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Abstract China’s coastal areas are densely populated,

economically developed, and located in close proximity to

several potential tsunami sources; therefore, tsunami risk

cannot be ignored. This study assessed tsunami risk in

coastal areas of China by developing a framework for

tsunami risk assessment from the perspectives of hazards,

vulnerability, and exposure. First, a probabilistic tsunami

hazard assessment (PTHA) model was applied to estimate

the potential tsunami sources in both local crustal faults

and circum-Pacific subduction zones based on numerical

simulations. The output of the PTHA includes tsunami

wave height distributions along the coast. Then, an indi-

cator system reflecting exposure and vulnerability to tsu-

namis in the coastal areas of China was established by

using the entropy method and analytic hierarchy process.

The PTHA findings show that the tsunami wave height is

close to 3 m on the southern coast of the Bohai Sea, the

Pearl River Estuary, and the Yangtze River Delta and

exceeds 2 m near the Taiwan Strait for the 2000-year return

period. The results of the tsunami risk assessment show

that the cities at the highest risk level (level I) include

Tangshan, Yantai, and Hong Kong, while cities at the high

risk level (level II) include Fuzhou, Xiamen, and Quanzhou

near the Taiwan Strait and many cities on the Yangtze

River Delta, the Pearl River Estuary, and the southern coast

of the Bohai Sea. Our findings can provide an under-

standing of differences in tsunami risk between Chinese

coastal cities that may be affected by tsunamis in the

future.

Keywords China coast � Earthquakes � Probabilistic

tsunami hazard assessment � Tsunami exposure �
Tsunami risk � Vulnerability

1 Introduction

Tsunamis are one of the most serious disasters that pose a

high risk in many coastal countries and regions. Although

tsunamis can be induced by many causes, such as earth-

quakes, submarine landslides, volcanic eruptions, and

meteorite impacts (Smit et al. 2017), the global historical

record shows that approximately 80% of tsunamis are

generated by earthquakes (Løvholt et al. 2014; Shen et al.

2018; Ning et al. 2021). Japan’s National Disaster Man-

agement Agency (BNPB) defines a tsunami as a series of

large sea waves arising due to shifts in the seabed caused

by earthquakes. Tsunami intensity is highly correlated with

the earthquake magnitude, depth, and rupture process

(Ambraseys and Synolakis 2010). Recent large tsunami

events in Sumatra (2004), Japan (2011), and Chile (2010,

2015) following major earthquakes have caused catas-

trophic damage and many deaths or missing persons. Thus,

most current studies that have assessed future tsunami risk

have focused on tsunamis caused by earthquakes. China is

a large country with a mainland coastline of 18,000 km,

and local crustal faults and subduction faults have been

identified along the coast. These faults have the potential to
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trigger large earthquakes; therefore, the tsunami threat to

coastal cities is serious (Ren et al. 2014, Ren et al. 2017;

Yuan et al. 2021).

According to the regional disaster system theory (Shi

1996), investigations of tsunami risk from an integrated

perspective are increasingly warranted, and they should

consider tsunami hazards (wave height, inundated area,

flow depth, flow velocity, and so on) as well as factors

associated with exposure and vulnerability (people,

socioeconomic systems, infrastructure, and so on) to tsu-

namis. Quantifying the exposure and vulnerability of all

factors in the area is challenging, and researchers usually

select representative indicators, including demographic and

economic, for analysis (Cong et al. 2019). In contrast,

tsunami hazard assessment methods are well developed,

and two main approaches have been applied in tsunami

hazard analysis: (1) the scenario approach; and (2) proba-

bilistic tsunami hazard assessment (PTHA). In the scenario

approach, the dynamic processes of tsunami generation

with credible parameters are modeled to produce maps

depicting tsunami wave height and inundation footprint.

The earthquake scenarios developed using the scenario

approach are most often confined to situations where tsu-

namis may be generated due to seismic dip–slip motion

(Løvholt et al. 2014). Researchers usually focus on the

worst-case tsunami scenario to assess the deterministic

tsunami hazard by modeling the offshore wave height

(Lorito et al. 2008; Harbitz et al. 2012). This approach can

provide valuable information to minimize the effects of

tsunamis on certain coastal projects and structures; how-

ever, the disadvantages of this method are that the results

rarely emphasize the possibility of these events occurring

and are highly sensitive to the selected scenario parame-

ters, for example, the moment magnitude of earthquakes,

the width and length of faults (Shaw et al. 2008; Wijetunge

2014). In contrast, PTHA is relatively complex because it

considers all possible tsunami events in order to estimate

the probability of a wave height at a particular location

above a threshold level over a period of time (Geist and

Parsons 2006; Parsons and Geist 2008). The PTHA

approach is advantageous because it provides a determined

likelihood of occurrence and return periods, which are

essential for engineering design, risk mitigation, land-use

planning, and insurance, but the uncertainties in the sim-

ulation are difficult to quantify (Grezio et al. 2017; Mori

et al. 2018). Previous studies have extended the application

of PTHA to many coastal countries and regions, such as

New Zealand (Power et al. 2013), Japan (De Risi et al.

2017), the US (Omira et al. 2015), the Pacific coast (Smit

et al. 2017; Zamora and Babeyko 2020), and the South

China Sea (Ren et al. 2017; Yuan et al. 2021).

A series of survey projects and studies in China have

been conducted to investigate potential disaster events such

as earthquakes and tsunamis in China’s seas and adjacent

areas. Tsunamis have been documented in China and have

caused disasters in Taiwan (Liu et al. 2007). Zhou and

Adams (1988) first proposed a zoning map of the tsunami

hazard along China’s coast based on the geology and

earthquake characteristics of the continental shelf. Wu and

Huang (2009) conducted a numerical simulation of tsuna-

mis in Taiwan and focused on the threat posed by the

Manila Trench, which is 100 km away from Taiwan. Ren

et al. (2009) analyzed the sensitivity of the earthquake

magnitude effect of a potential tsunami source on the tsu-

nami wave amplitude on Taiwan Island. Hou et al. (2016)

simulated the probable maximum tsunami amplitude and

tsunami arrival time along the coast of China’s mainland

from tsunami sources in Taiwan, and the results show that

Guangdong, Fujian, and parts of Zhejiang are the areas

with the highest hazard level. Feng et al. (2017) adopted

the numerical simulation method to assess tsunami hazards

in coastal areas of Shandong Province, eastern China.

Moreover, PTHA studies have focused more on the South

China Sea coast in China’s mainland, where eight local

crustal faults have been recognized as potential tsunami

sources (Ren et al. 2017), and the Manila Trench has been

identified as the source region with the highest tsunami

hazard (Li et al. 2016). Yuan et al. (2021) considered both

the local crustal faults on the continental shelves and the

faults around the circum-Pacific subduction zones when

applying the PTHA method to the coast of the South China

Sea. Xie et al. (2020) compiled and analyzed the com-

pleteness of earthquake catalogs for China’s seas and

adjacent regions and provided valuable information on the

tsunami risk along the Chinese coast caused by tsunami-

genic earthquakes.

Although previous works have focused mostly on

tsunami hazard assessments (Ren et al. 2014; Ren et al.

2017; Batzakis et al. 2020; Yuan et al. 2021), exposure

and vulnerability assessments also must be performed

for coastal risk planning and management. Our study

integrated tsunami hazard information and indicators on

the associated exposure and vulnerability. Specifically,

we applied the PTHA method to all potential tsunami

sources (local crustal sources and circum-Pacific sub-

duction zones). Then composite indices of exposure

and vulnerability were adopted for coastal cities in

China (except Taiwan), and indicators related to

exposure and vulnerability were selected to calculate

the indices. After analyzing the hazard, vulnerability,

and exposure, we identified the tsunami risk levels of

coastal cities.
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2 Conceptual Tsunami Risk Assessment
Framework

The tsunami risk assessment method used in the present study

builds on the classic risk assessment approach proposed by the

United Nations Office for Disaster Risk Reduction (UNISDR)

and the Intergovernmental Panel on Climate Change (IPCC)

as developed by Field et al. (2014) and UNISDR (2019),

which state that risk is a function of hazard, exposure, and

vulnerability. Figure 1 shows the overall workflow of the

assessment. Hazards are described as events that cause a

severe disturbance in the water mass, provide high energy, and

result in enormous waves (Witter et al. 2003; Batzakis et al.

2020). From a tsunami wave perspective, hazard assessment

builds on the PTHA method, which quantifies the wave height

distribution along the coast corresponding to a given return

period. With the PTHA, statistical analyses can be applied in

particular regions where historical records of tsunamigenic

earthquakes are available. In areas where these historical

records are scarce, synthetic seismic catalogs are usually

generated using the Monte Carlo technique. We built a data-

base of tsunami numerical simulations for the following

variables: faults, earthquake magnitudes and their locations,

depths, and frequencies. From this database, we generated a

series of wave height distributions and mapped the maximum

values for the return periods of 200, 500, 1000, and 2000 years.

Frischen et al. (2020), in addressing drought risk in Zim-

babwe, define exposure as the presence of people, plants and

animals, properties, and assets in places that could be affected

by a hazard, a definition that would apply equally well to

tsunamis. Similarly, when Ortega-Gaucin et al. (2021)

assessing an agricultural drought risk in Zacatecas, Mexico,

vulnerability was defined as the sensitivity and fragility of

systems affected by a hazard and the potential capacity of local

socioeconomic systems, and this definition is also applicable

to tsunamis.

Modeling the exposure and vulnerability of people or

assets is difficult due to the large diversity and different

data availability of households, economies, and buildings.

In the present study, we adopted composite indices for

China’s coastal cities by integrating indicators identified in

previous studies and considering data validity and avail-

ability (Thorn et al. 2015; Zhang et al. 2019). The method

consists of choosing indicators, searching data that are

highly relevant to the indicators, applying statistical treat-

ment to generate weights for the indicators, and then

assigning coefficients to the indicators and combining them

into maps of exposure and vulnerability. Specifically,

exposure includes variables related to population and

economic characteristics, such as population density and

gross domestic product (GDP) (Dewan 2013; Batzakis

et al. 2020). Vulnerability indicators are related to

resilience and adaptation characteristics, such as the

mainland coastline length, proportion of social security

personnel (health workers, police force, community staff,

and so on), proportion of science and technology expen-

diture, per capita GDP, and elevation (Wang et al. 2020;

Ye et al. 2020).

Multiple types of data were obtained, including spatial

data, statistical data, and analog data. A statistical analysis,

which includes missing data and outlier processing, and

multicollinearity analysis, was then performed. The wave

heights of all hazard points in the coastal area of each city

were identified, and the maximum wave height was

selected as the hazard intensity of the city. Data for indi-

cators of exposure and vulnerability were collected and

analyzed on a city-level basis. As a final step, the results for

city-level hazard, exposure, and vulnerability to tsunamis

are integrated to determine the level of potential risk.

3 Materials and Methods

Potential tsunami sources (local crustal sources and cir-

cum-Pacific subduction zones) along the Chinese coasts are

presented in Sect. 3.1. The steps of the PTHA are given in

Sect. 3.2. Exposure and vulnerability assessment is

Hazard VulnerabilityExposure

Source zone

Seismic catalog

Numerical

simulation

Runup 

exceedance rate

Return period

Maximum 

runup

Indicator  identification

Data collection

Missing data & outlier treatment

Data normalization

Indictor weighting

Vulnerability 

index

Exposure 

index

Low (Ⅳ)   Medium-Low (Ⅲ)   Medium-High (Ⅱ)   High (Ⅰ) 

Risk

Fig. 1 Workflow for tsunami risk assessment of coastal cities in

China
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presented in Sect. 3.3, and the assessment scheme of tsu-

nami risk levels for China’s coastal cities is presented in

Sect. 3.4.

3.1 Study Area

The coastal region of China lies on the southeastern edge of

Eurasia, with a coastline of 18,000 km. These coastal areas

include China’s important political, economic, cultural,

and scientific and technological centers. The region has

dozens of megacities and a dense and unevenly distributed

population, and has experienced rapid economic develop-

ment in recent decades. Moreover, the region is threatened

by tsunamis due to nearby potential tsunami sources, which

include both faults around the circum-Pacific subduction

zones, such as the Ryukyu Trench and Manila Trench, and

local crustal faults on the continental shelves (Fig. 2). Two

large crustal faults—the Tanlu fault and the Yanshan-

Bohai fault—are located in the Bohai Sea, along which

almost all large earthquakes recorded in China have

occurred (Shi et al. 2012; Wang et al. 2014). The Subei

fault zone in the Yellow Sea and the Ryukyu Trench, at the

northwestern boundary of the Pacific, have been regarded

as potential seismic sources that could induce severe tsu-

namis along the eastern coast of China (Ren et al. 2017).

The South China Sea is located at the junction of the

Eurasian, Pacific, and Australian plates, which are associ-

ated with high seismicity, and is surrounded by the Manila

Trench and eight local potential tsunami sources (Liu et al.

2009; Ren et al. 2014).

3.2 Tsunami Hazard Analysis

The exceedance rate of tsunami wave height at a set of

hazard points off the coast is calculated for the PTHA,

which follows the same procedure as the probabilistic

seismic hazard assessment (PSHA) developed by Cornell

(1968). A PTHA can be conducted in four steps: (1)

identification and characterization of tsunami source zones;

(2) creation of an earthquake catalog based on tsunami

sources; (3) modeling of sea surface displacement and

numerical propagation; and (4) distribution of the modeled

wave height and calculation of the exceedance rate.

Fig. 2 Distribution of faults

identified as potential tsunami

sources of the coastal region of

China. R1–6 are tectonic

segments of the Ryukyu Trench

and M1–6 are tectonic segments

of the Manila Trench
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3.2.1 Tsunami Source Zones

Tsunami source zones are identified based on the param-

eters of faults and the estimated maximum size of an

earthquake that can generate tsunamis. As shown in Fig. 2,

from north to south, the potential tsunami threats to Chi-

na’s coastal region are posed by earthquake sources in the

Bohai Sea (Li et al. 2019), the East China Sea (Xie et al.

2020), and the South China Sea (Ren et al. 2014, Ren et al.

2017). The local crustal faults in the Bohai Sea, which

mainly induce shallow earthquakes with focal depth less

than or equal to 70 km, have the potential to generate a

maximum moment magnitude (Mw) of 8.0 (Shi et al. 2012;

Wang et al. 2014). For the East China Sea, there are two

potential tsunami source zones: the local crustal faults in

the Yellow Sea and the Ryukyu Trench. Ren et al. (2017)

identified the Subei fault zone in the Yellow Sea as a

potential tsunami source and determined the fault charac-

teristics with the possibility of generating an earthquake

maximum moment magnitude of 7.5. The faults in the

Ryukyu Trench have been identified as six tectonic seg-

ments, and they have the potential to generate a maximum

earthquake magnitude of up to Mw 8.5 (Goto et al. 2010;

Ömer and Naohiko 2019). The South China Sea is located

at the junction of the Eurasian, Pacific, and Australian

plates. Ren et al. (2014) identified eight local potential

tsunami sources in the South Sea, and the maximum

moment magnitude of the earthquake was set as 7.5. The

worst-case scenarios for the Manila Trench indicate that

earthquakes up to Mw 9.0 could be generated (Huang et al.

2009; Liu et al. 2009). Specific values reflecting fault

parameters of tsunami sources are shown in Table 1.

3.2.2 Synthetic Earthquake Catalog

We used the Monte Carlo technique to generate 100,000-

year-long synthetic earthquake catalogs for each potential

seismic source. The parameters required for the synthetic

catalog include time T, the Gutenberg–Richter b value, the

minimum magnitude Mmin, and the maximum magnitude

Table 1 Tectonic activity parameters of tsunami sources of China’s coastal region

Fault Strike (�) Dip (�) Rake (�) Length (km) Width (km) Depth (km)

Bohai No. 1 229 45 90 53 71 30

Bohai No. 2 254 45 90 51 71 30

Bohai No. 3 66 60 90 35 50 30

Huangbei 86 60 90 55 71 35

Huanghekou 88 45 90 79 71 30

Penglai 23 60 90 113 71 30

Subei 148 60 90 114 50 30

Quanzhou 65 60 90 92 71 20

Xiamen No. 1 58 60 90 51 71 20

Xiamen No. 2 57 60 90 74 71 20

Xiamen No. 3 53 60 90 59 71 20

Nan’ao 47 60 90 75 50 20

Taiwan 188 60 90 130 50 20

Dan’gan 63 60 90 135 50 20

Ryukyu Trench

R1 30 15 315 290 98 15

R2 32 19 315 256 92 20

R3 45 20 310 282 97 18

R4 53 25 310 215 83 20

R5 72 30 344 130 65 25

R6 81 35 355 170 84 25

Manila Trench

M1 350 14 110 210 82 20

M2 29 20 110 310 109 20

M3 3 20 90 135 66 20

M4 351 20 90 140 66 20

M5 353 30 50 166 71 20

M6 308 30 50 142 66. 20
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Mmax. We assumed that the occurrence time of earthquakes

follows a Poisson distribution (Pan et al. 2013):

P nð Þ ¼ vm0
� Tð Þnexp �vm0

� Tð Þ
n!

; ð1Þ

where n is the number of synthetic events in time [0, T] and

vm0
is the mean annual rate for events above magnitude m0,

which can be obtained from the Gutenberg–Richter

relationship:

logN ¼ a� b �M; ð2Þ

where N is the cumulative number of events above mag-

nitude M, a describes the productivity, and b signifies the

relative proportion of large and small earthquakes.

The magnitudes of events in the synthetic earthquake

catalog follow the probability distribution:

f Mð Þ ¼ bexp½�bðM �MminÞ�
1 � exp �b Mmax �Mð Þ½ � ;Mmin �M�Mmax; ð3Þ

where b ¼ b � ln10.

3.2.3 Tsunami Occurrence Model

The Cornell multigrid coupled tsunami (COMCOT) model

used in this study is capable of simulating the generation

and propagation of tsunamis, and its reliability and effi-

ciency have been widely verified (Power et al. 2013;

Davies et al. 2017). The COMCOT tsunami generation

model works on the basis of the Okada (1985) source

model, which assumes a rectangular fault plane in an

elastic half-space. The deformation of the seafloor on the

fault plane is considered the sea surface displacement as

long as the dislocation is much faster than the wave

propagation during a tsunamigenic earthquake. To compute

the deformation, several fault parameters are necessary,

and they can be obtained through the following empirical

equations (Papazachos et al. 2004):

logL ¼ 0:55M � 2:19; ð4Þ
logW ¼ 0:31M � 0:63; ð5Þ

where L, W, and M represent the length, width, and

moment magnitude of the fault plane, respectively. The slip

amount of the fault plane can be estimated using the

following equations (Aki 1966):

logM0 ¼ lDLW ; ð6Þ

M ¼ 2

3
logM0 � 10:7; ð7Þ

where M0 represents the scalar moment of the earthquake,

l is the shear rigidity of the Earth’s mantle (3.0 9 1010

N/m) and D is the slip amount of the fault.

To produce reliable wave height estimates, it is essential

to use both linear and nonlinear shallow water equations

that calculate tsunami propagation from a source zone to

coastal regions. For tsunamis in the Ryukyu Trench and

Manila Trench, the tsunami amplitude is much smaller than

the water depth (Philip et al. 1998). In COMCOT, the topo-

bathymetric grid resolution is 1 arc-min, and we applied

the linear shallow water equations in spherical coordinates:

og
ot

þ 1

Rcosu
oP

ow
þ o

ou
cosuQð Þ

� �
¼ � oh

ot
; ð8Þ

oP

ot
þ gh

Rcosu
og
ow

� fQ ¼ 0; ð9Þ

oQ

ot
þ gh

R

og
ou

þ fP ¼ 0; ð10Þ

f ¼ Xsinu; ð11Þ

where g represents the water surface elevation; (P, Q) de-

note the volume fluxes in the X (west–east) direction and

Y (south–north) direction, respectively; (u, w) represent the

latitude and longitude, respectively; R is the radius of the

Earth; g is the gravitational acceleration; h is the water

depth; f denotes the Coriolis force coefficient due to the

rotation of the Earth; and X is the rotation rate of the Earth.

For tsunamis generated by local crustal faults on con-

tinental shelves, the tsunami amplitude is not much dif-

ferent, the water depth resulting in the nonlinear convective

inertia force and bottom friction terms become increasingly

prominent, and the linear shallow water equations are no

longer valid (Philip et al. 1998). In COMCOT, the topo-

bathymetric grid resolution is 1 arc-min, and we used the

nonlinear shallow water equations in spherical coordinates

as follows:

og
ot

þ 1

Rcosu
oP

ow
þ o

ou
cosuQð Þ

� �
¼ � oh

ot
; ð12Þ

oP

ot
þ 1

Rcosu
P2

H

� �
þ 1

R

o

ou
PQ

H

� �
þ gH

Rcosu
og
ow

� fQþ Fx

¼ 0;

ð13Þ

oQ

ot
þ 1

Rcosu
o

ow
PQ

H

� �
þ 1

R

o

ou
Q2

H

� �
þ gH

R

og
ou

þ fPþ Fy

¼ 0;

ð14Þ

Fx ¼
gn2

H7=3
P P2 þ Q2
� �1=2

; ð15Þ

Fy ¼
gn2

H7=3
Q P2 þ Q2
� �1=2

; ð16Þ
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where H is the total water depth; Fx and Fy represent the

bottom friction in the X and Y directions, respectively; and

n is Manning’s roughness coefficient.

3.2.4 Return Period and Wave Height Exceedance Rate

We selected a total of 770 nearshore points over the 10 m

isobath along the Chinese coast as hazard points, except for

the Bohai Sea where the 5 m isobath was used. Then, we

computed the return period and exceedance rate of the

tsunami wave height for every hazard point. Empirical

studies have shown that tsunami wave heights can be

described by the log-normal distribution (Kaistrenko 2011;

Choi et al. 2012):

f hð Þ ¼ 1

hr
ffiffiffiffiffiffi
2p

p
ln10

exp � logh� lð Þ2

2r2

 !
; ð17Þ

where h is the maximum wave height for each hazard point

and l and r represent the average value and standard

deviation of the height logarithm, respectively. The

probability of h caused by the ith potential source zone

exceeding a threshold H at the hazard point is denoted as

follows:

pi h�Hð Þ¼vM Mmin�M�Mmaxð Þ
r
ffiffiffiffiffiffi
2p

p
ln10

Z1

H

exp � logh�lð Þ2

2r2

 !
dh

h
;

ð18Þ

where vM (Mmin B M B Mmax) can be obtained from Eqs. 2

and 3. If the hazard point is affected by N potential source

zones, then

PN h�Hð Þ ¼ 1 �
YN
i¼1

1 � pi h�Hð Þf g: ð19Þ

We assumed that the occurrence time of earthquakes in

the potential source zone follows a Poisson distribution.

The probability of exceedance for a time period of T years

can be expressed as follows:

P h�H; t ¼ Tð Þ ¼ 1 � exp �PN h�Hð Þ � Tf g: ð20Þ

The return period is determined as follows:

R h ¼ Hð Þ ¼ � 1

ln 1 � P h�Hð Þf g : ð21Þ

3.3 Evaluation of Exposure and Vulnerability

to Tsunamis

Measures of exposure and vulnerability can include the

number of people and types of assets or other settings that

could be affected by tsunamis. Here, we chose the gross

population and GDP of coastal areas as exposure

indicators. Vulnerability indicators include mainland

coastline length, proportion of social security personnel,

proportion of science and technology expenditure, per

capita GDP, and elevation. The data are available from the

provincial statistic yearbooks1 and the Resource and

Environment Science and Data Center.2

3.3.1 Normalization of Indicators

Given that the indicators are of diverse types and value

ranges, we first standardized the data to convert different

types of indicators into the same range (0-1). The indi-

cators were standardized using Eq. 22 if the direction of

impact of the factor on the vulnerability or exposure of the

element at risk is positive. Otherwise, the indicator is

standardized in accordance with Eq. 23 (Zhou et al. 2020).

y ¼ xi � ximin

ximax � ximin

; ð22Þ

y ¼ ximax � xi

ximax � ximin

; ð23Þ

where x represents the indicator value before standardiza-

tion and y represents the indicator value after

standardization.

3.3.2 Weighting of Indicators

The weight values of the indicators in Table 2 reflect the

relative importance of different indicators in the assess-

ment of vulnerability and exposure, with a greater weight

corresponding to a greater contribution of the indicator to

vulnerability or exposure, and vice versa. At present, there

are three main methods of calculating indicator weights:

(1) methods based on subjective cognition, such as the

analytic hierarchy process or direct scoring method, which

have the advantage of fully utilizing experts’ experience

and knowledge but have great uncertainties in the results

(Nan et al. 2013); (2) methods based on objective calcu-

lation, such as the entropy weight method and standard

deviation method, which have the advantage of determin-

ing the weights from the data but may yield results

inconsistent with prior knowledge (Li and Jin 2012); and

(3) a combination of subjective and objective methods

(Huang et al. 2020). In this study, we chose a combination

of subjective and objective methods. First, the objective

weights of the indicators were determined by the entropy

weight method, and the subjective weight of each indicator

was then determined based on the analytic hierarchy pro-

cess, involving 10 researchers whose research fields are

1 https://data.cnki.net/.
2 https://www.resdc.cn/.
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oceanic geology, disasters, and so on. Finally, the com-

prehensive weights were obtained by the weighted average

of objective and subjective weights (Hu et al. 2019).

3.3.3 Calculation of the Exposure and Vulnerability

Indices

After the weights of the indicators were obtained, the fol-

lowing equation was used to calculate the tsunami expo-

sure and vulnerability indices:

E&V ¼
Xm
i¼1

wi � yi; ð24Þ

where E is the exposure index of the region, V is the vul-

nerability index of the region, wi is the weight of each

indicator, and yi denotes the value of the indicator.

3.4 Determination of Tsunami Risk

Taking hazard, exposure, and vulnerability into account,

the tsunami risk can be assessed according to the following

equation:

R ¼ H � E � V ; ð25Þ

where R is the tsunami risk, H is the hazard level, E is the

exposure level, and V is the vulnerability level.

As shown in Table 3, the criteria for the classification of

hazard, exposure, vulnerability, and risk were derived from

the Guideline for Risk Assessment and Zoning of Tsunami

Disaster (Ministry of Natural Resources 2019). The results

can be presented in maps that display and distinguish the

different levels of hazard, exposure, and vulnerability

experienced by cities on the coast.

Specifically, hazard was divided into four categories

based on the height of the tsunami waves: low hazard (IV:

h B 0.5 m), medium–low hazard (III: 0.5 m\h B 1.0 m),

medium–high hazard (II: 1.0 m \ h B 2.5 m), and high

hazard (I: h [ 2.5 m). Class I represents the maximum

tsunami intensity; class IV indicates that a tsunami will not

cause a disaster. In this work, we identified the wave

heights of all hazard points in the coastal area of each city

and selected the maximum wave height as the hazard

intensity of the city. The index E&V comprehensively

reflects the exposure and vulnerability to tsunamis. The

E&V index was divided into four categories: low E&V (IV:

vi {0.6 9 N B i}), medium–low E&V (III: vi {0.3 9 N\
i B 0.6 9 N}), medium–high E&V (II: vi {0.1 9 N\ i B

0.3 9 N}), and high E&V (I: vi {i B 0.1 9 N}). vi was

calculated by Eq. 24 to obtain E&V of each city (i = 1, N).

Class I represents the high exposure and vulnerability to

tsunamis; class IV indicates the least exposure and vul-

nerability to tsunamis.

Table 2 Evaluation indicator system of exposure and vulnerability to coastal tsunamis in China and indicator weights

Dimension Indicator Direction of

impact

Comprehensive

weight

Entropy

method

Analytic hierarchy

process

Exposure GDP Positive 0.410 0.418 0.402

Population Positive 0.199 0.194 0.203

Vulnerability Coastline length Positive 0.158 0.261 0.055

Proportion of social security personnel Negative 0.032 0.020 0.043

Proportion of science and technology

expenditure

Negative 0.091 0.055 0.127

GDP per capita Negative 0.059 0.019 0.099

Average elevation Negative 0.052 0.033 0.071

Table 3 Corresponding relationships between tsunami risk and hazard, exposure, and vulnerability

E&V (Exposure and Vulnerability) H (Hazard)

Low (IV) Medium–Low (III) Medium–High (II) High (I)

Low (IV) Low risk (IV) Low risk (IV) Medium–Low risk (III) Medium–Low risk (III)

Medium–Low (III) Low risk (IV) Medium–Low risk (III) Medium–High risk (II) Medium–High risk (II)

Medium–High (II) Medium–Low risk (III) Medium–High risk (II) Medium–High risk (II) High risk (I)

High (I) Medium–Low risk (III) Medium–High risk (II) High risk (I) High risk (I)
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4 Results

In this section, we present the results obtained from the

modeling and analyses outlined in the previous sections for

the coastal region of China. Our results mainly include the

wave height distribution along the coast corresponding to

given return periods of 200, 500, 1000, and 2000 years, and

the exposure and vulnerability index values of coastal

cities. Subsequently, we map the different levels of tsunami

hazard, exposure, vulnerability, and risk for the coastal

cities.

4.1 Tsunami Hazard

At every hazard point along the coast, we calculated the

wave height distribution corresponding to a given return

period (Fig. 3). Tsunami wave heights are an increasing

function of recurrence time and do not exceed 3 m in 200

years, 500 years, 1000 years, and 2000 years. As expected,

as the return period increases, the wave height also

increases, especially on the southeastern coast of the Bohai

Sea and in the Yangtze River Delta and Pearl River

Estuary.

The Bohai Sea: the potential tsunami sources con-

tributing to the tsunami hazard along the coast of the Bohai

Sea include several local faults located in the south. The

tsunami wave height on the northern coast is less than 0.5

m for return periods between 200 and 2000 years. In

comparison, the greatest wave height on the southern coast

is higher than 0.5 m for 200 years and is close to 3 m for

2000 years. The cities where tsunami wave height values

may be higher than 2.5 m are Qinhuangdao, Tangshan, and

Yantai.

The East China Sea: the tsunami wave heights along the

East China Sea are very unequally distributed, and the

main sources come from the Ryukyu Trench and a local

seismic source (Subei fault). The coast where wave heights

are expected to be high is the Yangtze River Delta. The

largest wave height is higher than 1 m for 200 years and is

close to 3 m for 2000 years. The cities where tsunami wave

height values may be higher than 2 m are Ningbo and

Zhoushan.

The South China Sea: the coasts where tsunami wave

heights are expected to be high are the Pearl River Estuary

and areas near the Taiwan Strait. The largest wave height is

higher than 0.5 m for 200 years and close to 3 m for 2000

years, and the main threats come from the Manila Trench

and local seismic sources (the faults on the continental

shelves). The cities where tsunami wave height values may

be higher than 2.5 m include Hong Kong, Macao, Xiamen,

and Quanzhou.

As shown in Fig. 4, most cities are at the low hazard

level (level IV) for 200 years and at the medium–high

hazard level (level II) for 2000 years. Specifically, Tang-

shan, Yantai, Hong Kong, and Macao are at the high hazard

level (level I) for 2000 years.

4.2 Exposure to Tsunamis

Exposure is defined as the presence of people and of

property that is prone to potential damage. As shown in

Fig. 5a, the Bohai Sea rim, Yangtze River Delta, and Pearl

River Delta are the areas with the highest exposure in the

study region. These areas have flat landscape with low

elevations, fertile soils, and convenient transportation, and

Fig. 3 Maximum tsunami wave height distribution of China’s coastal region for different return periods
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most are areas where the economy and population are

concentrated.

Specifically, Tianjin and Qingdao have high exposure to

tsunamis on the Bohai Sea rim. The GDP of these two

cities exceeds RMB 1 trillion yuan, and the population of

each has reached nearly 10 million.3 The Yangtze River

Delta urban agglomerations also have a high level of

exposure to tsunamis, especially in Shanghai, Hangzhou,

Suzhou, and Ningbo, which have highly concentrated

economic development and populations. In the Pearl River

Delta region, the exposure is more concentrated, with Hong

Kong, Guangzhou, and Shenzhen concentrating 22% of the

GDP and 11% of the population in the region.4

4.3 Vulnerability to Tsunamis

Vulnerability is understood as the potential capacity of

local socioeconomic systems to respond to tsunamis. As

shown in Fig. 5b, the vulnerability map at the city level in

coastal China was obtained from the vulnerability index,

Fig. 4 Hazard level

distributions in coastal cities of

China for return periods of

a 200 years, b 500 years, c 1000

years, and d 2000 years

3 https://www.resdc.cn/.. 4 https://www.resdc.cn/
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which was calculated using indicators related to vulnera-

bility. This map shows that the areas with high vulnera-

bility to tsunami along the Chinese coast are concentrated

in the Bohai Sea rim, Shanghai, Fuzhou, and Hainan. In

comparison, the vulnerabilities of Hangzhou, Shaoxing,

Suzhou, and Guangzhou on the Yangtze River Delta are at

relatively low levels of vulnerability due to the short

coastline, advanced science and technology development,

and higher fortification intensity.

4.4 Tsunami Risk

City-level hazard, exposure, and vulnerability to tsunamis

are integrated to determine the risk level, and the spatial

distribution of tsunami risk along the coast of China is

illustrated in Fig. 6. The results show the tsunami risk at the

city level according to the tsunami risk severity classes:

high, medium–high, medium–low, and low. The spatial

variations of the medium–high and high severity classes

are much greater than those of the medium–low and low

Fig. 5 Exposure and

vulnerability index values and

classification of disaster-prone

areas in coastal cities of China.

a Values of the exposure index,

b values of the vulnerability

index, and c classification of

exposure and vulnerability
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tsunami risks. Cities in the northern part of the Bohai Sea

rim, most of the cities on the eastern coast, and some of the

cities on the southern coast are far away from tsunami

sources, and their risk levels are medium–low and low. The

medium–high and high levels of risk are found in the

southern cities of the Bohai Sea, Yangtze River Delta, and

Pearl River Estuary, which is partially related to the rela-

tively dense population, urbanization, and economic

development of these regions. Another important reason is

that these cities are also closer to tsunami sources, for

example, the coastal urban areas in Fujian Province on the

western side of the Taiwan Strait.

As the return period increases, the number of cities with

medium–high and high risk increases. Specifically, based

on the difference between the 200-year wave height

(Fig. 6a) and 500-year wave height (Fig. 6b), Hong Kong

changed from medium–high risk (level II) to the high risk

level (level I), and Yantai, Ningbo, Tangshan, Nantong,

and Quanzhou present the medium–high risk level (level

II). The 1000-year wave height (Fig. 6c) shows that more

Fig. 6 Risk distributions in

coastal cities of China for return

periods of a 200 years, b 500

years, c 1000 years, and d 2000

years
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cities are at the medium–high risk level (level II). Based on

the difference between the 1000-year wave height (Fig. 6c)

and 2000-year wave height (Fig. 6d), the cities at the high

risk level (level I) include Tangshan, Yantai, Shanghai, and

Hong Kong.

5 Discussion

Similar to many coastal countries and regions, China and

its coastal cities may expect to face the threat of tsunamis

in the future, which will adversely affect people, plants and

animals, economic systems, assets, and so on. Against this

background, the Ministry of Natural Resources recently

developed the Guideline for Risk Assessment and Zoning

of Tsunami Disaster (Ministry of Natural Resources 2019)

with the aim of providing guidelines for proactive tsunami

risk management. This study responded to those policy

needs expressed in the Guideline and examined the spatial

distribution of the tsunami risk for China’s coastal cities.

By integrating tsunami hazard information and indicators

of the associated exposure and vulnerability, our analysis

goes beyond existing studies, which have focused on either

simulation-based hazard assessment (Ren et al. 2014; Ren

et al. 2017; Yuan et al. 2021) or assessment of vulnerability

to tsunamis (Batzakis et al. 2020).

Tsunami hazards can be described by the wave height

distribution along the coast corresponding to a given return

period. The wave heights of tsunamigenic earthquakes are

subject to considerable uncertainty using the PTHA

method (Selva et al. 2016; Davies et al. 2017; Yuan et al.

2021). Knowledge uncertainties can be decreased based on

new insights. In this study, the characteristics and seis-

micity of the tsunami source zones along the Chinese coast

are determined based on the latest research results (Ren

et al. 2017; Xie et al. 2020). The Monte Carlo technique

was applied to reduce the random uncertainties in the

PTHA method. In addition, the analysis we performed

included only tsunamis caused by earthquakes with Mw C

7, which is considered the minimum magnitude at which a

tsunami threat could occur in the waters off China’s coast

(Ren et al. 2014; Ren et al. 2017; Yuan et al. 2021).

Inappropriate linear/nonlinear shallow wave propagation

theory choices in numerical simulations may underestimate

or overestimate hazards (Glimsdal et al. 2013; Yuan et al.

2021). For tsunamis generated in the Ryukyu Trench and

Manila Trench, the tsunami wave amplitude is much

smaller than the water depth; thus, the linear shallow wave

propagation theory can be adopted. For tsunamis generated

by local crustal faults on continental shelves, the nonlinear

convective inertia force and bottom friction terms become

increasingly prominent; therefore, nonlinear shallow wave

propagation theory is a better choice.

A composite index is very effective for aggregating

multiple potential exposure and vulnerability indicators,

although using incomplete datasets has certain limitations

(Sherbinin et al. 2019). There is no uniform or standard

procedure for using indicators to measure exposure and

vulnerability to tsunamis. However, indicators must

address multiple dimensions that are highly relevant in the

context of exposure and vulnerability. Some crucial indi-

cators of exposure have been widely used and have gained

consensus within the community, such as population and

GDP (Dewan 2013; Batzakis et al. 2020). Vulnerability is a

multidimensional construct, and we selected the indicators

according to the perspectives of resilience and adaptability.

Cities with high GDP per capita are characterized by higher

levels of social development and industrialization. These

features ensure that these cities are more resilient to tsu-

namis and may suffer fewer losses (Gao et al. 2020).

Therefore, GPD per capita can also reflect a city’s resi-

lience level, as can natural factors, such as coastline length

and average elevation. In the face of tsunami disasters,

human capacity, which is the human ability to objectively

understand the disaster and allocate and transport limited

resources, is the key factor reflecting local adaptive

capacity to tsunami disasters (Thorn et al. 2015). The

proportion of social security personnel and the proportion

of science and technology expenditure selected in this

study can reflect a city’s adaptability.

6 Conclusion

Tsunami risk assessment is one of the fundamental com-

ponents of integrated management of natural hazard-re-

lated disasters in coastal cities. This article highlights a

method of conducting such an assessment from an inte-

grated perspective by emphasizing the combined role of

hazard, exposure, and vulnerability to tsunamis. Our work

may provide valuable information for future disaster

management in coastal cities.

The PTHA shows that the tsunami wave heights are an

increasing function of recurrence time in 200 years, 500

years, 1000 years, and 2000 years. As the return period

increases, the wave height also increases. The composite

index of exposure and vulnerability shows that the cities

around the Bohai Sea rim, on the Pearl River Delta, and on

the Yangtze River Estuary have the highest levels of

exposure and vulnerability. The results of the tsunami risk

assessments for all coastal cities in China’s mainland show

that the tsunami risk level is related to the recurrence time.

The 200-year wave height implies that most cities are at the

medium–low and low risk levels (levels III and IV). In

comparison, the 2000-year wave height indicates that many

cities are at the medium–high risk level (level II), while

123

Int J Disaster Risk Sci 287



Tangshan, Yantai, and Hong Kong are at the high risk level

(level I).

This work presents a regional study of tsunami risk

where one has to use coarse bathymetry, so there is no

refined assessment of the inundation extent in small areas.

Future studies can be based on the research method in this

article to reduce the regional scale to specific cities. In this

way, the wave height and inundation extent of tsunami

disasters can be quantitatively evaluated, which is of

practical significance for future urban planning. In addi-

tion, exposure and vulnerability assessment can be based

on big data methods such as deep learning, which can be

conducted in a temporally dynamic way and encourage

coastal cities to shift from reactive to proactive tsunami

risk management.
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