

-

-

-

-

-

-

0

C4

1

1/3

-

1

1/5

1/3

1/2

2

2

0.0637

C5

5

2

-

5

1

2

3

7

7

0.3111

C6

3

1

-

3

1/2

1

2

5

5

0.1838

C7

2

1/2

-

4

1/3

1/2

1

3

3

0.1214

C8

1/2

1/5

-

1/2

1/7

1/5

1/3

1

1

0.0362

C9

1/2

1/5

-

1/2

1/7

1/5

1/3

1

1

0.0362

RI = 1.41; λ max = 8.2081; CI = 0.029; and CR = 0.0210 < 0.1. 

Table B4. Pairwise comparison matrix of the interrelationships between risk criteria (C4) C4

C1

C2

C3

C4

C5

C6

C7

C8

C9

Priority Vector

C1

1

2

2

-

1/3

1/3

1/2

1/5

2

0.0684

C2

1/2

1

1

-

1/5

1/5

1/3

1/7

1

0.0386

C3

1/2

1

1

-

1/5

1/5

1/3

1/7

1

0.0386

C4

-

-

-

-

-

-

-

-

-

0

C5

3

5

5

-

1

1

2

1/2

5

0.1926

C6

3

5

5

-

1

1

2

1/2

5

0.1926

C7

2

3

3

-

1/2

1/2

1

1/3

3

0.1114

C8

5

7

7

-

2

2

3

1

7

0.3190

C9

1/2

1

1

-

1/5

1/5

1/3

1/7

1

0.0386

RI = 1.41; λ max = 8.0553; CI = 0.0078; and CR = 0.0056 < 0.1. 

Table B5. Pairwise comparison matrix of the interrelationships between risk criteria (C5) C5

C1

C2

C3

C4

C5

C6

C7

C8

C9

Priority Vector

C1

1

3

5

3

-

1/2

2

5

1

0.1864

C2

1/3

1

2

1

-

1/5

1/2

2

1/3

0.0646

C3

1/5

1/2

1

1/2

-

1/7

1/3

1

1/5

0.0366

C4

1/3

1

2

1

-

1/5

1/2

2

1/3

0.0646

C5

-

-

-

-

-

-

-

-

-

0

C6

2

5

7

5

-

1

3

7

2

0.3154

C7

1/2

2

3

2

-

1/3

1

3

1/2

0.1093

C8

1/5

1/2

1

1/2

-

1/7

1/3

1

1/5

0.0366

C9

1

3

5

3

-

1/2

2

5

1

0.1864

RI = 1.41; λ max = 8.0556; CI = 0.0079; and CR = 0.0056 < 0.1. 

Table B6. Pairwise comparison matrix of the interrelationships between risk criteria (C6) C6

C1

C2

C3

C4

C5

C6

C7

C8

C9

Priority Vector

C1

1

1/2

2

1

1/3

-

1/3

2

1/5

0.0634

C2

2

1

3

2

1/2

-

1/2

3

1/3

0.1075

C3

1/2

1/3

1

1/2

1/5

-

1/5

1

1/9

0.0347

C4

1

1/2

2

1

1/3

-

1/3

2

1/5

0.0634

C5

3

2

5

3

1

-

1

5

1/2

0.1834

C6

-

-

-

-

-

-

-

-

-

0

C7

3

2

5

3

1

-

1

5

1/2

0.1834

C8

1/2

1/3

1

1/2

1/5

-

1/5

1

1/9

0.0347

C9

5

3

9

5

2

-

2

9

1

0.3294

RI = 1.41; λ max = 8.0282; CI = 0.0040; and CR = 0.0028 < 0.1. 
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Table B7. Pairwise comparison matrix of the interrelationships between risk criteria (C7) C7

C1

C2

C3

C4

C5

C6

C7

C8

C9

Priority Vector

C1

1

3

7

5

2

2

-

5

7

0.3100

C2

1/3

1

3

2

1/2

1/2

-

2

3

0.1069

C3

1/7

1/3

1

1/5

1/5

1/5

-

1/2

1

0.0334

C4

1/5

1/2

5

1

1/3

1/3

-

1

5

0.0887

C5

1/2

2

5

3

1

1

-

3

5

0.1824

C6

1/2

2

5

3

1

1

-

3

5

0.1824

C7

-

-

-

-

-

-

-

-

-

0

C8

1/5

1/2

2

1

1/3

1/3

-

1

2

0.0629

C9

1/7

1/3

1

1/5

1/5

1/5

-

1/2

1

0.0334

RI = 1.41; λ max = 8.3074; CI = 0.0439; and CR = 0.0311 < 0.1. 

Table B8. Pairwise comparison matrix of the interrelationships between risk criteria (C8) C8

C1

C2

C3

C4

C5

C6

C7

C8

C9

Priority Vector

C1

1

2

5

1/2

1

2

3

-

5

0.1795

C2

1/2

1

3

1/3

1/2

1

2

-

3

0.1013

C3

1/5

1/3

1

1/8

1/5

1/3

1/2

-

1

0.0345

C4

2

3

8

1

2

3

5

-

8

0.3093

C5

1

2

5

1/2

1

2

3

-

5

0.1795

C6

1/2

1

3

1/3

1/2

1

2

-

3

0.1013

C7

1/3

1/2

2

1/5

1/3

1/2

1

-

2

0.0601

C8

-

-

-

-

-

-

-

-

-

0

C9

1/5

1/3

1

1/8

1/5

1/3

1/2

-

1

0.0345

RI = 1.41; λ max = 8.0365; CI = 0.0052; and CR = 0.0037 < 0.1. 

Table B9. Pairwise comparison matrix of the interrelationships between risk criteria (C9) C9

C1

C2

C3

C4

C5

C6

C7

C8

C9

Priorit y Vector

C1

1

1

2

2

1/5

1/3

1/2

2

-

0.0786

C2

1

1

2

2

1/5

1/3

1/2

2

-

0.0786

C3

1/2

1/2

1

1

1/7

1/5

1/3

1

-

0.0435

C4

1/2

1/2

1

1

1/7

1/5

1/3

1

-

0.0435

C5

5

5

7

7

1

2

3

7

-

0.3582

C6

3

3

5

5

1/2

1

2

5

-

0.2217

C7

2

2

3

3

1/3

1/2

1

3

-

0.1326

C8

1/2

1/2

1

1

1/7

1/5

1/3

1

-

0.0435

C9

-

-

-

-

-

-

-

-

-

0

RI = 1.41; λ max = 8.0607; CI = 0.0087; and CR = 0.0061 < 0.1. 

Table C. Importance comparison scale with AHP

Definition

Level of Importance

Description

Equal importance

1

Criteria i and j are equally important. 

Moderate importance

3

Criteria i is less important than Criteria j. 

Important

5

Criteria i is more important than Criteria j. 

Very important

7

Criteria i is very important than Criteria j. 

Extremely important

9

Criteria i is definitely more important than Criteria j. 

Intermediate value

2; 4; 6; 8
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Abstract: Coastal regions are increasingly threatened by climate change, which amplifies the frequency and severity
of extreme weather events and exacerbates environmental vulnerabilities. Quang Ngai Province in central Vietnam,
characterized by its complex terrain and high exposure, represents a critical case where climate-induced risks
require systematic evaluation and prioritization. In this study, coastal environmental risks were prioritized through
the integration of the Analytic Network Process (ANP) with the Risk Score (RS) index. A network structure of
risk criteria was developed, and expert knowledge from twelve specialists with substantial academic and practical
experience was elicited to perform pairwise comparisons. A hyperlink matrix was constructed, and aggregate weights
were derived using a constraint matrix. These weights were linearly interpolated to determine impact levels, which
were subsequently combined with probability estimates to compute the RS for each criterion. The results revealed
that coastal erosion and landslides represent the most critical risk (RS = 11.45), followed by flooding in low-lying
areas (RS = 8.99), while economic and livelihood losses in coastal communities and the occurrence of strong storms
and extreme weather events were ranked equally (RS = 5.00). These risks are both highly probable and capable
of producing extensive ecological, infrastructural, and socioeconomic disruptions. The methodological framework
offers a robust basis for adaptive policymaking, the prioritization of resource allocation, and the incorporation of
climate risk management into coastal development planning. The findings underscore the necessity of proactive,
evidence-based interventions to safeguard vulnerable coastal systems and communities against intensifying climate
change impacts.

Keywords: Analytic Network Process; Risk score; Risk management; Environmental risk; Climate change; Coastal
areas; Quang Ngai Province; Vietnam

1 Introduction

Climate change is becoming one of the most serious environmental challenges on a global scale [1]. The impact of
climate change is no longer a forecast but is clearly present in many areas, especially coastal areas, where population
density is high, many sensitive ecosystems are concentrated, and a high level of dependence on natural resources
exists [2]. Phenomena such as rising sea levels, increased frequency and intensity of storms, coastal erosion, flooding,
and changes in the hydrological cycle have been negatively affecting infrastructure, water resources, and agricultural
land of coastal communities [3, 4]. These risks are not only immediate but also create long-term, complex, chain-like,
and unpredictable consequences.

In Vietnam, a country with more than 3,260 km of coastline, coastal areas are identified as the most vulnerable
to the impacts of climate change [5]. In particular, Quang Ngai Province, located along the central coastal strip, is
faced with many specific risk factors: a coastline of nearly 130 km, terrain fragmented by a river system flowing into
the sea, a dense population in coastal estuaries, along with an ecosystem of much mangrove and lagoon vegetation
that plays an important role in ecological balance [6]. Similar to other coastal provinces in Vietnam, in recent years,
Quang Ngai has been affected by coastal erosion, damage from storms and floods, as well as the decline of coastal
natural resources [7]. This context poses an urgent need for the analysis and assessment of environmental risks
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