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Tsunamis, generated by submarine earthquakes, landslides, or volcanic

eruptions, are a significant hazard to coastal areas owing to their sudden onset

and rapid propagation speed. Thus, tsunami disaster risk assessment is crucial to

determine potential losses and severity of future tsunami impacts, providing

essential support for disaster prevention and mitigation efforts. This study

presents a case study of Xiamen City in Fujian province for developing a high-

precision tsunami model. Utilizing nearshore water depth and digital elevation

model data, we established a high-resolution tsunami numerical simulation

model for Xiamen City that accounts for the impact of water overrunning

levees and overshoals. Historical tsunami disaster records were used to

validate the numerical model. By determining multiple tsunami source

scenarios that could potentially affect the counties of Xiamen City, we

simulated the inundation range and water depth distribution required for the

potential maximum tsunami event. The simulation results facilitated a tsunami

hazard assessment. Considering land use and important tsunami-affected

exposures including industrial and chemical enterprises and ports, we

evaluated the vulnerability of Xiamen City to tsunami disasters. Based on the

determination of hazard and vulnerability levels, we investigated the risk

distribution of tsunami disasters in Xiamen City. The results of this study lay the

groundwork for developing methodologies to improve tsunami disaster risk

assessment in coastal areas.
KEYWORDS

tsunami, high-resolution numerical simulation, risk assessment, Xiamen City,
vulnerability assessment
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1 Introduction

Tsunamis are among the most devastating natural disasters in

coastal regions, primarily triggered by submarine earthquakes,

landslides, or volcanic eruptions. Their sudden onset and rapid

propagation pose a significant threat to these areas (Tufekci-

Enginar et al., 2021). Historically, seismic activity accounts for

90% of recorded tsunami events, during which a substantial

section of the seabed either drops or rises abruptly owing to

tectonic movements, disturbing marine waters and initiating

tsunamis (Li et al., 2019). A magnitude 9.0 earthquake off the

Northeast coast of Japan generated a tsunami that reached the

Japanese coast within 15 min of the earthquake on March 11, 2011.

Within one hour, it had impacted most coastal cities on Honshu,

the largest and primary island of Japan, resulting in extensive

casualties and property damage (Ren et al., 2013; Masuda et al.,

2022). Located along the northwest Pacific coast, China ranks

among the nations that are most susceptible to tsunami disasters

(Hou et al., 2022). With numerous critical projects and densely

populated areas in its coastal areas, the threat of tsunami disasters

cannot be ignored. Therefore, conducting tsunami disaster risk

assessments is crucial for enhancing marine disaster prevention and

mitigation capabilities in these areas (Ren et al., 2022a).

Both deterministic and probabilistic assessment techniques,

incorporating numerical simulation, are utilized worldwide to

assess the risk of tsunami disaster in specific regions. One such

model, the COMCOT model, developed by the Department of Civil

Engineering at Cornell University, is specifically designed to

simulate the propagation of seawater after being disturbed. This

model is suitable for modeling long wave motion and is commonly

used for assessing coastal disasters and engineering impacts caused

by tsunami waves (Wu, 2012; Sepúlveda et al., 2020; Moon et al.,

2022; Hou et al., 2023b). Additionally, deterministic analysis, which

assesses disaster impact under the most adverse scenarios, assumes

the occurrence of a large-scale earthquake in a potential seismic

source area. It then estimates the tsunami wave height or the

inundation height in the study area, typically leading to an

overestimation of potential tsunami risks (Grezio et al., 2017;

Turchi et al., 2022). In contrast, probabilistic tsunami hazard

analysis (PTHA) calculates the risk of tsunami or the annual

occurrence probability of tsunamis with varying amplitudes

across different recurrence intervals. PTHA involves segmenting

potential focal areas, determining seismic activity parameters, and

establishing ground motion attenuation relationships. The key

advantage of PTHA lies in providing probabilities and recurrence

periods for tsunami events, which are critical for engineering

design, risk mitigation, land-use planning, and the insurance

industry (Smit et al., 2017; Zamora and Babeyko, 2020; Salah

et al., 2021). Owing to the scarcity of historical tsunami source

data in local areas, traditional statistical analysis methods cannot

accurately assess tsunami disaster risks. Researchers have suggested

employing the Monte Carlo method to generate stochastic sets of

seismic random events for analyzing the risk of earthquake-induced

tsunami disasters (Yuan et al., 2021; Mahmood et al., 2023). This

method involves randomly generating calculation samples within
Frontiers in Marine Science 02
potential earthquake source regions or applying random processes

to certain seismic parameters. Subsequently, hydrodynamic

calculations and statistical analyses have been performed using a

vast array of stochastic samples (Geist and Parsons, 2006; Li et al.,

2016; Ren et al., 2017). A significant advantage of the Monte Carlo

method is its ability to compensate for the lack of local tsunami

event data, resulting in more accurate calculations of extreme

tsunami risks.

Assessing tsunami disaster risk in a specific region necessitates a

thorough evaluation of regional tsunami hazards and an analysis of

the vulnerability exposure within the region (Li et al., 2022). The

lack of historical tsunami records poses a challenge in generating a

quantitative vulnerability curve for regions affected by tsunamis

based on historical disaster data. Consequently, studies have

assessed the level of vulnerability to tsunami disasters by

considering regional land use, economic factors, and population

distributions (Yavuz et al., 2020). Such assessments can then be

integrated with quantitative hazard assessment results to determine

the overall tsunami disaster risk level (Hou et al., 2023a).

Furthermore, researchers have constructed an indicator system

related to the entities exposed to tsunami effects. This approach

allows for the evaluation of the vulnerability level distribution and

the regional tsunami disaster risk level, considering the tsunami

hazards (Hui et al., 2022). The findings from tsunami risk

assessments are invaluable for urban planning and industrial

layouts in coastal zones. Moreover, quantitative risk assessment

for typical disaster exposures provides direct guidelines for setting

insurance rates (Alhamid et al., 2024). Therefore, the importance of

tsunami disaster risk assessment has become increasingly

recognized in both academic and practical fields.

To improve natural disaster prevention and control capabilities

and map the national distribution of natural disaster risks, in 2019,

China launched a national natural disaster risk survey project and

identified tsunamis as a “critical”marine disaster category. The aim

of the project was to perform tsunami disaster risk assessment at

different scales, namely at national, provincial, and city levels.

Xiamen City in Fujian Province, which is one of the most

developed regions in China, facing the Pacific Ocean and adjacent

to the Taiwan Strait connecting the East China Sea and the South

China Sea, was selected as a pilot area for city-level tsunami disaster

risk assessment and zoning in the national natural disaster risk

survey project. Xiamen is influenced by tsunami waves from the

Pacific Ocean and the South China Sea (Ye, 1995; Liu et al., 2007;

Hui et al., 2022). In addition, tsunami waves in the waters of

Xiamen may exhibit resonance, as even weak earthquakes in the

South China Sea (Mw 8.0 and 8.5) could generate significant

tsunami energy in Xiamen, comparable to the tsunami energy

caused by some Mw 9.3 earthquakes (Ren et al., 2022b). Although

Chen et al. (2023) studied the hazard assessment of tsunamis caused

by earthquakes in the Taiwan Strait on Xiamen (Chen et al., 2023),

there is a lack of evaluation and analysis on tsunamis originating

from the deep ocean. This study focuses on a case study with

Xiamen City as the research area, adopting a different approach

from previous studies that concentrated on the entire city. Instead,

this study had incorporated a more refined village-level unit to
frontiersin.org

https://doi.org/10.3389/fmars.2024.1478149
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Shi et al. 10.3389/fmars.2024.1478149
assess tsunami disaster risk levels, enabling a more precise

evaluation of tsunami wave effects on coastal communities. This

approach not only improves the accuracy of our research but also

provides a novel perspective and tool for assessing tsunami disaster

risk. The findings of this study serve as a reference for advancing

methodologies to better assess the risk of tsunami disasters in

coastal areas.
2 Study area and data

Xiamen, located on the southeast coast of China (Figure 1),

ranks among the most economically prosperous and densely

populated coastal regions, making it highly vulnerable to marine

disasters. It was selected as a representative case study area to
Frontiers in Marine Science 03
validate the method proposed in this paper. Data from the region

were meticulously collected to enable precise simulation and risk

assessment of tsunami disasters. The collected multisource data,

shown in Table 1, form the basis for our analysis. The nearshore

digital elevation map (DEM), offshore water depth distribution and

ETOPO1 were collected to construct the tsunami numerical model.

The buoys of observational tsunami wave data during the Japan

“3.11” tsunami event was used to validate the numerical model. The

potential tsunami source including near-field, local field and far-

field was used to drive the tsunami numerical model and simulate

the inundation caused by tsunami. The land-use distribution data

and tsunami-affected exposures in coastal areas of Xiamen City

were collected to evaluate the vulnerability level. Especially, the

distribution area of tsunami-affected exposures including industrial

and chemical enterprises and ports, etc., is the area where local
FIGURE 1

Location of the case study area: (A) Fujian Province, China, (B) Xiamen City within Fujian Province, and (C) terrain distribution and village/community
boundary in Xiamen City.
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coastal government needs to pay much more attention in tsunami

disaster responding and mitigation (Shown in Figure 2). While the

land-use distribution data in Table 1 is from 2015, it primarily

served to test the tsunami hazard analysis framework. The emphasis

is on methodology rather than specific data points, as the

comprehensive nature and quality of the 2015 data provide a

reliable foundation (Table 1). We believe that the study’s

conclusions are robust and not significantly affected by the data’s

timeliness. Future studies can apply this framework to more recent

datasets to further verify its applicability over time.
Frontiers in Marine Science 04
3 Methods

A comprehensive framework for calculating the tsunami disaster

risk in coastal cities is proposed herein, as illustrated in Figure 3. To

ensure the framework’s efficacy, a detailed case study involving

Xiamen City was conducted, allowing us to ground our theoretical

model in real-world conditions and outcomes. The framework

comprises four components: model configuration and validation,

inundation simulation, vulnerability analysis, and risk assessment.

Utilizing digital elevation model (DEM) and submarine topography
TABLE 1 Data source for tsunami numerical simulations in Xiamen.

Data type Time Description Source Spatial
resolution

Basic geographic information 2022 Including the county and village
administrative boundaries

Fujian Provincial Department
of Natural Resources

1: 50000

Nearshore digital elevation map (DEM) and
offshore water depth distribution

2022 DEM of Xiamen and shore and
submarine topography

Fujian Provincial Department
of Natural Resources

50m

Land-use distribution data 2015 Including the classification, use, location, and area
of land

China Land Surveying and
Planning Institute

1:10000

Tsunami-affected exposures 2022 Port terminal, industrial park, schools,
hospital, etc.

Land and Resources Bureau of
Fujian Province

_

Potential tsunami source 2022 Including the local, far-field, and near-field
tsunami sources

National Marine
Environmental
Forecasting Center

–

ETOPO1 (Global Relief Model) 2008 Global topographic elevation data U.S. National Geophysical
Data Center

1’

Tsunami wave observational data 2011 Tsunami wave hourly data caused by Japan “3.11”
tsunami event recorded by buoys

National Marine
Environmental
Forecasting Center

–

FIGURE 2

The distribution of tsunami-affected exposures in Xiamen City.
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data from Xiamen City, a comprehensive tsunami numerical model

was developed. Historical tsunami records were used to validate this

model. Considering the potential tsunami sources impacting Xiamen

City, simulations of inundation from various tsunami scenarios were

conducted to determine hazard levels within the city. Land-use and

tsunami-affected exposure data were used to assess the vulnerability

level of Xiamen City. By analyzing both hazard and vulnerability

levels, the tsunami disaster risk in the study area was evaluated.

Hazard and vulnerability levels were categorized into four categories,

ranging from high (I) to low (IV); risk levels were distributed across

five categories, from high (I) to low (V). The correlation among risk,

hazard, and vulnerability levels for tsunami disasters is shown in

Table 2A, following the operational guidelines for tsunami risk

assessment in China (Ministry of Natural Resources, 2021). Once

the hazard level and vulnerability level were given, the risk level

could be obtained through Table 2A. For example, when the

vulnerability level is II, together with the hazard level ofII, it could

be found that the corresponding risk level located in row 4 and

column 4 with medium risk Level III. The practical application of

this framework is evident in its capacity to cater to the unique
Frontiers in Marine Science 05
geological features and urban layout of Xiamen, which demonstrates

the model’s adaptability to diverse coastal environments.
3.1 Numerical model

In this research, a hierarchical approach involving four nested

grids was adopted to refine the tsunami simulation process. The first

three layers employ rectangular orthogonal grids with gradually

finer resolutions. The broadest layer spans from 1°N to 50°N and

110°E to 175°E, covering significant parts of the East and South

China Sea, Japan, and sections of the western Pacific Ocean. This

layer has a horizontal spatial resolution of 4 arcmin. The second

layer narrows down to the area between 21.55°N to 41.48°N and

115°E to 140°E, focusing specifically on the coastal zones and

continental shelf of the East China Sea, with a resolution of 2

arcmin. The third layer further narrows down the focus to 23°N to

27.98°N and 116.6°E to 121.6°E, covering the entire offshore area of

southeastern China, with a spatial resolution up to 1 arcmin. The

tsunami modeling employed in this study utilizes the COMCOT
FIGURE 3

Tsunami disaster risk assessment framework for Xiamen City.
TABLE 2A Tsunami disaster risk assessment based on vulnerability and hazard levels.

Hazard Vulnerability

Level IV
(Very low)

Level III
(Low)

Level II
(High)

Level I
(Very high)

Level IV (Very low) Very low risk
Level V

Very low risk
Level V

Low risk
Level IV

Low risk
Level IV

Level III (Low) Very low risk
Level V

Low risk
Level IV

Medium risk
Level III

Medium risk
Level III

Level II (High) Low risk
Level IV

Medium risk
Level III

Medium risk
Level III

High risk
Level II

Level I (Very high) Low risk
Level IV

Medium risk
Level III

High risk
Level II

Very high risk
Level I
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model (Wang, 2009), based on the following two-dimensional

nonlinear shallow water equations:

∂ h
∂ t

+
∂

∂ x
(hu) +

∂

∂ y
(hv) = 0 (1)

∂

∂ t
(hu) +

∂

∂ x
(hu2 +

1
2
gh2) +

∂

∂ y
(huv) = −gh

∂ b
∂ x

− tx (2)

∂

∂ t
(hv) +

∂

∂ x
(huv) +

∂

∂ y
(hv2 +

1
2
gh2) = −gh

∂ b
∂ y

− ty (3)

where t denotes time; h (x, y, t) denotes total water depth; b (x,

y) represents the bottom elevation function; u (x, y, t) and v (x, y, t)

signify the depth-averaged velocities in x and y directions,

respectively; and g denotes the gravity acceleration. The following

equations represent the bottom friction terms:

    tx =
gn2

h7=3
hu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(hu)2 + (hv)2

p
(4)

ty =
gn2

h7=3
hv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(hu)2 + (hv)2

p
(5)

where the parameter n denotes the Manning coefficient and

depends on roughness. It has a value of 0.016 in the tsunami model.

The Meghraoui model is employed to calculate the seabed

displacement resulting from earthquake tsunamis and to estimate

the initial water surface elevation induced by seismic activities

(Okada, 1985). The Meghraoui model requires several input

parameters, including the epicenter’s longitude and latitude, as

well as the focal depth, fault length, fault width, slip amount, and

the strike, dip, and rake angles. Additionally, Wang and Liu (2005)

indicated that the Meghraoui model performed better in predicting

tsunami wave heights compared to the Harvard CMT solution with

fault dimensions and slip displacement derived by Borrero (2003).

For inundation modeling, this study utilized the MIKE-21

model (from the company, DHI) (Warren and Bach, 1992;

Kaergaard and Fredsoe, 2013), a sophisticated two-dimensional

unstructured grid primitive equation model. Its governing

equations are consistent with those of COMCOT (Equations 1–

5), with a Manning coefficient of 0.016 in the ocean. However,

Manning coefficients vary on terrestrial surfaces depending on land

use objectives (Table 2B), with the residential and industrial areas
Frontiers in Marine Science 06
featuring relatively larger coefficients, primarily concentrated in the

coastal areas of Siming and Huli districts, as well as in the southern

part of Tong’an district. The computational time step is set between

0.01 and 30 seconds to ensure that the CFL number remains less

than 1, thus guaranteeing convergence of the computation; the

horizontal eddy viscosity coefficient is chosen as 0.28; wetting and

drying techniques are employed at the land-ocean boundary to

avoid computational instability, with dry depth set at 0.005 m,

inundation depth at 0.05 m, and wet depth at 0.1 m.

The unstructured grid, which encompasses all potentially

inundated areas of Xiamen City and its adjacent offshore regions,

is designated as the fourth layer grid (Figure 3). The layout of this

grid spans from 23.10°N to 25.27°N and from 117.60°E to 119.95°E.

The bathymetry data, derived from ETOPO1 (Global Relief Model)

along with the DEM and submarine topography (Table 1), are

combined for the fourth layer. Both the DEM and ETOPO1 datasets

are verified to be consistent and aligned at the same elevation level,

ensuring the reliability of the integrated model. Because seawalls are

crucial in tsunami hazard calculations that determine inundation

area and depth, the grid nodes were aligned along the seawalls

during the grid generation process, and the water depths

corresponding to these nodes were adjusted to reflect the crest

height of the seawalls. To accurately represent coastal inundation

under different tsunami conditions in Xiamen, the time series of

tsunami waves calculated using the COMCOT model is

interpolated at 1-min intervals onto the open boundaries of the

unstructured triangular grid of the fourth layer (Figure 4), as

processed by MIKE-21. This step is necessary because the

rectangular grid of the COMCOT numerical model does not

adequately conform to the coastline’s contours. The grid

resolution within the land areas reaches a minimum of

approximately 50 m. Additionally, the time frame for calculating

the maximum tsunami amplitude and inundation risk extends from

the occurrence of the tsunami to 72 hours post-event (Ren

et al., 2022).
3.2 Model validation

On March 11, 2011, at 13:46 (UTC+8), a magnitude 9.0 mega-

earthquake struck the eastern offshore region of Honshu, Japan

(38.3°N, 142.4°E), at a focal depth of 20 km. The epicenter was

situated approximately 130 km east of Sendai, Japan, unleashing a

massive tsunami that rapidly affected the northeastern coastal

regions of Japan, resulting in catastrophic destruction. In the

aftermath of the M9.0 earthquake, a tsunami wave spread rapidly

across the western Pacific Ocean, and the tsunami wave affected the

coastal area of Xiamen. The simulation of this event was conducted

using the COMCOT model. We collected the buoys of #21401 and

#21413 (Figure 5) observational data during the “3.11” tsunami

event to validate the numerical model. Figure 6 illustrates the

alignment between the model’s calculated results and data from

two deep-ocean assessment and reporting of tsunami buoys

positioned near the epicenter. The comparison indicates that the

model’s simulation of the initial wave height and arrival time of the

tsunami wave closely matches the observed data. The simulated
TABLE 2B Manning coefficients on terrestrial surfaces (Ministry of
Natural Resources, 2021).

Land-use objectives Manning coefficients

Residential Area 0.06

Industrial Area 0.04

Farmland 0.025

Forest 0.03

Pond 0.02

Other (Idle land, green spaces, etc.) 0.02
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maximum tsunami wave heights at each station were found to have

an average relative error of less than 4% when compared with the

buoy measurements, indicating that the model efficiently captured

both the initial wave variations and subsequent tsunami waves. This

4% error is partly attributed to inherent limitations of the MIKE-21

model, such as the simplifications and assumptions made within the

model framework.
3.3 Potential seismic sources

Located in the western Pacific region, China is susceptible to

tsunamis generated in the Pacific Ocean. Ren et al. (2022) explored

the impact of historical earthquakes that induced tsunamis (those

with magnitudes larger than Mw 8.0 and focal depths less than 100

km) in the southeastern coast of China, highlighting the notable

influence of the tsunamis originating from major fault zones in the

Pacific Rim (Ren et al., 2022a). Therefore, the potential tsunami
Frontiers in Marine Science 07
sources we selected include the Okinawa-Ryukyu region off the East

China Sea continental shelf, te Nankai Trough in southwestern

Japan, the Ogasawara Islands, Guam, the Manila Trench at the edge

of the South China Sea, the eastern Philippines, the Tonga Islands,

Chile, as well as the Okinawa Trough and the offshore area of

Quanzhou, Fujian. Supplementary Table S1 in the Supplementary

Material shows the tsunami parameters in various scenarios

investigated in this study, encompassing all potential tsunami

scenarios including far-field and near-field tsunami sources

affecting Xiamen. Notably, the distribution of the maximum

tsunami amplitude for the scenarios with a significant effect on

Xiamen can be found in Figure 7. Figures 7B–D show the

cumulative maximum amplitude from multiple sources: Figure 7B

illustrates the amplitude resulting from Ryukyu Trough234, a

combined source of Ryukyu Trough2, Ryukyu Trough3, and

Ryukyu Trough4. Similarly, the tsunami generated by the Manila

Trench23, amalgamating sources from Manila Trench2 and

Manila Trench3, is shown in Figure 5C, and the tsunami from

Manila Trench456, merging sources from Manila Trench4, Manila

Trench5, and Manila Trench6, is shown in Figure 5D (Table 1).

These source parameters are based on Slab1.0 (Hayes et al., 2012),

a model that depicts the complex, three-dimensional geometry of

global subduction zones during significant earthquakes.

Additionally, to account for the worst-case scenario, this study

factored in a monthly mean high-water level of 3.2 m, based on the

average of the highest monthly tidal levels projected over the next

19 years from the Xiamen tidal station, into the numerical model.
3.4 vulnerability assessment

Vulnerability assessment was conducted using communities as

the evaluation unit, while employing land-use and significant

tsunami-affected exposure distribution data. This assessment

employed vulnerability coefficients specific to each type of land-

use classification, and the vulnerability coefficients (shown in

Supplementary Table S2) adopt values from the operation
FIGURE 5

Tsunami model simulation domain and validation buoy locations.
FIGURE 4

Model mesh grid for inundation numerical model.
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guidance for tsunami risk assessment in China, along with a

calculation method based on weight for different land-use types

in each community. For any given community, and the

vulnerability coefficients can be calculated as follows:
Frontiers in Marine Science 08
A =on
i=1aiVi   (6)

where A denotes the vulnerability value of a community, ai is

the weight assigned to the land-use classification i, Videnotes the
FIGURE 7

Pacific Ocean tsunami-induced maximum water levels for different epicenters including Ryukyu Trough6 (A), Ryukyu Trough234 (B), Manila
Trench456 (C, D), Quanzhou Offshore Fault Zone (E), Xiamen Offshore Fault Zone (F), Philippine Subduction Zone1 (G), Philippine Subduction Zone2
(H), New Guinea (I), Nankaido Trough (J), Guam (K), and Ogasawara Islands (L). See Supplementary Table S1 for more details.
FIGURE 6

Comparison of simulated and observed values at buoy locations, with (A, B) corresponding to the two stations detailed in Figure 5.
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vulnerability value for land-use classification i, and n represents the

total number of land-use types considered. Vulnerability is

categorized into four different levels: I (highest vulnerability), II,

III, and IV (lowest vulnerability). Additionally, the vulnerability

value of critical exposures, such as industrial parks, hazardous

chemical enterprises, and port terminals, were determined based

on their scale or classification, and the critical tsunami-affected

exposures were assigned vulnerability coefficient according to

Table 3. For a land use plate element, the vulnerability coefficient

was evaluated based on land use distribution according to

Supplementary Table S2. The vulnerability coefficient value will

be changed to a more serious value if critical tsunami-affected

exposures located at this area. In terms of the assessment units with

some critical tsunami-affected exposures, the vulnerability

coefficients of the communities need to be revised by considering

the vulnerability coefficients of critical tsunami-affected exposures

and their corresponding weights, and the vulnerability coefficient

range corresponding to the vulnerability level is as shown

in Table 4.
4 Results

4.1 Tsunami hazard assessment

The tsunami hazard assessment for Xiamen City utilized an

envelope diagram depicting inundation ranges and submerged

depths resulting from various potential tsunami sources, as

illustrated in Figure 8. This analysis revealed varying degrees of

inundation along Xiamen City’s coastline. Based on the inundation

calculations, the following tsunami sources were identified as being

responsible for the significant inundation areas in Xiamen: the

Manila Trench RM (2 + 3) fault with an 8.8 magnitude earthquake

tsunami, Manila Trench RM (4 + 5 + 6) fault with an 8.8 magnitude

earthquake tsunami, Quanzhou Overseas Fault with an 8.0

magnitude earthquake tsunami, Xiamen Overseas Fault with an

8.0 magnitude earthquake tsunami, East Philippines 1 Fault with a

9.2 magnitude earthquake tsunami, and East Philippines 2 Fault

with a 9.2 magnitude earthquake tsunami. The inundated areas

caused by the tsunami are mainly located in the east and west coast

of Xiang’an District, the south coast along Tong’an District., and the

coast of both sides of Maluan Bay. The inundation of Xiamen Island

including Huli District and Siming District was not particularly

severe. Specifically, in Tong’an District, the most severe inundation

scenarios are caused by the RM (2 + 3) fault of the Manila Trench

and the East Philippines 1 earthquake tsunami, with inundation
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depths reaching up to 2.8 m. In Xiang’an District, the inundation

from the East Philippines 1 earthquake tsunami scenario is the most

critical, with depths reaching up to 3.0 m.
4.2 Tsunami vulnerability assessment

The distribution area of tsunami-affected exposures including

industrial and chemical enterprises and ports, etc., is the area where

local coastal government needs to pay much more attention in

tsunami disaster responding and mitigation. Considering land-use

distribution data and critical tsunami-affected exposure data, the

vulnerability levels within Xiamen City were determined. The

spatial distribution of vulnerability levels in Xiamen was

calculated by applying the aforementioned principles and

leveraging the GIS analysis method. As shown in Figure 9, the

land use block unit was adopted to evaluate the vulnerability level in

Xiamen city. It could be found that the areas of less vulnerable

places are mainly concentrated the inland of the Tong’an and Jimei

District beyond the coast, and communities exhibiting high

vulnerability (level I) were predominantly located in Huli,

Haicang and Siming districts. Especially, the vulnerability

distribution in Xiamen City from inland to the coastal showed a

low to high distribution pattern. These coastal areas with high

vulnerability are characterized by developed economy and

populated aggregation, extensive areas designated for urban

housing and institutions, and a high density of entities vulnerable

to disasters, such as schools and hospitals. Additionally, these

districts host critical infrastructure and facilities vulnerable to

tsunamis, including airports, petrochemical bases, fishing ports

and industrial and mining enterprises. Therefore, these areas were

identified as having high levels of tsunami vulnerability.
4.3 Tsunami risk assessment

Considering the distribution of tsunami hazard and

vulnerability levels, this study assessed the tsunami risk level in

Xiamen City (Figure 10), while focusing on coastal communities as

the primary unit of analysis. Tsunami disaster risk levels were
TABLE 3 Corresponding relationship between tsunami-affected exposures and vulnerability coefficient.

NO. Exposure type Vulnerability coefficient NO. Exposure type Vulnerability coefficient

Industrial parks 0.9 5 Schools 0.9

2 Hazardous chemical plants 1.0 6 Hospital 1.0

3 Nuclear power plant 1.0 7 Port terminal 0.8

4 Communication facility 0.9 9 Electric power facility 1.0
TABLE 4 The vulnerability coefficient range corresponding to the
vulnerability level.

Vulnerability level I II III IV

Vulnerability coefficient [0.8, 1] [0.5, 0.8] [0.3, 0.5] [0, 0.3]
fron
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divided into five levels: high (I), medium-high (II), medium (III),

medium-low (IV), and low (V). According to the evaluation results,

the areas classified as high risk (I) and medium-high risk (II) in

Xiamen cover 0.38 km2 and 15.77 km2, respectively. The medium

risk (III) area spans 14.90 km2, the medium-low-risk (IV) area

covers 57.78 km2, and the low-risk (V) area encompasses 24.61

km2. Tsunami disaster risk in Xiamen is primarily concentrated in
Frontiers in Marine Science 10
Xiang’an, Haicang, and Jimei districts. These findings indicate

varying degrees of tsunami disaster risk in the southwest of

Xiang’an District, south of Haicang District, and south of Jimei

District. Specifically, communities along Haicang Street (Haicang

District), in Xike Town (Tongan District), and along various streets

in Jimei and Siming districts, including Xinglin, Xingbin, Qiaoying,

Lujiang, Xiagang, Lianqian, and Gulangyu streets, as well as on
FIGURE 8

Probable maximum tsunamis inundation distribution in Xiamen City.
FIGURE 9

Vulnerability level distribution in Xiamen City.
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Dasheng Street and in Ma Xiang Town and Xindian Town of

Xiang’an District, were identified as having level I risk of tsunami

disaster. Huli District, featuring multiple communities along

Dianqian, Heshan, Jinshan, and Huli streets, faces the highest

tsunami hazard risk at level II. These areas warrant heightened

attention for tsunami disaster prevention and mitigation efforts in

Xiamen. In particular, according to our simulated results in the map

of the probable maximum tsunamis inundation distribution in

Xiamen City, the areas along the coastline of Huli District and

Siming District in Xiamen Island was inundated, although the

submerged area is very small. The hazards level was evaluated

using village/community units, and the village/community along

Xiamen Island behaved high hazards level. Combined with the

economically prosperous and densely populated coastal regions in

Xiamen Island resulting high vulnerability level, the risk level in

Xiamen Island along the coastal village/community is still

quite high.
5 Discussion

Tsunami disaster risk assessments are crucial for disaster

prevention and mitigation efforts undertaken by coastal local

governments. The numerical calculations of tsunamis from

various potential sources enable the creation of tsunami

emergency plans, including the drafting of evacuation routes and

the selection of emergency shelters. Additionally, the results of

tsunami risk zoning are invaluable for local land-use management,

urban development planning, and optimization of investments. In
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this study, a grade-based tsunami risk assessment was conducted

considering land-use types. A more refined tsunami disaster risk

assessment should rely on the precise distribution of entities

vulnerable to disaster. Future research therefore aims to conduct

refined grid-scale tsunami disaster risk assessments in coastal areas,

relying on obtaining more detailed data on the distribution of

disaster exposures.

Owing to the lack of historical records on tsunami losses, this

study was limited to using land-use distribution data and tsunami-

affected exposure data for the vulnerability assessment of tsunami

disasters in Xiamen City. The qualitative grade vulnerability level

assessment rather than quantitative vulnerability curve

construction was performed in this study. For precise quantitative

vulnerability assessment and disaster risk evaluation, it is essential

that vulnerability curves accurately reflect the quantitative

relationships between the intensity of causative factors and the

vulnerability of susceptible entities. A quantitative vulnerability

curve for typical exposures to tsunami disasters is yet to be

established. Future studies should aim to build upon the extensive

body of existing research that has already addressed quantitative

vulnerability analyses for entities affected by tsunamis through

various approaches, including qualitative, quantitative, and

multivariate methods (e.g., Reese et al., 2011; Di Bacco et al.,

2023). Utilizing physical model experiments and statistical

analysis methods, future research can further refine and expand

these analyses. By establishing a vulnerability curve that correlates

the loss ratio of typical exposures with the hazards caused by

tsunamis in coastal areas, a quantitative risk assessment of

tsunami disasters can be realized. Therefore, the risks to typical
FIGURE 10

Tsunami disaster risk distribution in Xiamen City.
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exposures from tsunami disasters can be quantitatively evaluated,

enabling precise and targeted decision-making in response to

tsunamis in coastal regions.

However, it is important to acknowledge certain limitations in

our study. Firstly, while the numerical model used in this research

has been validated against historical data, the accuracy of the

simulations is contingent upon the quality and completeness of

the input data, which may not fully capture all potential tsunami

sources or the complexities of local coastal dynamics. This could

potentially affect the precision of tsunami inundation distribution,

but it does not undermine the applicability of the framework in

other coastal contexts. Secondly, the vulnerability assessment was

based on land-use and exposure data, which may not

comprehensively represent the socio-economic factors that

influence the resilience of communities to tsunami events.

Additionally, the study focused on a single coastal city, and while

the methodology is intended to be transferable, the specific

conditions and characteristics of other coastal areas may require

adjustments to the model and assessment framework. Future

research should address these limitations by incorporating more

diverse and detailed data sources, refining the model to account for

local variations, and validating the methodology across a broader

range of coastal settings. Despite the limitations noted, the

methodology developed in this study has demonstrated its

potential to be adaptable and scalable, suggesting that it can be

readily employed for various coastal cities.
6 Conclusion

This research contributed the methodology for assessing

tsunami disaster risk level for a coastal city in the absence of

historical loss records, and the proposed method could easily be

easily adopted for various coastal cities. Taking Xiamen as a typical

case study, a high-resolution tsunami numerical model was

established to reveal the tsunami risk hotspots in the study areas.

The impact of local-field and far-field tsunami sources on Xiamen

was evaluated. The grid resolution of the nearshore DEM for

tsunami inundation simulation reached 50 m, and the seawall was

adopted in the numerical modelling. Villages and communities, as

the most basic administrative units, were used to assess tsunami

disaster risk levels and were found to play a pivotal role in managing

and coordinating disaster prevention and mitigation efforts in

coastal areas of China. The results at the village/community scale

are designed to provide decision-making support for coastal local

government departments in tsunami preparedness and mitigation

at the grass-root level.

Initially, a high-resolution numerical model for simulating

tsunamis was developed and verified using historical

observational data. By inputting potential tsunami sources, the

study estimated the probable maximum inundation in Xiamen

City that could be caused by a tsunami. Considering land-use

distribution data and tsunami-affected exposure data, the

vulnerability levels within Xiamen City were determined. By

integrating the hazard and vulnerability levels associated with
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tsunami disasters in Xiamen City, the risk level of tsunami

disasters in the study area was evaluated. The findings lay the

groundwork for developing a methodology for tsunami disaster risk

assessment in coastal regions, and could provide an effective tool for

decision-making in tsunami disaster risk mitigation efforts. We

recommend that governments and policymakers allocate additional

resources to improve disaster relief and prevention infrastructure.

By investing in these areas, it is possible to significantly mitigate

potential impacts and enhance the resilience of communities and

infrastructure against future risks.

Importantly, while this paper provides a detailed example of

tsunami risk assessment applied to a specific area, it offers valuable

insights and approaches that could improve tsunami disaster risk

assessment in coastal areas globally. However, this study also has

some limitations. Firstly, although the high-resolution numerical

model used has been validated with historical data, there may still

be certain uncertainties when simulating extreme tsunami events.

Secondly, while the method demonstrated good results in the case

of Xiamen, its applicability in other coastal areas with different

geographical conditions and socio-economic structures requires

further validation. In addition to our findings, there are

opportunities for future research that could further enrich this

field. Future studies might explore the long-term impacts of

interventions in high-risk areas or investigate the effectiveness of

different disaster prevention strategies across various regions.
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