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Abstract: The increase of coastal erosion due to intense tropical storms and unsustainable urban
development in Vietnam demands vulnerability assessments at different research scales. This
study proposes (1) a new approach to classify coastlines and (2) suitable criteria to evaluate coastal
vulnerability index (CVI) at national and regional/local scales. At the national scale, the Vietnamese
coastline was separated into 72 cells from 8 coast types based on natural features, whereas the
Center region of Vietnam was separated into 495 cells from 41 coast types based on both natural
and socio-economic features. The assessments were carried out by using 17 criteria related to local
land use/cover, socio-economic, and natural datasets. Some simplified variables for CVI calculation
at the national scale were replaced by quantitative variables at regional/local scales, particularly
geomorphology and socio-economic variables. As a result, more than 20% of Vietnam’s coastline
has high CVI values, significantly more than 350 km of the coasts in the center part. The coastal
landscapes with residential and tourism lands close to the beaches without protection forests have
been strongly affected by storms’ erosion. The new approach is cost-effective in data use and
processing and is ideal for identifying and evaluating the CVI index at different scales.

Keywords: coastal vulnerability index; coastal characteristic; coastal forcing; socio-economic charac-
teristic; national scale; regional scale; local scale

1. Introduction

Coastal zones are essential for 600 million people globally living in coastal lowland
areas and are the most productive and regular human activity areas [1–4]. In recent years,
global and local climate change has increased the frequency and intensity of extreme
natural hazards on coasts, especially with erosion due to tropical storms and sea-level
rise [5–8]. Globally, 70% of beaches have been eroded [8,9]. The area of eroded coasts
worldwide increased by 28,000 km2 from 1984 to 2015 [10]. In Vietnam, the coastline
changes were found on approximately 920.21 km [11]. According to Reference [11], over
the past few years, the coast of Vietnam lost about 1480 ha in the northern part (from Quang
Ninh to Ninh Binh) due to erosion, about 9758 ha in the central region, and about 13,690
ha in the southern part. Under the pressure of socio-economic development, especially
coastal tourism in the last ten years, coastal erosion has caused significant damage to
coastal people’s livelihoods [12,13]. Despite no casualties, coastal erosion has caused a lot
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of property damage, equivalent to 1.5% of annual Gross Domestic Product (GDP) [14–17].
Every year, the Vietnamese government spends hundreds of billions VND to renovate
dykes to prevent coastal erosion [18]. Many tourist sites have been built close to the sea of
Quang Nam and Thua Thien Hue provinces, reducing the area of coastal protective forests
and leading to the increase of the erosion to more than about 15–20 m/year [19].

The “coastal erosion” topic in Vietnam has caught researchers’ attention since the
1990s. The studies mainly used hydrodynamic morphodynamical methods, remote sensing,
and Geographic Information System (GIS) to observe/predict coastlines’ changes. Some
studies analyzed the coastal erosion at the national scale [11,20–23], to regional scale [24–26],
and in more detail for small areas [19,27,28]. However, most of the research only studied
the current status, causes, and speed of coastline fluctuations (erosion and deposition)
and predicted the trend of erosion due to global climate change (concerning the sea-level
rise and storm surge) [29]. The research about the coastal effects of erosion on coastal
landscapes is rare.

The coastal vulnerability index (CVI) has been used to assess the vulnerability of a
coastal area to coastal erosion and storm surge [24,30–33]. In this way, it is a common
tool that contributes to decision-making in the sustainable use of coastal resources, the
planning of development projects, and integrated coastal management [34,35]. According
to Intergovernmental Panel on Climate Change (IPCC), the CVI is affected by three main
criteria groups, including exposure, sensitivity, and adaptive capacity of coasts under
climate changes [36]. In which, the adaptive capacity of the coasts contains modification to
mitigate damages caused by climate changes and take full advantage of positive impacts of
climate changes. The main challenge to assess coastal vulnerability is data scarcity, that is
dependent on the number of input criteria. Accordingly, the authors of Reference [37] used
about 43 criteria to investigate the coastal dune vulnerability, while Reference [30] used
six criteria to identify vulnerable areas due to erosion at national scales. The climatic and
hydrological characteristics are commonly homogeneous in a long coastline. As another
example, the use of criteria “population” or its density is collected at administrative
units [38]. These criteria used for CVI assessments are similar from national to regional
scales. Therefore, data generalization at national scales can reduce the accuracy of the
CVI calculation at the regional scale. It is necessary to provide more detailed data at
regional/local scales related to distribution of protection forests and population, as well
as economic development along the coasts, to better assess damages under the impact of
waves and storm surge.

A few studies assessed the coastal vulnerability in Vietnam due to the effects of climate
change and sea level rise. However, the criteria used for the CVI assessments is varied.
For instance, the authors of Reference [39] calculated the CVI for the coastal zone of the
Ba Lat estuary area with three groups of factors: vulnerability factors (e.g., erosion, ty-
phoons, channel siltation, sea-level rise, environmental pollution, and hazards intensifying
factors—natural and human activities), vulnerable objects (e.g., wetland resources and
human works), and resilience of socio-ecological system (e.g., education, health facilities,
communication, and transportation). The authors of References [12,40] estimated the nat-
ural CVI for the southern area of Vietnam, with the use of six parameters, including (a)
geomorphology, (b) slope (%), (c) sea-level rise rate (mm/year), (d) rate of coastline change
or accretion/erosion (m/year), (e) tidal height (m), and (f) mean wave height (m). The
authors of Reference [41] used the number of storms and tropical depressions together
with the wave height values during storms to assess the coastal vulnerability in Vietnam.
The authors of Reference [15] emphasized the effects of the unsustainable development in
coastal cities, leading to the significant increase of damage in Vietnam’s coastal zone. The
authors of Reference [27] used three components of exposure, sensitivity, and adaptability,
and 48 related indicators, to assess vulnerability due to climate change in lagoons of Thua
Thien Hue province, and some coastal communes in Quang Binh and Quang Tri provinces.

In this study, various methods were harnessed to provide the primary input data for
coastal vulnerability assessments. The classification of coastal landscapes at the national
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scale was assembled by a developed machine learning model based on coastal geomorpho-
logical data, hydrological data, and remote sensing data, whereas the coastal landscapes
at the regional scale were classified based on the distribution of land uses/covers from
coastline to inland areas. All required coastal characteristics, tidal, storm, erosion, and
socio-economic data, to calculate CVI index were integrated into a coastal Geographical
Information System (coastal GIS) [42–44]. The overall aim of this research was (1) to pro-
vide the best criteria tables to assess coastal vulnerability due to erosion at the national and
regional scales, and (2) to calculate CVI index in different landscape types in Vietnam and
the Central Vietnam. This study addresses the interactions between coastal characteristics,
coastal forcing, and socio-economic conditions under the effects of erosion during extreme
climate events. The assessments can provide a better understanding about Vietnamese
coasts and impacts of erosion in extreme storms on coastal people. Such information can
be useful for decision-making processes in coastal landscapes.

The following research questions—relevant to evaluate the CVI index due to erosion—
guided this study:

• Is it feasible to use coastal landscape classification systems for CVI assessments at
national and regional scales?

• How is the selection of CVI assessment criteria at national and regional scales different?
• How vulnerable are the coasts in Vietnam and Central Vietnam to erosion in storms?

In the following sections, background information on the CVI index, coastal classifica-
tion in Vietnam, and natural and socio-economic conditions in the Vietnamese coastal area
will be introduced. The methods to calculate the CVI index and classify coasts used at na-
tional and regional scales are explained separately in Section 2.2. The coastal vulnerability
assessment criterion are introduced in Section 2.3. At the end of the paper, limitations of the
coastal vulnerability approach, the input data, and the calculation process are discussed.
In this study, the coastal vulnerability was assessed in the 2 km area from coastline to
inland, where it is significantly affected by erosion due to tropical storms. Adapted from
Reference [45], the coasts at national and regional scales are divided into different coastal
cells (shown in Section 2.2). Accordingly, a coastal cell is a littoral region along coasts
containing a complete sedimentation cycle such as sinking, transporting, and eroding
coastal sediments. The boundary of cells is the geographical regions where the sediment’s
budget is balanced. Therefore, it provides a suitable framework to quantitatively assess
coastal erosion and accretion.

2. Materials and Methods
2.1. Case Study

The coastal zone of Vietnam has a coastline of over 3260 km, from Tra Co (Mong Cai,
Quang Ninh), through Ca Mau cape (at the southern end) to Ha Tien (Kien Giang), passing
through 28 provinces/cities with 125 coastal districts [46,47] (Figure 1). In terms of the
geological structure, tectonic form, and topographic morphology, its intra-tropical coastal
zone lies neatly in the West Coast of the East Sea [18]. The climate in the coastal zone of
Vietnam clearly reflects the humid monsoon tropical climate, strongly influenced by storms
and monsoons, with high temperatures and high humidity. The national tidal regime is
diverse, with all four known tides globally: regular and irregular diurnal tides, regular
and irregular semi-diurnal tides, of which irregular diurnal tide is the most common
(accounting for 51% of national coastlines) [48]. The coastal wave regime depends on the
wind regime, barometric pressure, tidal waves, topography, and shore, island, and seabed.
Based on the manifestations of the climate, Vietnam can be divided into two major climatic
regions: (i) The North (the north of Hai Van pass) has a tropical monsoon climate, with
4 seasons (namely spring, summer, autumn, winter), and (ii) The South (the south of Hai
Van pass) has a tropical climate, with warm temperatures in two distinct seasons (dry and
rainy seasons). Every year, the Vietnamese coasts suffer from 5–6 storms and 2–3 tropical
depressions [49].
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Figure 1. Research areas at national and regional scales.

The coast of Vietnam is densely populated, with many developed cities and industries.
Various anthropogenic landscapes and famous tourist beaches scatter along the coast of
Vietnam. Besides, the coastal zone of Vietnam is also an area with the diversity and richness
of natural resources such as mangroves, with great potential for economic development,
ecotourism, and aquaculture [28,50]. The coastal strip is rich in mineral resources, diverse
in sand mines, building materials, and exceptionally large reserves of glass sand. Various
geomorphological heritage such as archaeological sites, strata, or geomorphologic land-
scapes with unique terrain types in limestone landscapes in Ha Long Bay, Hon Chong
(Nha Trang), and basalt cliff landscapes such as Ghenh Da Dia (Phu Yen), and Ghenh Yen
(Quang Ngai), have created natural resources for tourism development, the construction of
deep-water seaports, and military works for security and defense protection such as ports
of Da Nang, Cam Ranh, and Vung Tau [51].

The central key economic region is the dynamic economic region in Central Vietnam,
including five provinces: Thua Thien-Hue, Da Nang, Quang Nam, Quang Ngai, and
Binh Dinh. This region is the third largest economic region in Vietnam. This region is
characterized by integrated seaport economic zones. This area has a coastline stretching
for about 600 km and is characterized by complicated topography and geological features.
Between the protruding points composed of intrusive rocks, eruptive rocks (basalt), and
associated sedimentary rocks are the shores/banks composed of quaternary sedimentary
rocks with a different grain size composition, from rough to smooth. The estuarine areas
have developed a lagoon system with mainly sand mixed with silt and clay [52,53].

The study area is located in two climatic zones, with the boundary of Hai Van pass.
From Hai Van Pass to the north, in the climate of North Vietnam with tropical monsoon
climate, the annual average temperature is about 25–26.9 ◦C. From Hai Van Pass to the
south, it belongs to South Vietnam’s climatic zone, with the temperature tending to increase
southward, the average value is about 26 ◦C. While the north has irregular semi-diurnal
tide, the south has irregular diurnal tide with amplitude from 0.5 to 2.0 m [11]. In winter,
the prevailing wave direction is Northeast direction, with the average wave height from
0.8 to 1 m. The maximum wave height is 3–4 m. In summer, the dominant wave is the
South-West, with the average wave height from 0.6 to 1.1 m, and the maximum wave
height is 2–3.5 m [11].

The central key economic region is an area with the distribution of valuable impor-
tant marine ecosystems such as coral reefs, seagrass beds, and recognized international
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biosphere reserves such as Biosphere Reserve Cu Lao Cham-Hoi An. However, the coastal
strip from Thua Thien Hue to Binh Dinh is also a place that has suffered significant dam-
ages due to natural disasters, typically coastal erosion, storms, floods, sea-level rise, and
even tsunami caused by earthquakes in the East Sea [19,49]. In recent years, coastal erosion
activities in Thuan An (Thua Thien Hue) and Cua Dai (Hoi An, Quang Nam) have caused
considerable damage to the local people.

2.2. Multi-Scale Coastal Landscape Classification
2.2.1. Coastal Landscape Classification at National Scale

In the study “A Convolutional Neural Network for coastal classification based on ALOS and
NOAA satellite data” by the authors published in 2020 [46], the coastline of Vietnam was
divided into 72 coastal cells based on four geomorphological features, including absolute
digital elevation models (DEM), relative DEM, slope, and flow length. In which, the
feature “flow length” describes the most prolonged downslope duration along the flow
line, or the concentration time of water from each cell to a particular sink/outlet [54,55].
That coastal classification was computerized as a new feature of this study. The main
objective of the study is to train the machine to understand the differences in 8 types
of coastline structures, including: (1) delta coastline, (2) alluvial flats, (3) sand banks,
(4) accumulation coasts, (5) lagoon coasts-bays, (6) abrasive coasts, (7) tectonic coasts,
and (8) bio-biochemical origin coasts, based on the “Convolutional Neural Network”
(CNN) model [56]. Through topographic data extracted from Advanced Land Observation
Satellite (ALOS) and National Oceanic and Atmospheric Administration (NOAA) image
data, 2400 slices characterize four topographic and hydrological parameters (including
elevation, slope, depth of cleavage, and flow length) at 800 locations, and the coastlines
were drawn automatically in the 700 × 700-pixel images (Figure 2). Each littoral cell of
the coast is 10 km long (5 km inland and 5 km offshore). Eight hundred coastal cells
of Vietnam were selected during the field survey and description of previous studies
(such as References [11,18,57]). These cells were also the input data for the CNN machine
learning model. When the machine learning model understood the differences between
the four geomorphologic features among the eight coastline types, the model could classify
new slices with similar features. The entire model development was done in the Python
programming language [58,59].

The completed CNN model classified 1150 new coasts along the Vietnamese coast
with an accuracy of 98%. Accordingly, 89% of the Vietnamese coastline was classified
into eight types of coastline, while 11% of the coast was considered to be the ninth coastal
group, also known as transitional coast or a mixture of 8 types of coastlines mentioned
above. According to the geomorphological characteristics, remote sensing analysis, and
field works, the transitional coasts were commonly found between two defined coastal
types. For example, these undefined cut-lines mainly located in the transitional zones
between clear lagoon or accumulative coasts. These cut-lines cannot be defined as a lagoon
or accumulative coasts. In both defined coast types, coastal dunes along the coastline
have an average elevation of 20–30 m and rivers/lakes are behind dunes. Meanwhile, the
transitional coasts contain the dunes with lower elevation and more narrow rivers/lakes
behind dunes. It is challenging to select a suitable type for these coasts. Therefore, the ninth
coastal type named “transitional coasts” was added. Accordingly, 3260 km of the Vietnam
coastline was divided into 72 cells, with the predominant coastline characteristics [46]. From
north to south, the northern coastal strip was divided into 15 cells with three dominant
coastlines, including tectonic coasts, biochemical origin coasts (or karst coasts), and delta
coasts. The North Central Coast was divided into 15 cells of coastline with 3 predominant
coastlines, including alluvial flats, abrasive coasts, and sandy coasts. The South-Central
Coast was divided into 27 coastlines, in which there are mainly abrasive coasts, followed
by accumulation coasts and sand banks. The Southern coastal strip was divided into ten
cells of the coast with deltas and abrasive coasts. The results of this study detailed the
previous qualitative descriptions of geological-geomorphology scientists in the field of
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natural coastal zoning [57]. However, the study just stopped at analyzing four geological
features, geomorphology and hydrology, and did not go into in-depth research on the field
cover and the biodiversity level above the surface.

Sustainability 2021, 13, x FOR PEER REVIEW 6 of 25 
 

similar features. The entire model development was done in the Python programming 

language [58,59]. 

 

Figure 2. Steps to use the Convolutional Neural Network (CNN) model for coastal classification based on cut-lines to 

coastlines. As an example, in the cut-line No.474, the “code” column contains the points’ range coded from [1, 101] corre-

sponding to 101 points made in the cut-line. 800 cut-lines were generated for eight coastal types during the model devel-

opment process. The CNN model learned four geomorphic characteristics of eight coast types. The accuracy of the model 

reaches 98% (modified from Reference [46]). 

The completed CNN model classified 1150 new coasts along the Vietnamese coast 

with an accuracy of 98%. Accordingly, 89% of the Vietnamese coastline was classified into 

eight types of coastline, while 11% of the coast was considered to be the ninth coastal 

group, also known as transitional coast or a mixture of 8 types of coastlines mentioned 

above. According to the geomorphological characteristics, remote sensing analysis, and 

field works, the transitional coasts were commonly found between two defined coastal 

types. For example, these undefined cut-lines mainly located in the transitional zones be-

tween clear lagoon or accumulative coasts. These cut-lines cannot be defined as a lagoon 

or accumulative coasts. In both defined coast types, coastal dunes along the coastline have 

an average elevation of 20–30 m and rivers/lakes are behind dunes. Meanwhile, the tran-

sitional coasts contain the dunes with lower elevation and more narrow rivers/lakes be-

hind dunes. It is challenging to select a suitable type for these coasts. Therefore, the ninth 

coastal type named “transitional coasts” was added. Accordingly, 3260 km of the Vietnam 

coastline was divided into 72 cells, with the predominant coastline characteristics [46]. 

From north to south, the northern coastal strip was divided into 15 cells with three domi-

nant coastlines, including tectonic coasts, biochemical origin coasts (or karst coasts), and 

delta coasts. The North Central Coast was divided into 15 cells of coastline with 3 pre-

dominant coastlines, including alluvial flats, abrasive coasts, and sandy coasts. The South-

Central Coast was divided into 27 coastlines, in which there are mainly abrasive coasts, 

followed by accumulation coasts and sand banks. The Southern coastal strip was divided 

into ten cells of the coast with deltas and abrasive coasts. The results of this study detailed 

the previous qualitative descriptions of geological-geomorphology scientists in the field 

Figure 2. Steps to use the Convolutional Neural Network (CNN) model for coastal classification based on cut-lines to
coastlines. As an example, in the cut-line No.474, the “code” column contains the points’ range coded from [1, 101]
corresponding to 101 points made in the cut-line. 800 cut-lines were generated for eight coastal types during the model
development process. The CNN model learned four geomorphic characteristics of eight coast types. The accuracy of the
model reaches 98% (modified from Reference [46]).

2.2.2. Coastal Landscape Classification at a Regional Scale

The coastline division in detail is a subject of debate not only in the marine science
discipline, but also in the multidisciplinary one. In this study, the coastal type in the
central key area was divided by four main groups of criteria, including: (1) geology-
geomorphology, (2) dominant land covers and land uses, (3) coastal people’s livelihood
activities, and (4) the location of the population distributed along the coast. These four
criteria were selected to represent all the natural coastal features, including petrographic
composition, topography, soil, materials, exogenous effects, and human activities (Figure 3).
Accordingly, 495 coastal cells in the Central part of Vietnam are divided by 41 different
coastal landscape types, as shown in Table 1.

Firstly, the criteria for the classification of the coastal type according to geological and
geomorphological characteristics—as divided for the entire coast of Vietnam as mentioned
in Section 2.2.1—were prioritized to classify the natural coast into three main groups,
including coastal sandy, cliff, and estuarine landscapes. (a) The sandy landscapes typically
have a slope of less than 10%, averaging about 3%, and beach widths range from 20 to over
100 m [60]. The condition of waves can create wide sand bars that run parallel to the coast.
Fine-grained sand comprises mainly of the sediment composition, forming embryo dunes
and foredunes. (b) The cliff landscapes have a steep slope from 30% to 50%, are composed
of intrusive rocks of Kreta and Kainozoi, and do not form a coastal sand strip [57]. Narrow
sandbanks which are located between the rocky coasts and have accumulated sedimentary
material from the sea are also considered in the cliff landscapes. The steep rocky cliffs
distribute behind these sandbanks. (c) Estuary landscapes are the transition of material
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from the mainland to the sea, with a high degree of topographic variation depending on
river flow, waves, and tides [49,61]. Depending on the dynamics of flow from the ocean or
continent, the estuary topography has both deposition and erosion properties; therefore, it
is different from sandy and rocky shores, which are only affected by waves. In particular,
in some areas, the sedimentation of longshore waves and coastal alluvium accumulate in
front of river mouths, creating wide sand bars. Many sand bar landscapes were generated
in a period of long-term stability, creating stable conditions for people to live [50].
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Table 1. Coastal landscape classification for the coastal cells from Thua Thien Hue to Binh
Dinh province.

Code Coastal Landscape Type

A. Natural Coastal Landscapes

A1. Sandy Landscapes

1.1 Coastal protection forest landscapes (Width of 150 m)
1.1.1 Highly dense protection forest landscapes
1.1.2 Medium protection forest landscapes (new planting)
1.1.3 Low protection forest landscapes (shrubs, weeds)
1.2 Coasts of aquacultural and other agricultural landscapes

1.2.1 Coastal aquacultural landscapes behind <20 m width protection forest
1.2.2 Coastal aquacultural landscapes behind >20 m width protection forest
1.2.3 Coastal other agricultural landscapes
1.3 Coastal residential landscapes

1.3.1 Coastal urban landscapes close to sea (protection construction was built)
1.3.2 Coastal rural landscapes close to sea
1.3.3 Coastal rural landscapes behind <50 m width protection forest
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Table 1. Cont.

Code Coastal Landscape Type

A. Natural Coastal Landscapes

A1. Sandy Landscapes

1.3.4 Coastal rural landscapes behind 50–100 m width protection forest
1.3.5 Coastal rural landscapes behind >100 m width protection forest
1.4 Coasts of construction and tourism landscapes close to sea

1.4.1 Tourism coast landscapes with >2000 m long along sea
1.4.2 Tourism coast landscapes with <2000 m long along sea
1.4.3 Sandy coast landscapes of industrial, port and special-use purposes

A2. Cliff Landscapes

2.1 Coasts of forest cliff landscapes
2.1.1 Special-use forest cliff landscapes
2.1.2 Protection forest cliff landscapes
2.1.3 Production forest cliff landscapes
2.1.4 Rocky/sparse-vegetated cliff landscapes
2.2 Coastal cliffs of rural and agricultural landscapes

2.2.1 Coastal cliffs of rural landscapes
2.2.2 Coastal cliffs of aquacultural and agricultural landscapes
2.3 Coastal cliffs of construction and tourism landscapes

2.3.1 Coastal cliffs of construction and port
2.3.2 Coastal cliffs of stable tourism landscapes (constructed)
2.3.3 Coastal cliffs of tourism landscapes (under construction)
2.4 Sandy landscapes between coastal cliffs

2.4.1 Natural forest and sandy landscapes between coastal cliffs
2.4.2 Sandy landscapes between coastal cliffs used for aquacultural and agricultural activities
2.4.3 Sandy landscapes between coastal cliffs used for rural development
2.4.4 Sandy landscapes between coastal cliffs used for tourism development

A3. Estuary Landscapes

3.1 Unstable sand-bar and estuary landscapes
3.1.1 Permanent estuary landscapes
3.1.2 Embryo sand-bar landscapes (without vegetation)
3.1.3 Foredune sand-bar landscapes (sparse vegetation)
3.1.4 Unstable sand-bar landscapes used for aquacultural activities
3.2 Stable estuarial sand-bar landscapes used for rural and agricultural development

3.2.1 Rural landscapes in stable sand-bars, close to sea
3.2.2 Rural landscapes in stable sand-bars, behind <50 m width protection forest
3.2.3 Rural landscapes in stable sand-bars, behind 50–100 m width protection forest
3.2.4 Rural landscapes in stable sand-bars, behind >100 m width protection forest
3.3 Stable estuary sand-bar landscapes for tourism and other constructions

3.3.3 Stable estuary sand-bar landscapes for tourism
3.3.4 Stable estuary sand-bar landscapes for industrial, port and special-use purposes

B. Anthropogenic Coastal Landscapes

B1. Anthropogenic Coastal Landscapes without a Beach

B1.1 Anthropogenic coastal landscapes for urban development
B1.2 Anthropogenic coastal landscapes for industrial, port and special-use purposes
B1.3 Anthropogenic coastal landscapes for tourism development

B2. Anthropogenic Coastal Landscapes with Beaches

The second criterion considered in the coastal landscape classification is the predomi-
nant coastal land use/cover types. In order to assess the value of coastal ecosystems for
indigenous people, the researchers divided land-use into four main groups, including
(i) forest land, (ii) land used for aquaculture and other agricultural activities, (iii) coastal
residential land, and (iv) land used for construction works and seaside resorts. In each of
these land use types, the authors detail each land use type depending on land covering and



Sustainability 2021, 13, 1004 9 of 24

the livelihood characteristics of coastal residents—the third criterion in the classification
of coastal landscape types. The local coastal landscapes are explained in detail in Table
1. For example, forest cover was split into forests of high, low, and very low cover (on
the sandy coasts), or by the forest’s function as protection, special use, and production.
Regarding the livelihoods of coastal residents, residential land was divided according to
the purpose of using for agricultural, industrial, wharf, or tourism development. The
inclusion of criteria 2 and 3 in the coastal landscape classification in this study was to
evaluate the loss of economic benefits under the impact of waves and storm surge. Coastal
areas with livelihood activities under the influence of coastal natural disasters always make
the coastal vulnerability level increase.

Lastly, the location of people’s settlement and economic development points for coastal
protection works determines whether they are directly or indirectly vulnerable to coastal
erosion. Through field surveys, indigenous people living along the coast of Vietnam have
a habit of adapting to the effects of waves and storms. Houses and livelihood activities
are always placed behind at least one or a few rows of coastal protection trees, such as
casuarina trees—corresponding to a width of 50 to 150 m from the sea to the mainland
(Figure 3). Especially in the Central coast areas, many populated areas are close to the
coast (or the protection forest width is less than 20 m) [50]. When the coastal protection
forest system is completely destroyed, people are directly affected by waves, wind, and
storm surges, which often happen from September to November every year. Through
interviews with coastal residents, the research team found that the residential area behind
the trees with a width of less than 50 m was affected by sea-level rise and wind during
high storms. In particular, only extreme storms of the century can deeply affect people
living within a radius of 50 to 100 m inland [62–64]. Therefore, the maximum impact limit
of coastal waves and storms was set at 150 m in this study. The population living behind
the protection forest system of more than 150 m widths will be ensured not to be affected
by erosion during storms. In addition, the national coastal protection system along the sea
was often not integrated with natural land cover, although they were designed specifically
to withstand the impacts of coastal disasters [49].

In addition to the three groups of natural landscapes, the authors separated two
groups of human-made landscapes, including artificial coasts with/without beaches. This
coastal group was formed for the purpose of coastal economic development in specific
areas, such as Quang Ninh, Da Nang, and Binh Dinh provinces [50]. Artificial beaches
are often used in tourism and new urban development, while artificial coasts without
beaches are often used for ports and other typical economic types. These coasts’ location is
commonly chosen in high stable coastlines, helping to reduce vulnerability level caused by
waves and storm surge.

2.3. Coastal Vulnerability Assessment Criterion
2.3.1. Assessment Index System

Storms are states of energetic and aggressive nature. Storms affect coastal sediment
balances (erosion/accretion) due to strong winds, elevated ocean height, and wave di-
rection along the coast [65]. They create powerful winds clinging to trees and houses,
heavy rainfall in suburbs, eroding beaches and coastal resources, and rapid ocean-level
waves flooding vast lowland areas. Commonly, the storms affect a large region, there-
fore the values of the coastal forcing variable can be homogeneous in a long coastline.
The coastal vulnerability assessments can be broken down into national, regional, and
local scales based on administrative districts [30,38,66,67]. Depending on the purposes of
the CVI assessment, researchers can select alternative quantitative variables for different
management scales. At the national scale, the coastal forcing related to the storms can
be different from the northern to southern parts, but it can be recorded similarly at the
regional research scale. Therefore, the input variable selection is the most important in the
CVI calculation, avoiding the repetition in using input variables. In this study, the authors
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used the Principal Criteria Analysis (PCA) to assess how important the input variable is
and to eliminate the less important variables.

The assessment indicators for each CVI were assigned in terms of considering the
impact of the natural and human factors on coastal people’s livelihoods. They were divided
into two groups of CVI, including natural and socio-economic aspects:

• The natural aspect includes coastal characteristics and forcing. Coastal character-
istics’ indicators include coastal geology-geomorphology, coastal elevation, coastal
slope, shoreline change rate, and coastal natural habitat [32]. The index of coastal
characteristics is related to the resilience and erosion vulnerability of the coast. The
coastal forcing index includes the rate of sea-level change, mean tidal amplitude, wave
heights, and storms. In other words, the coastal forcing index describes the factors
that cause erosion due to tides, waves, and storms.

• The socio-economic aspect was divided into two parts, including coastal infrastructure
and natural hazards mitigation based on the potential damage or the resilience of
coastal features in the face of erosion [10]. Coastal infrastructure indicators include
the value of roads, the value of buildings, and the activities of the population. Disaster
reduction index can be included in financial revenue, coastal dykes, and embankments.
While the coastal infrastructure index is an indicator for assessing potential risks, the
disaster mitigation index evaluates the prevention level to mitigate natural hazards,
especially coastal erosion.

Climate change increases the frequency and intensity of extreme events and sea
level rise causing inundation of wetlands and estuaries [68,69]. Frequent inundation of
coastal areas results in coastal erosion, degradation of coastal ecosystems, and reduced
effectiveness of existing coastal protection works. When they come ashore, the storm
pattern changes, leading to the change in the coastline’s shape, which tends to adjust
to new conditions [70,71]. Effectively making decisions to protect and develop areas at
particular erosion risk requires an integrated assessment of current and future catastrophic
risks due to climate change or human impacts [72,73]. Therefore, the CVI assessment is a
potential tool to predict effects of erosion on coastal people, based on assessing both the
factors that increase the vulnerability to the coast and factors that reduce the damage in the
face of a disaster.

2.3.2. Criteria Selection

The criteria used for calculating the hierarchical CVI index at national and regional
scales have been proposed by many scientists [35,74,75], and were also adopted in this
study. In the criteria related to the coast’s characteristics in Vietnam, criteria related to
materials, beach slope, width, and hydrology were taken into account. These criteria were
generalized in the criteria of (1) geological structure/structural material composition of
the shore, (2) geomorphology/coastal type, and (3) coastal protection level from annual
prevailing waves at the national scale, whereas the focusing study at the Central Vietnam
required detailed calculations of the beach slope and width, instead of using the variable
“geomorphology”. In essence, the geological and geomorphologic features clearly sepa-
rated steep cliffs (composed of acid magma, sandstone, and conglomerate with a slope of 9
and 12%) or coasts with bar/coastal dunes (composed of course to fine-grained sediment
with a slope below 6%) [76,77]. Meanwhile, areas that possess a high level of protection
against wave energy are accumulation coasts [47]. The slope direction of these areas is
opposite with the wind direction, creating beaches over 50–75 m wide. The data used in the
CVI calculation at a national scale included geological, geomorphological, and wavefield
maps at the scale of 1:50,000, whereas the data used in the CVI calculation at the Central
Vietnam included topographic, remote sensing (ALOS, NOAA, and Google Earth), current
situation, and field survey data in 2019 and 2020.

Seven criteria related to coastal forcing were used in the calculation of CVI for both
research scales. They measured the hydrographical characteristics with a high level of gen-
eralization based on National Hydro-Meteorology Centers along the Vietnam coasts [77,78].
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Before selecting input coastal forcing variables, the correlation and PCA were conducted to
eliminate variables that have strong correlation with each other. The more detailed data
will be chosen. According to the climate change scenarios in Vietnam (2016), the differences
in both spatial and temporal dimensions of the “significant wave height” have strong
correlation with those of the “average wave energy per month” that has been analyzed as
the seventh variable (Table 2). Therefore, the significant wave height was replaced by the
“average wave energy”. The PCA is an important step and has not been done by previous
studies, avoiding the repetition in using input variables. The differentiation in wave energy,
tidal, sea-level changes, and precipitation could only be observed clearly at the regional
scales. This information helped to accurately classify the influence of coastal dynamics on
the coasts of the provinces. For example, in the entire coastal strip of Da Nang, the average
wave energy is 7 kW/m, the high-tide amplitude reaches 90 cm, and the total number of
storms from 1960 to 2014 was 66, with a frequency of 1.5 storms/year [61]. The average
annual rainfall of the coastal strip of Da Nang is 200 mm, while the heaviest rainy day
has a flow of 593 mm, corresponding to a high coastal vulnerability province. As another
example, wave energy and wave power in Hue, Da Nang, and Quang Nam tend to be
two levels lower than in Quang Ngai and Binh Dinh, or the frequency of storms tends
to decrease from 4 storms/year in Hue to 3 storms/year in Binh Dinh, and in Nhon Ly,
Nhon Hai, and Ghenh Ranh communes, the number of storms is only 2 storms/year. For
the criterion “shoreline variation rate (erosion/deposition)”, data was calculated in detail
based on high-resolution remote sensing data collected from Google Earth from 1965 to
2019, using the Digital Shoreline Analysis System (DSAS) tool. The data generation was
explained in detail in previous research of the authors’ group [19]. All input data for the
CVI calculation was shown in Table 2 and Appendix A.

Table 2. Selected criteria to assess the coastal vulnerability index (CVI) due to erosion in storms at national and
regional scales.

No. Criteria Abreviation
Selected Input for CVI

Input Data Source
Vietnam Center Part

A Coastal characteristics

1 Geological structure and materials Geology x x Geology map with scale of 1:50,000
2 Highest slope in 1000 m radius HSlope x Topographical maps, ALOS and

NOAA data3 Average slope in 1000 m radius ASlope x

4 Width of sandy beaches WBeach x Google earth data, land use/cover maps
and field work

5 Geomorphological characteristics Geomop x Geomorphological map with scale of
1:50,000

6 Coastal protection level from annual
prevailing-waves ProAPW x x Wave and wind data

B Coastal forcing factors

7 Average wave energy AWat x x

Climate change scenarios, 2016

8 Highest tidal range HTidal x x
9 Average change in sea level (1960s–2014) ASLC x x

10 Total water level during storm TWL x x
11 Storm frequency Storm x x
12 Maximum rainfall (during the day) MRain x x

13 Rate of shoreline variation
(erosion/accretion) Erosion x x Google Earth data

C Socio-economic factors

14 Population density PopDense x x
Statistical data in 2019 (district data at

national level; community data at
regional level)

15 Distance from coastline to buildings DBuilding x
Google earth data, land use/cover maps

and field work
16 Post-beach surface cover Landcover x x

17 Coastal defense constructions
(dykes/embankments/sea walls) Protection x x
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In addition to the “distance from the coast to residential buildings” criterion, the
remaining three socio-economic criteria were used in the CVI assessment at both national
and regional scales. The criteria of “population density” and “distance from the coast to
residential buildings” represent vulnerable objects which are prone to groups of the coastal
forcing factors. Meanwhile, the criteria for “post-beach surface cover” and “coastal defense
constructions” represent resilient objects that prevent erosion from impacting people in the
land. Thus, the higher the density of the coastal population, the closer to the sea without
being protected by a natural protection forest system or artificial structures, the higher the
vulnerability [10].

Particularly for the Central Vietnam, the criteria selection was associated with the
coastal landscape classification according to the distribution of land covers/uses from the
coast to the mainland, as mentioned in Section 2.2.2. Accordingly, each type of coastal
landscape has homogeneity of natural (from No.1 to No.6) and socio-economic (from No.14
to No.17) criteria. In this way, the distribution of the land cover/use features from the
coast to the mainland was quantified into specific value, instead of qualitative/descriptive
ones as in previous studies in Vietnam [50]. In addition to the tourism, economic, and
social development goals, the large beach width helps reduce the waves’ dynamics to the
shore, representing the coastal areas with sedimentary deposits. Additionally, a sparse
covering system with plants such as casuarinas, sea spinach, wild pineapple, and other
coastal plants grow on the surfaces of embryo- and fore-sandy dunes. These plants develop
a strong root system that adheres to the dune surface, helping them stay stable under
the impact of light waves and storms [79,80]. Therefore, the generation of sandy dunes
along the coast has been applied in many countries worldwide to reduce the influence
of erosion [81–83]. The survey field showed that many embryo- and fore-dunes on the
coast in the Central Vietnam have been destroyed, replaced by artificial constructions or
resorts. Therefore, the inclusion of criteria No.2, No.3, No.4, No.15, and No.16 in the CVI
vulnerability assessment at the regional scale might help determine the effectiveness of the
planning and use of coastal land in the Central Vietnam.

2.4. Assessment Model Development

Some methods have been used for weighting coastal vulnerability index systems,
mainly such as the process of analytical hierarchy (AHP), entropy weight, and methods of
equal weight [10,35]. Each methodology has its benefits. This research uses an equal weight
approach based on former studies. Although there are no weight assignment guidelines,
the arithmetic mean was selected after many experiments depending on statistical mean
(e.g., geometric mean, root mean square) and after evaluating the various methods used
in the estimation of indices. This approach can therefore take into account all criteria of
equal importance, reduces subjectivity, and allows correlation analysis between criteria.
This quantitative method reveals the main processes in the evolution of the beach. Some
variables became more detailed as the research scale of the study increased, while others
became obsolete as they remained constant at the regional/local scale and therefore were
not differentiated between areas. Within the GIS method, the numerical values for the
CVI variables were summed up, and the results were then standardized by measuring the
results as a proportion of the maximum and minimum possible scores. For instance, the
calculation of the coastal characteristics (CC) factor is shown below:

Addition of CC indexes = ∑(VCC) = Coastal geology +

Coastal geomorphology + Coastal natural protection ability
(1)

The outcomes of the index additions varied from 5 to 25, with a highest potential
score of 25 and a minimum of 5. As shown below, the results of this equation were then
determined as a percentage of the possible set of scores:

CVIi = 100 ∗
[
∑(Vi)− ni]/(5 ∗ ni − ni)

]
(2)
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“Vi” and “ni” respectively, are the corresponding variable data and the number of
variables in the CVI group “i”. The average values, consistent with the index grouping, are
classified into three groups including natural (N), socio-economic (SE), and vulnerability
(V) groups, and calculated for different scales. The average values, consistent with the
index grouping, are classified into five groups. For the national scale, the CVI index is
calculated as follows:

CVIN1 = 100 ∗
[
∑(VN1)− 10]/40

]
(3)

CVISE1 = 100 ∗
[
∑(VSE1)− 3]/12)

]
(4)

CVIV1 = 100 ∗
[
∑(VV1)− 13]/52

]
(5)

For the regional scale, the CVI index is calculated as follows:

CVIN2 = 100 ∗
[
∑(VN2)− 12]/48

]
(6)

CVISE2 = 100 ∗
[
∑(VSE2)− 4]/16

]
(7)

CVIV2 = 100 ∗
[
∑(VV2)− 16]/64

]
(8)

3. Results
3.1. Statistical Analysis of Interdependencies

The PCA was used to analyze to the importance of input parameters in the CVI index.
It was based on the correlation analysis between all input parameters shown in Table 2.
The importance of each parameter is shown in both sub-figures in Figure 4. Based on the
PCA analysis shown in Figure 4, the variables related to geology, slope, erosion, distance
from coast to residential building, and width of coastal protection forest are all clearly
shown at dimension 1. Meanwhile, coastal forcing factors, including wave, tidal, and storm
characteristics, are clearly reflected in dimension 2. The dimensions 1 and 2 interpret 26%
and 16% respectively, of the variation between the analyzed variables. Accordingly, the
variables of slope, distance from coast to residential building, and protection forest width
have strong positive correlations. These variables have negative correlations with “Pro-
tection” and “PopDense” variables in both dimensions. Similarly, the variables “Mtidal”
and “AWat” have negative correlations with the variables “Storm”, “Geology”, “WBeach”,
and “Erosion”.
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3.2. Multi-Scale CVI Assessments
3.2.1. CVI Due to Erosion in Vietnam

Based on 13 CVI assessment criteria, more than 20% of the Vietnam coastline has a
high to very high vulnerability (Figure 5). In general, the Central region has the highest
levels of vulnerability caused by coastal erosion. The calculation results show that nearly
40% (250 km) of the North Central Coast have CVI scores above level 4, particularly in the
Mui Ron-Mui Rong cell (Figure 6). Meanwhile, another 20% (equivalent to 280 km) in the
South-Central part had a CVI of above 4, for example, in Son Tra-Cua Dai, Lo Dieu-Phuoc
Mai, Phuoc Mai Peninsula-Ghenh Rang (ThP. Quy Nhon), Ghenh Rang-Phung Xuan Dai,
and Hon Chua-Cape Dai Lanh (Mui Ne) cells. In detail, at the CVI index level 5, these
coasts are areas with high population density over 400 people/km2, average wave energy
is over 6.5 kW/m, with storm frequency of about one event/year. Meanwhile, the highest
tidal range in these areas is only level 2, corresponding to a 90–130 cm low level compared
to other coastal cells in Vietnam.
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Figure 5. Coastal vulnerability assessments at national and regional scales in Vietnam.

More than 1700 km of Vietnam’s coastline has the “low” and “no” level of vulnerability,
mainly concentrated in bays and sheltered areas, especially the cell from Ca Mau to Ha
Tien. More than 55% of the coastal cells of South-Central Vietnam have a CVI of low to no
level, particularly in the Ca Na to Vung Tau cell. Likewise, in the Northern and Southern
coastal cells, despite the long coastline, the CVI is still assessed at a low level. The South
Coast region alone is assessed to be very stable, with a CVI index of less than 1. Although
the coasts in the Gulf of Tonkin and the north of the North Central region are heavily
affected by rain and storms with a highly dense population, the coastal vulnerability in
this area is assessed at a low level due to coastal protection works.
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3.2.2. CVI Due to Erosion in the Central Vietnam

Based on 16 CVI evaluation criteria, more than 60% of the Central Coast is rated as
“high” to “very high” (Figures 5 and 7). The coastal cells with low CVI (below the value of
1) account for about 24%, concentrated in provinces such as Thua Thien Hue, Da Nang,
and Binh Dinh. However, more than 80 km of the shoreline in these provinces still had CVI
levels above 4, such as in the southern cells of Thuan An estuary (in Phu Thuan commune,
Thua Thien Hue) and the southern cells of Tam Quan Nam (in Hoai Hai commune, Binh
Dinh). The coastal strip of Da Nang has an average natural vulnerability, but with a stable
embankment quality in Da Nang province, the overall CVI vulnerability here decreased
significantly.
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Figure 7. Coastal vulnerability assessments due to erosion in the Central Vietnam (left) and in five focusing
provinces (right).

The CVI calculated for Quang Nam and Quang Ngai areas reached a high threshold,
with more than 40 and 80 km of very high-vulnerability coasts, respectively (approximately
40–60% of the shoreline)—only about 4% of the coast is not affected by erosion. The very
high CVI shorelines are assessed in Hoi An and Cua Dai, Quang Nam province. Meanwhile,
the area with very high CVI in Quang Ngai province is mainly concentrated in Tinh Ky and
Tinh Khe communes, Quang Ngai city. At 252 km of coastline with CVI of level 5, they are
all peaceful beaches with slopes less than 3%, beach widths less than 50 m, the population
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of over 600 people/km2 close to the coast, with protection forest width less than 25 m.
It makes these cells of the coast considered at high risk of erosion, although the average
annual wave energy and the frequency of storms are moderate (1.3 to 1.7 storms/year).

3.3. CVI Index in Landscape Types

The statistical results of the coastal vulnerability index for each type of coast in the
Central region are shown in Figures 8 and 9. The research results for both research scales
are nearly similar. In general, the estuarine landscapes witnessed the highest vulnerability
index, followed by sandy and artificial landscapes. In particular, the CVI of estuary
landscapes, on average, was only equal to the sandy landscapes (below threshold 3.5), and
at the Cua Dai area existed some coasts with the highest CVI index (threshold 5). The cliff
landscapes have low CVI values, whereas about 10% of these landscapes in the Southern
part of the Center region have the CVI at a medium level.
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In the group of sandy and estuary landscapes shown in Figure 9, ten coastlines
belonging to these two groups experienced vulnerability at level 4 or higher. According
to the median CVI values, only three coastal landscapes have the CVI value higher than
2.5, including: (1.4) coasts of construction and tourism landscapes close to the sea, (3.2)
stable estuarial sand-bar landscapes used for rural and agricultural development, and (3.3)
stable estuarial sand-bar landscapes used for tourism and other constructions. Additionally,
about 20% of other coasts in the coastal sandy and estuary groups with the value higher
than 2.5 can be affected by storms. Besides the residents of people close to the sea, the
aquacultural and other agricultural landscapes have been strongly affected by storms,
leading to property damage partly in these coastal landscapes. Importantly, Figure 9
shows the real effects of the erosion in storms generated by the interaction between nature
and socio-economic factors. The coastal landscapes No.1.4, No.3.2, and No.3.3 must be
protected, and 20% of the area in the landscapes No.1.1, No.1.2, No.1.3, and No. 3.1 should
be improved.

The cliff landscapes with stable geomorphology and geological structure and sparsely
populated were the places with the lowest vulnerability level. The points with the highest
CVI level on the cliff landscapes were at the rural populations with moderate agricultural
activities. Most of the sandy landscapes between cliffs have no coastal vulnerability, except
some sandy landscapes have been used for tourism development in Binh Dinh and Quang
Nam provinces.
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4. Discussion
4.1. Comparison with Formal CVI Assessments

The study has shown the feasibility of using criteria to calculate CVI at different
research scales. The use of the CVI criteria in this study was inherited from those in the
previous studies [10,30,35,38]. The climatic and hydrological conditions are relevant to
a CVI assessment at both national and regional scales. They also can be used similarly
at local scales. Additionally, the study used some additional criteria for representing
geomorphological characteristics and land management. When studying in detail, these
criteria are still included in the calculation, but they will be calculated as a fixed constant
for a long coastline. At the regional and local scales, topographical information, and
physical and socio-economic composition have clarified both natural and artificial impacts
on coastal protection [10]. Instead of using the geomorphologic features on the national
scale, slope, beach width, and exact width of coastal forest cover are employed when
calculating the CVI on the regional and local scale. The use of these two detailed criteria at
a national scale will result in data overload and data generality loss.

In new artificial urban construction or tourist landscapes, the natural vulnerability
level varies significantly. The criteria No.15 and No.16 are included to evaluate the corre-
lation between populated coasts or tourist structures close to the sea with the degree of
coastal erosion. Commonly, the artificial coasts in Vietnam have been chosen in the coastal
landscape types 1.3, 1.4, 3.2, and 3.3. Regarding vulnerability level by coastal character-
istics (CC), the artificial coasts will experience a higher CVI than the natural coasts. Due
to the new construction of the human-made coasts, the sediment equilibrium is changed
(from the gentle surface to the vertical shoreline surface), affecting the wave breaking zone
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and the longshore current and increasing erosion at artificial coasts [19]. The artificial
coasts’ foot will be continuously eroded, possibly leading to a complete collapse at dyke
foot. The artificial construction destroyed the natural coastal environment [10], leading to
increased coastal vulnerability due to erosion up to high and very high levels. Therefore,
it is necessary to choose a suitable location for developing the artificial coasts, such as in
areas with opposite aspect to coming wind/wave, slope higher than 6%, coastal forcing
factors lower than level 3 (shown in Appendix A), more than 200 m from the coastline, and
having a more than 100 m protection forest in front of beaches. It accounts for more than
25% of the total coastal cells according to patterns 1.3 and 1.4, 40% of the total number of
coastal cells according to type 3.2, and 70% of the total number of coastal cells according to
type 3.3 (Figures 5, 6 and 9). Coastal anti-erosion works on artificial coasts have been used
as potential practices to raise defenses and elevate the coastline height. Accordingly, new
coastal urban residential areas in artificial coasts can minimize the effects of extreme events.

4.2. Vulnerability Assessment in Central Vietnam

The CVI assessment was clearly validated at the national scale. According to the
National Disaster Inventories (https://www.desinventar.net/DesInventar/profiletab.jsp#
more_info), the CVI results are in harmony with the number of deaths and destroyed/
damaged houses due to the effects of storms in coastal provinces, as shown in Figure 5.
Particularly, the highest number of deaths, more than 70 people/year, was found in Quang
Ninh, Thanh Hoa, Da Nang, and Binh Dinh. Some coastal provinces have a number of
deaths due to the effects of storms from 24 to 70 people, which includes Ha Tinh, Quang Tri,
Quang Nam, and Quang Ngai. Additionally, more than 25,000 houses in Central Vietnam
are destroyed and damaged annually by storms. The lowest death number (less than one
person/year) was also recorded in the provinces in the southern part of Vietnam or in the
Red river delta.

In Central Vietnam, the validation process can be done based on the interview and
the remote sensing analysis. According to local households, coastal livelihood activities of
local people such as fishing, agriculture, or farming at coastal lagoons have all been built
backward on the coast. Through three interviews in 2018, 2019, and 2020, in front of these
residential and agricultural areas, a forest cover has been commonly planted over 100 m
wide since the 1970s. It proves that the lives of coastal people have adapted to the impacts
of waves and storms from many generations. It is similar to both coastal urban and rural
landscapes. Most rural land is located more than 100 m from the coast, protected by rows
of casuarina trees and stable foredunes [19]. The local people also affirmed that the waves
and sea level only reach the outer edge of the casuarina tree line, rarely affecting the houses
inside, except for the extreme storms.

Recently, many coastal constructions have been planned and rebuilt for economic and
tourism development purposes, such as Lang Co tourist area (Thua Thien Hue), Ngu Hanh
Son (Da Nang), Hoi An (Quang Nam), or Tam Quan (Binh Dinh) [84,85]. The clump-root
vegetation is deeply rooted in the coastal sand layer, helping to stabilize the front-end sand
dunes. When the coast loses this natural protective forest system, the broken wave zone
will penetrate further inland. It is a favorable condition for waves and storms to go inland,
causing land loss and affecting people’s livelihoods inside. Especially during the stormy
season, the sea level rises, combined with the waves, will destroy deeply into the foredunes
without forest landcover.

The Son Tra-Cua Dai region is a typical example of coastal land reclamation, serving
economic and tourism development. With a stable rocky coast and low population density,
the Son Tra peninsula’s cliff landscape has a low vulnerability level. Although the coastal
protection with coastal roads and embankments were built in the sandy landscapes, nearly
20% of urban development and tourism development here are very vulnerable to erosion
during storms. The northern area from Tho Quang ward, Da Nang province to Ngu
Hanh Son district, Quang Nam province, is often affected by storms and waves that flood
coastal roads. However, the coastal road system is built higher than beaches from 3 to

https://www.desinventar.net/DesInventar/profiletab.jsp#more_info
https://www.desinventar.net/DesInventar/profiletab.jsp#more_info
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5 m, and significantly limits the impact of coastal erosion. However, the southern coasts
of the Son Tra-Cua Dai region are frequently eroded, especially in Hoi An, Quang Nam
province. According to Reference [19], many cells of the northern part of Quang Nam
province have been eroded over 10 m/year due to the conversion from natural forests to
tourism and urban constructions. According to the results, 16 coastal cells with high to
very high CVI index (levels 4 and 5, respectively) are at highly dense population (over
600 people/km2), close to the sea, or have been planned/built tourist resorts. Completed
tourist sites commonly have relatively high greenery coverage along the coast. However,
the field survey showed that the colonial system in the coastal tourism landscapes serves
sightseeing tourism and relaxation, instead of the protective function of casuarina trees.
Several of the tourism cells in Quang Nam province have installed revetments/sea walls,
but only for the internal area of each resort [19]. For instance, many resorts such as Victoria
Hoi An Beach Resort, Golden Sand Resort and Spa Hoi An, Sunrise Premium Resort Hoi
An, and Vinpearl Resort and Spa Hoi An all have to build their coastal embankment system
to minimize wave damage and sea-level rise during annual typhoons.

The estuary landscapes have a complicated level of coastline change (erosion and
deposition), leading the high CVI values. The population density in these areas is medium,
together with underdeveloped economy in the unstable estuarine sand dunes. Especially,
the residential areas, agricultural activities, tourist areas, and other construction works
in the estuarine landscapes have a higher degree of CVI. Like the sandy landscapes, the
indigenous people in the sand-bar landscapes have adapted and lived for a long time.
Residential areas are often 100–150 m inland, minimizing the impacts of waves and sea level
rise in storms. However, as a river–sea transition region, the coastal erosion is potentially
estimated above 5–8 m/year in these landscapes, resulting in a high CVI index level. The
areas under construction and tourism development have the highest CVI values due to the
destruction of the front protection forest width, replaced by tourist green landscapes.

5. Conclusions

Through the results and assessment of coastal vulnerability level due to erosion and
storm surge above, the questions raised in Section 1 can be answered as follows:

1. Is it feasible to use coastal landscape classification systems for CVI assessments
at national and regional scales? Yes, it is. At the national scale, the coastal classification
based on four geomorphic features makes the CVI criteria useful in the case of data scarcity.
While, at the regional scale, in addition to the geomorphological information, the coastal
landscape classification to assess coastal vulnerability requires detailed information about
the distance from the coast (a) to human works and (b) the width of coastal protection
forest behind the beach. Two of these criteria have been used effectively to calculate CVI to
clarify the direct impact of waves and storm surge on the coastal population.

2. How is the selection of CVI assessment criteria at national and regional scales
different? The calculation of CVI at the national scale only uses 13 generalized coastal
characteristics, coastal forcing, and socio-economic criteria to determine the differentiation
between 72 natural regions, while the calculation at the regional scale requires 16 coastal
criteria with a higher level of detail, which helps determine the regional differentiation
between 41 specific landscape types. For CVI calculations at the regional scales, the CVI
index needs to add three additional criteria: (i) slope, (ii) the distance from the coast to the
residential works, and (iii) the width of protection forest in front of the sea.

3. How vulnerable are the coasts in Vietnam and Central Vietnam to erosion in storms?
The coastal vulnerability value caused by erosion is highest in the South-Central region,
followed by the North Central Coast, while the Northern and Southern regions of Vietnam
are assessed at low to medium levels. The Son Tra-Cua Dai region witnessed a high CVI
level, especially the coastal cells with residential activities and tourism development close
to the sea.

Instead of using the traditional CVI formulas and long-term data, decision-making
models based on artificial intelligence algorithms can be developed. Real statistics related to
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the number of deaths or poverty loss can be used as an indicator of the coastal vulnerability.
The real and short-term statistical data in detail can be collected at district/local scales.
The PCA can be improved to identify the correlation between input variables with real
data. Afterwards, there is high potential to apply high-technic models such as artificial
intelligent models in the CVI assessments. Accordingly, the CVI index can be updated
quickly once the models are trained. It can be set up in the future.
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Appendix A

Table A1. Coastal vulnerability levels for each criterion to assess the coastal vulnerability due to erosion in storms.

No. Criterion Unit

Coastal Vulnerability Level

No Low Medium High Very High

1 2 3 4 5

A Coastal characteristics

1 Geological structure and
materials -

Magma acids
(e.g., granite and

riolites)

Metamorphic
rocks, magma,
and sandstone

Fine-fine grained
sedimentary

rock

Poor cohesive
coarse grain

sediment

Homogeneous,
fine-grained

sediment

2 Highest slope in 1000 m
radius - >12 9–12 6–9 3–6 <3

3 Average slope in 1000 m
radius % >12 9–12 6–9 3–6 <3

4 Width of sandy beaches m >300 150–300 75–150 25–75 <25

5 Geomorphological
characteristics - Coastal steep

cliffs
Coastal gentle

cliffs

Heterogeneous
coastal cliffs,

stable estuaries

Sandy bars,
pebbles/gravel
shore, lagoon

Eroded estuaries
delta areas

6 Coastal protection level from
annual prevailing-waves -

Opposite sides of
coming

wind/wave

Opposite sides of
coming

wind/wave in
unstable cliffs

Partly opposite
sides of coming

wind/wave

Direct exposure
to waves, but

energy is slightly
refracted from

offshore

Direct exposure
to the impact of

storm waves
without defense

B Coastal forcing factors

7 Average wave energy TW/
month <1.5 1.5–4.2 4.2–6.5 6.5–9 >9

8 Highest tidal range cm <90 90–130 130–170 170–200 >200

9 Average change in sea level
(1960s–2014) m <−4.0 −4.5–0.5 −0.5–3 3–5.5 >5.5

10 Total water level during
storm m <40 40–60 60–80 80–100 >100

11 Storm frequency Event/year <0.9 0.9–1.3 1.3–1.7 1.7–2.1 >2.1

12 Maximum rainfall (during
the day) mm <300 300–500 500–700 700–900 >900

13 Rate of shoreline variation
(erosion/accretion)

m/
year >0 (accretion) −1 to 0 −3 to −1 −5 to −3 <−5
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Table A1. Cont.

No. Criterion Unit

Coastal Vulnerability Level

No Low Medium High Very High

1 2 3 4 5

C Socio-Economic factors

14 Population density Person/km2 <100 100–200 200–400 400–600 >600

15 Distance from coastline to
buildings m >600 200–600 100–200 50–100 <50

16 Land cover type behind
beaches -

Protection forest
(including
mangrove)

Sparse
vegetation and

agriculture

Rural with
vegetation

Urbanized areas
with sparse
vegetation

Urban,
industrials, ports,

and tourism
areas

17

Coastal protection
constructions

(dykes/embankments/sea
walls)

- Very solid
sea-walls

Solid
construction

Semi-solid
construction

Temporary
dyke/embankment No construction
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