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ARTICLE INFO ABSTRACT

Keywords: Climate change alters the climate condition and ocean environment, leading to accelerated
Sea-level rise coastal erosion and a shift in the coastline shape. From previous studies, Southeast Asia’s coastal
Storm surge region is suffering from severe coastal erosion. It is most sensitive and vulnerable to climate
&Z?j:;n change, has broad and densely populated coastlines, and is under ecological pressure. Efforts to
Thailand systematically review these studies are still insufficient despite many studies on the climate
Malaysia change linked to coastal erosion, the correlation between coastal erosion and coastal commu-

nities, and the adaptative measures to address these issues and their effectiveness in Southeast
Asia. Therefore, by analyzing the existing literature, the purpose of this review was to bridge the
knowledge gap and identify the link between climate change and coastal erosion in Southeast
Asia in terms of sea-level rise, storm surge, and monsoon patterns. The RepOrting standards for
Systematic Evidence Syntheses (ROSES) guided the study protocol, including articles from the
Scopus and Dimension databases. There were five main themes considered: 1) climate change
impact, 2) contributing factors to coastal erosion, 3) coastal erosion impact on coastal commu-
nities, 4) adaptation measure and 5) effectiveness of adaptation measure using thematical anal-
ysis. Subsequently, nine sub-themes were produced from the themes. Generally, in Southeast
Asia, coastal erosion was reflected by the rising sea level. Throughout reviewing past literature,

* Corresponding author. Faculty of Science and Marine Environment, Universiti Malaysia Terengganu, 21030, Kuala Nerus, Terengganu,
Malaysia.
E-mail address: effihelmy@umt.edu.my (E.H. Ariffin).

https://doi.org/10.1016/j.heliyon.2024.e25609

Received 9 March 2023; Received in revised form 22 January 2024; Accepted 30 January 2024

Available online 8 February 2024

2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:effihelmy@umt.edu.my
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e25609
https://doi.org/10.1016/j.heliyon.2024.e25609
https://doi.org/10.1016/j.heliyon.2024.e25609
http://creativecommons.org/licenses/by-nc-nd/4.0/

W.S. Dong et al. Heliyon 10 (2024) e25609

an interesting result was explored. Storm surges also had the potential to affect coastal erosion
due to alterations of the atmospheric system and seasonal monsoon as the result of climate
change. Meanwhile, an assessment of current erosion control strategies in relation to the relative
hydrodynamic trend was required to avoid the failure of defence structures and the resulting
danger to coastal communities. Systematically reviewing the existing literature was critical,
hence it could significantly contribute to the body of knowledge. It provides valuable information
for interested parties, such as authorities, the public, researchers, and environmentalists, while
comprehending existing adaptation practices. This kind of review could strategize adaptation and
natural resource management in line with coastal communities’ needs, abilities, and capabilities
in response to environmental and other change forms.

1. Introduction

Since the mid-20th-century, climate change has been a threat to the global environment. As it threatens every part of the planet,
developing countries will hit the worst, the fastest, and the least ability to adapt. Southeast Asia is known as one of the most sensitive
and vulnerable to the effects of climate change than other regions of the world due to its expansive and densely populated coasts and
ecological strain [1]. It has tropical monsoon climates, dry and wet monsoon climates, and tropical rainforest climates with high
temperatures and ample rainfall. Southeast Asia is also known as one of the world’s most dynamic locations, with enormous potential
and a wealth of natural and human resources [1]. According to Eckstein et al. [2], Myanmar, the Philippines, Vietnam, and Thailand
were among the ten most-affected countries on the long-term Global Climate Risk Index (CRI) list (Fig. 1) from 1999 to 2018. CRI is an
index list that quantifies the effects of catastrophic weather occurrences in mortality and economic damage.

The leading cause of climate change in this region was induced by human activities, releasing enormous amounts of greenhouse
gases (GHG) such as carbon dioxide (CO,) and methane. The continuous emission of GHG day after day and year after year has
accelerated the atmospheric GHG concentration, the main contributor to global warming. The ocean is the primary storage sink for the
~93% additional thermal energy caused by global warming, which has resulted in warming of the upper and deeper oceans [3,4].
Since 1900, global sea surface temperatures have risen by an average of 0.7 °C [5,6]. The warmer water temperature causes a domino
effect on ocean circulation, currents, regional wind patterns, local climate, and sea level [4].

Warmer sea surface temperature creates a more significant gradient between continental thermal low pressure and high oceanic
pressure, which strengthens upwelling winds in the Eastern Boundary Current Systems (EBCSs) and might overcome the counter-
vailing effects of upper-ocean warming and stratification to cause regional cooling. Other than the Gulf Stream, all western boundary
currents are likely to intensify due to tropical atmospheric changes and shifts in wind patterns due to identified ocean surface warming
[6]. Furthermore, the uneven distribution of thermal energy on the waterbody modifies thermohaline circulation and has intensified
climatic phenomena such as the El-Nino/La-Nina-Southern Oscillation (ENSO) and the North Atlantic Oscillation [6-9]. Changes in
ocean circulation and oscillation can intensify coastal storm systems [4,6].

Coastal storm systems such as tropical cyclones, hurricanes, typhoons, and storms were affected by the latent heat of water vapor
condensation over tropical hot ocean basins. The frequency and intensity of tropical storms had increased due to warmer oceans and
altered atmospheric circulation [6]. There has also been an increase in the number and proportion of hurricanes reaching higher
intensity categories [6]. Furthermore, the increasing global warming phenomenon has resulted in a rise in sea level. The combined
effect of ocean thermal expansion and the declining volume of the polar ice, where the thick and multiyear ice was replaced by thin and
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Fig. 1. The world map of the Global Climate Risk Index 1999-2018 (Eckstein et al., 2019).
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first-year ice, also contributed to the rising sea level [10].

Between 1901 and 2010, the global sea level rose by 0.19 m. By 2040, the average global sea level is expected to rise by 0.2 m with
2 °C warmings, with 90% of the coastal region will experience a more remarkable rise [6,10]. By 2100, the projected mean global sea
level estimated that the global mean sea level would rise between 0.29 m and 0.59 m under Representative Concentration Pathway
(RCP) 2.6 and between 0.61 m and 1.1 m under RCP 8.5 [4]. Sea-level rise and other climate-related ocean changes will almost
certainly force millions of people worldwide to flee their homes, with the poorest households bearing the brunt of the consequences
[8]. Sea-level rise is challenging for low-lying island nations, affecting their entire economies and populations [4,11]. Therefore,
coastal areas in South, Southeast, and East Asia with dense populations and low-lying elevations are particularly vulnerable to sea-level
rise [12].

Rising sea levels, combined with increasing storm frequency and intensity, are likely to have severe consequences for ocean and
coastal economic infrastructure [8,13,14]. These effects are anticipated to be the most disruptive of all the climate-related ocean
changes to the coastal environment due to its unique geographical location [10]. The coastal region is the interface between land and
sea; it is home to approximately 60% of the world’s population and is one of the world’s most densely populated areas [3]. It is also one
of the most critical parts of the world ocean and the most vulnerable environment under climate change impact [10]. Due to coastal
region geographical location, a coastal region also acts as a buffer zone between land and the ocean, filtering pollutants and other
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land-derived contaminants before they reach the ocean and protecting uplands from storms and flooding [10]. Coastal erosion is a
natural phenomenon that occurs on the coastline, and it is the landward displacement caused by the effects of waves and currents [3,
15]. However, due to the alteration of various climate variations, atmospheric disturbances, and constant changes in water bodies,
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coastal erosion has become a global issue that affects practically every country on the planet with a coastline [3,13].
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The consequences of climate change that impact coastal erosion are storm surge, monsoon pattern, wind-wave climate, and relative
sea-level rise, which will lead to increased erosion rates, coastal squeeze, and more frequent and extreme storm events [16]. Sandy
beaches are one of the most vulnerable regions due to coastal erosion [13,17]. Approximately 70% of the world’s sandy beaches are
being eroded. Only 10% of the sandy beaches have experienced accretion, while the remaining 20% are in a stable state [17]. Increased
erosion rates will have a direct or indirect impact on coastal communities, such as coastal property loss, increased flooding risk,
saltwater intrusion, and declining tourism activities, to name a few. Therefore, the government, authorities, and communities have
implemented various adaptation measures to combat coastal erosion [18,19]. However, the effectiveness of climate change adaptation
measures will determine whether communities are relieved of the effects of coastal erosion or vice versa (Fig. 2).

Previous studies have shown that climate change contributed to the recent coastal erosion phenomenon [2,20,21]. Some claimed
that global warming had a direct influence on rising global and relative sea levels. The increased frequency and intensity of storm
events drove the accelerated coastal erosion rate and shift in coastline shape. According to Malaysia’s Third National Communication
and.

Second Biennial Update Report, around 1349.3 km of Malaysia’s coastline is continuously eroding due to coastal development and
sea-level rise. There are 44 places in the Critical Erosion category with a total length of approximately 55.4 km, 309 sites in the
Significant Erosion category with a total length of around 376.1 km, and 2344 areas in the Acceptable Erosion category with a total
length of ~916.5 km.

Kuala Nerus, Terengganu, as severe erosion regions in the East Coast of Peninsular Malaysia, experienced maximum shoreline
retreat between - 11 m/year and - 150 m in 2004-2016 [15,22]. Another study conducted by Tagaki et al. [20] reported Vietnam as
one of the most vulnerable coastal disasters and climate change. The Vietnam coastlines, such as Nam Dinh, Quang Ninh, Quang Binh,
Quang Nam, Tien Giang Ca Mau Provinces, and Phan Thiet and Hai Phong cities, are experiencing severe coastal erosion [23,24].

Long-term monitoring of coastal erosion in three Thailand provinces - Koh Kho Khao, Ban Nam Khem, and Phang Nga, was made
following the December 2004 tsunami. From 2012 to 2016, one location with a 0.02 ha region experienced a low degree of erosion.
Five locations covering a 1.54 ha region were subjected to moderate erosion, while one location with 4.27 ha experienced severe
erosion. A total of 5.83 ha of coastline has been eroded [25].

Efforts to systematically literature review these studies are still insufficient even though there are many studies on the climate
change linkage to coastal erosion, the correlation between coastal erosion and coastal communities, and the adaptative measures to
address these issues and their effectiveness in Southeast Asia. Therefore, by analyzing existing literature, the purpose of this review was
to bridge the knowledge gap and identify the link between climate change and coastal erosion in Southeast Asia. Reviewing current
and past literature systematically would contribute valuable knowledge, comprehension, and information on related issues. It is vital
for all parties involved, including local authorities, government authorities, the public, developers, researchers, and environmentalists.
Moreover, understanding the presently implemented adaptation approaches aided in involving parties and strategizing adaptation
approaches and natural resource management that meet coastal communities needs, abilities, and capabilities in response to envi-
ronmental and other forms of change [22].

2. Methodology
2.1. The review protocol — ROSES

Several kinds of systematic review protocols can be used to guide and conduct a systematic literature review paper. Haddaway et al.
[26] reported that ROSES is a systematic review protocol designed explicitly for transparent reporting of systematic reviews and maps
in environmental management and conservation. It provided a comprehensive set of reporting standards tailored to the conservation
and environmental management research synthesis community. Thus, in this study, a systematic literature review was guided by the
ROSES review protocol (Fig. 3). Appropriate research questions for this systematic literature review (SLR) as the first stage based on
the ROSES review protocol were developed. The second stage explained the searching strategies, including the keyword used, the
journal database, and the article selection criteria of the study utilized in the review. Subsequently, a strategy for appraising the quality
of the selected article and the method of data abstraction and analysis was reported.

2.2. Formulation of research questions

As aresearch inquiry, the systematic literature review should be guided by research questions. The overall review processes, such as
study selection, data extraction and analysis, and reporting, are driven by research questions. These processes are required to fulfill the
research questions. This systematic literature review generated five research questions.

. What causes climate change?

. What are the contributing factors of climate change on coastal erosion?

. What are the effects of coastal erosion on coastal communities?

. What is the adaptation measure for coastal erosion as a result of climate change?
. How is the effectiveness of adaptation to the coastal communities measured?

U b wN~
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2.3. Systematic searching strategies

2.3.1. Selection of studies

The main keyword for the study was defined for the search processes. Synonyms, related terms, and variations with the main
keyword were also determined to get more related reviews from the database [27]. Six main keywords were selected: sea-level rise,
storm surge, monsoon, Vietnam, Thailand, and Malaysia. In the database searching process, search string functions such as boolean
operator, phrase searching, truncation, wild card, and field code were applied with synonyms and related terms of main keywords such
as climate change impact, coastal community, and adaptation measure. The two main databases of this study were Dimensions and
Scopus. Gusenbauser and Haddaway [28] reported that Scopus could provide a high-quality article with a multidisciplinary focus,
while Haddaway et al. [29] suggested that Google Scholar could be utilized for the additional database.

In the first phase searching stage had retrieved 1487 article. The searches of these three databases with six main keywords had
generated then. Out of the ten Southeast Asian countries, only the articles from Indonesia, Malaysia, the Philippines, Singapore,
Thailand, and Vietnam were acquired during the search process (Figs. 4 and 5). However, only Vietnam, Thailand, and Malaysia were
proposed in this systematic review due their landform and threated by south china sea. The screening process on the selected articles
with inclusion and exclusion criteria was also performed in this study. The article inclusion criteria were timeline publication (from
2012 to 2021, a 10-year range), determining keywords, a focus on studies related to coastal erosion in Southeast Asian countries, and
articles with English publications. Contrarily, the article exclusion criteria were the same article. The following process, post screening
process had excluded 68 articles and only 58 procced to next phase.

2.3.2. Appraisal of the quality

The best evidence synthesis method was used to appraise the quality of this systematic literature review. According to Littlewood
et al. [30], the best evidence synthesis is a process whereby the systematic review team evaluates the previously assigned inclusion
criteria of the review based on a pre-defined guideline. The selected studies will be deemed scientifically acceptable or not. Next, the
author chose to use the four inclusion selection criteria, as mentioned earlier. Any selected articles that met these criteria were
included in the systematic literature review.

2.3.3. Data abstraction and analysis

This systematic literature review’s data abstraction and analysis were applied with quantitative and qualitative techniques and
thematic analysis. The data abstraction process depended on the five research questions. Any data reviewed from the selected article
that is capable or relevant to the research question was abstracted and placed in a table or pooled in a group (see Table 1) [27].
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Fig. 5. Annual number of publications by each Southeast Asia country (2012-2021) with total 105 articles.

Meanwhile, thematic analysis is a descriptive method that reduces the data mount in the flexible model when combined with other
data analysis techniques [31]. The technique applied to determine the pattern of reviewed studies depends on the similarity and
relationship with the abstracted data. The themes and sub-themes were then developed from this.

3. Results
3.1. Background of the selected articles

There were 25 selected articles acquired for current study. Five themes and sub-themes were generated based on the thematic
analysis: climate change, contributing factors on coastal erosion, coastal erosion impact on coastal communities, adaptation measure
of coastal erosion, and utility of adaptation measure. Nine sub-themes were analyzed further from those five themes. 13 selected
articles studies were conducted in Vietnam, 3 articles in Thailand, 4 articles in Malaysia, 5 articles for others countries such as
Cambodia, Indonesia, Philippines and Singapore, with two, was published in 2012, one in 2013, one in 2015, two in 2016, five in 2017,
two in 2018, three in 2019, three in 2020, and the rest in 2021 (Table 2).

3.2. The themes and the sub-themes

3.2.1. Climate change

Climate change is a well-known threat that has a global impact on the economy, society, and environment [32]. GHG emissions and
other related human activities contribute significantly to the accumulation of anthropogenic GHG in the earth’s atmosphere, leading to
anthropogenic global warming. It continues to cause global climate change, such as temperature rises, precipitation pattern changes,
melting of the ice sheet and glaciers, thermal expansion of water, and other effects [33-35]. As Southeast Asia also identified regional
impacts of climate change, such as warming trends and sea level rise having similar trends to the global projected value, increasing
annual rainfall, frequency of extreme warm and wet seasons and decrease in extreme dry season frequency [35].

Coastal territories were suffering from degraded and unsustainable conditions due to human-induced pollution, resource over-
exploitation, and land use. Meanwhile, degraded coastal conditions had become more severe due to the combined effect of climate
change-related phenomena such as sea-level rise, warming of ocean temperatures, increasing acidity of the ocean, and increased
occurrence and intensity of extreme events [32,34,36].

Panpeng and Ahmad [32] also reported that the global average temperature rose by 0.85 °C from 1880 to 2012, and the global
mean sea level rose by 3.2 mm per year from 1993 to 2010. Temperature and sea level have increased in magnitude and frequency,
putting coastal areas and small islands at risk from climate change-related phenomena. Moreover, the sea-level rise was linked to rising
sea temperatures. This is a severe climate change-related phenomenon with far-reaching impacts between climate change and coastal
areas. The coastal infrastructure, natural resources, and coastal systems will threaten and exacerbate the coastal community’s live-
lihood, especially in coastal developing countries and small islands [32]. Additionally, the climate change impact on Southeast Asia
was more intense and occurred faster than in other parts of the world [37].

3.2.2. Contributing factor on coastal erosion

Coastal processes are contributed by three factors: internal, external, and human interferences. Internal factors include various
processes such as nearshore currents, wave energy, tidal inundations, changes in sediment budget, and others. Contrarily, external
factors are natural disasters such as storm surge, tsunami, flooding, and heavy rainfall. Meanwhile, anthropogenic factors include
deforestation, urbanization, infrastructural development, dredging, and coastal minerals exploitations. Climate change has driven the
variations in atmospheric circulation and resulted modification of regional wave climate and sediment transport rates. These factors
complicated the coastline, resulting in severe social and environmental outgrowths, particularly coastal erosion [38,39].
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Table 1
Overview of the reviewed studies.

No.  Study ID Country Title Aim

1 Van Cuong, C., Russell, M., Brown, S., Dart, P. Cambodia Using Shoreline Video Assessment for Describe how Shoreline Video Assessment
(2015) coastal planning and restoration in the Method (SVAM) was applied and compares

context of climate change in Kien Giang, the results to identify changes and proposes

Vietnam a management and restoration program to
enable adaptation to climate change and
sea level rise

2 Marfai M.A. (2012) Indonesia Preliminary assessment of coastal erosion To understand the determinants of
and local community adaptation in sayung  autonomous adaptation of households in
coastal area, central java -indonesia coastal communities in three countries

(Indonesia, the Philippines, and Vietnam)
as regards climate change.

3 Winterwerp J.C.; Albers T.; Anthony E.J.; Indonesia Managing erosion of mangrove-mud coasts ~ To present and discuss more than a decade
Friess D.A.; Mancheno A.G.; Moseley K.; with permeable dams - lessons learned of experience with the design,

Mubhari A.; Naipal S.; Noordermeer J.; Oost construction, maintenance and success of
A.; Saengsupavanich C.; Tas S.A.J.; Tonneijck permeable dams along tropical mangrove-
F.H.; Wilms T.; Van Bijsterveldt C.; Van Eijk mud coasts.

P.; Van Lavieren E.; Van Wesenbeeck B.K.

(2020)

4 Yaacob, R., Shaari, H., Sapon, N., Ahmad, M. Malaysia Annual changes of beach profile and To determine the trend of morphological
F., Arifin, E. H., Zakariya, R., & Hussain, M. L. nearshore sediment distribution off changes along the beach from Dungun to
(2018). Dungun-Kemaman, Terengganu, Malaysia Kemaman and investigate the distribution

of sediment characteristics.

6 Bagheri, M., Ibrahim, Z. Z., Mansor, S. B.,, Abd  Malaysia Shoreline change analysis and erosion To assess the rate of shoreline change and
Manaf, L., Badarulzaman, N., & Vaghefi, N., prediction using historical data of Kuala to predict the erosion based on sea-level
(2019) Terengganu, Malaysia changes from 2015 to 2020 on the Kuala

Terengganu coast.

5 Ehsan, S., Begum, R. A., Md Nor, N. G., & Malaysia Current and potential impacts of sea level To highlight the current and potential
Abdul Maulud, K. N., (2019) rise in the coastal areas of Malaysia impacts of sea level rise in several high risk

coastal areas of Malaysia

7 Mohamed Rashidi, A. H., Jamal, M. H., Malaysia Coastal structures as beach erosion control ~ To assess the current state of coastal
Hassan, M. Z., Mohd Sendek, S. S., Mohd and sea level rise adaptation in malaysia: A erosion and sea-level rise scenarios in the
Sopie, S. L., & Abd Hamid, M. R. (2021). review country.

8 Combest-Friedman, C., Christie, P., Miles, E. Philippines Household perceptions of coastal hazards Examines local meteorological information
(2012) and climate change in the Central and explores household perceptions of

Philippines climate change and coastal hazard risk. F

9 Bhullar, L.(2013) Singapore Climate change adaptation and water To evaluates the contribution of

policy: Lessons from singapore Singapore’s water policies and practices to
climate change adaptation, and examines
whether they can support the development
of adaptation strategies in the water sector
for other similarly situated cities in
vulnerable countries

10 Saengsupavanich, C. (2017) Thailand Coastal revetment design process in To present the current procedure that
Thailand Thailand is undertaking to design a coastal

revetment.

11 Panpeng, J.& Ahmad, M. (2018) Thailand Awareness of coastal fishing communities To understand the current awareness of
on climate change and its impacts: A case coastal people on climate change and its
study of coastal erosion and seawater impact, particularly the severity of coastal
inundation in Chanthaburi Province, erosion and seawater inundation and
Thailand simulating potential sea-level rise and

quantifying land loss and affected people
due to coastal erosion and seawater
inundation.

12 Thepsiriamnuay, H., & Pumijumnong, N. Thailand Modelling Assessment of Sandy Beaches Quantifies the contribution and relevance
(2019) Erosion in Thailand of sea-level rise (SLR) to sandy beach

erosion compared to other factors,
including ad-hoc short-term impacts from
stochastic storminess.

13 Dastgheib, A., Reyns, J., Thammasittirong, S.,  Vietnam Variations in the Wave Climate and Quantifies the climate change (CC)-driven
Weesakul, S., Thatcher, M., & Ranasinghe, R. Sediment Transport Due to Climate variations in wave characteristics and the
(2016) Change along the Coast of Vietnam resulting variations in potential longshore

sediment transport rate along mainland
coast of Vietnam.

14 Yasuhara, K., Tamura, M., Van, T. C., & Duc, Vietnam Geotechnical Adaptation to the Explains the possibility of smart adaptation

D. M. (2016)

Vietnamese Coastal and Riverine Erosion
in the Context of Climate Change

combining soft and hard adaptation to
reduce severe coastal and riverine erosion
in the Vietnamese deltas.

(continued on next page)



W.S. Dong et al.

Table 1 (continued)

Heliyon 10 (2024) e25609

No.  Study ID Country Title Aim
15 Do, M. D. & Hieu, N. M. (2017) Vietnam Analysis of Sea-Level Rise Impacts on Sea To assess quantitative impacts of SLR on
Dike Stability in Hai Hau Coast, Vietnam sea dike stability.

16 Duc, D.M,, Yasuhara, K., Hieu, N.\M.& Lan, N.  Vietnam Climate change impacts on a large-scale Assesses climate change impacts on coastal
C. (2017) erosion coast of Hai Hau district, Vietham  erosion, especially in two projected SLR

and the adaptation scenarios of RCP2.6 and RCP8.5.

17 Karlsrud, K., Vangelsten, B. V., & Vietnam Subsidence and shoreline retreat in the Ca Main cause of the land-loss is subsidence of
Frauenfelder, R. (2017) Mau Province - Vietnam causes, the ground surface as a result of ongoing

consequences and mitigation options groundwater pumping.

18 Nguyen, T. A., Vu, D. A,, Van Vu, P., Nguyen, Vietnam Human ecological effects of tropical storms To inventories the perception of local
T.N., Pham, T. M., Nguyen, H. T. T., Le, H. T., in the coastal area of Ky Anh (Ha Tinh, people, assesses and values main aspects of
Nguyen, T. V., Hoang, L. K., Vu, T. D., Vietnam) the livelihood damage caused by the
Nguyen, T. S., Luong, T. T., Trinh, N. P. & tropical storms of the period 2008-2013
Hens, L. (2017).

19 Hens, L., Thinh, N. A, Hanh, T. H., Cuong, N. Vietnam Sea-level rise and resilience in Vietnam A summary of the current state of
S., Lan, T. D., Van Thanh, N., & Le, D. T. and the Asia-Pacific: A synthesis knowledge of sea level-rise and its effects
(2018) on both human and natural ecosystems.

20 Dang, A. H., & Nguyen, T. D. (2019) Vietnam Coastal Erosion in Cua Dai Beach: Future To describe the current erosion situation

Influence of Climate Change and Sea Level  that has been observed and learned at Cua
Rise on Coastal Protection. Dai Beach. To estimate how coastlines
suffer from erosion and other disasters.

21 Hung, N. T., Duc, D. M., Quynh, D. T., & Vietnam Nearshore Topographical Changes and Investigation of nearshore topography
Cuong, V. D. (2020) Coastal Stability in Nam Dinh Province, shows the recent changes to the coast.

Vietnam

22 Van Liem, N., Van Bao, D., Bac, D. K., Cuong,  Vietnam Assessment of shoreline changes for Presents the latest results of shoreline
N. C, Nga, P. T. P, Burkhard, B., & Chi, G. T. setback zone establishment from Son Tra changes using different open-source
K. (2020) (Da Nang city) to Cua Dai (Hoi An city), remote sensing resources and the most

Vietnam modern methods available in calcuating
shoreline changes.

23 Dang, A. T., Kumar, L., Reid, M., & Nguyen, Vietnam Remote sensing approach for monitoring To determine the long-term dynamics of
H. (2021) coastal wetland in the Mekong Delta, wetlands using remote sensing approaches,

Vietnam: Change trends and their driving and analyse the potential factors driving
forces. these dynamics.

24 Lin, T. Y., Van Onselen, V. M., & Vo, L. P. Vietnam Coastal erosion in Vietnam: Case studies To review and identify the most serious
(2021) and implication for integrated coastal zone  threats to coastal areas and summarize the

management in the Vietnamese south- suggested and implemented solutions,
central coastline assessing their effectiveness so far

25 Veettil, B. K., Ward, R. D., Dung, N. T.K., Van,  Vietnam The use of bioshields for coastal protection  Investigated the possibilities, advantages

D. D., Quang, N. X., Hoai, P. N., & Hoang, N.
D. (2021).

in Vietnam: Current status and potential. and limitations of using bioshields for

coastal protection in Vietnam

3.2.2.1. Relative sea level. Relative sea-level rise is a well-known climate change-related phenomenon. It was contributed by various
factors, including global sea-level rise, local factors, and vertical land movement. Global sea level rose due to unexpectedly rapid
melting of glaciers, ice caps, and sheets and increased temperature mediated seawater surface thermal expansion. Next, the local
factors are contributed by monsoonal winds and freshwater inflow. Meanwhile, vertical land movement includes glacial isostatic
adjustment (GIA), specific-area vertical land movement, and human-induced vertical land movement [17,39]. The relative sea-level
change impacted the ecosystems and local community activities in the low coastal plains, both directly and indirectly. The direct
impact was related to extreme weather events, floods, salinization of the ground table, and salt intrusion [35]. Meanwhile, the indirect
impact included coastal erosion, mangrove loss, loss of wetland, and other fragile coastal ecosystems [37,40]. It also adversely affected
the social and economic community, not only in maritime cities [37]. According to the reporting from Intergovernmental Panel on
Climate Change (IPCC), the global sea levels rose 1.70.5 mm year-1in 20th century while in the SEA was projected rise 2.5 mm year-1,
approximately 40 cm by 2100 [36].

Panpeng and Ahmad [32] reported that rising relative sea-level toward coastal erosion is the most crucial driver that caused
Laemsing District, Chanthaburi Province in Thailand vulnerable to climate change and its impact. Rising sea levels of 11.22 mm/year
are expected to be confronted during the first 30 years of the century, from 2000 to 2030. The rising-rate will reach 12.05/mm year in
the first 60 years and 12.99 mm/year in the first 90 years. Shoreline retreat was associated with the potential rise in relative sea level,
which was predicted to increase the retreat distance continuously. By 2060, the shoreline at Paknamlaemsing and Bangkachai is
estimated to retreat by 64 m and 59 m, respectively. Coastal erosion and tidal flooding resulting from rising relative sea levels have
threatened community livelihoods and physically degraded the region’s ecosystems.

Thepsiriamnuay and Pumijumnong [17] also predicted that the relative sea-level change of Thailand’s 18 provinces from 1995 to
2100 has an increased tendency of around 17.50-147.90 cm. Moreover, the predicted shoreline retreat is consistent with the relative
sea-level change, which retreats from 41.64 to 517.09 m over the same period. Based on the case study by Karlsrud et al. [41], Vietnam
was one of the most severely affected countries by the accelerating sea-level rise, with the East Coast of Vietnam experiencing a 3
mm/year sea-level rise between 1993 and 2008 and a 20 cm rise over the last 50 years. The shoreline of the Ca Mau’s coastal area was
retreating due to sea-level rise and observed subsidence. The case study by Dang et al. [42] also reported that the observed rising sea



W.S. Dong et al. Heliyon 10 (2024) 25609

Table 2
Distribution of themes and sub-themes of review articles.
No.  Study ID Country Climate Contributing Impact on Adaptation Measure Utility of adaptation
Change Factor Coastal measure
Communities

RSL SS MP LL FR TA HPA SPA CMA

1 Van Cuong et al., 2015 Cambodia v v
2 Marfai, 2012 Indonesia v v
3 Winterwerp et al., 2020 Indonesia v v
4 Yaacob et al., 2018 Malaysia v
5 Bagheri et al., 2019 Malaysia v v
6 Ehsan et al., 2019 Malaysia v v v v v
7 Mohamed Rashidi et al., 2021 ~ Malaysia v v v v v
8 Combest-Friedman et al., Philippines v v
2012
9 Bhullar, 2013 Singapore v v v v v
10 Saengsupavanich, 2017 Thailand v
11 Panpeng & Ahmad, 2018 Thailand v v v v
12 Thepsiriamnuay & Thailand v v
Pumijumnong, 2019
13 Dastgheib et al., 2016 Vietnam v
14 Yasuhara et al., 2016 Vietnam v v
15 Do & Hieu, 2017 Vietnam v v v
16 Duc et al., 2017 Vietnam v v
17 Karlsrud et al., 2017 Vietnam v v v
18 Nguyen et al., 2017 Vietnam v
19 Hens et al., 2018 Vietnam v v v v v v
20 Dang & Nguyen, 2019 Vietnam v v v
21 Hung et al., 2020 Vietnam v
22 Van Liem et al., 2020 Vietnam v
23 Dang et al., 2021 Vietnam v
24 Lin et al., 2021 Vietnam v v v v v
25 Veettil et al., 2021 Vietnam v v v
Contributing Factor Impact on Coastal Communities Adaptation Measure
RSL = Relative Sea Level LL = Land loss, coastal property loss, coastal infrastructure destruction HPA = Hard Protection Approaches
SS = Storm Surge FR = Flooding risk increase SPA = Soft Protection Approaches
MP = Monsoon Pattern TA = Tourism activities declining CMA = Coastal Management Approaches

level of 14 cm from 1995 to 2019 strongly correlates with the expansion of water bodies and the shoreline retreat rate.

3.2.2.2. Storm surge. Storm surge levels have been recognized as a contributing factor to the coastal erosion problem caused by
climate change. Storm surge levels are mainly contributed by extreme weather conditions such as tropical cyclones, hurricanes, and
typhoons. They put additional pressure on the coastal environment and cause higher-than-usual waves [37]. In addition, typhoon
events will eventually cause nearshore coastline regions to erode, and sediment loss will result in a steeper offshore profile [43]. The
force of wind swirling around the storm also pushed seawater toward shore [35]. Therefore, it eventually allows the wave energy to
greater and future penetration onshore [37,43]. However, even though extreme events such as typhoons and tropical cyclones occur
only occasionally, the combined effect of climate change leads to very high surges, which cause severe damage to the coastal system,
social and economic coastal communities, and erosion once they occur [37,41].

According to Hens et al. [37], Vietnam is one of the most seriously affected countries by climate change. Tropical cyclones are a
usual climate event in northern Vietnam known as typhoon season. During the typhoon, the Nghe An-Ha Tinh coast experienced the
highest surges, 4 m above the average high-water level. The lowest extreme surges were also measured at 1.5 m in the coastal areas
near Da Nang, Phu Yen, and Binh Thuan. In 1999, a typhoon event on Nghia Phuc caused an approximately 100-m erosion rate on the
Hai Hau coast. The historical wave height at Hai Hau tide station during the typhoon was 3.2-4.25 m. When the wave height is 4.25 m,
the erosion rate at Hai Hau can reach 7.1 m in 2.4 h [44].

Hens et al. [37] and Bhullar [35] stated that the frequency, intensity, timing, and distribution of tropical cyclones are associated
with climate change-related phenomena, especially sea temperature rise, sea-level rise, increase in extreme rainfall and winds, as they
form in warm water regions in the tropics and rotate counterclockwise in the northern hemisphere. As evidenced by the case study
mentioned above, climate change-driven tropical cyclones are becoming more intense and frequent [44].

3.2.2.3. Monsoon Pattern. The monsoon pattern dominated the wave characteristics and rainfall pattern during the monsoon season.
Seasonal constant monsoon winds and changing direction of storm surge have a continuous influence on coastal erosion [41]. The
monsoon may cause coastline erosion as it alternates surges, waves, and currents. It also has an impact on sea states. Irrigation and
flood discharge in canals reduce sediment supply in some regions and increase coastal erosion rates [41].

According to Panpeng and Ahmad [32], the monsoon had influenced the rainfall pattern in Laemsing District, Thailand. Heavy
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rainfall is most common during the southwest monsoon (June-September) but rarely during the northeast monsoon (Novem-
ber-February). Based on the research, the total amount of rainfall was high and rising from 1983 until 2012, with heavy rainfall
amounts and days averaging around 13 mm/year, a day every five years, and over 50.80 mm/day. Rainfall slightly decreased from 32
mm/year between 1984 and 1993 to 48 mm/year between 2003 and 2012. Moreover, the number of days with heavy rainfall increased
from 1.5 to 3 days per five years.

Malaysia is geographically located in the equatorial region. Thus, the wave climate hydrological regime was strongly influenced by
the monsoons. Malaysia coastline will be affected by the Southwest monsoon from May to September while the Northeast monsoon
from October to March. The Northeast monsoon brings heavy rainfall and storm waves to the east coast, especially Terengganu [40,
45]. Onshore strong winds fetch and speed generated a significant wave, which eroded the large scale of beach sediment when
combined with rising offshore bottom currents and conveying sediment offshore [40,46]. Consequently, the east coast region is
dominated by coarser and relatively steeper sands and beach slopes [45,46].

In southern Vietnam, the Southwest and the Northeast monsoon are the two monsoon seasons. The Southwest monsoon is the wet
season, which affects the West coast of Ca Mau with the north-bound current, while the Northeast monsoon is the dry season, which
influences the East coast of Ca Mau. The wave height during the Southwest monsoon reaches 1 m, but the Northeast monsoon could
reach 2 m. As aresult of sea-level rise, storm surges are expected to increase by more than 1 m and cause overtopping dikes [41]. It has
been reported that the monsoon pattern also influences the Nha Trang Bay in Vietnam. During the Northeast monsoon period, the
tropical monsoon winds appear in higher and calmer waves than in the non-monsoon period.

3.2.3. Coastal erosion impact on coastal communities

Coastal erosion is eroding large segments of the beach and moving it landward. Consequently, the erosion will threaten local
infrastructure, house destruction, and coastal communities’ socio-economic well-being [34,37,44]. A coastal defense structure, such as
a sea dike, is built to prevent lateral beach erosion. However, the coastal defense structure discourages longshore sediment transport. It
further causes beach sediment erosion, lower beach topography, and local souring along the Hai Hau coast [47]. Meanwhile, the
erosion even cause damaged and collapse of the coastal infrastructure such as sea dyke and road [34,48].

3.2.3.1. Land loss, coastal property loss, coastal infrastructure destruction. When the erosion process was dominant at Cua Dai beach, a
sand loss in front of resorts was also occurred, which took 85 ha [33]. However, the accretion process on the right side was only about
10 ha. The erosion was faster than the accretion process. As a result, the abandoned resorts near the water finally collapsed and were
destroyed due to coastal erosion [33]. Hence, the negative influences on promoting sediment transport and beach lowering were
strengthened by the hydrodynamic variables caused by the climate-related phenomenon of sea-level rise [49].

Sea-level rise caused by climate change could also reduce the size of the low-lying coastal area and its infrastructure and exacerbate
erosion and other coastal hazards. The coastal event or hazards could affect the coastal region in both direct and indirect ways. Coastal
hazards such as typhoons, storm surges, tropical storms, strong waves, and the rise of sea levels have not only had a direct impact on
the coastline but have also had unfavorable consequences such as floods or saline intrusion, which have influenced infrastructure,
deteriorated coastal or tourist facilities and livelihoods, and caused problems further inland and in agricultural zones [47,48,50].

3.2.3.2. Flooding risk increase. Coastal flooding is a constant threat to low-lying coastal areas caused by high tides colliding with high
water and damaging the coastline. This problem is intensified by heavy and regular rainfall from the seasonal monsoon and inadequate
drainage systems to curb excessive rainfall [34,35]. Flooding can affect some parts of roads, health stations, infrastructure, and
aquaculture farms, increasing the coastal community’s livelihood and socio-economic difficulties [32,34]. According to Ehsan et al.
[341, the coastal flood in Johor, Malaysia, in 2006 and 2007, destructed and affected over 100,000 victims, resulting in an estimated
RM 0.35 billion (USD 75.1 million) in infrastructure damage and RM 2.4 billion (USD 0.51 billion) economic losses. Moreover, RM 84
million (USD 18 million) in agricultural production was estimated to be lost, with approximately 7000 farmers were affected. It was
estimated that repairing the transport infrastructure and hydraulic structure would cost RM 147 million (USD 31.5 million) and RM
260 billion (USD 55.9 billion).

In the case of the Kien Giang coast [43], the mangrove fringe was less than 100 m wide, and this thin fringe was not able to combat
strong waves penetrating during monsoon season. Therefore, this weak shoreline and even the sea dyke experience erode. Those
earthen and mud dyke will be exposed and overtop by significant waves, which cause the agriculture, aquaculture, infrastructure, and
local properties and property destroyed and inundated.

3.2.3.3. Tourism activities declining. Long stretches of beach are always a tourist attraction. However, this type of beach has been prone
to erosion, resulting in severe significant shoreline retreat [51]. Some beaches in the Southern Vietnamese city of Vung Tau have
eroded hundreds of meters, if not kilometers, over the past decades. Since resorts and other related businesses are located in unstable
areas, local authorities have spent much money to reduce beach erosion [51]. The coastal erosion process and reduced sand deposition
caused beach regressions in the southern-central province of Binh Thuan, Vietnam. The loss of these beaches impacted the attraction
for recreation and the large amount of money invested by local authorities in tourism infrastructure [37].

In Malaysia, Kuala Terengganu is an essential source of socio-economic development for the coastal community, particularly
tourism activities, as Malaysia’s beaches are tourist destinations [46]. Sea level rise and coastal erosion threaten the coastal region,
affecting the state’s overall economic income. The Kuala Terengganu Airport, prone to erosion and flooding, could threaten the
tourism industry, as it handles more than 500,000 passengers annually [46]. It is also worth noting that Thailand has several renowned
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and attractive beaches such as Sai Keaw, Patong, Pattaya, Sai Ree, Railay, Khanom, and Chao Mai. If coastal erosion ruins and damages
these valuable beaches, Thailand’s tourism and the economy will be affected [17].

3.2.4. Adaptation measure of coastal erosion

Adaptation approaches are recognized as critical approaches to diminishing the unfavorable impact of global climate change. It
brings wide-ranging benefits in reducing the vulnerability of the society to coastal hazards and minimizing the detrimental impacts on
the coastal community by preventing or reducing potential negative outgrowths while benefiting from possible positive outgrowths
[34]. The adaptation strategy can be divided into three categories: protection, accommodation, and retreat approaches. Protection
approaches are used to construct structures and others to protect vulnerable areas from coastal hazards [52]. Accommodation ap-
proaches utilize the vulnerable area and endure a greater degree of flooding by altering land use, construction methods, and advancing
preparedness. Meanwhile, retreat approaches resettle residents from the abandoned currently developed region by managing
realignment or coastal setbacks [34,40].

3.2.4.1. Hard protection approaches. Protection was the most implemented approach in the erosion control strategy in Thailand,
Vietnam, and Malaysia coastline [40,48]. As coastal protection at Di Duong Beach, Vietnam, they constructed a low soft seawall by
pumping sand into a tube and using geotextile [51]. The structure has been observed and investigated, and it has proven to be highly
effective in preventing shoreline movement landward. Since the time of the field investigation in 2017, no signs of erosion have been
observed. Since 1980, sea dikes have been installed along the Vietnam coast. Wave attacks and typhoons have repeatedly breached it.
To adapt the SLR impact, Vietnam government had planting mangrove forest, upgrade and develop sea dike system along road side and
construct sluice system to strengthening, upgrading and rehabilitating sea dikes system along Quang Ninh to Quang Nam and Quang
Ngai to Kien Giang [48]. In Thailand, rock and concrete stepped revetments have been implemented and proven successful in many
beaches. The implementation of the stepped concrete revetment at Pra-Ae beach, Thailand, could solve coastal erosion while pro-
moting coastal tourism. They concluded that, when properly designed, the revetment can not only protect the coastline but can also
promote natural vegetation as well as increase beach beauty. It can even promote tourism activities and become a resting place for both
local people and visitors.

Traditional solutions such as revetment, T-groins, tripods, and mangrove forest reinforcement have been used to reinforce the dikes
to protect the Hai Hau coast over the past decade. The concrete groins, reinforced with concrete tubes, were 10 cm thick and 1 m in
diameter. The tubes are continuously placed at 0.5 m depth beneath the tidal flat, with 80 m between links and 1.5 m height sandbags
inside [46,53]. The sea dike system has been intensively reinforced by extending the height to 4.5-5.5 m, placing the foot at a depth of
4.5 m, and covering seaside slopes with a polygonal precast concrete revetment of 100 kg mass tripod lines [47,48,53]. The standby
block of limestone near the soil dyke segments was disposed of for emergency rehabilitation during bad weather conditions [47,53]. In
Singapore, 70-80 percent of the coastline was implement hard wall, stone embankments, revetment and others coastal defence systems
to protect the coastal areas from erosion [35].

3.2.4.2. Soft protection approaches. Soft structure protection such as permeable bamboo fences, breakwaters made from geotube
sandbags, bamboo and wooden piles were found to be implemented at the Mekong Delta coastline as a low-cost solution and for area
wave height below 0.9 m [48]. In Bogorame, a small village at Demak, Central Java of Indonesia, a permeable dam was constructed in
November 2013 to restore the mangrove forest under threats of erosion and flooding [54] The permeable dams reduced wave energy to
enhance sedimentation rate by trapping sediment in the basins. It was also noted as a nature-based adaptive approach as the dams were
temporary, relatively cost-effective and low-tech construction, which local communities could also build and maintain through basic
training.

In Thailand, low-crested rock revetment, sediment-filled geotextiles (“sand sausages”) and bamboo fences have been installed
along the upper Gulf of Thailand’s coastline to address the coastal erosion issues and restore the mangrove area [54]. Bamboo fences
were assembled of dense spaces of bamboo poles in vertically single rows positions and have a similar function as permeable dams,
slowing down wave energy and enhancing sedimentation.

3.2.4.3. Coastal management approaches. The coastal infrastructures such as roads, railways and drainage were also upgraded and
reinforced to adapt to the climate change impacts as they were the essential economic drivers. According to Mohamed Rashidi et al.
[40]1, the Malaysian government was concerned with rail development to minimize traffic congestion problems at Klang valley.
Meanwhile, it was an essential connection between Port Klang and further inland. In Vietnam, hazard prevention was encouraged to be
integrated into transportation plans to overcome the storm impact by constructing military roads along coasts, reinforcing physical
barriers and increasing the elevation to be resilient to sea level rise scenarios [55].

Aside from the construct structure, vegetating the defense structure’s inner slope also seems effective in controlling the erosion rate.
Vetiver grass was applied to protect the inner slope of the coastal sea dike system slope on the Hai Hau coast due to insufficient in-
vestment and the current coastal dikes suffering from a wave overtopping. The vetiver hedgerows at the inner slope successfully reduce
slope soil loss by 62-86% compared to those without hedgerows [47]. The inner slope of the construct structure was also vegetated in
Hai Trieu, Vietnam, one of the coastal regions that are constantly eroding. The inner slope was just bare soil without the vertical
concrete wall. Consequently, erosion rates of up to 50 cm/h were predicted. The vegetated inner slope significantly reduces over-
topping water flows velocities and erosion [53].

To counteract the suggestion of upgrading dike systems and constructing good jetties, Lin et al. [51] recommended the particular
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industry avoid building too close to the beach and remove the human-made structure located along the shoreline. They also suggested
using natural approaches to create a buffer zone with more dynamic environments near the shore. Natural management approaches,
such as dunes rebuilding or maintaining inner land, would better protect coastal erosion from extreme weather events. The dune could
naturally recover after a typhoon or other extreme event. Hence, the natural and social systems’ resilience capacity will be improved.
Before construction, the impact assessment was also recommended to minimize the risk of coastal hazards, such as downsized and
smaller-scale implementation of changing from cultivation industries and aquatic farming activities to reduce land use.

Based on report of Marfai [50], local government of Tambaksari-Sayung, Indonesia implements few adaptation strategies to coastal
communities. Some local communities decide to relocated household, some who choose to stay had provide fund to built stage house to
reduce risk from coastal inundation.

3.2.5. Effectiveness of adaptation measure

The structural measure aims to reduce wave and coastal erosion to aid in sediment accumulation and beach restructure [49]. Since
this solution aimed to stabilize the coast, the current situation, building appearance, and structure should be considered to confirm that
each coastal region’s sustainability and suitability are harmoniously connected with existing coastal infrastructure. Small waves
reduction works, such as breakwaters or coastal protection embankments, will be a practical approach to decreasing the wave height,
as they are stable and convenient for construction, maintenance, and management [40,49].

Meanwhile, the river mouth of the Ca Ty River estuary at the Duc Long site had constructed a groin in 1995. However, the "groin-
effect” had developed over time and resulted in stiff downdrift erosion on the southern beach of Duc Long Ward, causing hundreds of
houses to collapse and relocating residents in the Tien Duc Area. In 2017, local authorities decided to build a sea dike for other
development purposes. Nevertheless, the constructed seawall was relatively low, facing high flooding risk and constantly being
washed over by waves. The implemented tetrapod was also no longer effective as it was constructed with an incorrect cement-to-non-
cement ratio and showed signs of erosion [51].

Along the Hai Hau coast, the troughs of dikes are protected by concrete tubes installed 1.5 m above the beach surface. However, due
to the influence of sea-level rise, the sediment supplies of the adjacent area of the dike were diminishing, the beach lowering rate
increased, and the tubes could fail in the next six to ten years. Beaches in Vietnam were then covered into concrete structures and
massive sandbag walls made of non-durable materials as a short-term solution to prevent erosion. Nevertheless, this had developed a
side effect of causing water flow in and erosion at the other region along the coast or spreading further inland in the unprotected area
[51].

According to Hung et al. [49], the lowering bathymetry in 2019 caused a threefold increase in wave height compared to 2009.
Higher waves will give additional pressure on the sea embankment slope. Thus, the maximum pressure from high waves under ba-
thymetry in 2019 was approximately three times higher than in 2009. Therefore, despite intensive coastal protection measures,
nearshore topographical changes and coastal erosion continue to be severe issues in Nam Dinh province.

According to Winterwerp et al. [54], permeable dams work as a nature-based solution as an alternative to hard infrastructure sea
defence to halt erosion in the mangrove coastline in Indonesia. The permeable dams target mangrove rehabilitation through the
re-establishment of fine sediment dynamics. The first observation of sedimentation behind the dams at first, but longer-term sedi-
mentation rates decline considerably. The less effective result was due to the subsidence, where the subsidence rate of coasts is 0.05 m
per year or higher, from initially emerging above the MHW level and disappearing below MSL. The dams require more effort and cost
maintenance to keep them effective.

The combination of hard and soft protection approaches implemented at the Gulf of Thailand coastline successfully addresses
coastal erosion. In the early stage, only soft protection approaches, such as sand sausages and bamboo fences, were installed along the
coastline. However, the result was unsatisfactory after implementation by the local Sub-district Administration Organization (SAO)
and the governmental department. It was due to the severity of the problem, limited budget, sand sauges sinking into the soil,
durability of bamboo fences, the decomposed bamboo fences causing obstructing navigation, damage to sand sauges and mangrove
stems and threat to local fishermen. The placing of low-crested rock revetment later made the whole system successful. And this
combination of approaches was subsequently implemented at the coastline of Bangkok Metropolitan, Samutsongkhram Provinces,
Samut Sakhon Provinces and the west coast of Thailand, Banklang Klong Prasong. Especially the Ban Klong Prasong coastline,
experience erosion and storm damage plenty of years ago, with the failure of the erection of a concrete seawall in 2003, which not
solved the flooding problem but enlarged the problem by waterlogging.

4. Discussion and recommendation

There were five themes and nine subthemes developed throughout the thematic analyses. This section expands on the previously
developed themes. It was clear throughout the review that climate change impacted the coastal erosion process, both directly and
indirectly, by changing relative sea level, storm surge, wave climate, and monsoon pattern. The climate pattern, ocean circulation, and
geographical location of Vietnam, Thailand, and Malaysia were distinguished as the major contributing factors to their respective
coastal erosion.

4.1. Significance of contribution factor to Southeast Asia erosion issue

4.1.1. Sea level rise — indirectly, long-term erosion
Sea-level rise appears to be a significant factor in coastal erosion in Vietnam, Thailand, Malaysia, Singapore, Cambodia, Indonesia,
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and the Philippines. The impacts of sea level rise were slow, repetitive, and cumulative, acting as a leading driving force in long-term
erosion [56]. The magnitude and type of impacts of rising sea levels are determined by the environment’s geological setting and
physical and ecological processes such as low-lying geographies, mangrove and coral habitats, local circulation pattern, and land
subsidence [3]. The low-lying characteristics of coastal geographies like Vietnam, Malaysia, and Singapore make various regions
extremely vulnerable to rising sea level. Based on the study [57], most of Malaysia’s coastal regions were low-lying regions less than
0.5 m above the highest tide or within 100 m of the high watermark inland. In the case of Singapore, 30% of the islands was lowland
region less than 5 m above the Singapore Height Datum, and most of the land was less than 15 m above sea level and 180 km of
relatively flat coastline [35,58]. Moreover, several essential infrastructure facilities, such as airports, ports, commercial and residential
buildings, and roads, were located at the reclaimed land elevated less than 2 m above sea level [35], making the coastline especially
vulnerable to land loss and coastal erosion from rising sea levels.

The natural and anthropogenic land subsidence somehow accelerates the rising sea level, as in Vietnam, the sea level rising rate was
comparable to the global rate due to the anthropogenic subsidence from groundwater extraction or natural subsidence [2,20]. The
same issues were also discovered in Thailand, the extreme spatial variations of relative sea level between regions were shown in the
studies by Saramul and Ezer (2014). The land subsidence caused by ground extraction in the upper Gulf of Thailand resulted in the
highest sea-level rise [59,60]. Furthermore, the entire region has significantly increased regional sea-level rise since the 2004
Sumatra—Andaman Earthquake and Indian Ocean tsunami. Many parts of Thailand are sinking based on the measured data [59].

The climate change-induced rise in sea level caused the coastline to be in danger of erosion disasters and wiped off mangrove
habitats and coral reefs due to altered ocean currents by rising sea levels [61,62]. In particular, countries like Indonesia have the
largest archipelagic country and the largest covered mangrove plant globally with high diversity, and the Philippines has a coastline of
27000 km? coral reefs and 120000ha of mangrove remains, respectively [62]. In addition, local circulation patterns, thermostatic,
local climate and topographical conditions also magnitude the impact of rising sea levels [2,40,57].

4.1.2. Storm surge — directly, short-term erosion

Storm surge was another major factor contributing to coastal erosion in Southeast Asia. In particular, countries such as Vietnam, the
Philippines and Thailand are geographically located under the path of cyclones.

Vietnam is highly susceptible to tropical cyclones as it lies within the tropical cyclone occurrence region, between 10° and 30°
latitude in both hemispheres [24]. Since tropical cyclones have become a one-of-a-kind weather phenomenon in Vietnam, the annual
typhoon season lasts from June to November, with July to October being the most impacted [63]. In Vietnam, 72 typhoons have been
recorded over the last three decades. Therefore, its wave regime is influenced not only by monsoons but also by typhoons (i.e.,
Typhoon Molave 2020, Typhoon Vamco 2020, Typhoon Goni 2020). The passing typhoon causes high water levels, large waves, and
strong winds, resulting in wave overtopping and dike and dune erosion [24].

Regarding coastal storms in Thailand, the Thailand Meteorological Department has recorded 12 tropical cyclones and one typhoon
over the last three decades [64]. Among them were significant storms such as Typhoon Gay (1989), Tropical Storm Linda (1997), and
Tropical Storm Pabuk (2019). Thailand was shielded from Vietnam, Laos, and Cambodia when the storm from the Pacific and the
east-to-west trajectory typhoons from the South China Sea entering the Gulf of Thailand impacted the eastern coast of the Thai
Peninsula. However, due to insufficient historical shoreline data in Thailand, there is no report on shoreline recession caused by coastal
storms [64].

The Philippines’ geographical location makes it frequently face weather-related catastrophes, ranking fourth in the Global Climate
Risk Index for 1999-2018 [2]. Located in the most cyclone-prone regions, the coastline was highly vulnerable to storm surges that
induced coastal erosion [65,66].

4.1.3. Monsoon pattern — another factor to wind-wave climate

Monsoon Pattern was a minor factor contributing to coastal erosion, which cannot be disregarded in the process of coastal erosion.
The monsoon system was a seasonal-driven wind that contributed to the regional wind-wave climate, influencing wave and coastal
processes. Climate change also impacts the monsoon system’s strength, the magnitude of precipitation, and wind strength [67].

Malaysia’s climate is tropical and humid, heavily dependent on mountainous topography and complex land-sea interaction. Despite
this, Malaysia is considered a climate-related disaster-free zone [57]. The wave climate of Malaysia is dominated by the monsoon all
over the year, with the highest average wind speed and erosion cases documented during the wet season, the northeast monsoon [57,
68-70]. In Malaysia, the seasonal monsoon wind catalyzes coastal erosion [68-70].

4.2. The erosion management by countries

4.2.1. Vietnam

Vietnam established management agencies and legislation on dikes at several levels in 1946 to protect the Vietnam coast from
severe erosion and the combined effects of climate change, such as the Central Committee on Dike Protection (Ordinance No. 70-SL on
May 22, 1946) and the Committee on Dyke Protection (Ordinance No. 194-SL on May 28, 1948) [23]. Before 1990, Vietnam had no
long-term plan to address the coastal erosion problem passively. Numerous policies only deal with part of the actual requirements to
solve coastal erosion problems due to the shortness of the economy and facilities. After 1990, various specialized organizations and
legislation were founded to direct and guide the implementation of disaster-prevention measures [23]. New policies were founded for
coastal dikes and embankment renovation and construction, mangrove restoration, dike and land laws violation penalties, and other
ordinances as coastal erosion prevention measures. However, no specific legislation or institutional office in Vietnam deals with coastal
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erosion management and countermeasures [23].

Nevertheless, coastal erosion issues are still addressed solely through standard provisions in the Natural Disasters Management
Program. The disaster management structure in Vietnam includes ministries, boards, and sectors such as the Central Committee for
Flood and Storm Control [23]. It was clear that Vietnam lacked coastal erosion mitigation strategies. Priority was always given to the
business and industrial sector development along the coast. Integrated planning and coordination between different levels were
lacking without an appropriate legal framework and monitoring [23,51]. Therefore, establishing a policy system that suits Vietnam’s
natural and economic development requirements is necessary for coastal erosion management [23].

4.2.2. Thailand

The erosion management in Thailand was collaborated by multiple agencies to participate in building the structures to protect the
coast from erosion and have jurisdiction in the coastal zone, such as the Marine Department, Department of Public Work and Tow and
Country Planning, Department of Highway, Department of Mineral Resources, Royal Irrigation Department, Fisheries Department,
provincial administrative organizations, local administrative organizations, and private companies [71,72]. Government agencies
have established various committees and sub-committees to coordinate coastal and marine governance [73]. The Department of
Marine and Coastal Resources (DMCR) was the central authority on coastal resource management, but decision-making authority was
shared with other agencies. For instance, the National Environment Board (NEB) established sub-committees for the national strategic
plan for coastal resources, marine environmental protection, and coastal erosion management to promote participation, integration,
and coordination among sectors [73].

Strategies, policies, and work plans for climate change in coastal erosion were established by responsible government agencies in
Thailand to reduce the impact of climate change and erosion on the coastline. The DMCR proclaimed coastal management policy in the
"Action Plan for Integrated Coastal erosion Prevention and Mitigation Management 2008," with additional the Promotion of Marine
and Coastal Resources Management Act, 2015 which included five principles such as i) create database; ii) promotion of public
participation; iii) formulation of integrated coastal zone management; iv) securing hinterland and implementation of measures against coastal
erosion and; V) to establish a system to manage, supervise, evaluate coastal management projects [74].

4.2.3. Malaysia

The National Coastal Erosion Control Council (NCECC) and Coastal Engineering Technical Center (CETC) were established in 1987
by the Malaysian government to manage coastal erosion issues [75]. The NCECC is composed of various agencies, including the
Ministry of Finance, the Ministry of Science, Technology, and Environment, the Department of Drainage and Irrigation, the Public
Works Department, the Governors of Sabah, Sarawak, and two other states on a rotating basis, as well as professionals from various
institutions and universities involved in erosion protection. NCECC is responsible for designing a coastal program, which CEC will
recommend and approve before processing. CEC is also responsible for coastal erosion control performance, engineering work for
critical erosion areas, and providing technical support to NCECC. Meanwhile, the data will be collected by other government agencies.
The Malaysian government has adopted a two-pronged strategy to address coastal erosion in Malaysia: short-term and long-term. The
short-term strategy was implementing structural, or engineering works to protect the coastal region, classified as Category 1 (critical
erosion), to reduce or prevent further economic loss [69]. In comparison, the long-term strategy was to introduce institutional changes
and formulate administrative guidelines to manage future development [75,76].

4.2.4. Singapore

Singapore’s National Water Agency, a statutory board under the Ministry of Sustainability and the Environment, was responsible
for coastal management in Singapore. According to the report from scientists from Singapore’s Centre for Climate Research, the mean
sea level around Singapore is projected to rise to 1 m by 2100, which is higher than the highest emission scenario SSP5-8.5 global mean
sea level (0.45-1.02 m) [77]. Therefore, the National Climate Change Strategy 2008 (Strategy or NCCS) was established as a national
climate change mitigation and adaptation policy. It aims to identify the potential impact of climate change on the water sector, such as
increased flooding, coastal land loss and water resource scarcity [35,78]. However, although strategies included several initiatives but
actual aims are missing. For coastal erosion and land loss, the government adopt the reactive approach, like protecting the foreshore
and coastal areas to adapt to sea level rise when needed. It is partially because only a few options allow for the reasonable estimation of
the costs and benefits of adaption measures. Knowledge gaps and inexistence or unreliable data are also part of the cause.

With the National Climate Change Strategy (2012), the Building and Construction Authority (BCA) ’s Coastal Adaptation Study CAS
commissioned a Risk Map Study in 2013. The CAS scope is to assess the potential impact of coastal inundation and to study possible
long-term adaptation measures. As reported by NCCS [79], they had efforts to protect the coastline from erosion by constructing
concrete seawalls and stone embankments over 70% of Singapore’s coastline. The rest of the natural areas were beaches and man-
groves. Meanwhile, they raised the minimum land reclamation level from 3 to 4 m over Singapore Height Datum in 2011 to adapt to
the long-term sea level rise impact [80].

4.2.5. Cambodia

The coastline of Cambodia usually suffers from floods, windstorms and seawater intrusion due to the high precipitation, typhoon
and coastal lowland region with rising sea levels, respectively. Implementing coastal management was guided by National Strategic
Development Plan (NSDP), 2006-2010 [81,82]. The key ministries involved were the Ministry of Agriculture, Forestry and Fisheries,
the Ministry of Industry, Mines and Energy, the Ministry of Tourism, Rural Development, and the Ministry of Environment. A few state
bodies also get involved, such as National Committee for Land Management Urbanization and Construction, The National Coastal

15



W.S. Dong et al. Heliyon 10 (2024) 25609

Steering Committee (NCSC), The Coastal Coordination Unit and Commission on Monitoring and Assessing for Suppressing
Encroachment into Mangrove Land and Coastal Reclamation to regulate construction activities, management and protection of the
environment and natural resources through the sustainable use and development, coordinating coastal activities, reporting and
making recommendations and preventing the encroachment on the mangroves [82].

Cambodia’s National Assembly 1996 approved the Environmental Protection and National Resources Management to address
environmental planning, protected area management, environmental impact assessment, environment monitoring, pollution control
and inspection, and public participation under the Ministry of Environment. The King of Cambodia also enacted the Law on Fisheries in
2006, addressing fisheries management, increasing the protection and sustainable use of fishery resources, and managing the
mangrove area and flood forests. Relatively short Cambodia’s coastline and major GDP were contributed by rice, making its economic
development focus on inland and freshwater. Meanwhile, coastal management still paid little attention because almost 75% of aquatic
protein is produced by Tonle Sap and Mahkong Rivers. However, it might affect by the increasing harm to mangrove areas. Thus, the
Cambodian Environment Ministry and the Organization for Industrial, Spiritual, and Cultural Advancement (OISCA) collaborated in
establishing the Mangrove Forest Rehabilitation Programme to reforest the mangrove area. In addition, Cambodia also focuses on
climate change impact and preparing the National Adaptation Programme of Action to Climate Change. Few national adaptation
programs were implemented to adapt to climate change, like rehabilitation of coastal protection infrastructure, community and
household water supply in coastal provinces and rehabilitation of multiple-use canals [83].

4.2.6. Indonesia

Indonesia was the largest archipelagic country and the largest covered mangrove plant globally with high diversity. The climate
change-induced sea level rise caused the coastline at danger of erosion disasters and wiped off mangrove habitats due alters ocean
currents by rising sea levels [61]. From the aspect of governance, it is essential to be clear and regulate the institution responsible in
erosion control and especially their management. Coordinating Ministry for Maritime and Investment Affairs (CMMIA) as a coordi-
nator to collaborate on infrastructure construction between the Ministry of Public Works and Public (MPWP) Housing and the Ministry
of Marine Affairs and Fisheries (MMAF). Moreover, enhancement of coordination between the central government such as MMAF,
Ministry of Land and Spatial Planning/National Land Agency (MLSP/NLA), Ministry of Environment and Forestry (MEF), and local
government on environmental impact assessments and permissions for building or construction in coastal zones [84].

4.2.7. Philipines
The Philippines has 823 out of 1541 coastal municipalities (54%), including all major cities with 62% of the population. Its
coastline was rich with coral reef and mangrove habitat and exposure to storm surge, rising sea levels, and coastal erosion threats. The
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Fig. 6. An improved coastal erosion management framework is suggested based on the studies from Refs. [85-87]. A best coastal erosion control
practice should include three steps: identifying erosion issues, a comprehensive mitigation plan, and assessing and maintaining the implemented
mitigation in the post-development stage. The countries’ names are placed at some of the procedure parts, representing each country’s current state
of coastal erosion management.
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coastal management of the Philippines includes local government units (LGUs): Municipality and City units, provincial units, barangay
units; national government agencies (NGAs): Department of Environment and Natural Resources(DENR), Bureau of Fisheries and
Aquatic Resources (BFAR), Department of Interior and Local government (DILG), Department of Science and Technology (DST),
Department of Transportation and Communication (DTC), Philippine Council for Aquatic and Marine Research and Development;
Nongovernment organizations, and other assisting organizations like academic institutions and donors, community stakeholder and
people’s organization to have a conservation and sustainable use of coastal resources [62].

Coastal management was a basic function delivered by LGUs; NGAs will assist and train local government and other sectors. In the
meantime, coastal communities and LGUs are supported and facilitated to implement coastal management efforts by NGOs and other
assisting organizations. Lastly, the private sector and other stakeholders contribute by participating. A series of guidebooks was
created to promote the practical application of the planning and management process and explain the lessons discovered via local and
global experience. Additionally, the Philippine Disaster Risk Reduction and Management Act of 2010 (DRRM Act) changed and helped
the nation’s strategy from only responding to catastrophes to a more proactive one [65].

Coastal erosion management was always a topic, not only the mitigation and the strategies implemented but also the management
and the authorities. Meanwhile, the mitigation plan must consider various limitations, such as financial problems, resources, materials,
and environmental policies. In order to improve and have effective coastal erosion management, involvement and cooperation be-
tween all the authorities and stakeholders was very important, whether government agencies, NGOs, institutes, academicians, con-
sultancies, or communities. Coastal erosion management is towards balancing environmental, economic, social, and cultural factors
over the long term to have a sustainable and effective strategy. Guidelines, policies and frameworks (for example, Fig. 6) would be
powerful tools to help stakeholders manage better.

5. Conclusion

The impact of climate change on coastal erosion was systematically reviewed. This study revealed that climate change is the main
contributing factor in coastal erosion in Southeast Asia. Coastal erosion is driven by natural and anthropogenic factors such as sea-level
history, relative sea-level change, geology, sediment, waves, tides, storm surges, longshore sediment transport, and human activities.
However, climate change is likely to exacerbate coastal erosion, and coastal response is also vulnerable to wave climate change.

Among those climate change impacts, the rising sea level was the major contributor to increasing coastal erosion cases in Vietnam,
Thailand, Malaysia, Indonesia, Philippines, Singapore and Cambodia, affecting countries worldwide. The impact of sea level rise was
indirect and contributed to long-term erosion, where it won’t be observed significantly in a short time, like a chronic poison, slowly
eroding. The increased water depth caused changes in tidal hydrodynamics, currents, and wind-wave climate, allowing waves to
penetrate further inland. On the other hand, storm surges from typhoons or storms have a direct impact on coastal erosion, leading to
short-term erosion, and could reshape the coastline within hours. Climate change has made natural disasters more frequent and
intense, resulting in higher storm surges and increased wind speed year by year. Other than typhoons or storms, the monsoon pattern is
also another factor in wind-wave climate, it alternates wave characteristics, rainfall patterns, storm surge direction, and wind speed.
Therefore, this review offered how each factor influences the coastal erosion rate in Vietnam, Thailand, Malaysia and other countries
differently. The findings revealed that increasing coastal erosion significantly impacted coastal communities.

Moreover, the study also provides an overview of the coastal erosion management in Vietnam, Thailand, Malaysia, Indonesia, the
Philipines, Singapore and Cambodia. In most countries, short-term or ad-hoc strategies were widely used, which implemented hard
structures to address the emergence erosion problem. The implemented adaptive measure for erosion issues still needs to the assessed
for its effectiveness and impact not just short-term or emergence but long-term as well as any natural or man-made structure that will
disturb and impact coastal hydrodynamics. The review also provides some proof that inappropriate adaptive measures usually worsen
the erosion situation. Moreover, since the sea level rise has heavily impacted all countries, it should also be given idea or taken into
consideration by government or authorities to have mitigation strategies toward climate change adaptation like Thailand, Singapore
and Cambodia does. Learning from the successful case could also help in the best coastal erosion control practice like in Thailand and
Indonesia.

It is important to understand past and present events, predict future trends, eliminate the influence factor of severe erosion, and
implement an adaptive measure that suits the situation, circumstances, and environment to countermeasures against coastal erosion.
In addition, the government should encourage and include erosion issues on the national agenda in the short and long term.
Collaboration among government, institutions, and local agencies, along with the appropriate legal framework, policy, and strategic
plans, can lead to sustainable coastal erosion management.

This study has limitations where the review of coastal erosion management of each country just provided general information and
overview based on assessable online resources. Furthermore, this study solely focuses on Southeast Asia, which restricts the gener-
alizability to other coastal areas worldwide, as different regions experience different climate change impacts and adaptation chal-
lenges. Further research or review suggests conducting a complete and more comprehensive coastal erosion management, strategies
and plans to produce a better management framework and learn from the best practices and mistakes in Southeast Asia.
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