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Quantitative analyses of storm surge risk, which are mostly focused on physical

vulnerability, have been widely used to help coastal communities mitigate

impacts and damage. Such assessments, however, overlook the social aspect

of vulnerability in storm surge risk. By considering both the community’s social

vulnerability and buildings’ physical vulnerability, this study proposed a

methodology that incorporates social vulnerability into the framework for

making quantitative risk assessments of storm surge using a coupled

hydrodynamic and wave model, Geographical Information System (GIS)

techniques, and the Principal Component Analysis (PCA) method. The coastal

area of Huizhou was chosen as the case study due to its high concentration of

oil and gas infrastructure in China’s southern Guangdong Province. By

combining hazard, exposure, physical vulnerability, and social vulnerability, it

was possible to explore the effect of social vulnerability on the physical

vulnerability-based risk assessment of storm surge and determine the overall

risk level. First, the Gumbel distribution was utilized to establish five

representative and plausible hypothetical typhoon events with different

return periods (10, 20, 50, 100, and 1000 years) for the study area. Then,

using the well-validated fully-coupled model, the Simulating Waves Nearshore

(SWAN) model and the ADvanced CIRCulation (ADCIRC) model, storm surge

simulations for defined return periods were run, and the geographical

distribution of the maximum surge elevations displayed on a GIS platform

was used to assess hazard levels. In terms of the physical aspect, the depth-

damage functions for buildings were established to estimate direct economic

losses and assign risk levels accordingly. For the social vulnerability of a

community, a composite score was computed using the PCA method by

combining and aggregating indicators representing various characteristics of

the social group. The results show that the overall risk level, taking into account

both social vulnerability and physical vulnerability, has decreased on average. It
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suggests that social vulnerability-based risk assessment may account for a

significant portion of the overall risk assessment, which is frequently

overlooked in traditional storm surge risk assessment. Additionally, the

comprehensive and precise risk maps can assist local policymakers in

identifying areas at different risk levels and developing evacuation plans,

thereby minimizing potential losses, especially in high-risk areas.
KEYWORDS

storm surge, hydrodynamic and wave model, depth-damage function, quantitative
risk assessment, social vulnerability, comprehensive risk assessment
Introduction

A storm surge is an abnormal rise in sea level, mainly

resulting from tropical cyclones or hurricane winds moving

toward the coast. This sudden rise in sea level can lead to

significant flooding, particularly when a storm surge coincides

with the astronomical tide. The storm surge flooding therefore

has the potential to breach levees in low-lying zones and

inundate settlements, resulting in a substantial loss of life and

major damage to property and public infrastructure along the

coast. This makes storm surge associated with tropical cyclone

landfalls highly risky for coastal regions. Located in the west of

the Pacific Ocean, China’s southeastern coastal regions have

been hit by around seven tropical cyclones per year since 1949

(Ying et al., 2014; Lu et al., 2021). As frequently threatened by

tropical cyclones, China’s wide coastline has been severely

impacted by tropical storm surges each year. According to the

Bulletin of China Marine Disaster statistics, between 2011 and

2020, an average of 17 storm surge events associated with

tropical cyclones occur annually in Chinese coastal regions,

resulting in an average economic loss of 80.82 billion RMB per

year, approximately 92.18% of total economic losses due to

marine disaster events (Ministry of Natural Resources of the

People ‘s Republic of China, 2021; Wang et al., 2021a). Thus,

tropical cyclone-induced storm surge is by far the most

destructive and deadliest coastal natural disaster in China.

Globally, the frequency and intensity of storm surge flooding

are likely to increase over the next century as a result of global

warming and sea level rise (Church et al., 2013; Stocker, 2014;

Domingues et al., 2018; Zhang and Li, 2019; Knutson et al.,

2021). Additionally, as a result of urbanization and globalization,

China’s coastal population reached 5.9 billion, accounting for

44.03% of the national population in 2010, up from 41.54% in

1978 (He et al., 2014). Nowadays, the population density in

China’s coastal regions is significantly higher than in the

hinterland, and more economic activity will be exposed to the

catastrophic storm surge as coastal communities’ populations
02
grow in the future decades. Together, these factors increase the

risk of storm surge in China’s coastal regions.

In this context, structural measures such as constructing sea

walls and dikes were used in order to protect urban settlements

located behind the defense infrastructure from storm surge

flooding. However, the detrimental effects of storm surge

cannot be completely eliminated by physical barriers, and the

expense of constructing and maintaining them is considerably

high (Shaw, 2006; Burrell et al., 2007). Therefore, academics

have recently placed a greater emphasis on the implementation

of a non-structural approach referred to as Disaster Risk

Reduction (DRR) in order to achieve the largest reduction and

migration of consequences at the lowest cost (Wisner et al., 2012;

Desai et al., 2015; Twigg, 2015). Risk assessment, as a

fundamental component in DRR, can be used to predict risk

and identify areas that might be subject to flooding prior to the

occurrence of storm surges, thereby reducing storm surge-

related damage, loss, and mortality. According to the

terminology used in previous and recent work on risk analysis,

risk assessment generally involves combining assessment of

hazard (a dangerous phenomenon with a specified intensity

and frequency that results in damage), exposure (elements

located in hazard-prone areas, thereby subject to potential

losses), and vulnerability (the characteristics of an element that

make it susceptible to the damaging hazard event) (Crichton,

1999; Kron, 2002; Granger, 2003; Greiving et al., 2007; Samuels

et al., 2009; Safaie, 2017; Ward et al., 2020). While the

understanding of hazard and exposure has increasingly

improved in recent years, vulnerability, as the most

complicated component in risk assessment, remains a

challenging concept to define and measure.

In general, vulnerability can be decomposed into two

complementary aspects: physical vulnerability and social

vulnerability (Van Westen; Huang, 2017; UNDRR, 2017).

Social vulnerability refers to how well groups within a society

may withstand the adverse impacts of a natural disaster (Cutter

et al., 2006; Cutter et al., 2008). Social vulnerability is commonly
frontiersin.org
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assessed based on socio-economic analysis of communities,

which is a combination of a variety of indicators such as age,

gender, education, and occupation, because these characteristics

determine the susceptibility and resilience of a community to the

damaging effects of hazards (Rufat et al., 2015a; Kashem et al.,

2016). The crucial variables affecting social vulnerability can be

exploited, and the relative level of social vulnerability for every

county or census tract can be determined by the calculated

composite social vulnerability score. Then, the levels of social

vulnerability are combined with hazard levels to delineate risk

zones, and the risk zoning map is one tool that communities use

to identify the areas that are at the highest risk of natural

disasters (Guillard-Goncal̨ves et al., 2014; Koks et al., 2015;

Frigerio et al., 2016). Physical vulnerability is related to the

properties of physical structures that determine the degree of

loss and is measured on a scale of 0 (no loss at all) to 1 (complete

destruction) (Fuchs et al., 2018). For measuring physical

damages caused by storm surge flooding, the vulnerability

curve, which relates the degree of damage for a group of

structures to storm surge intensity, is the most widely used

approach (Hatzikyriakou et al., 2015; Hatzikyriakou and Lin,

2017; Hatzikyriakou and Lin, 2018). With regard to the

vulnerability curve, the intensity parameters might be

inundation depth, velocity, rate of rise, and direction of flood

water (Merz et al., 2010; Amirebrahimi et al., 2015; Hendrawan

and Komori, 2021). The majority of previous studies regard

inundation depth as the commonly used intensity parameter for

estimating the expected damage to different types of buildings

affected by storm surge (Arrighi et al., 2020; Baky et al., 2020;

Wing et al., 2020).

However, to date, these two complementary aspects are

rarely considered simultaneously in a vulnerability assessment

and a few research have integrated social vulnerability into the

comprehensive risk assessment of storm surge for a specific

region. In developed countries, studies on storm surge risk

assessment have primarily focused on the physical aspect of

vulnerability and the risk has been quantified using the risk

function (hazards, exposure, and physical vulnerability), thereby

omitting the social dimension of vulnerability (McGrath et al.,

2019; Apollonio et al., 2020; Nofal and van de Lindt, 2020). In

China, due to a lack of local depth–damage curves and a scarcity

of building footprint data, the qualitative risk matrix approach is

frequently used to assess storm surge risk by combining hazard

(inundation depth) and vulnerability (land use/land cover)

(Zhang et al., 2016; Xianwu et al., 2020; Wang et al., 2021d).

However, in comparison to the quantitative risk function

focusing on the physical aspect of vulnerability, this qualitative

risk matrix approach for evaluating risk tends to be more

subjective, and so the results are not completely accurate

(Simmons et al., 2017; Van Westen). Therefore, there are few

studies in China that assess risk using a quantitative risk

function, and there is still a lack of research focusing on the

comprehensive risk assessment of storm surge, taking both social
Frontiers in Marine Science 03
and physical aspects of vulnerability into account. Based upon

the above concerns, the present study proposes a methodology

for comprehensive analysis of storm surge risk by integrating the

social aspect of vulnerability into the framework for making the

quantitative risk assessment combining the physical

vulnerability, the hazard and the exposure. The proposed

method is applied to the southeast coastal area of Huizhou,

which is a densely populated region and a petrochemical

industrial belt in China, in order to quantify the overall risk

levels utilizing a hydrodynamic and wave model, Geographical

Information System (GIS) techniques, and Principal Component

Analysis (PCA) method. The comprehensive risk assessment can

provide much more precise and reliable risk-based zoning maps

of storm surge. These maps were developed to assist government

officials in locating storm surge flooding zones, determining the

elements contributing to overall vulnerability to storm surge,

understanding varying levels of storm surge risk among the

communities, and identifying evacuation routes and convenient

emergency shelters in advance.

The paper is a continuation of our previous studies. In the

published paper (Wang et al., 2021c), the typhoon events under

different scenarios of 10-, 20-, 50-, 100-, and 1000-year return

periods for the study area were defined, and the Jelesnianski

wind model and the coupled ADCIRC+ SWAN model were

setup to simulate wind, water level, current, and wave. The

simulated inundated depth was subsequently used to conduct

hazard assessment, and the qualitative risk assessment of storm

surge was performed in Huizhou. Based upon the data regarding

simulated inundation depth and extent of storm surge flooding

from the previous study, this paper is intended to perform

exposure assessment, physical vulnerability assessment, and

detailed quantitative risk assessment of storm surge using

depth-damage functions and building footprints in Huizhou.

Then, social vulnerability was evaluated, and the results of social

vulnerability-based risk assessment was integrated into the

framework of physical vulnerability-based risk assessment to

make a comprehensive risk assessment in Huizhou. The

remainder of the paper is divided into four sections: an

overview of the study area and multi-source datasets are

presented in Section 2; the methods for conducting model

construction and verification, hazard assessment, social

vulnerability assessment, physical vulnerability of buildings,

and comprehensive risk assessment are introduced in Section

3; Section 4 provides the experimental results and analysis, and is

followed by the conclusion of the paper in Section 5.
Study area and data

Study area

Huizhou, located between 22˚4’N and 23˚57’N latitudes and

between 113˚51’W and 115˚28’W longitudes, is situated in
frontiersin.org
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China’s southern Guangdong Province, as shown in Figure 1A.

Huizhou’s topography is characterized by low-lying south-

eastern coastal districts with an elevation of less than ten

meters, and storm surges reaching a height of 50 cm or more

occurred 33 times and exceeding 100 cm occurred 7 times in

Huizhou between 2006 and 2018.

In coastal areas of Huizhou, there are a large number of

tourism zones, residential buildings, and petrochemical

complexes that are prone to coastal flooding due to storm

surge. In particular, the Huizhou Daya Bay Zone has achieved

an annual capacity of approximately 22 million tons/year of oil

refining and 2.2 million tons/year of ethylene production in

2021, placing it first in China in terms of petroleum refining

capacity (Huizhou, 2021). The storm surge flooding can cause

damage to critical fuel facilities in the Daya Bay Zone. As shown

in Figure 1B, the target region of study covers the area that

extends inland approximately 10 kilometers from the coastline

of Huizhou.

As displayed in Figure 1C, The territorial extent of the study

area encompasses eight administrative divisions, which could be

affected by the tropical cyclone-generated storm surge, namely

Xiqu street, Aotou street, Xiayong street, Renshan twon, Pinghai

twon, Tieyong town, Huangpu town, and Gilong town. In this

study, the demographic information was collected, calculated,

and aggregated for eight streets/towns, and risk levels of storm

surge among these streets/towns were compared and analyzed.
Data

The observational data and survey data utilized in this study

were acquired from national population censuses and

government organizations. These datasets, which can be

accessed through the website (https://doi.org/10.6084/m9.

figshare.20407446.v5) were used to conduct the comprehensive

risk assessment of storm surge, as described below.
Fron
1. The topographic data (Digital Elevation Models of

Huizhou City) and the nearshore underwater

topography data (the depth of underwater land) were

used to construct the numerical model for simulating

inundation depth and extent caused by storm surge. The

data on topographic obstructions (barriers, rivers,

coastal levees, and roads), which characterize local

geographic features, were used to improve the

accuracy of storm surge simulations.

2. The dataset (1949–2017) regarding historical tropical

cyclones that affected the coastal area of Huizhou, which

provides information on time, TC track, location, size,

and intensity, was utilized to compute typhoon

parameters for different return periods using Gumbel

distribution. The dataset was downloaded from the

China Meteorological Administration (CMA).
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3. The water level data at the Huizhou tide gauge station

constructed in 1974 and the Gangkou tide gauge station

built in the 2006, both located in Huizhou’s coastal area,

were used to track changes in peak sea level from 2006

to 2018. The recorded storm surge level data and water

level data were used to validate the performance of

numerical models by comparing predicted results with

measured data.

4. The land use and land cover (LULC) dataset of Huizhou

was obtained from the Huizhou Land and Resources

Bureau. The numerical model for storm surge

simulation uses Manning’s n values, which can be

derived from the land cover and land use data, to

parameterize bottom friction.

5. The socio-demographic dataset was obtained from the

Huizhou Statistical Yearbook in 2020, the Da YA WAN

Statistical Yearbook in 2019, and the Tabulation on the

2010 Population Census of Huizhou City (the

Tabulation on the 2020 Population Census of

Huizhou City was not available during the current

study). The Economic and social data, which were

accessible at the township level, were used to conduct

social vulnerability assessments in the study area.

6. The dataset of building footprints of Huizhou, which

includes information related to buildings’ locations and

total areas, was utilized to assess physical vulnerability.

The dataset was derived from the nat ional

administration of surveying.
Methodology and materials

The methodology aims to develop a procedure for

conducting the comprehensive analysis of storm surge risk

through the following: construction of hypothetical typhoon

events, hazard assessment, physical vulnerability-based

quantitative risk assessment, social vulnerability assessment,

and comprehensive assessment, as shown in Figure 2.

First, intensity-frequency curves were constructed using the

Gumbel distribution, and values of parameters of tropical cyclones

corresponding to define hypothetical typhoon scenarios were

estimated. After that, the parametric cyclone wind model was

utilized to simulate wind and pressure fields for each of typhoon

scenarios, which can be transformed into wave and surge events

through the calibrated 2D coupled model (ADCIRC+SWAN),

generating the extent and depth of inundation from storm surge.

For hazard assessment, hazard levels were evaluated based on

defined critical inundation depths, and the hazard map, which

presents the spatial distribution of hazard levels, was made at a

specific return period. Then, the physical vulnerability-based risk

assessment was performed according to the quantification of

elements-at-risk and their corresponding depth-damage
frontiersin.org
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functions. Subsequently, the composite social vulnerability of

communities to storm surge was quantified and assessed based

on the Social Vulnerability Index (SoVI) and PCA method.

Finally, the comprehensive risk level of storm surge was

determined by merging the social vulnerability-based risk

assessment with the previously obtained physical vulnerability-

based risk assessment. The study area was divided into several

zones with different risk levels according to estimations of

economic damage and the distribution of composite

social vulnerability.
Numerical model

Model setup
Although precipitation can increase the risk of coastal

flooding, it is commonly associated with inland flooding (US

Department of Health and Human Services and Centers for

Disease Control and Prevention, 2019). Therefore, in this study,

three numerical models, including the Jelesnianski wind model,

the ADCIRC (ADvanced CIRCulation) model, and the SWAN
Frontiers in Marine Science 05
(Simulating Waves Nearshore) model, were used to compute

water elevations resulting from the combined effects of storm

surge, astronomical tide, and waves during various typhoon

periods without taking precipitation into consideration. The

coastal inundation caused by the combined effects of storm

surge, astronomical tide, and waves in the study area can be used

to investigate the assessment of storm surge risk (Jelesnianski,

1965; Luettich et al., 1992; Booij et al., 1999).

The wave-current coupled model, consisting of the

hydrodynamic ADCIRC and the wave SWAN, was executed in

parallel with unstructured grids, considering the effects of waves

on circulations. The ADCIRC model first interpolates the wind

fields spatially and temporally to project them onto the

computational vertices, and then simulates currents and water

elevations. The data regarding currents and water elevations is

transmitted to the wave model in order to compute the wave

spectrum, which is subsequently retransmitted to the

hydrodynamic model to recalculate the elevation and current

velocity. Detailed information on the coupling mechanism can

be found in the literature. (Dietrich et al., 2011; Dietrich et al.,

2012). The coupled SWAN+ADCIRC model is driven by the
A B

C

FIGURE 1

(A) The geographic location of Huizhou in China’s southern Guangdong Province; (B) The geographic location of the study area in Huizhou;
(C) The satellite imagery of the study area (eight administrative units at the street/town level).
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wind field and pressure field, which are generated by the

Jelesnianski parametric wind model. The basic equations of

the Jelesnianski wind model are given in the Appendix.

The computational domain for simulating tide-surge and

waves is 106.0° E–128.0° E and 13.0° N–28.0° N (Figure 3),

covering the northern waters of the South China Sea and western

parts of the East China Sea (Wang et al., 2021c). There are 74,328

elements and 38,407 nodes in the unstructured mesh. The

unstructured grid resolution ranges from 100 m to 200 m near

the coastlines up to 3 and reaches 30 km at the ocean boundary.

Eleven tidal constituents (M2, N2, S2, K2, K1, O1, P1, Q1, MS4,

M4, M6) (Wang et al., 2021b) were utilized to simulate tidal

elevations at the ocean boundary during the simulation period.

Moreover, according to the position and shape of the seawall, the

elevation and shape of the seawall can be determined in the
Frontiers in Marine Science 06
computation domain. In solving the continuity equation and the

momentum equation, the seawall was discretized in the grid. The

velocity vector can be partially differentially solved in three

directions (x, y, and z) based on the shape of the seawall to

guarantee mass conservation and momentum conservation.

Thus, seawalls can be incorporated into storm surge simulation.

Model calibration and validation
For accurately assessing storm surge hazard, the precision of

water elevation prediction plays an important role. In this study,

typhoon Hagupit (No. 0814), Molave (No. 0906), and Nida (No.

1604) events, which struck coastal areas of Huizhou and caused

severe storm surge damage, were chosen to validate the wave-

current (SWAN+ADCIRC) coupled model. Its performance is

evaluated by comparing predicted total water elevations during
FIGURE 2

Flowchart of the proposed method for conducting the comprehensive risk assessment.
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these typhoon periods with the corresponding height of the

maximum water level measured at Huizhou and Gangkou tide

gauge stations. The time series of predicted total water elevations

and measured resultant sea level summed of the astronomical

tide level and storm surge level are shown in Figure 4 and

statistical measures (RMSE and R2) calculated errors of the
Frontiers in Marine Science 07
coupled model in predicted total water elevations are shown

in Figure 5.

It can be noticed from Figure 4 that the predicted curves

obtained from the coupled model are generally consistent with

the observed water level data in phase and magnitude. The

largest prediction errors that predicted data is lower than that of
A

B

C

FIGURE 4

Time series of predicted total water elevations and actual water levels measured by tide gauge stations under the typhoon events (Hagupit
(A), Molave (B), and Nida (C).
FIGURE 3

The computational domain with unstructured triangular grids.
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measured water elevation occurred in peak regions of water

elevations during the 1604 typhoon event, which might be due to

the coupled approach being less effective in simulating strong

surge-tide interactions. Figure 5 shows that the R2 values

resulting from the coupled model at Huizhou and Gangkou

tidal stations during typhoon events are 0.81 and 0.79,

respectively. The high values of R2 indicate that the coupled

model has a good fit generated between predicted water

elevations and observed data. Overall, the coupled model

predicts total water elevations with high accuracy,

demonstrating that the setup of the coupled model can be

considered suitable and plausible for the study area.
Comprehensive risk assessment

Hazard and exposure assessment
As the greatest damage during typhoons is flooding from storm

surges and associated inundation, the inundation depth and extent

of the probable maximum storm surge (PMSS) are commonly used

to assess hazard levels. In order to simulate PMSS, typhoon wind

fields need to be used as input data to the validated coupled model.

The wind field is uniquely determined by the key cyclone

parameters, including the minimum central pressure (P0), the

radius of maximum wind speed (Rmax), the maximum wind

velocity (Vmax), and the cyclone track, in this study.

In terms of the first parameter, the minimum central

pressure (P0) can be calculated using the probability

distribution curve, cited from the published paper (Wang

et al., 2021c). For example, the expected minimum central

pressure for a typhoon with a return period of 100 years

hitting the study area is estimated to be 910hPa.

For the second parameter, the radius of maximum wind

speed (Rmax) was calculated based on the empirical statistical

equations (1)-(3) and the empirical formula (4) developed from
Frontiers in Marine Science 08
northwest Pacific typhoon data (2001-2016).

Rmax = exp (2:635 − 0:00005086DP2 + 0:0394899∅ ) (1)

Rmax = 1119:0� (1010 − P0)
−0:806 (2)

Rmax = Rk − 0:4� (P0 − 900) + 0:01� (P0 − 900)2 (3)

Rmax = 260:93� (1010 − P0)
−0:512 (4)

Where DP is pressure deficit, ∅ denotes the latitude of the

center position of the tropical cyclone, and Rk takes a constant

value of 50.

For the typhoon with a 100-year return period (P0 =

910hPa), Rmax was calculated as 31 km by averaging the values

computed from equations (1)-(4) and the measured values from

northwest Pacific typhoon data.

With respect to the third parameter, the maximum wind

velocity (Vmax) is computed from the empirical equation (5). As

a result, the Vmax for the typhoon with a 100-year return period

landing in the study area is approximately 61 m/s.

Vmax = 3:7237� (1010 − P0)
0:6065 (5)

The fourth parameter, cyclone track, was set to the

33synthetic parallel tracks of the tropical cyclone at an interval

of a fixed distance of 5 km deviated from the observed track of

super typhoon Mangkhut (1822). Detailed information on

computing cyclone parameters can be found in the previously

published paper (Wang et al., 2021c).

Consequently, the values of cyclone parameters

corresponding to representative defined typhoon scenarios (10,

20, 50, 100, and 1000-year) were calculated according to the

process above, as shown in Table 1.

For each scenario, the typhoon wind field was transformed

into a storm surge event by the coupled SWAN+ADCIRC
FIGURE 5

R-Squared between measured and predicted water elevations (astronomic tides and storm surges) during typhoon Hagupit (No. 0814), Molave
(No. 0906), and Nida (No. 1604).
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model, producing a time series of total water elevations. The

storm surge simulation during the ADCIRC+ SWAN stage was

run for 83 hours. The simulated maximum water elevations

outputted from the surge-tide-wave model for the last 12 hours

under the each of scenarios were imported as points into the GIS

environment. Then, the Inverse Distance Weighted (IDW),

Buffer command, and Extract by Mask methods were carried

out to obtain the inundation mapping of storm surge flooding

within the study area from these discrete points. Consequently,

hazard maps can be generated based on maximum inundation

depths of storm surge flooding on the ArcGIS platform. Four

hazard levels of storm surge were assigned by the inundation

depth ranges (very high hazard: >3.0 m, high hazard: 1.2 m-3.0

m, moderate hazard: 0.5 m-1.2 m, and low hazard: 0.15 m-0.5 m)

according to the criterion in the guideline of storm surge risk

assessment (Liu et al., 2019).

Subsequently, inundated layers were overlaid on element

layers to perform exposure assessment, which can identify and

quantify elements situated in storm surge hazard-prone regions,

using mapping and analysis tools of ArcGIS 10.5. In this study,

the element layers, including commercial, residential, and

industrial buildings, were generated from the building

footprint dataset. The overlapping areas of inundated layers
Frontiers in Marine Science 09
and element layers allow for the analysis of the impact of storm

surges on different types of buildings within the study area.

Quantitative risk assessment
The physical vulnerability-based risk is quantified based on

many factors: the amount of element-at-risk, the type of

individual building, the inundated total area, and vulnerability

curves. The potential monetary damage for different types of

buildings is generally estimated by using vulnerability curves. In

this study, inundation depth was regarded as the input

parameter in vulnerability curves for estimating momentary

damage, and the country-specific depth-damage curves for

each type of building in China were adapted from a database

provided by JRC (Huizinga et al., 2017). Because these

maximum damage values were calculated at the 2010 price

level, it is necessary to adjust them for the year 2020 using

equation 6.

Maxdamage2020 = Maxdamage2010 � CPI ÷ 100 (6)

Where Maxdamage2020 represents the maximum damage

value for the year 2020, Maxdamage2010 represents the

maximum damage value computed at the year 2010, CPI is

Consumer Price Index for the year 2020.
A B

FIGURE 6

Depth–damage curves for different types of buildings. (A) The maximum monetary damage per square meter for Chinese buildings. (B) Relative
depth-damage curves relate the damage fraction to the inundation depth.
TABLE 1 Values of typhoon parameters for different hypothetical typhoon scenarios.

Return period (year) Minimum central pressure (hPa) Maximum wind velocity (m/s) Radius of maximum winds (km)

1000 880 61 30

100 910 57 31

50 920 53 33

20 930 49 35

10 940 45 38
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The CPI data for China were obtained from the World Bank

(The World Bank, 2021), using the year 2010 as the reference,

and thus the value of CPI is around 128. The inflation-adjusted

maximum damage values corresponding to the year 2020

specifically for buildings in China and the relationship of

storm surge damage to the individual building at a given

inundation depth are presented in Figure 6.

As observed in Figure 6, the relative depth–damage curves in

Figure 6B characterize the degrees of damage for residential,

commercial, and industrial buildings that could result from a

certain inundation depth. These damage fraction values range

from 0 to 1, and are scaled with the corresponding maximum

damage value per square meter in Figure 6A.

The inundated areas were combined spatially with building

footprints to determine the number and total inundated area of

exposed elements. Based on depth-damage curves for each type

of building, the expected damage was calculated using equation

7.

ED =o
i=n

i=1
DT(i)*PD ðhiÞ*ARi (7)

Where ED is the expected damage due to storm surge for

each of streets/towns, n refers to the number of exposed

buildings T(i) is the building type of the i-th building and DT

(i) is the corresponding maximum damage value. The peak storm

surge height hi is computed for the i-th building and PD (hi) is

the damage percentage for the i-th building at a specific surge

height. ARi refers to the area of the i-th building inundated by

storm surge flooding.

The expected monetary damage value was categorized into

four defined levels using the quartile classification method, and a

storm surge risk zoning map based on physical vulnerability for

eight streets/towns was created.
Social vulnerability
Social vulnerability refers to the characteristics of social

groups or communities that determine their ability to

withstand and respond to the adverse impact of a hazard (Van

Zandt et al., 2012). The use of the Social Vulnerability Index

(SoVI), originally developed by Cutter (Cutter et al., 2003), is

nowadays a widely prevalent approach to assess and quantify

social vulnerability. The SoVI is an aggregate composite index

that combines a set of social indicators representing the diverse

dimensions of vulnerability to evaluate variations in relative

levels of social vulnerability across regions. The assessment of

social vulnerability to storm surge for this study area using the

indicator-based approach SoVI was conducted in three steps.

Step I: Obtaining statistical data for eight streets/towns in the

study area and selecting social vulnerability indicators to

construct the indicator framework. However, there is no

standard set of established indicators, and the indicator

selection is subjective and often depends strongly on the data
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availability. After reviewing previous academic literature (Cutter

et al., 2009; Rufat et al., 2015b; Fatemi et al., 2017) on the

selection of indicators, it is generally accepted that indicators

used in social vulnerability assessment tend to focus on

demographic and socioeconomic aspects.

Based on collected statistical data, nine commonly used

indicators characterizing the demographic, social, and

economic features of a community were selected to quantify

social vulnerability, ignoring belief in protection measures,

attitudes towards disaster, and perceptions of risk in this

study. These selected nine indicators and the numerical ranges

of the indicators for eight streets/towns were summarized in

Table 2, and their assumed influence on social vulnerability were

described below.

Children below the age of 15 years lack the knowledge,

experience, and physical strength to withstand disasters. People

aged 65 and over have lower disease resistance and cannot

relocate quickly from one location to another. Their high

proportion can increase the vulnerability of a community

(Cutter et al., 2003; Koks et al., 2015). People without a level

of education might have difficulty understanding emergency

plans or warning information to avoid risky situations

(Wamsler et al., 2012). A high ratio of it can increase a

community’s vulnerability. Because of biological differences,

women and girls are more likely to experience adverse effects

from hazards than men, which can increase a community’s

vulnerability (Kuhlicke et al., 2011). Larger households are

associated with more people sharing fewer available resources,

which can cause a higher risk of being vulnerable to storm surge

flooding (Rogelis et al., 2016; Heß, 2017). The minority groups

might experience difficulty in communicating with the largest

ethnic group, the Han, in China during a flooding event. Thus,

the high minority proportion generally leads to a high

vulnerability (de Sherbinin and Bardy, 2015). Natural disasters

may cause more deaths in areas with a high population density,

making these areas more vulnerable to natural disasters (Cutter

et al., 2003; Yoon, 2012). Agriculture is a highly nature-

dependent economic activity and is susceptible to coastal

flooding (Gayen et al., 2021). The region with more

agricultural output might suffer agricultural damage and a

declining rice yield from storm surge flooding due to a higher

value of exposed agricultural production. Rural areas are more

vulnerable to storm surge flooding compared to urban areas due

to poverty and limited public facilities (Chen et al., 2013; Kumar

et al., 2016). So, agricultural output value per capita and the

proportion of rural areas are considered as vulnerability-

increasing indicators.

Step II: Performing normalization, reduction, analysis, and

aggregation on the data of selected indicators. On the basis of the

obtained data, values of these nine variables were standardized

using the z-score transformation. A z-score with a positive value

indicates the data value is above the mean, and the z-score is

negative if it lies below the mean. It can convert indicators to be
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on the same scale, allowing the comparison of different types of

indicators. Then, the Principal Components Analysis (PCA)

method was applied to the normalized values of variables by

running the SPSS, and varimax rotation was employed to reduce

a large number of selected indicators into a smaller set of latent

components that are orthogonal to one another. Each

component can represent a particular characteristic of

vulnerability. After that, a composite SoVI score was

computed by the additive combination of all equally

unweighted component scores. The low SoVI score indicates

low social vulnerability.

Step III: Mapping social vulnerability through the

classification of SoVI scores. The composite SoVI scores were

categorized into four equal groups, which correspond to four

levels of social vulnerability, using the quartile classification

method. Based on the composite SoVI scores, a SoVI map was
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made to visualize the spatial distribution and compare social

vulnerability levels among eight streets/towns. The SoVI map

was overlaid with the storm surge hazard layer in ArcGIS 10.5 to

generate the social vulnerability-based risk map for the

study area.
Results and discussion

Hazard and exposure assessment

The spatial distribution and evolution trend of storm surge

flooding were displayed on the ArcGIS platform. To understand

the variation in the inundation, maps of storm surge-induced

flooding under typhoon scenarios with different time periods

were made. As shown in Figure 7, potential storm surge flooding
TABLE 2 Indicators utilized to assess social vulnerability in the study area.

Index Indicator Range(std.) Assumed influence

X1 Children (Population under age 15, %) 0.08-0.25 (0.05) increase

X2 Elderly people (Population ages 65 and above, %) 0.02-0.09 (0.03) increase

X3 Age 15+ without education (%) 0.0-0.09 (0.03) increase

X4 Female (%) 0.42-0.49 (0.03) increase

X5 People per housing unit 2.37-4.68 (0.73) increase

X6 Population density (km-1) 2.43-997.1 (348.43) increase

X7 Minority proportion (%) 0.0-0.04 (0.01) increase

X8 Agricultural output value per capital 0.03-1.71 (0.54) increase

X9 The proportion of rural areas (%) 0-0.56 (0.21) increase
FIGURE 7

The spatially inundated area of storm surge flooding from the hydrodynamic simulation for 100-year return period of typhoon.
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under the typhoon event with an assumed return period of 100

years was selected for mapping. The maps of the inundation area

were updated every two hours for the 12 hours of the simulation.

It can be seen from Figure 7 that the study area has been

inundated since the sixth hour, and the extent of inundated areas

rises with time for the hypothetical typhoon of the 100-year

return period. The southeastern parts of the study area mainly

were severely impacted by storm surge-induced coastal

inundation at the seventh hour. The reason for this

phenomenon is the combined effects of river water flow within

southeastern regions and storm surges over the top of barriers.

The majority of coastal areas within the study area were

inundated as storm surge levels had risen above the height of

flood barriers since the ninth hour. The largest inundation extent

of storm surge flooding is observed at the eleventh hour,

following which it gradually decreases due to the typhoon’s

weakened intensity.

According to different ranges of maximum inundation

depths, the storm surge hazard was categorized into four levels

(low: 0.15 m-0.5 m; moderate: 0.5 m-1.2 m; high: 1.2 m-3.0 m;

very high: 3.0 m-+∞). The statistical data regarding the

inundation depth of storm surge flooding and total areas at

storm surge hazard are presented in Table 3 and Figure 8.

Figure 9 shows the building footprint layer spatially overlaid

with inundated area layers for the subsequent investigation

of exposure.

The following can be observed from Figure 8, Figure 9, and

Table 3: (1) The average inundation depth and maximum

inundated area obviously increase overall with the increase in

return period. The total inundated areas under the typhoon

scenario with return periods of 1000, 100, 50, 20, and 10 years

are 266.07 km2, 156.64 km2, 145.81 km2, 127.16 km2, and 112.56

km2, respectively. The average inundation depths for the various

scenarios are 5.78 m for 1000-year, 2.64 m for 100-year, 2.39 m

for 50-year, 2.22 m for 20-year, and 1.97 m for 10-year. (2) For

the return period of 1000 years, the range of the inundated depth

is 0.25–9.99 m, and 221.88 km2 and 38.01 km2 correspond to a

very high level and a high level, respectively, of hazard from

storm surge, which account for about 97.68% of the total

inundated area. It indicates the coastal defense structures

covering a total distance of approximately 79.488 km are

subjected to storm surge flooding under the one-in-1000-year

typhoon event. (3) The average inundation depth is about 2.64 m
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for a return period of 100 years and it is estimated to be 2.39 m

for a return period of 50 years. The difference in the geographical

area mapped under high, moderate, and low level between these

two return periods is not significant, and the only difference is

the area in the very high level of storm surge hazard. The reason

might be that the storm surge flooding resulting from a 50-year

typhoon event cannot propagate further through the inland

areas where the elevation is relatively higher than that in

coastal areas. (4) For the 20-year return period, the total

inundated area is 127.16 km2, and the area occupied by

different levels ranged from low (3.36 km2), moderate (23.72

km2), high (77.36 km2), and very high (22.72 km2). Among

them, the inundated area at high level hazard accounted for

60.84%, occupied the maximal percentage, and the total

inundated area would barely reduce from the 20-year return

period towards the return period of 10 years. It suggests that

coastal defense structures are able to alleviate the storm surge

hazard during typhoon events with a return period of less than

20 years. (5) According to the exposure assessment, Aoto Street

(B), Renshan Town (D), Pinghai Town (F), and Huangbu Town

(G) could suffer severely storm surge-related damage under the

typhoon event with a return period of 1000 years because these

regions with a high building density are exposed to the increased

storm surge hazards. During simulation of lower return periods

(10, 20, 50, 100 years), the inundated areas are not substantially

expanded, and the noticeable difference is the maximum
TABLE 3 Values of total inundated area and areas that are at hazard of storm surge inundation.

Return period Very high level High level Moderate level Low level Total inundated area

1000-year 221.88 km2 38.01 km2 6.01 km2 0.16 km2 266.07 km2

100-year 52.39 km2 76.00 km2 25.66 km2 2.58 km2 156.64 km2

50-year 38.18 km2 77.23 km2 26.68 km2 3.73 km2 145.81 km2

20-year 22.72 km2 77.36 km2 23.72 km2 3.36 km2 127.16 km2

10-year 8.73 km2 75.80 km2 24.27 km2 3.76 km2 112.56 km2
FIGURE 8

The maximum and minimum inundation depth for different
defined typhoon scenario.
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inundation depth, and thus huge economic losses might occur in

Renshan Town (D) and Huangbu Town (G).
Social vulnerability assessment

After carrying out the PCA method on the normalized

values of the selected variables introduced in Table 2, the

Eigenvalue and proportion of the variance associated with

each principal component are presented in Table 4.

Table 4 shows that the first principal component accounted

for the most variance (75.51%) and the second one for 13.61%.

These two principal components explained 89.12% of the

variance in the original data, which can cover most of the

information in the initial indicators due to the cumulative

value ≥ 80% (Liu and Li, 2016). Therefore, the principal

components can be interpreted to represent indicators to

assess social vulnerability. Then, the principal components

PC1 and PC2 can be derived by linear combination using the

elements of the eigenvectors and standardized variables.
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Subsequently, the composite SoVI score for each of the streets/

towns in the study area was calculated by adding the value of

each principal component multiplied by the corresponding

percentage of variance explained, and the equation is as follows:

SoVI = (0:75505*PC1) + (0:13613*PC2) (8)

The composite SoVI scores for all eight streets/towns are

listed in Table 5, and the streets/towns are ranked based on their

corresponding SoVI score. The higher composite SoVI score

indicates that the street/town is more vulnerable to storm

surge flooding.

In order to describe the SoVI-based vulnerability level for

each town/street, the composite SoVI scores were classified into

four different levels (low, moderate, high, and very high) using

an equal interval classification (Table 5).

To identify some of those most vulnerable towns/streets,

composite SoVI scores were mapped according to the defined

four levels. Maps of the spatial distribution of selected

indicators and the level of social vulnerability in the study

area are shown in Figure 10. The geographic distribution of

social vulnerability levels based on composite SoVI scores is

displayed in Figure 11.

The following can be observed from Figure 10, Figure 11,

and Table 5: (1) The SoVI score ranges from -7.964 (least

vulnerable) to 7.402 (most vulnerable). Among eight streets/

towns, Tieyong Town (E) has the highest SoVI at 7.402, which

indicates it is most vulnerable to the negative effects of a

natural disaster. It might be attributed to its high scores for

agricultural value and people per housing unit. Xiqu Street (A)

shows the lowest vulnerability value of -7.964 because the low

scores on its relevant indicators result in a low level of social

vulnerability. (2) Four streets/towns, including Aotou Street

(B), Gilong Town (H), Xiayong Street (C), and Huangbu Town

(G), are categorized as having a moderate level of social

vulnerability, with SoVI values ranging from -3.266 to -0.714.

These streets/towns are at a moderate level because five

indicators, including females, children, age 15+ without

education, agricultural output value per capita, and the

proportion of rural areas, have low scores. (3) Due to high

scores on indicators of population density, females, children,
TABLE 4 Principal component analysis, eigenvalues and variance.

Principal component Eigen values Variance (%) Cumulative eigenvalues Cumulative (%)

1 6.795 75.505 6.795 75.505

2 1.225 13.613 8.021 89.118

3 0.580 6.445 8.601 95.563

4 0.259 2.881 8.860 98.444

5 0.075 0.834 8.935 99.278

6 0.035 0.387 8.970 99.665

7 0.030 0.335 9.000 100
FIGURE 9

The maps of exposure assessment under five typhoon scenarios.
Different letters mean different name of towns or street in the
study area.
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TABLE 5 SoVI scores and vulnerability levels for different streets/towns in the study area.

Rank Streets/Towns SoVI Score Vulnerability Level

1 Tieyong Town (E) 7.402 Very high

2 Renshan Town (D) 5.187 Very high

3 Pinghai Town (F) 4.109 Very high

4 Huangbu Town (G) -0.714 Moderate

5 Xiayong Street (C) -2.348 Moderate

6 Gilong Town (H) -2.406 Moderate

7 Aotou Street (B) -3.266 Moderate

8 Xiqu Street (A) -7.964 Low
Frontiers in Marine Science
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FIGURE 10

Mapping of spatial distribution of individual indictor and level of social vulnerability in the study area [(A) Children (Population under age 15,); (B)
Elderly people (Population ages 65 and above); (C) Age 15+ without education; (D) Female; (E) People per housing unit; (F) Population density;
(G) Minority proportion; (H) Agricultural output value per capita; (I) The proportion of rural areas].
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elderly people, age 15+ without education, people per housing

unit, agricultural output value per capita, and the proportion of

rural areas, a very high level of social vulnerability can be found

in Tieyong Town (E), Renshan Town (D), and Pinghai

Town (F).
Comprehensive risk assessment

The inunda ted area s o f re s ident i a l bu i ld ings ,

commercial buildings, and industrial buildings within the

study area were calculated from the exposure map

(Figure 9), as presented in Table 6. Using the exposure

map and depth-damage curve described in Section 3, the

estimated economic damages for a range of building types

in eight dis t inguished streets/ towns are displayed

in Figure 12.

The following can be observed from Figure 12 and Table 6:

(1) As expected, the total economic damage due to storm surge

increases with the increase in the return period of a typhoon.

During a 1000-year typhoon event, the most affected building is

the residential building, with an estimated economic loss of

€3,559,218 EUR, followed by the commercial building and the

industrial buildings. The estimated areas of residential buildings,

commercial buildings, and industrial buildings inundated by

storm surge flooding are 8.17 km2, 1.30 km2, and 2.22 km2

correspondingly, accounting for 70%, 11.1%, and 18.9% of the

total inundated area. The results are consistent with earlier

research (Wang et al., 2021c) indicating that the majority of

total potential losses were reflected in settlements. The

considerable economic damage to the industrial zones in

Aotou Street (B) and Xiayong Street (C) is due to the fact that
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industrial areas have a large area exposed to the storm surge

hazard, whereas settlements in these two streets have less

affected areas by the hazard. (2) Buildings with a total building

footprint area of 6.879 km2 and a total economic loss of €551,783

EUR would be affected by storm surge under the 100-year

typhoon scenario, which is not a noticeable difference from

the affected area of 6.081 km2 and the economic loss stood at

€479,119 EUR under the 50-year typhoon scenario. This is

attributed to the fact that there is no significant increase in

inundation extent from one scenario to another. Damages and

losses are most likely geographically concentrated in Aotou

Street (B), Renshan Town (D), and Huangbu Town (G), which

have greater concentrations of buildings. (3) The expected

economic losses for a 20-year and 10-year return period are

€1,142, 383 EUR and €709, 024 EUR, respectively. The economic

damage value for the typhoon event with a 1,000-year return

period is nearly three times greater than the economic damage

value for the 20-year and seven times greater than the economic

damage value for the 10-year. This is owing to the fact that

standards-based levees in the study area can defend against

storm surges caused by typhoons with a 10 or 20-year

return period.
Thus, the physical vulnerability-based risk maps of storm

surge under different return periods of typhoon were

constructed according to the total estimated economic

damage, as shown in Figure 13. The social vulnerability-based

risk maps of storm surge were derived from the combination of

the hazard maps of storm surge and the map of SoVI-based

social vulnerability (Figure 11) using the risk matrix method. By

incorporating vulnerability-based risk maps with equal

weighting into these physical vulnerability-based risk maps,

more reliable and accurate risk maps were made, allowing for
FIGURE 11

Mapping of the comparative social vulnerability of streets/towns based on the SoVI in the study area.
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a more comprehensive understanding of streets/towns at risk, as

presented in Figure 14.

Figure 13 shows that, as only the physical aspect of

vulnerability was considered in the risk assessment, all streets/

towns except Xiqu Street (A) within the study area tend to be at

risk, and the spatial distributions of storm surge risk for shorter

return periods of typhoon are similar. Except for Aotou Street
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(B), all streets/towns are considered low-risk areas for return

periods of less than twenty years. This can be explained by the

fact that coastal areas of the study area can be greatly protected

by sea walls along its coastline, which were designed to withstand

a 50-year return period of typhoon. At relatively longer return

periods of typhoon, three street/towns including Aotou street

(B), Renshan town (D), Huangbu town (G), mainly in the
TABLE 6 Statistics of inundated area for different types of building in 8 streets/towns under different return periods of typhoon (m2).

Building type Street/Town Return period

1000-year 100-year 50-year 20-year 10-year

Residential building Aotou Street (B) 718875 538650 494100 447525 208575

Xiayong Street (C) 579150 287550 224775 182250 6075

Renshan Town (D) 1652400 1144125 1057050 994275 897075

Tieyong Town (E) 870750 26325 22275 16200 14175

Pinghai Town (F) 1964250 718875 595350 437400 370575

Huangbu Town (G) 2018925 1577475 1433700 990225 708750

Gilong Town (H) 366525 240975 196425 164025 125550

Industrial building Aotou Street (B) 439425 326025 317925 97200 64800

Xiayong Street (C) 654075 382725 287550 89100 78975

Renshan Town (D) 76950 26325 24300 16200 16200

Tieyong Town (E) 8100 0 0 0 0

Pinghai Town (F) 18225 8100 8100 4050 4050

Huangbu Town (G) 0 0 0 0 0

Gilong Town (H) 101250 42525 30375 28350 28350

Commercial building Aotou Street (B) 532575 394875 374625 346275 127575

Xiayong Street (C) 48600 38475 30375 20250 6075

Renshan Town (D) 617625 212625 162000 103275 76950

Tieyong Town (E) 44550 4050 4050 2025 2025

Pinghai Town (F) 469800 172125 119475 87075 81000

Huangbu Town (G) 465750 342225 324000 212625 149850

Gilong Town (H) 532575 394875 374625 346275 127575
FIGURE 12

The estimated economic damage for different categories of buildings in 8 streets/towns under five different typhoon scenarios.
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western and eastern region of the study area, are identified as the

moderate risk level. This may be due to the fact that the extent

and depth of storm surge flooding are considerably increased

under longer return periods and the presence of a large number

of buildings in the flooded zone could further increase the risk.

The typhoon with the relatively lowest probability (1000-year)

might have a significant risk impact level across coastal streets/

towns in the study area. Very high risk occurs in streets/towns,

including Aotou Street (B), Renshan Town (D), Pinghai Town

(F), and Huangbu Town (G), because these streets/towns have

low elevation and relatively flat slope, making them more prone

to storm surge flooding under the 1000-year scenario. Gilong

town (C) has a low level of social vulnerability to storm surge

flooding, and Tieyong town (E) is at moderate risk of storm

surge from a 1000-year typhoon.

As shown in Figure 14, when social and physical vulnerability

were fully considered in storm surge risk assessment, for

increasing return periods, the number of streets/towns classified
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as very high or high-risk increased, while the number of streets/

towns classified as moderate or low-risk decreased. Compared to

risk zoning maps deriving from quantitative risk assessments

focused on the physical aspect of vulnerability, the comprehensive

risk that incorporates the social aspect of vulnerability into the

framework for making quantitative risk assessment is, on average,

lower. It suggests that the risk assessment based on social

vulnerability might have a greater proportion of the overall risk.

For typhoon scenarios with 10-year and 20-year periods, all

streets/towns except Aotou Street (B) were found to be at low

risk. which is approximately consistent with those in Figure 13. In

50-year and 100-year typhoon scenarios, the storm surge risk level

in many areas was low, and the moderate level of storm surge was

mainly observed in Renshan town (D), and the spatial

distributions of risk levels are similar to those of the risk zoning

maps for 50-year and 100-year typhoons in Figure 13. With the

return period increased to 1000 years, Aotou Street (B) and

Huangbu Town (G) have been classified as high-risk areas.
FIGURE 13

The risk zonation maps based on quantitative risk assessment of storm surge under different typhoon scenarios (1000-year (A), 100-year (B),50-
year (C), 20-year (D) and 10-year (E) return period).
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Xiayong street (C) and Tieyong town (E) were identified as having

moderate risk levels. The low storm surge risk was mainly

observed in Gilong town (H), and the very high risk was

generally distributed in residential areas such as Renshan town

(D) and Pinghai town (F). It is important to note that Aotou Street

(B) and Huangbu Town (G) have moved from being very high-

risk to high-risk because of the moderate level of social

vulnerability concentrated in these regions. Social variables such

as elderly people and females were identified at a very high level in

three towns, including Renshan town (D), Tieyong town (E), and
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Pinghai town (F), while population density, minority proportion,

and agricultural output value were defined at a high or very high

social vulnerability level, and thus considering social vulnerability

cannot affect the risk level in Renshan town (D), Tieyong town

(E), and Pinghai town (F). Xiayong street (C)’s storm surge risk is

changing from a high-risk zone to a moderate-risk zone, and it

can be attributed to the fact that the moderate level of social

vulnerability was located in Aotou street (B), Xiayong street (C),

Gilong town (H), and Huangbu town (G). Therefore, the

comprehensive analysis of storm surge risk based on both
FIGURE 14

The comprehensive risk zonation maps of storm surge under different typhoon scenarios (1000-year (A), 100-year (B), 50-year (C), 20-year (D)
and 10-year (E) return period).
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physical and social vulnerability can help policymakers identify

the location of more vulnerable communities intersected with

buildings in storm surge flooding-prone areas.

In this study, the comprehensive risk assessment of storm

surge is composed of storm surge simulation, hazard assessment,

exposure assessment, physical assessment, and social

assessment. Uncertainties in comprehensive risk assessment

can be present in each assessment. For storm surge simulation

uncertainties, the coupled ADCIRC+SWAN model with higher

R2 values of 0.81 and 0.79 indicates adjusted parameters in the

model can bring a low uncertainty in simulated water level for

the study area. Subsequently, the spatial interpolation method

and the defining hazard level are regarded as contributing to

introducing uncertainty in hazard assessment. The spatial

interpolation method was carried out to create a continuous

surface from these discrete points outputted from the surge-tide-

wave model, which can produce the uncertainty in the results.

The subjectively defined hazard level based on the inundation

depth ranges can result in uncertainty. For the exposure

assessment, the uncertainty occurs in identifying and

quantifying the elements at risk, mainly because the building

footprint map is updated periodically. Physical assessment can

have uncertainty due to the construction of the damage-depth

function and the maximum damage value of elements at risk.

Finally, uncertainty occurs in social assessment because of

subjective indicator selection, the limitations of available data,

and dynamic changes of indicators.
Conclusion

Traditionally, the qualitative risk matrix approach, which is

less reliable compared with the quantitative assessment method,

is broadly employed to perform risk assessment of storm surge

in China due to the unavailability of data regarding physical

vulnerability curves and building footprints. In addition, many

established frameworks for making quantitative assessments of

storm surges to quantify the risk level in terms of economic

damage have focused on the physical aspect of vulnerability

without considering the social dimension of vulnerability. This

study first proposed a methodology that incorporates social

vulnerability into the framework for conducting quantitative

risk assessment of storm surge based only on physical

vulnerability. The proposed methodology was applied to a case

study in the coastal areas of Huizhou, which allows for a

comprehensive study of the streets/towns requiring focus and

attention in risk assessment based on both physical and social

vulnerability. In the previous study (Wang et al., 2021c),

hypothetical typhoon scenarios with different return periods of

10, 20, 50, 100, and 1000 years were defined according to

intensity-frequency curves for the study area, and the coupled

hydrodynamic-wave model was utilized to delineate the

potential inundation extent of storm surge flooding at a given
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recurrence interval of a typhoon. In the present study, the hazard

assessment layers based on defined critical inundation depths

were overlaid with building footprint layers to quantify the

element-at-risk. Then, the physical vulnerability-based risk

assessment was conducted by combining quantification of the

element-at-risk with its corresponding depth-damage functions.

Subsequently, the social vulnerability level to storm surge was

evaluated based on a set of social indicators using the principal

component analysis method. Finally, the overall risk of storm

surge was analyzed by the combination of physical vulnerability-

based risk assessment and social vulnerability-based risk

assessment. The results of the study reveal that the total

economic damage caused by storm surge rises as the return

time of typhoons increases, and the most affected building type is

residential buildings. Moreover, the comprehensive risk

considering physical vulnerability and social vulnerability is,

on average, lower. This means that a risk assessment based on

social vulnerability could account for a larger proportion of the

overall risk.

From the results, two important conclusions for conducting

risk assessment of storm surge can be drawn. First, assessment

and zonation of storm surge damage can be made by combining

hazard, exposure, and physical vulnerability with the

quantitative risk method on limited data in China. Utilizing

the quantitative risk method can provide more objective

information than the traditional qualitative analysis, as well as

an estimate of economic damage caused by storm surge, which

assists decision-makers in conducting the cost-benefit analysis to

make effective decisions. Second, the incorporation of social

vulnerability into the quantitative framework for assessing storm

surge risk in terms of economic damage allows for making more

comprehensive and accurate risk zoning maps to understand

spatial variation in overall risk, and the comprehensive

assessment can provide information about not only buildings

in high storm surge risk areas but also more vulnerable

communities to storm surge so that policy makers can develop

corresponding disaster management strategies to reduce risk.

However, the study has several limitations, mainly due to a

lack of the latest data and time constraints. One of them is that

the direct economic damage due to storm surge is influenced by

many factors, such as the inundation depth of storm surge

flooding, flow velocity, sediment concentration, duration of

storm surge flooding, etc. Nevertheless, this study only

considers inundation depth as the main factor for assessing

storm surge damage functions for buildings and communities.

While flow velocity and flow direction are two important

parameters for hazard assessment of storm surge, these

parameters should be considered in future studies. Another

limitation is that the validation of the simulated inundation

extent of storm surge flooding is challenging because of a lack

of observations after typhoon events. In the present study,

post-typhoon field investigations in the study area after a

typhoon event were carried out to map the actual inundated
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area. In order to delineate more reliable and accurate

boundaries of storm surge flooding to validate the spatial

distribution of the inundation resulted from the numerical

model, the field investigations can be accompanied by other

techniques such as high-resolution satellite data before and

after typhoon events. The last limitation regards the issues of

social vulnerability, which could be assessed based on socio-

demographic datasets extracted from the latest national

population statistics in 2022, which can give a more accurate

analysis of the social vulnerability of every town/street.
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Appendix A

The wind field and pressure field driving forces on a water

surface is constructed by the Jelesnianski parametric hurricane

model. The equations are as follows:

W =
r

r+R (V0x
~l + V0y

~j) +WR
r
R

� �3
2 (A~l + B~j)=r, (0 < r < R)

r
r+R (V0x

~l + V0y
~j) +WR

r
R

� �1
2 (A~l + B~j)=r, (r > R)

8<
:

(1:1)

Pa =
P0 +

1
4 (P∞ − P0)

r
R

� �3, (0 < r ≤ R)

P∞ + 3
4 (P∞ − P0)

R
r , (r > R)

(
(1:2)
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A = − (x − xc) sin q + (y − yc) cos q½ � (1:3)

B = − (x − xc) cos q + (y − yc) sin q½ � (1:4)

r =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(x − xc)

2 + (y − yc)
2

q
(1:5)

where, R is the radius of maximum wind speed; V0 is the

speed of moving wind; r is the radial distance from the center of

the typhoon; WR is the maximum wind speed; (x,y) and (xc,yc)

are the coordinates of the computed point and the typhoon

center, respectively; q is inlet angle (20 in this study); P0 and P∞
are the central pressure of a typhoon and the ambient

pressure, respectively.
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