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Abstract: A coastal erosion risk assessment was framed as the basis for the intervention of coastal
adaptation strategies under time-variant scenarios. The framework was devised to assess the influ-
ence of coastal erosion on coastal defense, the coastal inundation induced by the erosion-induced
malfunction of defense, and risks using a downscaling analysis and the mechanism of the compound
hazard interaction, which are innovative and practical for the application of coastal management
in Taiwan. In addition, the vulnerable socio-economy was also taken into consideration in risk
assessment. The adaptive strategy is proposed in terms of the risk origins and time-variance of risk
forecasts, and the risk origins were assessed based on the Fuzzy Delphi Method and the analytic
hierarchy process instead of subjective consideration. Within the erosion-induced hazard and risk
assessments, this study considered erosion rates, decreases in defense elevation due to land sub-
sidence, and population development in time-variant scenario analyses to estimate risk forecasts.
Furthermore, a case study of the Yunlin coastal area was undertaken to demonstrate the feasibility of
the proposed method. The presented results are informative for coastal hazard reduction and the
promotion of the sustainable development of coastal zones.

Keywords: coastal erosion; hazard and vulnerability risk assessment; adaptive strategy; time-variant
risk assessment

1. Introduction

Coastal zones are some of the most dynamic environments due to the interactions
between different geospheres over a range of timescales that cause dynamic coastal re-
building, which is referred to as coastal morph dynamics (Labuz, 2015) [1]. The influential
factors of interaction can generally be divided into two groups: Natural and anthropogenic.
Anthropogenic factors have exerted significant effects on the coastal zone in Taiwan, which
has a dense population but scarce land, since the 1970s when industry and commerce
vigorously developed and abundant business activities ensued. During this period, many
coastal defense facilities were constructed to protect the livelihood and properties of the
populations against natural hazards. However, anthropogenic developments protruding
from the coastline have been gradually disturbing and impeding the sediment supply,
which has led to more serious coastal erosion and the decreasing capability of the buffer
zone to dissipate waves. Relevant authorities have not yet taken responsibility and consid-
ered specific principles to compensate for several decades worth of erosion, which has led
to the increased seriousness and complexity of the hazard.

1.1. The Background of the Coastal Management in Tniwan

Following the enactment of Agenda 21, which was proposed by the 1992 United
Nations Conference on Environment and Development, and the adoption of the concept
of integrated coastal zone management (ICZM) (United Nations, 1992), the Ministry of
Interior has finally begun to enact policies and stipulations to meet the demand for coastal
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management in Taiwan [2]. The Coastal Management Act and the Integrated Coastal Zone
Management Plan were enforced in 2015 and 2017, respectively (MOI, 2015 and 2017) [3,4].
These frameworks are intended to advocate for the prevention of coastal hazards and
promote the application of coastal management. The Coastal Management Act designates
coastal erosion, storm surge, flooding inundation, and land subsidence as the four statutory
coastal hazards for which the Integrated Coastal Zone Management Plan (ICZMP) specifies
the grading principles in terms of the physical impact of coastal hazards; it also designates
first- and second-grade coastal protection zones based on the severity of hazards in coastal
cells, though it does not consider the interaction between compound hazards. First-grade
coastal protection zones are exposed to hazards, especially storm surges, coastal erosion,
and land subsidence. The length of the coastal protections is zoned from approximately
11 to 75 km within this hazard grading, and the authority of each segment proposes
corresponding reduction strategies (MOI, 2021) [5].

Although the coastal classification management system has been established, the
coastal protection zones are of a large scale and the spatial distribution of hazard impacts
cannot be precisely illustrated in diverse environments. Additionally, the deterioration of
coastal defense due to erosion should also be considered in terms of buffer zones. In this
sense, when the width of a buffer zone is decreased, increasing wave loads will affect the
coastal defense, the foundations of which are consequently exposed and thus rendered
unstable (Temmerman et al., 2013) [6]. That is to say when overtopping flow increases,
the probability of a defense malfunction is significantly increased (Mehrabani and Chen,
2017) [7]. For example, many shorelines have suffered from coastal erosion, which led
to defense malfunctions after the invasion of typhoon Fanapi in 2010. When the defense
malfunctions, a storm surge can easily damage the property behind it. In other words,
the impact of storm surge hazards generally does not directly damage property under the
protection of a functional defense, but erosion-induced damage does lead to direct impacts
and is difficult to prevent.

1.2. Risk Assessment of Coastal Area

Risk is the potential for consequences when something of value is at stake and the
outcome is uncertain. Risk is often represented as the probability of the occurrence of haz-
ardous events or trends multiplied by the impacts following the occurrence of these events
or trends (IPCC, 2014b) [8]. Therefore, risk assessment is one of the primary quantification
methods used to classify future severity under resource constraints. Coastal risk manage-
ment is also used to aid protection countermeasures against hazards from the uncertainty
of climate change (CPSL Third Report, 2010) [9]. Since the US Geological Survey (USGS)
formulated a coastal vulnerability index (CVI) (Thieler and Hammar-Klose, 1990; Pendleton
et al., 2004; Irham et al., 2021) [10-12], relevant calculations have been applied to evaluate
worldwide vulnerability with equal weights. Boruff et al. (2005) [13] examined the vulnera-
bility of US coastal counties in terms of maximum wave height, shoreline erosion rates, and
landform susceptibility to inundation, as well as ten coastal social vulnerability indexes,
to quantify vulnerability distribution. The hazard wheel employed by Appelquist and
Balstrem (2014) [14] considered geological layout, wave exposure, tidal range, flora/fauna,
sediment balance, and storm climate, and it was used to assess multiple coastal hazards
in the state of Djibouti. Wang (2014) [15] presented a comprehensive assessment strategy
based on the risk matrix approach (RMA), including two aspects that were further com-
posed of five second-class indicators: The first aspect, the probability phase, consisted of
indicators of economic conditions, social development, and living standards; the second
aspect, the severity phase, comprised geographic exposure and natural disasters. Moreover,
this study weighted all of the indicators by applying the analytic hierarchy process (AHP)
and Delphi Method to analyze the risk indices of 50 coastal cities in China. In addition, the
shoreline change was an important element in the coastal risk assessment, facilitating the
result of the risk prediction to be more meaningful for the ICZM (Park and Lee, 2020) [16].
In brief, although the risk assessment frameworks and factors are globally distinct, risk
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assessments are universally used to consider hazard potential and consequent vulnerability
from local perspectives. Therefore, after risk assessment, corresponding countermeasures
can be enacted.

The Sendai Framework for Disaster Risk Reduction 2015-2030 (United Nations,
2015) [17] proposed strategies under a people-centered approach and outlined four pri-
orities for action: (1) Understand disaster risk, (2) strengthen disaster risk governance to
manage disaster risk, (3) invest in disaster risk reduction for resilience, and (4) enhance
disaster preparedness for effective response and “Build Back Better” for recovery, reha-
bilitation, and reconstruction. Since the SFDRR was initiated, the implementation of risk
assessment has increased with an annual growth percentage of 15.9%, which implies an
increase in research on SFDRR during 2015-2019 (Busayo et al., 2020) [18]. However, the
level of coastal risk was predicted to increase if the trend of world climate change was
not mitigated, and the distribution of hazardous hot spots and the damage probability of
property would be increased in the region (Bruno et al., 2020) [19]. Therefore, risk assess-
ment considering the relevant hazards and the vulnerability of human beings is a current
cornerstone for quantifying threats and reducing disaster risk. Consequently, this type of
assessment may be seen as a holistic control loop that consists of a number of interacting
elements or tasks involving a comprehensive set of measures designed to either reduce or
avoid vulnerability to coastal hazards (CPSL Third Report, 2010) [9]. In general, risks are
expected to change over time due to deterioration processes (Mehrabani and Chen, 2017;
Park and Lee, 2020; Bruno et al., 2020) [7,16,19]. Thus, this study aimed to comprehensively
quantify the reduction principle of coastal erosion risk and discuss time-variant impacts.

1.3. Adaptive Strategy

The United Nations Framework Convention on Climate Change (United Nations,
1992) [20] proposed three categorized adaptive strategies for coastal areas: Protection,
accommodation, and retreat. These strategies have been used in coastal mitigation measures
and applied worldwide. In Taiwan, according to the ICZMP (MOI, 2021) [5], the protection
strategies comprise preventive and contingency measures corresponding to the hazard
potential under protection design criteria, including the maintenance of defense and the
monitoring of coastal bathymetry changes. The accommodation strategy comprises disaster
reduction and prevention for each coastal area, e.g., by improving the completeness of
early warning systems and limiting land use, and it is constantly employed to reduce
the risk of social vulnerability. However, if the protection and accommodation strategies
cannot mitigate a hazard or enact a protective effect, the retreat strategy can be used
to avoid damage. However, the rights and interests of relevant stakeholders should be
seriously considered and the government must engage in multifaceted communication and
coordination before enacting retreat management. In risk management, adaptive strategies
are implemented following the orientation of the government and appropriate protection
resources (Xian et al., 2018) [21]. Although adaptive strategies are specific to each area,
relevant authorities must ultimately consider and study more resilient mitigation strategies
against the overall challenge of global climate change. Ultimately, an adaptation strategy
involves education, policy, and technology, among other aspects, and the promotion of these
strategies must be appropriate for the considered risk, incorporated into project design,
implemented, maintained and/or monitored, and arranged to work in the long term
(Pathak et al., 2021; IPCC AR®6, 2021) [22,23]. That is to say, adaptive management would
require a long-lasting process based on social capacities, including resilient institutions,
the multilevel governance system, and ecosystem services; in particular, it must be sure
to take the local stakeholders’ perceptions into account in the implementation of coastal
management (Jacob et al., 2021; Takyi et al., 2022; Frohlich et al., 2022; Lin et al.) [24-27].

In Taiwan, although the grading principles have been applied to erosion hazards, the
mechanism of erosion-induced risk and the relevant adaptive strategies still need to be
refined due to the extensive scope of the protection zone. The units of the coastal protection
zone and hazard-prone zones are too large in scale to enable the precise allocation of
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conservation resources. Therefore, this study devised an assessment with a downscaling
principle that considers the influence of coastal erosion on coastal defense, coastal inun-
dation induced by erosion-induced defense malfunctions, and coastal erosion risk. For
example, the erosional coast sector was often designated by the coastal cells, from river to
river or river to headland. The erosion hazard prone was regarded with the same grading
with a scale of kilometers without the management priority within the diverse environment.
Therefore, this study assessed the erosion hazard, risk, and corresponding adaptive strategy
within the sectors of coastal defenses to clarify the hazard hotspots and the hierarchical
management. The erosional coast sector scale was defined as ranging from the coastal cell
to the entire length of the coastal defense and the length scale was defined as kilometers to
meters in order to quantify hazards and risks in more detail. Furthermore, this study not
only assessed the impact of hazards on the vulnerable socio-economy of coastal villages
in terms of humans but also assumed a time-variant risk scenario. Accordingly, such a
time-variant scenario assessment can be used to aid resource allocation for coastal adaption
in the long term to protect property and environmental resources and achieve the goal of
sustainable development. In this study, a case study on the coastal areas of Yunlin County,
Taiwan, was conducted, and time-variant risk under the adaptive strategy was estimated.
Its comprehensive quantification enables the risk assessment to be of practical use in the
long term for developing adaptive strategies for sustainable coastal management.

2. Materials and Methods

To estimate how a coastal erosion hazard will endanger a coastline and to quantify
how the degrees of risks will be distributed, this study proposes a method to clarify the
distribution of erosion and determine the functionality of coastal defenses in an erosional
coast sector. Then, a scenario analysis of erosion-induced inundation can be implemented
to analyze the inundation degree after the coastal defense is breached. This study then
proposes the use of a risk assessment process for hazard and vulnerability (UNDRO,
1979) [28] to appropriately manage coastal zones.

2.1. Study Area

Yunlin County is located in midwestern Taiwan between the Zhuoshui River and
the Beigang River. Due to its environmental resources, Yunlin County provides plenty of
agricultural and fishery products to Taiwan. There are four townships in the coastal area
(Mailiao, Taixi, Sihu, and Kouhu townships) and the shoreline is armed with fifteen coastal
defenses. In the early stages of defense implementation, there were many sandbars along
the Yunlin coast because the Zhuoshui River provided sufficient sediment sources. The
buffer zone width was 3~4 km, which was a natural barrier to prevent the waves from
attacking the coast. However, sediment transport has changed since the reclamation of
the Yunlin Offshore Industrial Park (YOIP), which interrupts sediment transport due to its
dominant direction from NE to SW; this has increased erosion impacts in the downstream
area. Under the degradation of the buffer zone and the annual invasion of typhoons, the
Santiaolun seawall (south section) has had the most broken records of coastal defenses
during the typhoon season in the last few decades. The broken records of the Xinxing tidal
seawall and the Taizi Vil seawall are fewer than those of the Santiaolun seawall (south
section). According to the Integrated Coastal Zone Management Plan (MOI, 2017) [4],
the Yunlin coastline has been designated as a first-grade coastal protection zone because
of hazards including storm surges, coastal erosion, and ground subsidence, as shown in
Figure 1a.
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Figure 1. (a) The hazard-prone areas of Yunlin coast. (b) The surge-prone areas of Yunlin coast (in
the 50-year recurrence period of absent defense).

Especially in surge-prone areas, the Yunlin coastline was analyzed in terms of the
elevation difference between shore lands and storm surges in the absence of coastal defenses,
which designated it a maximum-risk area. The analysis of the surge-prone areas of coastal
Yunlin demonstrated that the Yunlin coast has a wide inundation-prone scope and an
inundation depth of more than 1 m. The surge-prone areas are shown in Figure 1b. Though
the functionality of coastal defenses was found to be adequate against current wave and
tidal levels (Water Resources Planning Institute (WRPI), 2014) [29], the decreased width
of the buffer zones will inhibit the coastal defense and lead to breaches of areas under
the threat of coastal erosion. In other words, storm surges will not affect the coastal area,
which is protected by a fine defense mechanism, but the impacts of coastal erosion and land
subsidence will lead to sophisticated hazards that will be followed by storm surges during
typhoon invasions. The erosion-induced compound hazards will damage the coastal area
and further increase the risk. Consequently, this study aimed to downscale the assessment
with a focus on the erosional coast section with higher hazard or vulnerability levels for the
promotion of risk management.
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2.2. The Assessments of Coastal Erosion and the Mechanism of Erosion-Induced Hazard

In order to clarify the potential distribution of erosional coast sectors, this study ap-
plied a two-phase approach: Shoreline change analysis and volumetric analysis. Shoreline
change analysis is a major approach used to classify erosional coast sectors into vertical
control sections of the shoreline at an interval of 500 m. Change rates of 0 m isobaths at two
different measurement times were calculated. Positive change rates mean the shorelines
are undergoing trends of accretion and negative change rates mean that the shorelines
are under threat of coastal erosion. Furthermore, if the change rates are close to zero and
the 0 m isobaths are located near the coastal defenses, then the coastal sectors require
further evaluation to quantify their underwater hazard potential because the buffer zone
is insufficient such that erosion may have already harmed the foundation of the coastal
defense. In this sense, to ensure that the change rates are close to zero regardless of the
existence of erosional hazards, volumetric analysis can be employed to determine the
potential of underwater bathymetric change by subtracting the bathymetries at two dif-
ferent measurement times. The volume change of each section can be estimated between
high tidal levels and the closure depth (the most intensive bathymetric change area) with
Houston’s formula (Houston, 1996) [30] to differentiate the change potential trends in terms
of the total amount of each section unit.

Coastal erosion will increase the depth in front of coastal defenses and will scour
the foundation of coastal defense, thus increasing the probability of hazardous damage.
Therefore, to ascertain the safety of coastal zones, this study proposed a functionality
assessment for erosional coast defense to assess the impacts and defense capability under
the threat of coastal erosion. In Taiwan, the design life of coastal defenses is approximately
fifty years. Thus, this study used the wave conditions in fifty-year recurrence periods as
the boundary condition to review the functionality of coastal defenses in the erosional
coast sector, which are designed to be cost-effective for their entire lifetime (Toimil et al.,
2019) [31]. The functionality assessment of defense in the erosional coast sector includes
wave run-up, overtopping flow, and stability evaluation of blocks in scenario analysis of
the current state, as well as erosion estimation.

According to TAW (2002) [32], the parameters of the significant wave height and
wave period can be calculated based on the numerical simulation results of nearshore
wave fields in fifty-year recurrence periods. Considering the impact of erosion, to estimate
whether wave conditions will exceed a protection standard, the maximum wave run-up
and the discharge of overtopping flow can be used to interpret the defense capability under
the current state (de Waal and van der Meer, 1994) [33]. Although the breaking wave
height and discharge of overtopping flow will increase during coastal erosion, numerical
simulations are unable to accurately infer the significant wave height and wave period due
to the absence of erosional bathymetry data. Therefore, this study used a limited breaking
wave formula (McCowan, 1894) [34] to calculate the breaking wave height via five-year
bathymetric changes as the wave boundary condition in front of the coastal defense.

To estimate the discharge of overtopping flow in terms of erosional potential, the
breaking wave height was input into the empirical formula of Van der Meer [33], which
was used as one of the bases for evaluating the safety indicators of the coastal defense.
Furthermore, the crest height of the coastal defense and the water depth in front of the
coastal defense are changed by the impacts of land subsidence and coastal erosion, so they
must be considered within time-variant scenario analyses. After estimating the height of
wave run-up and the discharge of overtopping flow, it is essential to consider whether
the discharge of overtopping flow is hazardous to the property and residents behind the
defense. According to Goda (1992) [35], if the discharge of overtopping flow exceeds the
threshold, the coastal defense may be breached or even destabilized. Thus, this study
used overtopping flow discharge as the threshold for the functional inspection of coastal
defense by Goda (1992) [35]. Under the increased effect of wave loads on the coastal defense
due to coastal erosion, the stability of revetments significantly decreases. Generally, the
stability evaluation of a revetment considers the required weight of the riprap or armor
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blocks. Following the work of PIANC (1992) [36], Hudson’s formulas were adopted in
this study to determine the required weight of riprap or armor blocks. As a revetment
tends to be destroyed by coastal erosion, the damage probability evaluation of a revetment
can be used to propose a concrete protective strategy. Van der Meer and Pilarczyk (1985,
1987, 1988) [37-39] contended that the factors that affect the stability of revetments include
the significant wave height, average period, and slope. A flowchart of the functionality
assessment is shown in Figure 2.

’ The function check of erosional coast sectors ‘

|

’ Designed wave height ‘ ’ Designed tidal level ‘

The scenario analysis of functionality check
1. The current state
2. The scenario of coastal erosion

| ]
The discharge of The required block
overtopping flow weight

Figure 2. The flowchart of the functionality assessment of coastal defense.

2.3. Scenario Analysis of the Coastal Inundation Induced by Erosion-Induced Malfunction
of Defense

In the extensively and homogeneously surge-prone Yunlin coastal area (shown in
Figure 1), there are two aspects of coastal erosion that can lead to a higher probability of
coastal defense malfunctions and can cause further coastal inundation: The absence of a
buffer zone and the insufficient function of coastal defense. In these situations, human
livelihoods and properties will be disastrously damaged following erosion-induced defense
malfunctions. Therefore, this study proposed an analysis of inundation caused by erosion-
induced defense malfunctions for two scenarios: One for the erosional coast sector, in which
the 0 m isobaths are fixed by the coastal defense, and the other for the insufficient function
of coastal defense regardless of the current state or erosion estimation. This study analyzed
a scenario of coastal inundation induced by the malfunction of defense from coastal erosion
in terms of the elevation difference between the heights of shoreland and 50-year tidal level
recurrence periods, previously calculated as 2.64 m (Huang et al., 2018) [40], in order to
analyze the significance of the inundation depth. For this analysis, the scope of coastal
inundation was considered to be inherently compartmentalized by regional drainage due
to the flood protection system.

2.4. The Coastal Erosion Risk Assessment

Under the influence of climate change, both routine hazard protection and future
decision making must be based on risk information that is comprehensively quantified
and understood. In 1979, the United Nations Disaster Relief Organization (UNDRO)
conceptualized this kind of risk by assessing natural hazard impact and vulnerability. They
defined natural hazard risk as the probability of the occurrence of natural phenomena and
subsequent damage. The vulnerability was defined as the degree of loss of the studied
elements or sets of such elements at risk of the occurrence of natural hazards. Both risk-
affectedness/hazard and vulnerability are systemic and interconnected (Eckstein et al.,
2021) [41]. The given magnitudes of hazard and vulnerability were set on a scale of 0 (no
damage) to 1 (total loss) (UNDRO, 1979) [28]. However, a hazard may now be driven by
not only natural factors but also more anthropogenic factors. Therefore, this study suggests
that hazards be classified according to an integrated disaster index, regardless of whether
the driven element originates from nature, humans, or both. In this study, vulnerability
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was regarded in terms of an index of the property or residents behind a defense in order to
classify the extent to which susceptible areas will suffer and the resilience of their reactions.

Therefore, to quantify risk consciousness and distribution, this study proposed a risk
assessment method for compound erosion-induced hazards, related social aspects, and
resilience capability. Additionally, this study established a database of relevant hazard
and vulnerability factors to improve the method’s applicability to local conditions. In
terms of risk quantification, this study considered risk identification, risk classification,
and risk evaluation to quantify the integrated hazard and vulnerability index. The levels
of hazard and vulnerability were divided into five grades, as shown in the risk matrix
presented in Figure 3. This study separated the hazard and vulnerability indexes into
the three hierarchies shown in Figure 4. The Fuzzy Delphi Method (FDM) (Murray et al.,
1985) [42] was employed to calculate the consensus value and the importance of each
hazard and vulnerability factor to select the representative factors of the study area. In
other words, the hazard and vulnerability factors (shown in Figure 4) would be converged
according to their representative significance instead of the multiple and divergence factors.
Within the anonymous questionnaire of the FDM, every factor was filled in the optimistic
value and the conservative value, on a scale of 1 to 10. The triangular fuzzy numbers were
built up from the lowest value, the geometric mean value, and the maximum value of the
optimistic value and the conservative value, which were filtered using the value of two
standard deviations. Triangular fuzzy numbers were adopted to assess whether the hazard
and vulnerability factors come to a consensus value of representative significance (Jeng,
2009) [43]. According to the FDM, the consensus value of representative significance of 6
was taken as the threshold to adopt the representative factors.

Moderate-
High

Moderate

Moderate

Moderate-
High

Moderate
-High

%,
O

Moderate
Moderate
Moderate Hioh

Moderate
-High

Hazard | Moderate

Moderate-
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Low Moderate

Vulnerability
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Figure 3. The interactions of hazard and vulnerability on the risk matrix.
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Figure 4. (a) The hierarchies of hazard index. (b) The hierarchies of vulnerability index.
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Three commonly used classification methods were applied in the construction of the
coastal hazard and vulnerability index: Qualitative analysis, quantitative analysis, and
semi-quantitative analysis. Qualitative analysis, a narrative pattern, categorizes the severity
and impact of words. Quantitative analysis is a type of classification used to obtain relevant
data from statistical calculations. The semi-quantitative analysis combines qualitative and
quantitative analyses to describe a risk degree through a practical number. Moreover, this
study calculated the weight relationships between representative factors via the analytic
hierarchy process (Saaty, 1971) [44]. The method was used to distinguish the weights
of the most influential factors and facilitate the estimation of risk assessment. The AHP
was used to organize the basic logic of the system by breaking down the problem into
smaller constituent parts followed by simple pairwise comparisons to develop priorities
in each hierarchy (Saaty, 1984) [45]. In the AHP, the representative factors in the same
hierarchy were compared on a scale of 1 to 9 in the pairwise comparison matrix. Then,
the conformity of the AHP questionnaire was quantified by the Consistency Index (C.I.)
and the Consistency Ratio (C.R.). According to Saaty (Saaty, 2003) [46], the thresholds
of the C.I. and C.R. were suggested to be less than or equal to 0.1 to identify the valid
questionnaires for the weighting calculation. All in all, the risk is generated by the hazard
and vulnerability indexes after the processes of identification, classification, and evaluation
for risk management.

3. Results
3.1. The Assessment of Erosion Potential and the Functionality Assessment of Coastal Defense

The YOIP that protrudes from the coastline has consistently led to sand transport
imbalances. The change rates in the north of the YOIP were found to be favorable, which
means the coastline has accreted to the seaside. The change rates in the south were found
to be negative due to the shortage of sediment supply caused by the groin effect. According
to the shoreline change analysis, the shoreline change rates were from approximately 346 to
231 m/year in Yunlin, and the most drastic change rate was found between the Zhuoshui
River and north of the defense of the YOIP due to the sediment supply from the estuary, as
shown in Figure 5a. In conclusion, the potential shoreline change was divided by the YOIP.
According to the shoreline change analysis, the shoreline change rates within the Xinxing
tidal seawall were approximately —1.32—-42.06 m/year, the shoreline change rates within
the Taixi tidal seawall were approximately 0.11-6.34 m/year, and the shoreline change rates
within the Xingang seawall were approximately —0.14-5.07 m/year. These three seawalls
were confirmed to be erosional coast sectors. Additionally, the shoreline change rates of
the Santiaolun seawall were found to be close to zero and the locations of the 0 m isobaths
were shown to be near the coastal defense. The bathymetry erosion potential was further
confirmed by the volumetric analysis, which revealed a bathymetric change indicating that
the seabed still has erosional potential; therefore, the Santiaolun seawall (550~552) is under
the threat of coastal erosion in the spaces between high tidal levels and the closure depth.
The results of the volumetric analysis of the Santiaolun seawall are shown in Figure 5b.

The functionality assessment of defense was used to clarify the protection capacity
from hazards. In the erosional coast sectors, the locations of the Xinxing tidal seawall
and the Taixi tidal seawall were found to be in the shadow zone of the YOIP, so the
wave energy was attenuated when waves diffracted to the front of the defenses during
the fifty-year recurrence periods. Therefore, the incident wave heights were shown to
be barely zero in the current state. Within the sectors of the Xingang seawall and the
Santiaolun seawall, the incident wave heights were 1.27 m and 1.12 m, respectively, and
the discharges of overtopping flows were below the allowable capacity of the fifty-year
recurrence periods. Consequently, the erosional coast sectors of the Xinxing tidal seawall,
Taixi tidal seawall, Xingang seawall, and Santiaolun seawall were confirmed to be functional
in their current states. However, due to the impacts of coastal erosion, the more severe the
change rates are, the greater the energy expended by waves on the defense without prior
dissipation. Moreover, the elevations of coastal defense have simultaneously sunk due to
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160,000

land subsidence. Therefore, the crest height of the coastal defense and the depth in front
of the defense were estimated in terms of the interaction between erosion potential and
land subsidence. The crest heights of the coastal defenses sunk with the subsidence rates,
which were estimated from the elevation change of the control points being set on the crest
of the seawall (Huang et al., 2018) [40]. According to an analysis of the interaction between
coastal erosion and land subsidence, the depths in front of the Xinxing tidal seawall, Taixi
tidal seawall, Xingang seawall, and Santiaolun seawall sectors were estimated to reach
—7.15m, —4.15m, —1.15m, and —1.4 m, respectively, in the next five years. The incident
wave heights within the sectors of the Xinxing tidal seawall and the Taixi tidal seawall will
remain low due to the shielding effect, but the overtopping flow within the Santiaolun
seawall and Xingang seawall sectors will increase in the five years. The discharges of
overtopping flow within the Santiaolun seawall and Xingang seawall sectors were found
to be 0.006 CMS/m and 0.003 CMS/m, respectively, which are permissible levels. The
functionality assessment and stability evaluation results of the coastal defenses are shown
in Tables 1 and 2, respectively.
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Figure 5. (a) The change rates of 0 m isobaths in the study area. (b) The results of the volumetric analysis.

Table 1. Functionality assessment results of coastal defenses in the erosional coast sectors during
both current and future states.

Xinxing Taixi Santiaolun Xingang
Slope 1:2
Crest height of the coastal defense (m) 6.18 4.0 53 6.09
The Elevation of foot toe (m) 0.0 —0.5 -05 —-0.5
current state Incident wave height (m) - - 1.27 1.12
Wave period (s) - - 5.18 1.47
Run-up (m) - - 4.87 2.41
Discharge of overtopping flow (CMS/m) 0.0 0.0 0.0 0.0
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Table 1. Cont.
Xinxing Taixi Santiaolun Xingang
Crest height of the coastal defense 2 (m) 5.63 3.75 5.10 5.89
Depth in front of defense 2 (m) —7.15 —4.15 -1.15 —-14
future state | Incident wave height (m) - - 2.80 2.99
Wave period (s) - - 7.70 7.95
Run-up (m) - - 3.19 4.72
Discharge of overtopping flow (CMS/m) 0.0 0.0 0.006 0.003
Functionality assessment Safe

1 In the next five years. 2 The crest height of the coastal defense and the depth in front of defense were estimated
in terms of the interaction of erosion potential and land subsidence (Huang et al., 2018) [40].

Table 2. Stability evaluation results of revetments in the erosional coast sectors during the current
and future states.

Xinxing  Taixi Santiaolun  Xingang
Weight of riprap or armor blocks (T) 10
Wave height (m) - - 1.24 1.12
Current state
Required block weight (T) - - 0.14 0.10
Wave height (m) - - 2.80 2.99
Future state ! - -
Required block weight (T) - - 1.60 1.94
Safe

1 In the next five years.

3.2. Scenario Analysis of the Coastal Inundation Induced by Erosion-Induced Malfunction
of Defense

According to the functionality assessment and stability evaluation, the erosional coast
sectors are safe in the current state but will evolve to be more hazardous in the future.
In particular, in the erosional coast sectors where shorelines are located near the coastal
defenses, the risk of erosion-induced hazard over the next five years is high and must
be seriously considered. Therefore, this study conducted a scenario assessment for the
erosional coast sectors in which the shorelines are located near the coastal defenses—the
Santiaolun seawall and the Xingang seawall—in order to evaluate the potential of the
worst-case scenario in which the coastal defenses are breached during a typhoon invasion
and quantify how the coastal areas may suffer from coastal inundation. In contrast to the
scenario shown in Figure 1b following the work of the ICZMP (MOJ, 2017), this scenario
assessment can aid in hierarchical management [4]. The length of the erosion-induced
inundation coastline was converged to 4.2 km rather than the whole of Yunlin County; on
the other hand, the protection priority of the coastal areas was obvious to be revealed.

This study analyzed erosion-induced inundation in terms of the elevation difference
between shoreland and storm surges. The village district and the drainage system were
found to partition the edge of the inundation, and the flood defense facilities were found to
attenuate the impact of inundation. If the coastal defenses lose their function, the coastal
areas behind the Santiaolun seawall and the Xingang seawall will be under more than
2 m of water due to the low elevations induced by land subsidence. In this sense, the
Lunnan Village, Guanggou Village, and Gangxi Village areas must employ their pumping
machinery, evacuation plans, etc., more cautiously. In conclusion, although the coastal
defenses have been well-maintained, the coastal areas still need to systematically prevent
the serious hazard scenarios induced by ongoing hazardous coastal erosion.
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3.3. The Coastal Erosion Risk Assessment

According to the results of the anonymous FDM-based questionnaire, representative
hazard factors include geophysical properties, wave energy, the shoreline change rate, front-
defense facilities, and the width of the buffer zone. The factors of vulnerability include
the facility type, elevation, population density, economic industry, land use, emergency
shelter, and warning system. This study quantified the representative factors from ap-
proximately 0.0 to 1.0, with higher hazard /vulnerability factor numbers indicating more
dangerous hazards or more damage-prone social aspects. However, if the factor concerns
intervention, recovery, or resilience to the hazard, the quantified numbers are graded in the
opposite direction.

Of the representative hazard factors, sediment particle size plays an important role
in resisting the impacts of shoreline change under the effects of waves and tides. The
geophysical property was classified into five levels according to sediment particle size.
Wave energy was additionally shown to significantly impact the potential of shoreline
change. In this study, the hazard levels of wave energy were categorized into three classes
based on the long-term wave statistics by the Center Weather Bureau of Taiwan. The Qigu
buoy, the nearest wave buoy to Yunlin County, was moderately graded. According to the
ICZMP, the shoreline change rate can be divided into three levels to designate the grades
of the coastal protection zones, and this classification principle of the shoreline change
rate was also adopted in this study. Protection works dissipate the wave energy in front
of the coastal defense and protect the foundation stability from hazards; therefore, each
hazardous level is differentiated by the existence of protection work. The width of the
buffer zone, which is the zone where a wave is shoaled and decreases in front of the coastal
defense, comprises the sand bar and the intertidal zone. In this study, an interval of 25 m
was used as a unit from the ICZMP to grade the hazard levels. The classifications of hazards
are shown in Table 3. According to the AHD, the weights between the representative factors
were calculated with the questionnaires after the verification of the consistency index and
the consistency ratio. Among the weights of the hazard factors, the width of the buffer
zone was found to dominate, and the shoreline change rate was found to be minor.

Table 3. The classification of representative hazard factors.

Geophysical Shoreline Change Rate The Front The Width of
. Wave Energy o Buffer Zone
Properties (m/year) Defense Facility (m)
Weight 0.16 0.14 0.24 0.13 0.33
. Hualien, Taitung,
High <62.5 um Longdong >5 No <25
Moderate-high 2mm >D > 62.5 um - - - -
Moderate 256 mm >D>2 mm Qigu, Su-ao, 2<R<5 - 25 <W <50
Eluanbi
Moderate-low Coral reef - - - -
Low Rock coast; >256 mm Hsinchu, Mituo <2 Yes >50

Among the representative factors of vulnerability, facility types and physical coastline
compositions, e.g., concrete, ripraps, or natural materials, were shown to affect coastal
protection. Among natural materials, windbreak forests were shown to be more sensitive
to erosion and unable to firmly prevent land loss from erosion. Elevation was used to
represent the inundation depth following the malfunction of coastal defenses during a
typhoon invasion. The vulnerable levels of elevation were graded in intervals of 0.5 m
to clarify the difficulty of humans escaping the area. The population density was used to
contextualize casualties under hazardous conditions; if the population density of a village is
high, more people will be injured by the hazard. Under hazardous conditions, high-capital
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economic industries usually undergo large-scale damage and require long recovery times,
so the existence of the economic industry increases catastrophic probabilities. Land use
was graded according to the frequency of human activity; thus, residential, commercial,
and education areas were graded with the highest vulnerability levels. In addition to
vulnerability risks, the emergency shelter and warning systems were found to be the factors
able to reduce the risk of hazards. Therefore, their grading principles were distinct from
those of other factors. Emergency shelters are usually accessible and safe. In Taiwan,
school and administration activity centers are designated as priority emergency shelters.
Therefore, whether emergency shelters are distributed or centered in villages was the basis
of hazard resilience classification. Flood prevention volunteers and monitoring devices
are the major instruments of warning systems, and a capable warning system can reduce
damage and promote resilience. The classification of representative vulnerability factors is
shown in Table 4. In the face of a compound hazard, elevation plays the most important
role in the vulnerability index, followed by facility type.

Table 4. The classification of representative vulnerability factors.

Facility Elevation Population = Economic Land Use Emergency  Warning
Type (m) Density Industry Shelter System
Weight 0.24 0.26 0.14 0.07 0.07 0.07 0.15
Residential,
High Nature <15 0.7~1 Yes commercial, No No
educational, and
medical areas
Moderate-high - 15<E<2 - - Industry‘a.n.d public - -
facilities
Agriculture, fisheries
Moderate Riprap 2<E<25 0.4~0.7 - and animal - -
husbandry
Moderate-low 25<E<3 - - Non-production - -
land
Low Concrete >3 0~0.4 No Forest Yes Yes

3.4. The Integrated Compound Coastal Erosion Risk

The score and weight of each factor were weighted as the integrated scores of the
hazard and vulnerability indexes. The scores of the hazard and vulnerability indexes were
divided into five degrees with an interval of 0.2. According to the hazard and vulnerability
assessment, the hazard indices were of low-to-moderate grades in the study area and the
vulnerability indices were of moderate-low-to-moderate grades. The compound coastal
erosion risks were shown to be of low-to-moderate grades in the risk matrix. Due to the
protrusions of the YOIP leading to an accretion trend, the northern sectors of Yunlin are safe.
However, an insufficient sediment supply has caused more hazardous erosion in southern
Yunlin, especially the coastal sector with a small buffer zone width. In other words, the
hazard grades were found to primarily follow the mechanism of sediment transport. The
Mailiao Township was assigned moderate-to-low grades in the vulnerability assessment
because of its economic industry and land-use types, though its inundation elevation
did not significantly impact its vulnerability. In the southern coastal town of Yunlin, the
elevation, economic industry, and land use resulted in similar vulnerability grades, though
its resilience factors also critically impacted its vulnerability index. Although emergency
shelters are common in Yunlin, the area’s warning system is defective and its instant
observation systems are not ubiquitous. Therefore, the southern coastal sectors of Yunlin
are more vulnerable than the northern ones under erosion-induced malfunction scenarios.
It was found that 73% of the Yunlin shoreline had a moderate hazard grade, 7% had
a moderate-to-low grade, and 20% had a low grade. Furthermore, 66.7% of the study
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area was assigned a moderate vulnerability grade. The risk maps of Yunlin are shown in
Figure 6.
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Figure 6. Coastal erosion risk map of Yunlin.

In the erosional coast sectors, the Taixi tidal seawall was classified as moderate-to-low
risk because of the moderate-to-low hazard grade and moderate vulnerability grade. The
Xinxing tidal seawall and the Santiaolun seawall were classified as moderate risk due to
the moderate hazard and vulnerability grades. The Xingang seawall was classified with a
moderate-to-low risk grade because of its lower village population density, better warning
systems, and emergency shelter capabilities, although it was assigned a moderate hazard
grade. Additionally, the results of the hazard assessment were approximately correlated
with sediment transport trends and broken records. In summation, the highest level of
compound coastal erosion risk in the current state was of a moderate grade. However,
considering spatial and temporal changes, not only the threat of erosion hazard but also
the vulnerability variance must be considered indispensable issues in disaster reduction
across the complete coastal risk management cycle.

3.5. The Adaptive Strategy of Erosion-Induced Risk

Previously, coastal protection resources were allocated according to hazard damage
records and public petitions. However, under the proposed adaptive strategy, the rep-
resentative factors and origins of risk in the erosional coast sectors of the study area are
clarified and quantified, thus indicating new priorities for resource allocation. According
to the erosion analysis and risk assessment, hazards are more severe in the southern coastal
sectors compared with the northern sectors, and the hazard risks identically vary according
to the mechanism of sediment transport. For Yunlin, the adaptive strategy aimed to reduce
erosion potential, the primary origin of risk, and areas vulnerable to damage and increase
resilience capacity. In sustainable development, the YOIP is responsible for returning the
continuity of sediment transport, as designated by Article 14 of the Coastal Management
Act. Therefore, the YOIP must transport the sand supply downstream from the sediment



Sustainability 2022, 14, 14505

15 0f 19

and establish an investigation database for routinely surveilling the shoreline change rate
and volume under a protection strategy.

Additionally, the vulnerability assessment presented in this study demonstrated
that the southern township has an insufficient resilience capacity. Therefore, villages
behind the erosional coastal sectors must prioritize improving their warning systems and
prevention facilities regardless of the impacts of erosion-induced risk or climate change,
especially in the erosional coast sector with 0 m isobaths located near the coastal defenses.
Furthermore, this study recommends maintaining the existing agricultural land use and
avoiding urbanization in order to mitigate the vulnerability risk. The adaptive strategies
proposed in this study must consider the risk origin in order to estimate residual risks. Most
erosional coast sectors are exposed to insufficient sediment supplies and lack resilience
capacity. Therefore, this study assumed that buffer zone widths are extended by sand
supplies and warning systems, and emergency shelter equipment should be maintained
and procured. As the risks of hazard and vulnerability decrease, the risk of erosional coast
sectors decreases to moderate-to-low, low, moderate-to-low, and low. The corresponding
adaptive strategies for erosion-induced risk in the erosional coast sector are described in
Table 5.

Table 5. The corresponding adaptive strategies of erosion-induced risk in the erosional coast sectors.

Xinxing Taixi Santiaolun Xingang
Hazard Moderate Moderate-low Moderate Moderate
Vulnerability Moderate Moderate Moderate Moderate-low
Increase sediment .
supply Increase sediment . g .
Monitor hazards Increase sediment supply ncre?se sedimen
. supply Monitor hazards Supply
Improve warning . nd Monitor hazards
Adaptive strategy systems Monitor hazards and assess and assess
E ist Improve warning functionality . .
nsure existence : functionality
of proper systems Do not urbanize )
emz rgzncy Improve warning Do not urbanize
shelters systems
Residual risk Moderate-low Low Moderate-low Low

4. Discussion

This study explored erosion-induced hazards and comprehensive risk assessments to
propose an efficient management strategy using a reasonable and systematic process. The
analysis of erosion-induced inundation revealed the extent of hazardous sectors in contrast
to the already-established, unprioritized protection zones. Particularly, agricultural areas
were shown to need precise resource allocations. Furthermore, risk assessment, rather
than subjective consideration, was used to illustrate the origins of every sector. In this
study, the hazard and vulnerability analysis revealed that the Mailiao Township (in the
upstream coastal sector of sediment transport) has fewer erosion hazards but a high
urbanization rate that may be risky in the future. On the other hand, the Taixi, Sihu, and
Kouhu Townships (in the downdraft coastal sectors of sediment transport) were shown to
have high hazard risks due to coastal erosion, though rural land use and low population
densities decreased their vulnerability risk. However, due to the time-variant hazard
impact and societal developments, the coastal erosion risk of these areas will change.
Therefore, this study considered two scenarios, one with no adaptive strategy and one with
an adaptive strategy, in terms of the integrated time-variant impact of coastal erosion and
population development.

According to current population development trends of the National Spatial Planning
of Yunlin County (Yunlin County Government, 2021) [47], the total population of the
county will remain at 680,000 in the near future (A.D. 2036), but the population will
significantly age. The population of Mailiao Township will increase by 0.72% due to the
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rising employment of the YOIP. The population of the other three seaside townships—Taixi,
Sihu, and Kouhu Townships—will decrease by 0.35%, 0.27%, and 0.25%, respectively
(Yunlin County Government, 2021) [47]. Nevertheless, the vulnerability risk grades will
not dramatically fluctuate following the reordering of the population density in the Yunlin
coastal area. The population densities of the coastal areas will remain relatively lower than
those of the urban areas.

Generally, without the reduction strategy intervention, the grades of hazard risks will
persistently worsen following increasing coastal erosion under the influence of exacerbated
wave energy from the impact of climate change (Zhang et al., 2004; Ministry of Science and
Technology, 2022) [48,49]. The hazard risks will be increased with decreasing buffer zone
width under the impact of coastal erosion. In this scene, the hazard potential of the buffer
zone was intensified in the future, with the assumption of a constant erosion rate. Therefore,
in a scenario with no adaptive strategy, the hazard risk grades of the Xinxing tidal seawall
and Taixi tidal seawall will be intensified due to the erosion-induced degradation of the
buffer zone. The hazard risk grade within the Xinxing tidal seawall will be moderate and
almost reach the moderate-to-high level. The hazard risk grade of the Taixi tidal seawall
will increase to a moderate level. The hazard risk grades were comparatively steady within
the sectors of the Santiaolun seawall and the Xingang seawall. The levels of vulnerability
risks also remained at moderate to moderate-to-low in the scenario analysis of no adaptive
strategy. Furthermore, the risk forecasts were based on the evaluation of the residual
risk in the scenario analysis with an adaptive strategy. Owing to the adaptive strategy
intervention, the trends of coastal erosion were mitigated by the sediment supply within
the erosional coast sectors, and the levels of vulnerability risks were also reduced by the
improvement of the warning systems. All in all, in the scenario analysis with an adaptive
strategy, the levels of erosion risk would range from low to moderate-to-low, indicating
that the adaptive strategy had a significant influence on coastal risk reduction. Risk maps
under the aforementioned adaptive strategy scenarios are shown in Figure 7, and the risk
forecasts of the hazard and vulnerability indexes in erosional coast sectors are shown in
Table 6.
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Figure 7. (a) Risk map of Yunlin—no adaptive strategy. (b) Risk map of Yunlin—adaptive strategy.
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Table 6. The risk forecasts of the hazard and vulnerability indexes in the erosional coast sectors.

Xinxing Taixi Santiaolun Xingang
Hazard Moderate Moderate-low Moderate Moderate
Current state

Vulnerability Moderate Moderate Moderate Moderate-low

No adaptive Hazard Moderate Moderate Moderate Moderate
strategy Vulnerability ! Moderate Moderate Moderate Moderate-low
) Hazard Moderate Low Moderate-low Moderate-low

Adaptive strategy

Vulnerability ! Moderate-low Moderate-low Moderate Moderate-low

! In the time-variant assessment of population development.

As a result, the erosion risk grades will decrease following the application of an
adaptive strategy, and the protection and accommodation strategies have maintained the
risk grades between low to moderate-to-low in time-variant development. Therefore,
the use of an adaptive strategy will have vital benefits to comprehensive coastal zone
management. Additionally, changes in the population structure will ensure that Yunlin
County’s population will gradually age in the future. Consequently, relevant disaster
education for inhabitants should consider the elderly, and information acquisition methods
should be adopted to improve the effectiveness of the implemented strategies. Ultimately,
according to the grades of Yunlin’s hazard and vulnerability risk, there is currently no need
to plan for retreat management, but it is still necessary to review the changes in coastal risks
and management measures. In summation, coastal risk management essentially comprises
two types of activities: Taking prompt action in the face of an impending storm and
long-term planning (Jager et al., 2017) [50]. Adaptive strategies are indispensable for risk
management, which should be revised according to future spatial and temporal changes.

5. Conclusions

In this study, erosion risk assessments were used to evaluate the hazard and vulnera-
bility conditions that affect the population and properties of the Yunlin shoreline. In other
words, the subjectivity of stakeholders’ interpretation of hazards can be eliminated after
systematically and scientifically quantifying hazards and vulnerability both currently and
in time-variant risk forecasts. Nevertheless, erosion risk will change to a significant extent
over time, so it is necessary to implement adaptive strategies and monitor coastal hazards
and vulnerabilities in the future. Moreover, the overall resilience of communities can be
improved to prevent coastal risk through post-disaster learning and re-examination.
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