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Abstract: Ocean recreational activities (ORAs), including swimming, surfing, diving, paddleboarding,
etc., in global marine areas are becoming increasingly popular. However, there are potential risks in
coastal ocean environments. This study aims to establish a framework for assessing the risk according
to the joint hazard and vulnerability levels of the ORA environment. Important factors include meteo-
ocean conditions, geographic features, biological and chemical characteristics, and records of historical
accidents, as well as social, environmental and tourist perceptions. The fuzzy Delphi method (FDM) is
used to screen the representative factors, followed by using the analytical hierarchy process (AHP) to
determine the weight of each factor. The results show that 9 hazard factors and 12 vulnerability factors
are dominant. The framework is applied to 307 beaches in Taiwan, and 8% of them are categorized as
very high risk and 13% as very low risk for ORAs. A risk map that displays the hazard, vulnerability,
and overall risk levels is presented to tourists to provide quick access to risk information.

Keywords: ocean recreational activity (ORA); risk assessment; ocean environment; fuzzy Delphi
method (FDM); analytical hierarchy process (AHP)

1. Introduction

Ocean recreational activities (ORAs) are popular ways to enjoy nature. They encom-
pass a wide variety of activities, such as swimming and snorkeling, which do not require
equipment, as well as those that use natural forces, such as surfing, sailing, and stand-up
paddleboarding (SUP). There are also activities powered by machinery, such as jet skiing
and water skiing. Many of these activities are considered sports, with some even included
in the Olympic Games. Billions of people in the world engage in ORAs [1–5], especially in
countries surrounded by sea, such as Taiwan, where these activities are incredibly popular.

However, all activities carry risks. The risks associated with ORAs are associated
with three sources: (1) meteo-oceanographic environmental characteristics, which include
physical, chemical, and biological factors such as strong winds, rip currents, giant waves,
sudden rogue waves, tidal changes, tsunamis, storm surges, whirlpools, marine life, and
water quality; (2) geographical environmental factors, such as seabed slopes, artificial
structures, sandbars, hidden reefs, and seabed materials; and (3) tourist factors, such as the
types of recreational activities undertaken, the physical and mental state of individuals,
trip planning, pretrip preparation, and the proper use of safety equipment [6–13].

Among the natural factors that influence ORAs, wind, waves, tides, currents, and
sea temperature change rapidly and are the most direct elements affecting the safety of
ORAs [14–17]. Sudden gusts of wind significantly impact ORAs within a short period,
posing considerable danger for activities such as SUP or windsurfing. Wind contacting
the sea surface transfers energy between the atmosphere and the ocean, generating surface
waves. Among physical factors, waves carry the most energy. Large waves can easily capsize
boats, and even small sudden rogue waves can cause maritime accidents [18–21]. Waves pose
varying degrees of danger to nearly all ORAs. Tidal changes, a comparatively slower process,
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theoretically might have less impact on the safety of water activities. However, in areas with
mild slopes, the flow of tides is not easily noticeable, and there are frequent incidents of
tourists becoming trapped in rising tidal waters and unable to return to shore. Additionally,
rip currents are considered by many to be the main silent danger for ORAs [22–25]; they are
strong, narrow currents moving away from the shore, and they are difficult to detect and
challenging to combat considering human swimming capabilities. Although sea temperature
primarily affects the comfort of marine activities, low temperatures can also easily lead to
hypothermia or cramping, posing dangers to individuals engaged in recreation. In addition
to physical factors, the chemical characteristics of the sea are also crucial to ORA safety.
These include the presence of E. coli, heavy metals, and toxic algae in seawater, all of which
pose safety hazards to individuals. The presence of marine creatures such as sharks, jellyfish,
and poisonous fish, which are sometimes aggressive for self-protection or defense, can also
lead to unwelcome encounters during ORAs.

The United Nations Disaster Relief Organization [26] defined risk as the product of
hazard and vulnerability. Hazard refers to the likelihood of a potentially harmful event
occurring within a specific area or timeframe, while vulnerability indicates the degree of loss
caused by such an event. Regarding coastal risk assessments, past studies primarily focused
on assessing the risks of coastal disasters, such as coastal erosion or flooding [27–32]. Some
studies have also evaluated the safety of ORAs. For instance, Abraldes and Pérez-Gómez
accounted for morphology, infrastructure, and lifeguard services in assessing beach risk
levels [33]. Alvarez-Ellacuria et al. presented a real-time beach hazard level associated
with nearshore hydrodynamics and applied the alert system to fifteen beaches in the
Balearic Islands (Western Mediterranean Sea) to provide nearshore safety conditions for
beach safety managers [34]. Chen and Bau established a multi-criteria evaluation structure
for tourist beaches [35]. Yang et al. quantified danger levels for 300 Korean beaches
based on waves, tides, and topographical conditions and established a risk assessment
formula that factored in tourist numbers [36]. Botero et al. and Rangel-Buitrago et al.
evaluated recreational beach risks considering urbanization, coastal zoning, and the coastal
environment, applying their research in Colombia [37,38]. Bush et al. proposed the
utilization of geoindicators for rapid assessment of coastal hazard risk and mitigation [39].
Chen and Teng presented the management priorities and carrying capacity at the high-use
beach from tourists’ perspectives [40]. Cervantes and Espejel designed a composite index
for assessing recreational beaches using descriptive beach indicators (BIs), beach user
perceptions (KIs), and beach economic value indicators (MIs) [41]. Ferrari et al. introduced
the Risk of Bathing Index (RBI), a product of hazard and vulnerability, with the hazard
level calculated based on the beach’s physical features and hydrodynamic conditions, such
as breakwater patterns, rip currents, and slope stability, and vulnerability represented by
beach accessibility [42]. In addition, the Coastal Vulnerability Index (CVI) is one of the
most used and straightforward methods to assess coastal vulnerability [43–45]. Chen et al.
engaged in marine risk management due to hazards associated with hydrodynamics and
water quality [46]. Mucerino et al. performed image monitoring for beaches along the
northwest coast of Italy, analyzed rip currents and wave parameters and quantified marine
recreational danger based on probability theory [47].

From the aforementioned studies, it is evident that most research on the risk of ORAs
has concentrated on beach-associated risks. However, our study extends to the risks in-
volved in activities occurring within the seawater itself. Consequently, both natural and
anthropogenic factors must be simultaneously considered in such risk assessments. There-
fore, a framework for assessing the risks of ORAs is proposed. This framework consists of
risk identification, the screening of representative risk factors, weighting, and risk analysis.

2. Risk Assessment Method
2.1. The Risk Assessment Process

In this study, risk is calculated as the product of hazard and vulnerability [26]. The
process of risk assessment includes risk identification, risk analysis, and risk evaluation.
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Risk identification is used to determine the factors that cause risk; risk analysis involves
setting the grading criteria for each factor and then examining the extent of each factor’s
impact based on collected data. The impact is typically categorized into five levels (grades
1 to 5), with 5 being the most severe and 1 being the most minor. Since the impact of
each factor on a target varies, it is necessary to perform a weight analysis to obtain the
weight value for each factor. In this study, the fuzzy Delphi method (FDM) is employed
to determine the significant factors in the risk identification process, while the analytical
hierarchy process (AHP) is used to determine the weighting of the factors in the risk
analysis process. They will be described in the following paragraphs. Risk evaluation then
entails applying the graded risk factors, performing a weight analysis for the study area,
and calculating the hazard and vulnerability scores to determine the level of risk for that
area. Anfuso et al. summarized the studies that analyzed the main factors affecting coastal
vulnerability and susceptibility in recent years [48].

The risk matrix presents the likelihood of risk occurrence in a two-dimensional table
format [49], which has been widely used to display the results of risk assessments. For
instance, Ferrari et al. assessed the risks in the northwestern maritime region of Italy based
on a 4 × 5 risk matrix [42]. This study employs a 5 × 5 risk matrix, as shown in Figure 1,
with the horizontal axis divided into five hazard score categories (very low, low, medium,
high, and very high hazard) and the vertical axis comprising five levels of vulnerability.
Based on the levels of hazard and vulnerability, the risk levels of recreational activities in a
maritime area can be quickly identified according to the risk matrix.
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2.2. Fuzzy Delphi Method (FDM)

Due to the inherently ambiguous nature of human expression and the variability in
interpretation from person to person, fuzzy theory has been incorporated into the traditional
Delphi method to form the fuzzy Delphi method (FDM), which preserves the integrity of
information [50]. The FDM is capable of expressing the fuzziness and uncertainty present in
human thought processes, thereby reducing the number of questionnaire iterations needed.
In recent years, this approach has been extensively utilized in risk analyses.

For instance, Lee et al. employed the FDM to develop vulnerability indicators across
social, economic, and hydrological dimensions to assess the vulnerability of the Han
River basin in Korea to flood disasters [51]. Wang et al. applied the FDM in their risk
analysis of the coastal zones of China and evaluated indicators such as economic status,
level of social development, geomorphology, and coastal disasters to establish a model
suitable for complex disaster scenarios [52]. The FDM is employed in this study for the
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preliminary assessment of factors by stakeholders, which helps make the selection of
evaluation factors objective and practical. In this study, “double-triangle fuzzy numbers”
are used to consolidate stakeholder opinions, and the “gray zone test method” is applied
to verify opinion convergence. The application and test steps are elaborated on below.

First, experts complete the questionnaire based on their expertise to subjectively rate
and score the factors in the table on a 0–10 scale, with higher scores indicating greater
importance. The lowest value, which represents the expert’s conservatively perceived
value (CPV), and the highest value, which represents the expert’s optimistically perceived
value (OPV), are selected to establish the quantitative score for each indicator. Second,
the minimum value (CL

i), geometric mean value (CM
i), and maximum value (CU

i) are
calculated for the remaining CPVs, as are the minimum value (OL

i), geometric mean value
(OM

i), and maximum value (OU
i) for the remaining OPVs for each factor i, excluding

outliers beyond double the standard deviation, yielding double triangular fuzzy numbers,
as depicted in Figure 2. The consensus level achieved by the experts is determined based on
the overlap between the two triangular fuzzy numbers. If no overlap occurs (no gray-zone
area), the consensus importance value (CIV) of evaluation factor i equals the arithmetic
mean of CM

i and OM
i. If an overlap exists and the gray zone Zi is smaller than the interval

range Mi between the geometric averages of CPV and OPV, the CIV of factor i is expressed
by the fuzzy set of the intersections of the fuzzy relationships of the two triangular fuzzy
numbers. Then, the quantized fraction with the highest membership value is determined.
If overlap exists and the gray zone Zi is larger than the interval range Mi, another round of
the survey is conducted for factors with divergent opinions. These steps are repeated until
all factor opinions converge and the CIV value is obtained.
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2.3. Analytical Hierarchy Process (AHP)

The analytical hierarchy process (AHP) is a quantitative, multicriteria approach de-
veloped to consider the hierarchical structure of decision-making problems [53,54]. The
AHP has been employed to determine the weighting coefficients for factors considered
in the FDM. The initial step in implementing this technique involves creating a pairwise
comparison matrix, which contains entries representing the comparative importance of
one factor relative to others. This comparison is assessed using a nine-point scale with
importance levels as follows: 1 = equal, 3 = moderately, 5 = strongly, 7 = very strongly, and
9 = extremely important, with 2, 4, 6, and 8 = intermediate levels among those above.

After calculating the weight values, the consistency of each matrix is verified using the
consistency ratio (CR), as presented in Equation (1), where RI represents the randomness
index, the value of which depends on the matrix order. Equation (2) displays the consistency
index (CI), with λmax being the largest eigenvalue of the matrix of order n. The CR is used
to identify and avoid potential inconsistencies in the judgment matrix.

CR = CI/RI (1)

CI = λmax − n/n − 1 (2)
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Saaty argued that if the CR is less than 0.1, the weighting coefficients are appropriate;
however, if it is larger than 0.1, the judgments must be re-evaluated to guarantee realistic
outcomes [54]. Wang et al. targeted 50 coastal cities in China and, considering factors such
as economic and social development, living standards, topography, and natural disasters,
utilized the AHP to weigh the relative impact of each factor [52].

3. Hierarchical Structure and the Data
3.1. The Study Site

Taiwan is surrounded by the ocean. In the last decade, the number of people engaging
in ORAs and the frequency of these activities have been increasing, leading to a rise in
the number of accidents in Taiwan. It has become necessary to assess the risks of ORAs
and announce them to the public. The coastline of Taiwan is approximately 2000 km long
and has 307 beaches. This study focuses on four different beaches in Taiwan: Wai-Ao
beach, Kao-Mei beach, San-Xian-Tai beach, and Nan-Wan beach. Wai-Ao beach (WAB)
is located on the northeast coast of Taiwan, facing the Pacific Ocean. The beach spans
approximately 1.5 km in length and 168 m in width. Characterized by coarse sand, WAB is
renowned for its excellent surfing activities. Kao-Mei beach (KMB), situated on the western
coast of Taiwan and facing the Taiwan Strait, features a wetland-style beach with a muddy
bottom. It stretches approximately 1 km in both length and width, drawing numerous
tourists for sightseeing on holidays. The third beach is San-Xian-Tai beach (SXTB), which
is positioned on the eastern coast of Taiwan and faces the Pacific Ocean; it is a gravel
beach approximately 2 km long and 50 m wide. The last beach is Nan-Wan beach (NWB),
which is located south of Taiwan within a national park and is a bay-type beach with fine
sand. It measures approximately 0.6 km in length and 50 m in width, attracting over a
million tourists annually. This paper examines these four beaches to exemplify the risk
assessment process for ORAs, highlighting their distinct locations and beach attributes,
including sandy, gravel, and wetland features.

3.2. Hierarchical Structure

The first step in risk assessment is to perform risk identification, which involves
identifying all potential risk factors that could affect ORAs. In this study, a four-level
framework is established as shown in Figure 3. The root level (Level 0) is the goal, which
is to assess the risk of ORAs. Level 1 is the category of risk, which includes (1) hazard
and (2) vulnerability; Level 2 is the criteria of each category for the risk, such as “hazard”,
encompassing (1.1) met-ocean conditions, (1.2) geographical features, (1.3) biological and
chemical characteristics, and (1.4) historical accidents, and “vulnerability”, encompassing
(2.1) social, (2.2) environmental, and (2.3) tourist aspect. The third level includes the factors
associated with each criterion. They are (1.1.1) air temperature, (1.1.2) precipitation, (1.1.3)
wind, (1.1.4) waves, (1.1.5) current, (1.1.6) tide, (1.1.7) water temperature, (1.1.8) rip current,
(1.1.9) storm surge, (1.1.10) rogue wave, (1.1.11) erosion rate, (1.1.12) breaking wave type;
(1.2.1) type of coast, (1.2.2) seabed slope, (1.2.3) beach slope, (1.2.4) sand grain size, (1.2.5)
sand uniformity, (1.2.6) cleanliness, (1.2.7) coastal structure, (1.2.8) armor block; (1.3.1) toxic
organisms, (1.3.2) aggressive marine life, (1.3.3) beach vegetation coverage, (1.3.4) water
quality, (1.3.5) air quality; and (1.4.1) number of historical accidents. In addition, (2.1.1) age
distribution of the population in nearby towns, (2.1.2) population density, (2.1.3) population
education level, (2.1.4) hospital equipment, (2.1.5) number of ambulances, (2.1.6) distance
to a coastal guard or lifeguard station, (2.1.7) distance to a hospital, (2.1.8) licensed operator,
(2.1.9) average income, (2.2.1) environmental loading capability, (2.2.2) width of sea dyke,
(2.2.3) harbor area, (2.2.4) number of trails to shore, (2.2.5) trail conditions, (2.2.6) public
transportation, (2.2.7) distance to nearby town/city, (2.2.8) safety and rescue facilities,
(2.2.9) public insurance, (2.2.10) infrastructure, (2.2.11) information board; (2.3.1) self-
rescue capability, (2.3.2) professional ability when participating in ORAs, (2.3.3) drinking,
medication use or other habits, and (2.3.4) equipment preparedness for ORAs are risk
factors that fall within the three aspects of vulnerability. In total, the hierarchical structure
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of the risk assessment in this study covers 2 risk categories, 7 risk criteria and a total of
50 risk factors.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW  7  of  20 
 

 

 

Figure 3. The hierarchical structure for the risk assessment of ORAs at WAB. This figure shows all 

50 factors. The filtered-out factors are marked with strikethrough, and the selected 21 factors marked 

in blue. 

(1.1.1) air temperature

(1.1.2) precipitation

(1.1.3) wind

(1.1.4) waves

(1.1.5) current

(1.1.6) tide

(1.1.7) water temperature

(1.1.8) rip current

(1.1.9) storm surge

(1.1.10) rogue wave

(1.1.11) erosion rate

(1.1.12) breaking wave type

(1.2.1) type of coast

(1.2.2) seabed slope

(1.2.3) beach slope

(1.2.4) sand grain size

(1.2.5) sand uniformity

(1.2.6) cleanliness

(1.2.7) coastal structure

(1.2.8) armor block

(1.3.1) toxic organisms

(1.3.2) aggressive marine life

(1.3.3) vegetation coverage

(1.3.4) water quality

(1.3.5) air quality

(1.4.1) historical accidents num.

(2.1.1) age dist. of population

(2.1.2) population density

(2.1.3) population education level

(2.1.4) hospital equipment

(2.1.5) number of ambulances

(2.1.6) distance to coastal guard station

(2.1.7) distance to a hospital

(2.1.8) licensed operator

(2.1.9) average income

(2.2.1) environmental loading capability

(2.2.2) width of sea dyke

(2.2.3) harbor area

(2.2.4) number of trails to shore

(2.2.5) trail conditions

(2.2.6) public transportation

(2.2.7) distance to nearby town/city

(2.2.8) safety and rescue facilities

(2.2.9) public insurance

(2.2.10) infrastructure

(2.2.11) information board

(2.3.1) self-rescue capability

(2.3.2) professional ability in ORAs

(2.3.3) drinking, medication use

(2.3.4) equipment preparedness for ORAs

(1.1) met-ocean 
conditions

(1.2) geographical 
features

(1.3) biological and 
chemical 
characteristics 

(1.4) historical 
accidents aspect

(2.1) social aspect

(2.2) environmental 
aspect

(2.3) tourist aspect

1.Hazard

2.Vulnerability

R
is
k
 o
f 
O
R
A
s

Level 1:
Category

Level 2:
Criteria

Level 0:
Goal

Level 3:
Factors

Figure 3. The hierarchical structure for the risk assessment of ORAs at WAB. This figure shows all
50 factors. The filtered-out factors are marked with strikethrough, and the selected 21 factors marked
in blue.
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3.3. Data Collection

Data collection for the 50 risk factors highly influences the accuracy of risk assess-
ment. In this study, data are obtained from measurements, numerical modeling, field
surveys, existing reports, and official statistics. For example, tidal conditions were obtained
from numerous measurements on the Taiwanese coast; however, the wave height and
tidal current in nearshore areas were simulated by the WAVEWATCH III and Advanced
Circulation Model (ADCIRC) models, respectively. The occurrence probability of rip cur-
rents in each coastal town was estimated from the simulations. In addition, many pieces
of data, such as accident numbers, public transportation details, and insurance informa-
tion, were sourced from reports or official statistics provided by various universities or
government institutions.

For the beach slope, sand grain size and uniformity, cleanliness, vegetation coverage
on the beach, coastal structure, quantity of safety and rescue facilities, number of trails to
shore, distance to a coastal guard or lifeguard station, distance to a hospital, infrastructure,
information boards, and other environmental and geographic characteristics, data were
obtained through field surveys in this study. Information on whether the study area has
aggressive marine life and/or toxic organisms was ascertained based on consulting reports
issued by coastal management authorities.

Regarding the number of historical accidents, records from water rescue authorities
from 2014 to 2020 were reviewed. In terms of social factors, such as the age structure,
density and education level of the population and average income in nearby towns, data
were obtained upon request from the Ministry of the Interior of Taiwan. Concerning tourist
information, data on individuals’ self-rescue capabilities, equipment, and habits were
collected through interviews with tourists directly on the beaches.

4. Results and Discussion
4.1. Results of the FDM

A questionnaire survey among stakeholders was conducted to collect data for the FDM.
These stakeholders included tourists, coaches, coastal management personnel, professors,
lifeguards, and ORA equipment store owners. It was expected that through their experience
and understanding of the subject, significant data could be obtained to identify the main
factors for assessing the risk of ORAs through the FDM. A total of 25 questionnaires were
collected in this study, with each factor scored from 1 to 10, where a higher score indicates
greater importance. The consensus importance value (CIV) for each factor was based on the
intersection of the maximum number of CPVs and the minimum number of OPVs. A high
CIV indicates a high degree of consensus among the stakeholders regarding the importance
of a given factor. The threshold consensus value of 6 was used to screen for risk factors,
meaning that factors with a CIV of 6 or greater were retained, while those with values
below 6 were discarded. Additionally, if the fuzzy numbers for a factor did not converge,
indicating no consensus, then that factor was not included in the risk assessment. Table 1
shows the FDM questionnaire analysis results for WAB, revealing that out of 50 risk factors,
stakeholders reached a consensus on 9 factors regarding hazard and 12 factors regarding
vulnerability, as listed in the table. The hierarchical structure of ORA risk assessment for
WAB after factor screening based on the FDM is shown in Figure 3.
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Table 1. Results of factor screening using the fuzzy Delphi method at WAB. The variables in each
column of this table are the double triangular fuzzy numbers shown in Figure 1 and the results show
whether the factor reaches consensus and is selected.

Level
1

Level
2 Level 3: Factors Ci

L Ci
M Ci

U Oi
L Oi

M Oi
U Zi Mi Mi−Z

i Gi Result

C
ategory:hazard

C
riteria:M

et-ocean
conditions

Wind 4 5.26 8 6 7.90 10 2 2.65 0.65 6.82 Used

Wave 5 6.45 8 8 9.33 10 0 2.88 2.88 7.89 Used

Current 3 5.58 8 6 8.99 10 2 3.41 1.41 7.11 Used

Storm surge 1 3.83 8 1 5.51 10 7 1.68 −5.32 - Del

Tide 3 4.17 6 6 7.91 10 0 3.74 3.74 6.04 Used

Freak wave 1 1.11 2 1 1.32 6 1 0.20 −0.80 - Del

Rip current 4 5.80 8 8 9.19 10 0 3.39 3.39 7.49 Used

Erosion rate 1 2.42 7 1 5.01 10 6 2.58 −3.42 - Del

Breaking wave type 1 2.55 8 1 4.19 10 7 1.56 −5.44 - Del

Water temp. 1 2.68 6 4 5.96 8 2 3.27 1.27 4.74 Del

Air temp. 1 2.13 7 1 2.95 9 6 0.82 −5.18 - Del

Precipitation 1 2.38 5 1 3.40 9 4 1.01 −2.99 - Del

G
eographic

features

Type of coast 1 3.83 7 4 7.23 10 3 3.40 0.40 5.52 Del

Seabed slope 1 3.82 8 5 7.97 10 3 4.14 1.14 6.25 Used

Beach slope 2 4.58 8 6 8.44 10 2 3.87 1.87 6.83 Used

Sand grain size 1 2.45 5 3 5.26 9 2 2.81 0.81 3.94 Del

Sand uniformity 1 2.16 7 1 3.65 9 6 1.49 −4.51 - Del

cleanliness 1 2.55 8 1 4.19 10 7 1.64 −5.36 - Del

coastal structure 1 3.70 7 5 7.16 9 2 3.46 1.46 5.79 Del

armor block 1 1.49 4 1 1.70 8 3 0.21 −2.79 - Del

biologicaland
chem

icalcharacteristics

aggressive marine
life 2 3.95 8 5 7.33 10 3 3.38 0.38 6.10 Used

toxic organisms 2 4.08 8 4 7.04 10 4 2.97 −1.03 - Del

Beach vegetation
coverage 1 3.12 6 4 6.48 9 2 3.36 1.36 4.93 Del

water quality 1 2.63 8 1 4.06 10 7 1.43 −5.57 - Del

air quality 1 1.35 6 1 2.24 9 5 0.89 −4.11 - Del

historical
accident

Accident number 2 4.56 8 6 8.03 10 2 3.47 1.47 6.74 Used

vulnerability

socialaspect

Licensed operator 2 4.52 7 7 8.41 10 0 3.89 3.89 6.46 Used

age distribution 1 2.95 8 1 4.64 10 7 1.69 −5.31 - Del

population density 1 2.08 6 1 3.24 9 5 1.16 −3.84 - Del

education level 1 2.22 6 1 3.40 8 5 1.19 −3.81 - Del

equipment of
hospital 2 4.42 8 5 7.65 10 3 3.22 0.22 6.28 Used

distance to hospital 3 5.20 8 7 8.56 10 1 3.35 2.35 7.36 Used



J. Mar. Sci. Eng. 2024, 12, 604 9 of 18

Table 1. Cont.

Level
1

Level
2 Level 3: Factors Ci

L Ci
M Ci

U Oi
L Oi

M Oi
U Zi Mi Mi−Z

i Gi Result

vulnerability

socialaspect

distance to coastal
guard/lifeguard

station
4 5.59 8 7 8.59 10 1 3.00 2.00 7.40 Used

ambulance amount 2 3.90 7 3 7.39 9 4 3.49 −0.51 - Del

average income 1 1.00 1 1 1.21 4 0 0.21 0.21 1.11 Del

environm
entalaspect

Environment loading
capability 1 3.55 7 5 7.84 10 2 4.29 2.29 5.90 Del

width of sea dyke 0 - 0 0 - 0 0 - - - Del

harbor area 0 - 0 0 - 0 0 - - - Del

number of trails
to shore 1 3.07 6 4 6.55 9 2 3.49 1.49 4.93 Del

trail condition 1 3.43 6 5 7.11 9 1 3.68 2.68 5.45 Del

Public transportation 1 3.21 7 6 7.37 9 1 4.16 3.16 6.27 Used

distance to nearby
town/city 1 2.29 4 1 4.11 9 3 1.82 −1.18 - Del

safety and rescue
facilities 4 6.39 8 8 9.40 10 0 3.01 3.01 7.89 Used

public insurance 2 4.57 8 6 8.35 10 2 3.77 1.77 6.81 Used

infrastructure 2 4.17 7 6 7.73 10 1 3.55 2.55 6.38 Used

information board 4 5.95 8 8 9.03 10 0 3.08 3.08 7.49 Used

touristaspect

self-rescue capability 3 5.27 7 7 8.60 10 0 3.33 3.33 6.94 Used

professional ability
in ORAs 3 4.65 7 5 7.68 10 2 3.03 1.03 6.06 Used

habits of drinking or
medication use 2 4.46 8 4 7.22 10 4 2.76 −1.24 - Del

equipment prepared
for ORAs 5 6.29 8 8 9.12 10 0 2.83 2.83 7.71 Used

4.2. AHP Results

To determine the relative importance of various factors, a second phase of stakeholder
questionnaire surveys and analysis was performed. In the second phase, the criteria from
the previous level were used as a basis for evaluation, comparison and scoring among
the factors at the next level. These results were used to not only determine the relative
importance of each factor but also establish the weights of the factors.

Overall, 15 questionnaires were completed, of which 11 had a consistency index (CI)
value of less than 0.1, qualifying them as valid samples [55]. The weights of the various
criteria and risk factors obtained using the AHP method are presented in Table 2. The
table shows the relative weight of each factor, together with the overall weight comparison
across all factors.

From Table 2, it is evident that under the hazard category, “met-ocean conditions”
are associated with the highest weight (0.51), followed by “geographic features” (0.22)
and “historical accidents” (0.15), with “biological and chemical characteristics” having the
lowest weight (0.12). This indicates that stakeholders observe met-ocean conditions as
the most significant factor affecting the safety of individuals engaged in ORAs. Among
the factors affecting met-ocean conditions, “rip current” is associated with the highest
weight (0.28), and for the geographic feature criteria, the “seabed slope” has the highest
weight (0.73). In terms of overall weight, the “seabed slope” ranks highest (0.16) among the
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nine hazard assessment factors, followed by “number of historical accidents” (0.15), “rip
currents” (0.14), and “aggressive marine life” (0.12).

Table 2. Results of the weight analysis for level 2 and level 3 factors.

Level 1 Level 2 Level 3

Category Criteria weight Factors Relative Weight Overall Weight

H
azard

Met-ocean conditions 0.51

Wind 0.10 0.05

Wave 0.21 0.11

Current 0.18 0.11

Tide 0.23 0.10

Rip current 0.28 0.14

Geographic features 0.22
Seabed slope 0.73 0.16

Beach slope 0.27 0.06

Biological and Chemical
characteristics 0.12 aggressive marine life 1.00 0.12

historical accident 0.15 Accident number 1.00 0.15

V
ulnerability

Social aspect 0.27

Licensed operator 0.26 0.07

equipment of hospital 0.19 0.05

distance to hospital 0.22 0.06

distance to coastal
guard/lifeguard station 0.33 0.09

Environmental aspect 0.49

Public transportation 0.08 0.04

Safety and rescue facilities 0.35 0.17

public insurance 0.16 0.08

infrastructure 0.13 0.06

information board 0.28 0.14

Tourist aspect 0.24

self-rescue capability 0.35 0.08

professional ability in ORAs 0.26 0.06

equipment prepared for ORAs 0.39 0.09

Table 2 also presents the analysis of the vulnerability category, where the environmen-
tal aspect is associated with the highest weight (0.49), followed by the social (0.27) and
tourist (0.24) aspects. Among the influencing factors, “distance to a coastal guard/lifeguard
station” has the highest weight (0.33) in the social aspect, “safety and rescue facilities” rank
highest (0.35) in the environmental aspect, and “equipment preparedness for ORAs” has
the highest weight (0.39) in the tourist aspect. The overall weight is highest for “safety and
rescue facilities” (0.17), followed by “information board” (0.14), “equipment preparedness
for ORAs” (0.09), and “distance to a coastal guard/lifeguard station” (0.09).

4.3. Risk Assessment

After screening the representative factors through the FDM and obtaining the weight
of each factor through the AHP, we conducted a graded scoring of the factors to quantify the
risk scores of hazard and vulnerability to understand the extent of each factor’s influence
at various beaches. The scoring values range from a maximum of 5 to a minimum of 1.

The scoring standards are introduced in this section. For wind speed, it is assumed that
ORAs are suitable when the wind speed is less than Beaufort Scale IV (7.9 m/s). Therefore,
the percentage of days on which the mean wind speed exceeds the Beaufort Scale IV is
calculated. If the percentage is less than 20% of a year, a score of 1 is assigned, indicating
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that the beach is minimally affected by wind speed and therefore at low risk. If the wind
speed exceeds Beaufort Scale IV on more than 80% of the days in a year, the score is 5.
This score is divided into 5 levels (with scores of 2 for 20–40%, 3 for 40–60%, and 4 for
60–80% of days exceeding Beaufort Scale IV, in addition to scores of 1 and 5 described
above). A similar approach was used to assess the impact of nearshore currents (mainly
tidal currents). A score of 1 is given if the annual average tidal current speed exceeds 1 knot
(0.514 m/s) less than 20% of the time; the score progresses similarly up to level 5. The
scoring for rip current risk is 1 for a probability of less than 20% of rip current occurrence
and 5 for a probability of more than 80%. Additionally, the score is 1 for tidal ranges less
than 1 m, 3 for tidal ranges of 1–2 m, and 5 when it is over 2 m. For the impact of wave
height, a score of 1 is given when the annual average significant wave height (SWH) is
below 0.6 m. Additionally, the impact of extreme waves was considered. If the average
SWH is below 0.6 m but extreme waves over 8 m have occurred in the past three years, the
score is 2; 3 is given for an average SWH between 0.6 and 1.5 m; finally, a score of 5 is given
if the annual average SWH exceeds 1.5 m. A similar approach was applied to other risk
factors. Statistical and qualitative results for the 21 screening factors obtained for the four
beaches are shown in Table 3. They were used to estimate the scores for both hazard and
vulnerability categories. Table 4 shows the final results of the risk assessment for the four
beaches explored in this study.

Table 3. Statistical and qualitative results for the 21 screening factors for the four beaches.

WAB KMB SXTB NWB

Wind (percentage of > Beaufort Scale IV) 13.2% 31.6% 40.0% 21.5%

Wave (mean/max SWH) 1.79 m/7.38 m 0.74 m/4.18 m 1.14 m/4.93 m 0.68 m/3.15 m

Current (percentage of >1 knot) 0% 0% 0% 0%

Tide (mean tidal range) 1.13 m 4.1 m 1.31 m 0.98 m

Rip current
(occurrence probability) 27.6% 13.8% 15.2% 25.9%

Seabed slope 0.127 0.008 0.093 0.029

Beach slope 0.014 0.001 0.087 0.052

aggressive marine life Y N Y Y

Accident number 19 0 2 7

Licensed operator (number) 16 4 2 98

equipment of hospital Mid Good Mid Good

distance to hospital 20 km 12 km 24 km 8 km

distance to coastal guard/lifeguard station <1 km 2 km <1 km <1 km

Public transportation County
Highway

Rural
Highway

County
Highway

County
Highway

safety and rescue facilities (number) 3 1 3 2

public insurance Y N N Y

Infrastructure (items) 4 3 3 4

information board 2 4 1 2

self-rescue capability Good Poor Poor Good

professional ability in ORAs High Low Mid Mid

equipment prepared for ORAs sufficient insufficient insufficient insufficient

Figure 4 illustrates the proportions of the contributions of risk factors to the total
hazard score for each beach. For example, WAB is categorized as a high-hazard beach
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with notable contributions from the steep seabed slope (23%), historical accident event
(21%), rip current occurrence probability (18%), and occurrence of aggressive marine
life (17%) factors. However, the vulnerability level at WAB is very low due to its well-
developed infrastructure, leading to the synthetic risk being low. Conversely, although the
vulnerability level of KMB is moderate, as shown in Figure 5, the hazard risk level is low;
notably, risk is mainly associated with the large tidal range, which accounts for 28% of the
total score.

Table 4. Results of risk assessment for the four beaches.

Beaches Hazard Risk Vulnerability Risk Total Risk

WAB High Very Low Low
KMB Low Medium Low
SXTB Medium Low Low
NWB Medium Low Low
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From Figure 4, it is evident that the primary hazard source for ORAs is the seabed
slope. A steeply sloping seabed can cause drowning accidents. Rip currents, which occur
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without warning, are also a significant risk factor. Moreover, the public’s perception of
safety when participating in ORAs is influenced by their awareness of aggressive marine
life, such as venomous fish, jellyfish, and toxic algae, as well as the historical occurrence
of accidents. Some beaches possess special meteo-ocean conditions that may significantly
influence their hazard risk levels. For instance, the large tidal range (4.1 m) at KMB results
in a high hazard risk, but this can be moderated by decreasing vulnerability. Similarly,
NWB, which is a highly developed tourist area with a comprehensive infrastructure, is
assessed as having a moderate hazard risk but an overall low risk due to these mitigating
factors. The risk assessment process and corresponding factors proposed in this study
consider not only the characteristics of the marine environment but also the development
of infrastructure and the preparedness of tourists. They are reflected in the assessments of
both hazard risk and vulnerability risk. A risk map for ORAs at the four beaches is shown
in Figure 6. The risk assessment for all beaches in Taiwan is depicted in Figure 7. There are
39 (13%) beaches categorized as very low risk, 87 (29%) as low risk, 93 (30%) as medium
risk, 62 (20%) as high risk, and 26 (8%) as very high risk for ORAs.
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4.4. Discussion

This study assesses the risks that people engaging in recreational activities in the
coastal ocean may face based on hazard and vulnerability. It includes 50 factors repre-
senting various categories such as potential disasters, beach environment, rescue facilities,
and beach location to evaluate the risk levels comprehensively. From this study, it was
found that nine hazard factors and twelve vulnerability factors were considered key factors
affecting the risk of recreational activities. Previous studies have also focused on multidi-
mensional or multi-hazard risk assessments for beach recreation [56,57]. Risk generation is
complex, arising from environmental, ecological, social, and recreational factors. Our study
particularly focuses on environmental disasters, such as rogue waves, rip currents, sudden
temperature drops, and hazardous organisms, which were less considered in other studies.
However, factors like accessibility and infrastructure were also taken into account. Never-
theless, studies like Peña-Alonso et al. focused specifically on water quality, which was not
selected as an important factor by the FDM questionnaire respondents in Taiwan, indicating
that experts believed there were factors more significant in terms of hazard than water
quality [56]. Lozoya et al. emphasized environmental value, stating that environmental
services are an integral part of risk assessment and should not be overlooked solely in favor
of socioeconomic losses [57]. However, our study did not include environmental services,
which could be a direction for future research efforts. Similar to Huang et al. and the
studies mentioned earlier, they proposed assessment criteria for sustainable island tourism,
which should include governance, economy and finance, socio-culture, and environment
dimensions [58]. However, this differs from the direct risk assessment proposed in our
study. Our study offers a more direct approach but does not delve into financial aspects.
Although we believe that our risk assessment framework covers a broader spectrum, it still
has uncertainties and limitations. Firstly, the length of data affects the assessment results,
and the resolution of the data significantly impacts the results. The limited water quality
data and insufficient bathymetry in our study introduce uncertainties in the analysis results.
Additionally, respondents to the questionnaire have local awareness and are influenced
by the media, resulting in regional limitations to the results. Nonetheless, even without
discussing the analysis results for a specific beach, the risk assessment framework proposed
in this paper is still applicable to areas with similar needs. Regardless, this study provides
significant assistance to those engaging in ocean recreational activities and coastal managers.
The results of beach risk assessments can guide managers in formulating safety regulations
and strengthening safety measures. To minimize the impact of the varying characteristics of
different beaches on the analysis results, future research could incorporate beach attribute
factors that are currently not considered and include assessments of environmental services
and ecological values.

5. Conclusions

ORAs such as swimming, snorkeling, diving, surfing, sailing, stand-up paddleboard-
ing (SUP), kiteboarding, and jet or water skiing are becoming increasingly popular world-
wide. Any marine activity may involve risks, primarily due to the rapid changes in the
marine environment and its unpredictable nature. The risk of ORAs is linked to the charac-
teristics of ocean hydrodynamics, geology, coastal morphology, tourists’ skill levels, and
their equipment preparedness. Among these, hydrodynamic characteristics are the most
rapidly changing factors, including waves, currents, tides, wind speed, and so on. The main
purpose of this study is to evaluate the risks posed by coastal hydrodynamic environments
to ORAs, while also considering other objective factors such as tourist behavior and local
infrastructure. In this study, the risk level is evaluated according to the joint effects of
hazard and vulnerability factors. These factors are extensively listed, and a hierarchical risk
assessment framework composed of 4 levels, encompassing 2 risk categories, 7 risk criteria,
and 50 risk factors is developed. Through the FDM, 21 representative factors are screened,
with 9 hazard factors and 12 vulnerability factors. Then, the AHP is used to analyze the
relative weights of these factors, indicating their importance in the overall risk analysis.
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Data for this study were sourced from field surveys, measurements, numerical simulations,
governmental reports, and stakeholder questionnaire responses. The analysis revealed the
most important factors affecting hazard risk, such as the seabed slope, the occurrence of
rip currents, aggressive marine life, and the frequency and severity of past accidents. The
most important factors affecting vulnerability included the skills of tourists participating in
aquatic activities, safety and lifesaving equipment, and warning signs. A graphical method
is proposed to simultaneously display the levels of hazard risk, vulnerability risk, and
overall risk. Finally, 307 beaches in Taiwan were analyzed, with 26 (8%) classified as very
high risk, 39 (13%) classified as very low risk, and the remainder classified at intermediate
risk levels. These results can provide tourists with quick access to risk information when
planning visits to beaches for ORAs.
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