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Abstract: The assessment of coastal vulnerability to erosion is urgently needed due to increasing
coastal erosion globally. Based on the coastal characteristics of the Xiamen artificial coastline,
which accounts for more than 80% of the coastline in this area, this study provides an integrated
approach based on a multi-criteria index. The evaluation index system of the local coastal vulnerability
to the erosion of Xiamen includes 12 indexes based on natural (coastal characteristics, coastal forcing),
and socio-economic factors (coastal infrastructure, disaster reduction). The spatial differentiation
characteristics of the coastal vulnerability to erosion along the Xiamen coast (2018) have been
quantitatively assessed with the aid of GIS (Geographic Information System) and RS (Remote
Sensing) technology. The results show that the very high vulnerability, high vulnerability, medium
vulnerability, low vulnerability and very low vulnerability areas of coastal erosion accounted for 4.6%,
30.5%, 51.6%, 12.5% and 0.8% of the Xiamen coast, respectively. The coastal vulnerability to erosion
classes of artificial coasts is significantly higher than those of natural coasts. This difference is mainly
controlled by the coastal slope and coastal buffer ability. The results of the evaluation are basically
consistent with the present situation. The rationality of the index system and the applicability of
the theoretical method are well explained. The evaluation model constructed in this study can be
extended to other areas with high ratios of artificial coasts.

Keywords: coastal erosion; coastal vulnerability to erosion; artificial coast; coastal buffer ability; Xiamen

1. Introduction

Coastal zones are important areas for the socio-economic development of coastal countries,
and they represent the most active and frequent areas of human activity [1]. Sixty-five percent of
cities globally with populations of more than five million are located in coastal lowlands at altitudes
below 10 m [2]. A coastal zone represents the confluence of the four main cycles on Earth and is highly
dynamic and susceptible to natural hazards [3-5]. Global climate change, sea-level rise and storm
surges have increased the sensitivity of coastal zones to natural disasters [6-8], which have made
coastal erosion disasters increasingly serious [9-11]. Seventy percent of beaches around the world
are currently being eroded [12]. From 1984 to 2015, the area of coastal erosion was approximately
28,000 km?, which is twice as large as the area of coastal zone increase [13]. Coastal erosion disasters
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have had an enormous impact on the socio-economic development of coastal areas, particularly in
coastal areas with high population densities because these areas are low-lying and highly economically
developed [14].

Vulnerability assessments are particularly important for identifying the factors that will affect
the current state of the coast in the face of disasters and play important roles in coastal disaster risk
reduction management and coastal planning for sustainable development [15,16]. In recent years,
coastal vulnerability assessments have received widespread attention [17,18]. However, most previous
studies have focused on sea level rise caused by climate change [11,19-21] and vulnerability
assessments associated with storms [22,23], and fewer assessments have focused on the coastal
vulnerability to erosion [17,24,25]. For example, most previous studies have ignored the important
influence of artificial coasts on the coastal vulnerability to erosion. Furthermore, these studies have
concentrated on the national and regional scales; thus, local-scale studies are lacking. From 1985 to 2015,
the global coastal areas increased by 33,700 km? [7] as a result of human activities. The development
of coastal economies and facing sea-level rise will lead to sustained increases in length of artificial
coast. After the construction of an artificial coast, hard structures affect coastal processes by changing
the sediment budget and increasing beach erosion [26-28]. Therefore, the assessment of coastal
vulnerability to erosion requires an understanding of the impact of artificial coast on the coastal
vulnerability to erosion. Differences are observed in the selection of evaluation indexes for different
study scales, and the contents and computations of the same indexes on different scales of an evaluation
system vary [29-32]. There are several models can be used to assess coastal vulnerability. One of the
most widely-used methods of assessing coastal vulnerability is the application of multi-criteria index
to support preventive coastal management measures [33-36]. The coastal vulnerability index (CVI),
which was initially described by Gornitz, Kanciruk and Gornitz [37,38], has also been widespread
applied and includes adjustments for scale variables and available data. As one of the most widely used
coastal management tools [39], GIS technology can provide the capabilities of spatio-temporal analysis
and visual management for Integrated Coastal Zone Management (ICZM) [36,40,41]. GIS can combine
both natural aspects and socio-economic aspects for consideration in a multi-criteria index system.

China has 18,000 km of mainland coastline, and its coastal areas are densely populated,
economically developed, account for 13% of the land area of the coastal economic belt, contain
42% of the country’s population, and are responsible for creating more than 60% of the country’s
GDP (Gross Domestic Product); thus, coastal areas play a pivotal role in China’s social and economic
development [42]. The length of the coastline undergoing erosion in China is approximately 3255.3 km;
sandy beach erosion is severe; and approximately 49.5% of the coastline has been eroded [19,43-45].
Coastal erosion has resulted in national land losses of 14.3 ha and economic losses of 350 million
yuan [46]. With economic development, large amounts of artificial coasts have been constructed
in economically developed and densely populated areas. In China, artificial coast accounts for
approximately 60% of the Chinese coast, thus forming a “new Great Wall” [47].

Although many artificial coasts have been constructed in China, previous coastal vulnerability
to erosion studies have not considered the artificial coastal influence; thus, this study combines the
natural and socio-economic factors that affect the coastal vulnerability to erosion and considers new
characteristics of the influence of artificial coast on the coastal vulnerability to erosion, combined
with multi-source data sets (e.g., remote sensing, field measurements, big data, statistical data, etc.).
A comprehensive evaluation index system of local coastal vulnerability to erosion is defined, and it is
suitable for coastal areas with high ratios of artificial coasts. Xiamen is a special economic zone, and it
also represents China’s first implementation of coastal zone management in a city. Due to the rapid
development of the economy [48], this coast contains a large amount of artificial coast. Thus, we select
Xiamen as a case to verify the coastal erosion vulnerability model presented in this study. The general
conditions of the study area, the materials and methods used in the paper are presented in Section 2.
In Section 3, the results of the vulnerability class of the case study are described. The characteristics
and applicability of the index system, indexes influencing the class of coastal vulnerability to erosion
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and support for coastal zone management can be seen in Section 4. Finally, the conclusions are drawn
in Section 5 respectively.

2. Materials and Methods

2.1. Study Area

Xiamen is a coastal city located in Southeast China, on the west coast of the Taiwan Strait. It has a
land area of approximately 1699 km? and a sea area of approximately 300 km? [49]. Based on the 2017
GEF-2 satellite image and field survey data (2018), the Xiamen coast is subdivided into four categories:
Rocky coast, gravel coast, sandy coast and artificial coast. The artificial coast is mainly “hard’ coast,
such as seawalls, ports and so on. The length of the Xiamen coastline (2018) is approximately 183 km,
of which artificial coastline accounts for 86.6%, and it has a coastal-type distribution, as shown in
Figure 1. Xiamen was established as a special economic zone in 1980, and it is one of the five special
economic zones in China. Xiamen is also a densely populated city, and in 2017, it had a population of
4.0 million and a total GDP of approximately 435.2 billion yuan [50]. The average annual wind speed
is 2.8 m/s; the wave direction in spring, summer and autumn is mainly S~WSW, while that in winter
is mainly NE~E. The tidal type is a regular semi-diurnal tide. The average tidal range is 3.99 m [51].
With the rapid development of the economy and the overexploitation of coastal resources, the pressure
placed on the Xiamen coastal zone is increasing [52-54]. The excessive reclamation and large amounts
of seawall buildings have had a tremendous impact on the coastal environment, and the coast has
suffered from severe erosion since 1980, particularly sandy coastal erosion, which has caused serious
land and economic losses [51].
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Figure 1. Xiamen (2018) coastal-type distribution map.
2.2. Assessment Index System and Data Sources

Vulnerability refers to something bad that can but not necessarily will happen [55]. Coastal
vulnerability to erosion is a spatial concept that identifies people and places that are susceptible
to disturbances resulting from coastal erosion [56]. Vulnerability assessment can be divided into
national, regional and local scales [30] based on the administrative districts. This study focuses
on the local scale. Vulnerability at the local scale should consider factors, such as local coastal
characteristics and development patterns. This scale is mainly used to serve the purposes of local
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coastal management. The coastal vulnerability to erosion assessment system includes both natural and
socio-economic aspects (Figure 2). The natural aspect includes the internal and external characteristics
of the system [30], which are coastal characteristics and coastal forcing. Based on their potential
losses or resilience in the face of coastal erosion [24], the socio-economic aspect is subdivided into
two parts, namely, coastal infrastructure and disaster reduction. Indexes of coastal characteristics
(CC) include [30,57] coastal geomorphology, coastal elevation, coastal slope, coastal natural habitats
and coastal buffer ability. Indexes of coastal forcing (CF) consist of [30] significant wave height and
storms. Indexes of coastal infrastructure (CI) include [5,58,59] the values of roads, values of buildings
and population activity. Indexes of disaster reduction (DR) comprise [24] fiscal revenue and GDP per
capita. The index system and data sources are shown in Table 1.
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Figure 2. Structure of coastal vulnerability to erosion.
Table 1. Index system and data sources.
Criteria Elements Index Data Type Data Sources Period
Field survey, GF-2
Coastal geomorphology 0.81-m raster images (Color) 2017
Coastal Coastal elevation 30-mraster, CSV (X, Y,Z) GDEMV2, Field survey 2009, 2018
Natural characteristics Coastal slope 30-mraster, CSV (X,Y,Z) GDEMV2, Field survey 2009, 2018
Natural coastal habitat 0.81 m raster Fl.e 1d survey, GF-2 2018
images (Color)
Coastal buffer ability CSV (X, Y, Z) Field survey 2018
. Significant wave height CSV (X, Y, 2) SWAN model 2018
Coastal forcing Field GF-2
Storms 0.81-m raster 1eld survey, 2018
images (Color)
Value of roads 0.81-m raster Fl.e 1d survey, GF-2 2017
Coastal images (Color)
Socio-economic infrastructure Value of buildings 0.81-m raster F1_e 1d survey, GF-2 2017
images (Color)
Population activity Raster Baidu heat map 2018
Disaster Fiscal revenue Excel [60] 2017
reduction Per capita GDP Excel [60] 2017

2.3. Calculation and Classification of Indexes

According to the coastal-type and coastal geomorphology, the study area is divided into
93 evaluation units alongshore. It is necessary to determine the range extending beyond the coastline
that is likely to be affected by coastal erosion. This study uses this range to identify potential losses
due to coastal erosion. Previous studies [57,58,61-63] have indicated that the range of erosion is the
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erosion rate multiplied by time. The average rate of coastal erosion in Xiamen is 1 m/a [51]. A 100-year
coastal retreat distance is selected as the range that may be affected by coastal erosion. The range of
the evaluation unit is within 100 m from the coastline landward cross-shore. The evaluation unit index
value statistics presented in this study are based on this range. The definition and calculation value of
each index per evaluation unit are as follows.

(1) Coastal geomorphology: Coastal geomorphology refers to the surface type of a coastal zone.
Different surface types in coastal zones respond differently to coastal erosion; for example, sandy
coasts are more vulnerable to erosion than rocky coasts [6,21,30,58]. The surface types of coastal zones
are divided into two categories, namely, natural surface types (rocky coasts, gravel coasts and sandy
coasts) and artificial surface types (seawall, port and revetment).

(2) Coastal elevation and slope: Areas at higher elevation are less likely to be eroded by inundation [64],
and areas with higher slopes are less vulnerable to erosion caused by inundation [6,21,30,57,65]. ArcGIS
(Geographic Information System) is used to extract the average elevation and average slope of the
evaluation unit from the GDEMV2.

(3) Coastal natural habitats: Natural habitats (mangroves, coastal sand dunes) play vital roles in
reducing eroded coastlines [6,24]. For example, mangroves dramatically reduce the wave height in
shallow waters and decrease the intensity of wind-generated currents. In this study area, there are only
two types of coastal natural habitats. According to research [64], we divide this index into three classes.

(4) Coastal buffer ability: Sediment can dissipate coastal forcing, and a greater amount of sediment
corresponds to greater wave dissipation. The average elevations of the highest points of sediment
on natural and artificial coastal areas can be indirectly used to determine the amount of sediment in
the unit. Limited wave energy is observed along the coastline (MHWT- the mean high water spring
tide). The highest measurements points for the artificial coastal sediment are shown in Figure 3a,b.
If no sediment in the evaluation unit is exposed at the theoretical depth datum, the evaluation unit is
considered the least amount of sediment. The rocky coast is considered to have the largest amount of
sediment. The highest measurement points for muddy, sandy and gravel coastal sediment are shown
in Figure 3c,d. The average elevation of the evaluation unit minus the average elevation of the natural
coastline represents the MHWT. Because coastal forcing hardly occurs on the natural coastline position,
a positive value indicates that the evaluation unit has a strong coastal buffer ability and a negative
value indicates that the evaluation unit has a weak coastal buffer ability.

(5) Significant wave height: When a wave transmits energy to shallow water, wave breaking causes
turbulence. The components parallel to coastline cause the sediment to be transported alongshore.
The vertical components of the coastline drive the sediment to cross-shore transport [31,51,66,67].

The wave energy density (energy density) or energy ratio (specific energy) [49], i.e., the average
total wave energy per unit length in the spanwise direction, is defined as follows:

H= %, 1)
%4

where E is the wave energy density (j m~2); E is the total energy per unit peak width within a
wavelength (J m™1); p is the density of seawater (kg m~3); g is the acceleration due to gravity (N kg’l) ;
and H is the wave height, significant wave height or average wave height (m).
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Figure 3. Measurement positions of the highest points of sediment on artificial and natural coasts:
(a) The toe (positions of the highest points of sediment) of artificial coast meets the sediment directly.
The junction of the toe of the artificial coast and the sediment is the position of the highest points
of sediment. (b) The toe of the artificial coast meets the riprap directly. The junction of riprap
and the sediment is the position of the highest points of sediment. (c) The natural coast is in the
natural condition. The junction of vegetation and the sediment is the position of the highest points
of sediment. (d) The natural coast has been occupied by road or building and so on. The junction of
the road (building and so on) and the sediment is the position of the highest points of sediment. Note:
Figure 3a—d represent the data measurement points for the coastal buffer ability of each coastal type,
Figure 3¢,d include muddy coast, sandy coast and gravel coast; MHWST—mean high water spring tide.

Accordingly, the significant wave height can be used instead of the wave energy, which
indicates the influence of waves on coastal erosion. Stronger wave energy corresponds to more
intense corresponding coastal erosion. The significant wave height is reconstructed by SWAN (the
third-generation spectral wave model Simulating Waves Nearshore) in the surf zone. The offshore
boundary conditions have been extracted from data of the buoy in the Taiwan strait from October 1,
2008 to September 30, 2009 at coordinates 24°28'59” N and 119°17'35” E. The wave model configuration
was represented by a single computational grid with a resolution of 0.1 km by 0.1km. The coastline
was considered as a closed contour and the oceanic boundaries as open contours. The bathymetric
data within the computational domain has been obtained from nautical charts. Offshore portions
of the domain have been complemented with data from the global coverage model ETOPO 1 [68].
The data of model validation have been obtained from the measured data at coordinates 24°25'05.1” N
and 118°06'45.1” E. The modeled significant wave height is extracted from 5 m depth contour which
parallels to the coast.

The range of significant wave height in the study area is from 0.17 m to 0.43 m. Because the
variation of significant wave height in evaluation units is not particularly evident and big. As a whole,
the significant wave height in evaluation units is not high. The highest height is 0.43 m which is not so
serious for coastal erosion. The class of significant wave height should be divided into four classes,
then the highest height should belong to the high vulnerability.

(6) Storms: Coastal erosion caused by storm surges is influenced by a variety of factors, including
the water level increase, wave characteristics, direction of storm movement, storm speed and duration
and tidal characteristics during the storm landing. Because the evaluation units are small, the above
common evaluation indexes cannot distinguish the impact of typhoons on the evaluation unit.
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The impacts of a storm on a sandy coast and artificial coast are not the same. The impact of a
storm on a sandy coast mainly causes the erosion of the beach, whereas the impact of a storm on
an artificial coast mainly damages infrastructure. The impact of a typhoon is indirectly expressed
by the potential losses to beaches and artificial coasts (assuming that different artificial coasts are
needed to repair the damage caused by typhoons). The impact on the artificial coast is divided by
the relative artificial coast value. The impact of a typhoon on the coast can be obtained indirectly,
and the losses of rocky and gravel coasts are negligible. The relative value of the seawall unit length
is set to 1 m~!, and those of the sandy coast, revetment and port are 0.1 m 1 04mtand 0.7 m 1,
respectively. The relative value of coast is used to roughly distinguish the potential losses caused by
storms. The total value is equal to the length of the evaluation unit multiplied by its relative value.

(7) Values of roads and buildings: Roads and buildings are important components of coastal
infrastructure [5,58,59,69], and coastal erosion can damage roads and buildings.

This study used eCognition Developer 8.7 [70] to extract and class roads and buildings from the
GF-2 raster. The roads in the study area are subdivided into four categories: Pathways, narrow roads,
secondary roads and main roads. The relative value of the main road unit length is 1 m~!, and the
relative values for the other classifications are 0.75 m~1, 0.5 m~! and 0.25 m~1. Because the values of
roads are so complex, the relative value of roads is used to roughly distinguish the different classes of
roads. The total value of the road length is multiplied by its relative value. The treatment of building
value is consistent with that of road value. Buildings are also subdivided into four categories: Fishing
villages buildings (rural), warehouses, urban residents buildings and business district buildings.
The relative value of the business district unit area is 1 m—2. The other classifications are 0.75 m—2,
0.5m ™2 and 0.25 m~2. Because the values of buildings are so complex, the relative value of buildings
is used to roughly distinguish the different classes of buildings. The total value of the building area is
multiplied by its relative value.

(8) Population activity: Population activity is a part of the coastal infrastructure [69], and greater
population activity corresponds to higher vulnerability. A thermodynamic chart is created by using
an acquired mobile base station to locate the number of users in a given region and rendering the
map color to reflect the number of users. Based on the population activity density thermodynamic
chart calculated by Baidu Big Data (https:/ /huiyan.baidu.com/), the relative grade density of the
population activity in each evaluation unit is calculated.

(9) GDP per capita and fiscal revenue: When threatened with a coastal erosion disaster, the ability
to achieve social and economic disaster reduction mainly involves government investments in financial
resources to achieve disaster reduction and individuals recovering in the face of disaster. These two
aspects are mainly reflected in terms of fiscal revenue and GDP per capita.

The data on GDP per capita and fiscal revenue are with a low spatial resolution. In all, GDP per
capita of evaluation units is relatively high, the ability to recover and cope with coastal erosion is
fairish. So the class of GDP per capita could be divided into four classes, the lowest GDP per capita
should belong to the high vulnerability. In all, fiscal revenue of evaluation units is relatively high,
the government has the power to mitigate coastal erosion. So the class of fiscal revenue could be
divided into four classes, the lowest fiscal revenue should belong to the high vulnerability.

The index classification is generally odd. Classifications performed in similar studies are generally
divided into 5 classes [71-73]. Because of differences in data, some indexes are divided into 3 classes,
whereas some are divided into four classes. The numbers 1, 2, 3, 4 and 5 have been used to indicate
very low vulnerability, low vulnerability, medium vulnerability, high vulnerability and very high
vulnerability, respectively. The index classification and reference sources are shown in Table 2.
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Table 2. Index classification and reference sources.

I 1: Very Low 2: Low 3: Medium 4: High 5: Very High
Criteria Elements Index Vulne?;bility Vulnerability Vulnerability Vulnera{goility Vulne?iabil%ty References
Coastal geomorphology Selz(—)gfke Port Seawall Gravel Beach Beach [6,30,57]
Coastal Coastal elevation (m) 22-24 20-22 18-20 16-18 14-16 [6,30,57,65]
Natural Characteristics Coastal slope (degre.es) 5.1-10.7 3.3-5.1 1.9-3.3 0.9-1.9 0-0.9 . [57,65]
Coastal natural habitat Mangroves Coastal Dunes No nature habitat [6,24]
Coastal buffer ability (m) 2-4 0-2 —-3-0 —6.5-—3 <—6.5
Coastal Significant wave height (m) 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 [6,24,30,65]
Forcing Storms 0-300 300-1100 1100-2500 2500-5600 >5600
Values of roads 0-1280 1280-3531 3531-7045 7045-9790 >9790 [30,74]
_ Coastal Values of buildings 0-2534 2534-9184 9184-23,651 23,651-54,665 >54,665 [30,74]
Socio-economic infrastructure Population activity No population Blue Green Yellow Orange [30,74]
Disaster Fiscal re"f;‘ﬁ;" (Billion 4555 3.5-4.5 25-35 15-2.5 [24,74]
reduction GDP pgr capita (Ten
14-17 11-14 8-11 5-8 [24,74]

thousand yuan)

8 of 20

Note: 1. In this study area, there are only two types of coastal natural habitats. According to research [64], we divide this index into three classes. 2. The data of significant wave height,
fiscal revenue and GDP per capita divide into four classes more suitably, the details could be found in the text.
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2.4. Index Data Analysis

2.4.1. Weight Calculation

The methods used to weight index systems mainly include the analytic hierarchy process (AHP),
entropy weight and equal weight methods.

1. The AHP is widely used in decision making, planning and resource allocation. Here the method
was used to obtain the weight vectors of the indexes as follows [24,75]:

(1) A hierarchic structure was established from bottom alternatives to top objective.

(2) A pair comparison matrix was formed by judging the relative importance of indexes in pair,
the indexes of a level are compared with other indexes of the same level and their relative importance
is calculated, as shown in Table 3.

(3) The weight vector is obtained using a linear algebraic operation, which is the principal
eigenvector of the matrix; pairwise comparisons are verified to assess the accuracy and consistency of
comparisons between two options. To this end, the consistency index (CI) is used as follows:

Apax — 1

I:
C n—1

, @)
where Cl is the consistency index; Ay is the largest or principal eigenvalue of the pairwise comparison
matrix, and n is the order of the matrix. When the matrix has complete compatibility, CI = 0. The larger
Cl is, the worse the consistency of the matrix. The consistency ratio (CR) is calculated as follows:

CI
CR=—, 3
i ®)
where RI is the average of the resulting consistency index depending on the order of the matrix [76].
When the CR is less than 0.10, the matrix has a reasonable consistency; otherwise, the matrix should be
changed and the original values in the pairwise comparison matrix must be revised by the decision

maker. The calculated results for the weight can be accepted once the CR is satisfactory.

Table 3. Fundamental scale for pairwise comparisons [77].

Weight/Rank Intensities Intensities
1 equal
3 moderately dominant
5 strongly dominant
7 very strongly dominant
9 extremely dominant
2,4,6,8 intermediate values
Reciprocals for inverse judgements

2. The concept of “entropy”, which is considered the uncertainty of a system, is taken from the
theoretical foundation of the modern information theory [78], it has been applied in vulnerability
assessments [79].

In the assessment, the entropy of the observed data under the ith criterion can be calculated
as follows:

n
Hi= =) pcInpy, 4)
k=1
where H; represents the uncertainty of observed data of one criterion with n potential intervals or
statements; and Py is the frequency of the kth statement. If P, = 0, then 0 In 0 = 0. The entropy-based
weight of the ith criterion w; can be attained, based on the normalized entropy H, as follows:

H‘
H =
' lnn’

©)
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1—-H
W= 6
s (6)
where m is the number of criteria.
3. The equal weight method means that each weight of the index is equal.
Each method has its own advantages. Based on previous studies [17,30,51,80,81], this study uses
the equal weight method.

2.4.2. Calculation model

The numerical values for the four elements, two criteria and vulnerability were summed within
the GIS system and the results were then normalized by calculating the results as a percentage of the
maximum and minimum scores possible [30]. For example, the coastal characteristics (CC) element
calculation is shown below:

Addition of CC indexes = Coastal geomorphology + Coastal elevation + Coastal slope +
Coastal natural habitat + Coastal buffer ability

The results of adding the indexes ranged from 5 to 25 with a possible maximum score of 25 and a
minimum of 5. The results of this first calculation were then calculated as a percentage of the range of
scores possible as shown below:

CC =100 x [(Addition of CC indexes) — 5]/20, (7)

According to the above algorithm, the values of coastal forcing (CF), coastal infrastructure (CI),
disaster reduction (DR), natural (N), socio-economic (SE) and V (Vulnerability) aspects are calculated.
Their calculated formulas are as follows. The average results are divided into 5 classes, which are
consistent with the index classification.

CF =100 x [(Addition of CF indexes) — 2]/8, 8)
CI =100 x [(Addition of CI indexes) — 3]/12, 9)
DR =100 x [(Addition of DR indexes) — 2]/8, (10)
N =100 x [(Addition of N indexes) — 7]/28, (17)
SE =100 x [(Addition of SE indexes) — 5]/20, (12)
V =100 x [(Addition of N indexes + Addition of SE indexes — 12)/48], (13)

3. Results

3.1. Natural Vulnerability Distribution

The classes of natural, coastal characteristics and coastal forcing vulnerability include very low
vulnerability (1), low vulnerability (2), medium vulnerability (3), high vulnerability (4) and very high
vulnerability (5). Natural components include two parts: Coastal characteristics and coastal forcing.
Three vulnerability distributions and classes account for the entire coast, as shown in Figure 4a—c.
The differences in the natural vulnerability classes between artificial and natural coasts are described
as follows: The areas constituting class 5 natural vulnerability represent 28.6% of the entire coast, all of
which is artificial coast. Class 1 natural vulnerability represents 0.8% of the entire coast, all of which is
natural coast. The differences between the coastal characteristics of the vulnerability classes between
artificial and natural coasts are as follows: Class 5 coastal characteristics vulnerability is 66% of the
entire coast, representing that 61.8% of the entire coast is the artificial coast and 4.2% of the entire coast
is the natural coast. The class of coastal characteristics vulnerability of 71.4% of the total artificial coast
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and 31.4% of the total natural coast is class 5. Class 1 coastal characteristic vulnerability is 0.8% of
the entire coast, all of which is natural coast. The differences between the coastal forcing classes of
artificial and natural coasts are as follows: Classes 4 and 5 of coastal forcing vulnerability are 20.1%
and 17.1% of the entire coast, all of which are artificial coast, and the remaining classes of coastal
forcing vulnerability exhibit small differences between artificial coasts and natural coasts. These results
indicate that the overall classes of natural, coastal characteristics and coastal forcing vulnerability are
higher for artificial coasts than natural coasts.
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Figure 4. Spatial distribution and proportion of coastal characteristics (a), coastal forcing (b), natural
(), coastal infrastructure (d), disaster reduction (e) and socio-economic (f) vulnerability classes. Note:
C =class, T = total, NC = natural coast, AC = artificial coast.

3.2. Socio-Economic Vulnerability Distribution

The classes of socio-economic, coastal infrastructure and disaster reduction vulnerability include
very low vulnerability (1), low vulnerability (2), medium vulnerability (3), high vulnerability (4) and
very high vulnerability (5). Socio-economic factors include the two components of coastal infrastructure
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and disaster reduction. Three vulnerability distributions and classes account for the entire coast,
as shown in Figure 4d—f. The differences in the socio-economic vulnerability classes between artificial
and natural coasts are as follows: Classes 4 and 5 of socio-economic vulnerability are 6.5% and 19% of
the entire coast, respectively, all of which are artificial coasts. The remaining classes of socio-economic
vulnerability exhibit small differences between artificial and natural coasts. The differences between
the coastal infrastructure vulnerability classes of artificial and natural coastal infrastructure are as
follows: Class 5 coastal infrastructure vulnerability is 8% of the entire coast, and almost all of this class
is artificial coast (7.9% of the entire coast). The remaining classes of coastal infrastructure vulnerability
exhibit small differences between artificial and natural coasts. The differences between the disaster
reduction vulnerability classes of artificial and natural coasts are very small. These results indicate
that the differences in the socio-economic, coastal infrastructure and disaster reduction vulnerability
classes between artificial and natural coasts are not obvious.

3.3. Distribution of Coastal Vulnerability to Erosion

The classes of coastal vulnerability to erosion include very low vulnerability (1), low vulnerability
(2), medium vulnerability (3), high vulnerability (4) and very high vulnerability (5). The distributions
and classes of coastal vulnerability to erosion in Xiamen are shown in Figure 5. The coastal vulnerability
to erosion classes of artificial and natural coasts are as follows: The proportion of class 5 coastal
vulnerability to erosion is 4.6% of the entire coast, all of which is artificial coast. The proportion of
class 4 coastal vulnerability to erosion is 30.5% of the entire coast, of which almost all is artificial coast
(30.4% of the entire coast). Classes 2 and 3 of coastal vulnerability to erosion exhibit small differences
between artificial and natural coasts. The proportion of class 1 coastal vulnerability to erosion is 0.8%
of the entire coast, all of which is natural coast. The coastal vulnerability to the erosion of Xiamen
is mainly concentrated in classes 3, 4 and 5, and the sum of these three classes is 86.7% of the entire
coast. The class of the artificial coast coastal vulnerability to erosion is higher than that of the natural
coast overall.
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Figure 5. Spatial distribution and proportion of Coastal vulnerability to erosion classes. Note: C = class,
t = total, NC = natural coast, AC = artificial coast.
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3.4. Indexes System of Coastal Vulnerability to Erosion

The classes of vulnerability include very low vulnerability (1), low vulnerability (2), medium
vulnerability (3), high vulnerability (4) and very high vulnerability (5). The Xiamen coastal vulnerability
to erosion assessment system is composed of 12 indexes, and it is based on the proportions of the
statistical vulnerability classes of the entire Xiamen coast, of which more than 50% of coastal slopes
and coastal natural habitats exhibit class 5 vulnerability; close to 50% of coastal buffer areas exhibit
class 4 and 5 vulnerability; and the ratios of the other indexes of each class of vulnerability are more
uniform. The class distribution ratios are shown in Figure 6.

Based on the statistical vulnerability classes of the entire Xiamen natural and artificial coast,
the vulnerability classes of the artificial coastal index are compared with those of the natural coast and
divided into three categories: (1) In the coastal slope and coastal buffer ability indexes, the coastal
vulnerability of the artificial coast is higher than that the natural coast, especially for the artificial
coastal slope index, which exhibits class 5 vulnerability. (2) In the coastal geomorphology and coastal
elevation indexes, the vulnerability of the artificial coast is lower than that of the natural coast. (3) The
remaining vulnerability distribution indexes of the artificial and natural coastal classes are uniform.
The indexes of the natural and artificial coastal vulnerability classes account for the total natural and
artificial coastal ratios shown in Figure 7.

FR(T)
GDP(T)
PA(T)
VOB(T)
VOR(T)
s
SWH(T)
CBA(T)
CNH(T)
cs(T)
CE(T)
CG(T)

Class

0 10 20 30 40 50 60 70 80 90 100

Ratio%) [ 1C_J2 |3+ 5

Figure 6. Indexes of vulnerability class ratios. Note: CG = coastal geomorphology, CE = coastal
elevation, CS = coastal slope, CNH = coastal natural habitat, CBA = coastal buffer ability,
SWH = significant wave height, S = storms, VOR = value of roads, VOB = value of buildings,
PA = population activity, GDP = GDP per capita, FR = fiscal revenue, C = class, T = total.
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Figure 7. Indexes of natural and artificial coastal vulnerability classes accounting for total natural and
artificial coastal ratios. Note: NC = natural coast, AC = artificial coast.

4. Discussion

4.1. Characteristics and Applicability of the Index System

In China, the proportion of artificial coast relative to the entire coast is approximately 60% [47],
and in Xiamen, artificial coast accounts for approximately 86.6% of the entire coast. This study uses the
coastal buffer ability to reflect the state of artificial coastal erosion, which resolves the shortcomings of
previous studies for the following reasons. (1) This method reflects the state of artificial coastal erosion
and thus solves the problem that the speed of coastal retreat cannot represent the degree of artificial
coastal erosion. (2) The parameters are simple and easy to obtain, whereas the coastal incision rate used
in previous studies could reflect the state of coastal erosion, but could not be easily accessed. (3) The
results directly reflect the coastal erosion state. The coastal buffer ability is the direct junction value of
the artificial coast and sediment, although the change rate of the 10-m isobath can simply reflect the
change in the artificial coastal incision rate. However, because the 10-m isobath is located at a distance
from the coastline, its effect is worse than that of the coastal buffer ability. (4) Moreover, this index also
reflects the anti-erosion capacity of the natural coast. According to the coastal geomorphology index,
different artificial coastal design classifications reflect different anti-erosion abilities, and the potential
loss caused by a storm is reflected by the different classifications of the artificial and natural coastal
responses to the storm.

The coastal vulnerability to erosion assessment model aims to simplify numerous complex and
interacting parameters and provide effective tools for coastal management, particularly in areas where
the ratio of the artificial coast is high [17,82,83].

The index system for assessing the coastal vulnerability to erosion comprehensively encompasses
both the natural and socio-economic aspects of coastal systems. In the index system presented in this
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study, the aspects of coastal geomorphology, coastal elevation, coastal slope, coastal natural habitat,
significant wave height, values of roads and buildings, population activity, fiscal revenue and GDP per
capita are frequently used [6,24,30,74].

This study represents a local-scale coastal vulnerability to erosion assessment; thus, the following
adjustments to the index system were made. (1) The changes in tidal range and relative sea level
rise in the study area are very small; thus, they cannot be used to differentiate among variations in
evaluation units. (2) The extent of possible erosion effects must be determined, as according to previous
studies [57,58,61-63], the range that may be affected by coastal erosion extends 100 m from the coastline
landward. (3) Due to the low resolution of the road and building space in previous studies [30,74],
this study uses eCognition Developer 8.7 to extract the GF-2 raster to obtain high-resolution data and
the big data Baidu population density heat map to obtain high-resolution population activity density
data. (4) The typhoon radius is larger than the study area; therefore, the indirect method is used to
reflect the impact of typhoons on the coast.

It is easy to obtain data from this evaluation model. The calculation is simple and has good
applicability. Most of the data in the index system are obtained by processing remote sensing images
through eCognition Developer 8.7 (Trimble, Sunnyvale, CA, USA) and ArcGIS 10.4 (Environmental
Systems Research Institute, Redlands, CA, USA). The field measurement data are easy to obtain,
and comprehensive results are simple to calculate. However, high-spatial-resolution data are lacking
in the two indexes of GDP per capita and fiscal revenue, and this gap should be improved. The storm
impact index can only be used to relatively distinguish the potential impact on the evaluation unit
caused by the storms. Although this index has some shortcomings, it can also roughly reflect the
influence of storms. We will improve the index caused storms in a further study. The values of roads
and buildings are obtained by simply calculating their relative values, and their absolute values are
difficult to calculate.

4.2. Indexes Influencing the Class of Coastal Vulnerability to Erosion

An examination of the indexes influencing the classes of natural and artificial coastal vulnerability
to erosion (Figure 7) shows that the natural vulnerability classes of artificial and natural coasts are
significantly different. These coastal characteristics are mainly affected by the coastal slope and coastal
buffer ability. The indexes affecting the vulnerability of artificial coasts are mainly concentrated in
natural aspects, which are mainly affected by three coastal characteristic factors: The coastal buffer
ability, coastal habitats and coastal slope. After the construction of an artificial coast, the equilibrium
state of sediment is changed, which affects coastal processes and always leads to an increase in the
erosion of the artificial coast [26-28]. Because the toe of an artificial coast will scour on a daily basis,
the artificial coast will collapse under certain conditions. Landward areas from the artificial coast have
a flat slope that is more vulnerable to erosion, which results in a 100% ratio of class 5 coastal slope
vulnerability. In addition, the vulnerabilities of coastal natural habitats and coastal buffer areas in
artificial areas are high. The construction of artificial coasts destroys the ecological environment [84,85].
The lack of natural habitats on the coast results in that proportion of class 5 vulnerability of the
Xiamen artificial coastal natural habitat is 80.5% of the total artificial coast. The other component is the
artificial planting of mangroves after the construction of an artificial coast. The coastal buffer ability,
coastal slope and coastal natural habitats cause the total ratios of classes 4 and 5 of the vulnerability of
the natural and coastal characteristics to account for 73.5% and 74.8%, respectively. Figure 7 shows
that the overall coastal elevation and coastal geomorphology vulnerability on artificial coasts are
lower than those on natural coasts. According to previous researches [25,64,86] on aspects of coastal
geomorphology, artificial coasts are less vulnerable than natural coasts. The coastal erosion protection
of the artificial coast also has advantages because a higher class of artificial coast defence corresponds
to a higher coastal elevation, and higher elevation areas are not as easily affected by extreme events;
however, overall, in the aspect of vulnerability of coastal characteristics, artificial coasts is higher than
that of the natural coasts.
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4.3. Support for Coastal Zone Management

Many roads and buildings are concentrated within 100 m from the Xiamen coastline. No distinction
is observed between the coastal infrastructure vulnerability of artificial coasts and natural coasts.
There are 74 of 93 evaluation units with buildings and 88 of 93 evaluation units with roads.
These buildings and roads are at great risk due to coastal erosion. Indirect losses are difficult to
estimate when roads are affected by coastal erosion, which causes not only road losses but also indirect
losses due to road damage [87,88]. Building losses can also result in other indirect losses. Moreover,
Xiamen’s economy has flourished due to development in recent years. In addition, tourism has
continued to grow at a rate of 15% in the past six years, and tourism revenue exceeded 100 billion
yuan in 2017 [87,88]. Due to the rapid development of the Xiamen coastal zone, there is a large amount
of infrastructure within 100 m from the coastline. Standardized management needs to be implemented
to reduce the losses caused by coastal erosion. New coastal development planning should avoid areas
sensitive to coastal erosion and buildings should not be occupied within 100 m from the coastline.

Class 5 of the coastal vulnerability to erosion, which is all artificial coast, accounts for 4.6% of the
entire coast. Class 4 of the coastal vulnerability to erosion, which is almost all artificial coast (30.4% of
the entire coast), accounts for 30.5% of the entire coast. Class 1 of the coastal vulnerability to erosion,
which is all natural coast, accounts for 0.8% of the entire coast. Overall, the coastal vulnerability to
erosion classes of artificial coasts is higher than those of natural coasts. These differences mainly
occur because artificial coastal construction causes the massive destruction of coastal habitats and the
alteration of coastal processes leads to the increased erosion of artificial coasts. These characteristics
lead to the high vulnerability of coasts and potential risks of hard defence erosion. Ecological means,
such as ecological seawalls (i.e., mangroves), which can dissipate wave energy, and beach nourishment,
which can restore the natural properties of beaches [89], can reduce the coastal vulnerability to erosion.

5. Conclusions

Based on the characteristics of artificial coasts and the local coastal vulnerability to erosion,
this study constructs a holistic local coastal vulnerability to erosion assessment index system that
includes two natural and socio-economic aspects. A new index (coastal buffer ability) and previously
existing indexes were used to assess the coastal vulnerability to erosion in Xiamen. The evaluation
results were displayed using the GIS approach. The following main conclusions are obtained.

(1) The evaluation results show that the coastline of Xiamen is characterized by very low, low,
medium, high and very high classes of coastal vulnerability to erosion. The classes of coastal
vulnerability to erosion are mainly medium, high and very high. The very high coastal vulnerability to
erosion class, which is all artificial coast, accounts for 4.6% of the entire coast. The very low coastal
vulnerability to erosion class, which is all natural coast, accounts for 0.8% of the entire coast. Overall,
the coastal vulnerability to erosion classes of artificial coast is higher than those of natural coast.

(2) These results indicate that the differences between vulnerability classes of artificial and natural
coasts are mainly natural and coastal characteristics aspects. The coastal buffer capacity, coastal natural
habitat and coastal slope are the core factors leading to the differences between the vulnerability classes
of natural and artificial coasts. Because the high and very high coastal vulnerability to erosion classes
of the artificial coast account for more than half of the entire coast, hard defence is risky. These coastal
zones could be protected by ecological measures. The Xiamen coastal zone is highly developed.
The coast has a large amount of infrastructure, which is at great risk due to coastal erosion.

(3) The results of coastal vulnerability to erosion are shown on ArcGIS maps, and they are basically
in line with those observed in reality. These maps also can also be used by government administrators,
local populations and other stakeholders to improve and design new coastal management policies to
protect the coastal zone. The local coastal vulnerability to erosion assessment index system presented
here provides a simple and convenient approach for coastal disaster risk reduction management and
coastal planning for sustainable development, and can it be applied to the assessment of local coastal
vulnerability to erosion in areas with high proportions of artificial coasts.
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