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Probabilistic risk models for natural hazards, or natural catastrophe models, are

indispensable tools for forecasting and quantifying the impacts of cascading

and compounding earthquake-tsunami hazards. Their applications facilitate

improved disaster risk mitigation and management. Uncertainties associated

with forecasted multi-hazard impacts can be substantial, and practitioners and

policymakers need guidance on implementing disaster risk reduction actions at

all levels (local, regional, national, and international). In communicating such

broad ranges of possible consequences with stakeholders, disaster scenarios

need to be carefully selected and presented. This article reviews the state-of-

the-art of earthquake, tsunami, and earthquake-tsunami catastrophemodelling

and discusses future perspectives for earthquake-tsunami risk assessments.
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1 Introduction

Coastal communities in active subduction regions are exposed to significant risks

from megathrust earthquakes and tsunamis. Such risks are low-probability, high-

consequence events and often involve joint occurrences of multiple perils that are

triggered by a single initiating event. Cascading chains of hazard events can consist of

numerous combinations of ground surface rupture, strong ground motion, tsunami

inundation, landslide, liquefaction, and aftershocks, and their combined effects can

significantly worsen consequences compared to individual impacts of these hazard

events (Goda et al., 2018). In the last 20 years, moment magnitude (M) 9-class

megathrust earthquakes caused catastrophic disasters in the Indian Oceans, Japan,

and Chile. Devastating events can strike other subduction zones globally (e.g.,

Cascadia, Mexico, and Makran), and their economic consequences to various sectors

can be severe (de Ruiter et al., 2020). As more population migrates to coastal regions

worldwide, earthquake-triggered shaking and tsunami pose more significant threats than
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ever before. Currently, coastal communities face urgent needs for

operational decision-support tools that provide accurate

performance assessments of infrastructures under multi-

hazard actions (Tilloy et al., 2019). Resilience and

sustainability are the fundamental requirements for modern

infrastructures, and major progress has been made in disaster

risk management (e.g., Bruneau and Reinhorn, 2007; Ayyub,

2014; Bozza et al., 2015; UNDRR, 2022). A key to achieving

effective disaster resilience and sustainability is implementing a

holistic risk management strategy that integrates all phases of a

disaster cycle (i.e., mitigation, preparedness, response, and

recovery) across different administrative levels.

Natural catastrophe modelling offers a versatile platform for

calculating the economic loss due to natural disasters (Woo,

2011; Mitchell-Wallace et al., 2017). It has become a vital tool not

only for the insurance and reinsurance industry but also for

governmental agencies that are responsible for implementing

disaster risk management policies at local, regional, and national

levels. Key elements of quantitative risk assessments are hazard,

exposure, and vulnerability, and uncertainties associated with

these components are integrated into the final risk assessments

(Beven et al., 2018; Foulser-Piggott et al., 2020). Standard outputs

from catastrophe models are often obtained as exceedance

probability (EP) curve and annual expected loss (AEL). These

outputs inform disaster risk reduction policies and help take

mitigation actions from socioeconomic and financial

perspectives. Furthermore, these risk outputs can be used to

identify critical scenarios based on quantified risk metrics and to

generate a set of hazard and risk maps that correspond to the

identified scenarios (Goda et al., 2021). Such integrated use of the

catastrophe model outputs will enhance the current selection of

critical scenarios, typically done deterministically in an ad-hoc

manner.

Conventional risk assessments focus on individual hazards in

isolation, and uncertainty associated with such events is not

characterized and propagated comprehensively (Gill and

Malamud, 2014, 2016; Beven et al., 2018b). A probabilistic

multi-hazard analysis quantifies disaster risks and facilitates

the evaluation of the cost-benefit effectiveness of available risk

mitigation options (Scolobig et al., 2017; Akiyama et al., 2020).

Several recent studies have proposed multi-risk approaches

(Marzocchi et al., 2012; Selva, 2013; Mignan et al., 2014; Liu

et al., 2015; Kameshwar et al., 2019) by integrating the

performance-based engineering philosophy with new

methodologies that enable to homogenize multiple risk

components in different ways. For earthquake-related hazards,

accurate urban-scale hazard and risk assessments have enhanced

risk mitigation and preparedness (Liel and Deierlein, 2013;

Rodrigues et al., 2018). Also, recent advances have led to the

development of new multi-hazard risk assessment methods for

earthquakes and tsunamis (Goda and De Risi, 2018; Park et al.,

2019). For instance, Goda and De Risi (2018) proposed a multi-

hazard loss model for Japanese subduction earthquakes by

simulating shaking-tsunami hazard processes sequentially and

applying seismic and tsunami fragility functions. Their work

extended the performance-based earthquake engineering

methodology (Baker et al., 2021) into the performance-based

earthquake-tsunami engineering methodology for regional risk

assessments. Moreover, the advanced simulation-based multi-

hazard approaches, such as Dunant et al. (2021), can capture

concurrent and cascading hazards and can be used to evaluate

their risks to exposed populations and assets. In short, newmulti-

hazard catastrophe modelling frameworks have a high potential

for practical applications, such as multi-hazard early warning,

rapid impact assessments, and risk financing via insurance and

other risk transfer approaches.

This review article summarizes the state-of-the-art of

earthquake and tsunami catastrophe modelling in Section 2.

Subsequently, a multi-hazard catastrophe modelling

framework for strong shaking and tsunami inundation due to

megathrust subduction earthquakes is presented in Section 3.

The multi-hazard earthquake-tsunami catastrophe model that is

described in this article incoporates time-dependent hazards by

adopting renewal processes for earthquake occurrence and

stochastic source modelling for earthquake ruptures that are

common to all triggered perils. Therefore, the proposed method

facilitates the quantification of multi-hazard earthquake-tsunami

risks over an extended period. In Section 4, future perspectives of

the multi-hazard approaches for earthquakes and tsunamis are

discussed, together with several possible applications for

improving disaster risk management and enhancing disaster

preparedness and resilience. The review and discussion will be

focused on physical damage and economic loss due to

earthquakes and tsunamis.

2 Earthquake and tsunami
catastrophe modelling

A general catastrophe modelling framework involves hazard

characterization, exposure database, and vulnerability

assessment (i.e., risk = hazard × exposure × vulnerability) and

requires the incorporation of uncertainties associated with key

model components (Mitchell-Wallace et al., 2017). A standard

approach for conducting such quantitative risk assessments for

earthquakes and tsunamis is to generate a stochastic event set

that contains various possible seismic events in a region of

interest and then to carry out seismic or tsunami hazard

assessments for the sites of interest where the target buildings

and infrastructures are located.

The hazard simulations depend on peril types. For shaking

hazards, using empirical ground motion models is a standard

approach (Baker et al., 2021). When multiple sites are considered

for regional seismic risk assessments, spatially correlated ground

motion fields are generated statistically (Goda and Atkinson,

2010). Although computationally expensive, alternative physics-
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based approaches can simulate ground motion time-series at the

sites of interest (Graves and Pitarka, 2010; Kurahashi and Iikura,

2013; Frankel et al., 2018). For tsunami hazards, it is common

and computationally tractable to solve the governing equations of

tsunami wave propagation and run-up numerically for a given

initial water dislocation due to an earthquake rupture (Park et al.,

2019). In this case, temporal and spatial variations of tsunami

waves are simulated based on physics, unlike statistically

characterized ground motion fields. The selection of suitable

simulation methods depends on various situations related to the

availability and applicability of existing models, validation data,

and computational resources allocated to the investigations of

interest. Regarding the other two elements of the risk formula,

exposure is common to shaking and tsunami hazards. In

contrast, vulnerability is characterized differently as the

responses of buildings to seismic and tsunami perturbances

are different. In the following, brief summaries of the state-of-

the-art earthquake and tsunami risk assessments are presented.

2.1 Earthquake risks

Strong motions generated by earthquakes are the primary

source of seismic damage and loss. Accurately assessing seismic

hazards and risks is arduous because significant uncertainties are

involved with earthquake rupture processes, seismic wave

propagation, near-surface site effects, and seismic vulnerability

of buildings and infrastructure. The performance-based

earthquake engineering (PBEE) methodology can be employed

to assess the seismic risk of structures and infrastructure (Cornell

and Krawinkler, 2000).

Figure 1 shows a computational flow of the PBEE framework.

Such a framework involves seismic hazard, structural, and

damage-loss analysis. Mathematically, the mean annual rate of

exceeding a seismic performance metric νE(DV) can be

expressed as:

]E(DV) � ∫G(DV|EDP)|dG(EDP|IM)||dλ(IM)| (1)

where the decision variable DV represents the consequence.

λ(IM) is the mean annual rate of exceeding a given intensity

measure (IM) and is computed via probabilistic seismic hazard

analysis (PSHA; Gerstenberger et al., 2020; Baker et al., 2021).

The structural analysis develops a probabilistic relationship

between IM and engineering demand parameter (EDP), which

is denoted by the complementary cumulative probability

distribution function G(EDP|IM). Typical EDP parameters

include structural response variables, such as the maximum

inter-story drift ratio and peak floor acceleration for structural

and non-structural components. The damage-loss analysis

relates EDP to DV, such as repair/reconstruction costs,

downtime, and fatalities. Many studies that implement the

PBEE approach have been conducted in the literature (Porter

et al., 2006; Goulet et al., 2007; Tesfamariam and Goda, 2015;

Rodrigues et al., 2018).

The output of Eq. 1 is typically summarized as a seismic loss

EP curve, and various risk metrics, such as AEL, value at risk

(VaR), and conditional value at risk (CVaR), can be calculated.

These quantities are often used to develop stakeholders’ views of

risk for managing financial earthquake risks and play a critical

role in making various business decisions in a broader context

(Mitchell-Wallace et al., 2017). The results also serve as input to

the cost-benefit analysis of seismic risk mitigation measures (Liel

and Deierlein, 2013) and risk financing through earthquake

insurance and alternative risk transfer mechanisms (Michel-

Kerjan et al., 2013; Bozza et al., 2015; Goda, 2015).

2.2 Tsunami risks
Tsunamis that are triggered by megathrust subduction

earthquakes are highly destructive. A proper assessment of

future tsunami hazard scenarios requires a robust treatment of

uncertainties, especially those related to the earthquake rupture.

On the other hand, tsunami risk assessments should consider

various wave effects, such as hydrostatic, hydrodynamic, and

debris impact forces, acting on the physical components of the

built environment in coastal areas exposed to tsunami hazards.

The analytical approaches for tsunami hazard and risk

assessments parallel those of seismic hazards and risks. Recent

advances in probabilistic tsunami hazard analysis (PTHA)

incorporate uncertainties associated with earthquake

occurrence and rupture characteristics of future megathrust

events (Fukutani et al., 2015; Grezio et al., 2017; Behrens

et al., 2021). Two important components that significantly

affect PTHA results are earthquake occurrence modelling

(time independent versus time-dependent; Goda, 2019) and

earthquake rupture modelling (uniform versus heterogeneous

FIGURE 1
Probabilistic seismic loss estimation framework (modified after Tesfamariam and Goda (2015)).
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distribution of earthquake slip; Geist, 2002; Davies et al., 2015;

Melgar et al., 2019). The latter can be typically carried out by

generating numerous stochastic source models with varying

geometry and slip distributions (Goda et al., 2016). It is

important to note that both occurrence and rupture models

are common to earthquakes and tsunamis. Empirical tsunami

fragility and vulnerability functions can be used to quantify the

expected damage or loss due to tsunamis (Tarbotton et al., 2015;

Macabuag et al., 2016). The integration of PTHA and tsunami

vulnerability has led to the development of performance-based

tsunami engineering (PBTE) approaches (Attary et al., 2017;

Goda and De Risi, 2017).

Using stochastic source models, a computational flow of the

PBTE framework is shown in Figure 2, and can be formulated as

(Goda and De Risi, 2017):

]T(L≥ l) � λMmin ∫PT(L≥ l|ds)fDS|IM(ds|im)fIM|S(im|s)fS|M(s|m)
fM(m)|dds||dim||ds||dm| (2)

where νT(L ≥ l) is the mean annual occurrence rate that the

tsunami loss L for a portfolio of buildings exceeds a specific loss

threshold l. The variables M, S, IM, and DS correspond to

earthquake magnitude, earthquake source parameters, tsunami

intensity measures, and tsunami damage states, respectively. In

Eq. 2, λMmin is the annual occurrence rate of tsunamigenic

earthquakes having magnitudes greater than or equal to Mmin,

while fM is the probability density function (pdf) of M above

Mmin. fS|M is the conditional pdf of S given M. The uncertain

source characteristics can be modelled probabilistically

considering earthquake source parameters and stochastic

synthesis of earthquake slip (Goda et al., 2016). fIM|S is the

pdf of IM given S and can be evaluated through tsunami

simulations by solving nonlinear shallow water equations for

initial boundary conditions of sea surface caused by earthquake

rupture. fDS|IM is the tsunami fragility function, which predicts

the probability of incurring a particular DS (e.g., collapse and

complete damage) for given IM. The fragility functions can be

derived empirically (Macabuag et al., 2016; De Risi et al., 2017) or

analytically (Attary et al., 2017; Petrone et al., 2017). Finally,

PT(L ≥ l|ds) is the tsunami loss function given DS and can be

represented by the damage-loss function and the building cost

model. The formulation shown in Eq. 2 elaborates the earthquake

rupture characterization more in detail than the formulation

shown in Eq. 1. This is because tsunami impacts are more

influenced by the earthquake slip distribution than ground

shaking effects.

Outputs from tsunami hazard assessments include site-

specific tsunami hazard curves, which can be used for

engineering design (Chock, 2016), and tsunami inundation

maps at different return period levels, which can serve as the

fundamental input to developing local and regional hazard

evacuation plans (Muhammad et al., 2017; Wood et al., 2019).

The results are also helpful for financial tsunami risk

management through tsunami insurance coverage (Song and

Goda, 2019) and tsunami catastrophe bonds (Goda et al., 2019).

3 Multi-hazard approaches for
earthquake and tsunami risks

3.1 Requirements

Shaking and tsunami hazards/risks have similar and

dissimilar characteristics, as seen in Section 2. Firstly, the

earthquake occurrence is concurrent in shaking and tsunami

risks. The probability of a catastrophic earthquake-tsunami event

over a given period can be influenced by the quasi-periodic

nature of megathrust subduction earthquakes (Sykes and Menke,

2006; Williams et al., 2019; Griffin et al., 2020). When different

time-dependent characteristics are considered, shaking and

tsunami risks are affected simultaneously, resulting in

significant variations of shaking and tsunami loss curves

(Goda, 2020). Secondly, earthquake rupture is common in

both perils. When a megathrust earthquake occurs, it is likely

that coastal communities will experience strong shaking first and

then tsunami inundation (i.e., cascading hazards). The buildings

FIGURE 2
Probabilistic tsunami loss estimation framework using stochastic source models (modified after Goda and De Risi (2017)).

Frontiers in Built Environment frontiersin.org04

Goda and De Risi 10.3389/fbuil.2022.1022736

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.1022736


will be subjected to both types of external loads, and the

cumulative effects of shaking and tsunami damage can

exacerbate the consequences (Park et al., 2012; Attary et al.,

2021). Generally speaking, ground motion hazards at a fixed

distance from the fault rupture tend to saturate in their

amplitudes with respect to earthquake magnitude

(Abrahamson and Gulerce, 2020), whereas tsunami

inundation extent tends to increase with earthquake

magnitude. These differences typically result in bimodal

distributions of earthquake-tsunami loss (Goda and De Risi,

2018; Goda et al., 2021).

To contrast the differences between shaking and tsunami

risks, Figure 3 shows several major aspects that require attention

in developing viable multi-hazard approaches for earthquakes

and tsunamis (note: although main features are categorized into

six blue hexagonal panels in Figure 3, they only serve as

exemplars rather than a comprehensive list of such features):

• Megathrust events are rare and are not best described by

conventional time-independent Poisson processes.

Nevertheless, available data are usually limited, and

fitting statistical models to historical, geological, and

paleoseismic/tsunami data is not easy due to inherent

uncertainty in these records (Ogata, 1999). Moreover,

the rupture patterns of the subduction zone can exhibit

more frequent segmented ruptures and long quiescent

super-cycle ruptures (Philibosian and Meltzner, 2020).

These aspects significantly affect earthquake occurrence

modelling (see panels 1 and 2).

• When the earthquake rupture is characterized, past historical

events are limited to relatively recent earthquakes, although a

global database of earthquake source inversion models has

been growing steadily (Mai and Thingbaijam, 2014). In

empirical ground motion models, the source representation

is rather simplistic (i.e., earthquake magnitude and

corresponding fault geometry as finite-fault with uniform

earthquake slip) unless more physical approaches are

adopted (Frankel et al., 2018). Tsunami simulations require

detailed earthquake rupture processes (i.e., heterogeneous

earthquake slip distribution and kinematic evolution).

Considering the computational requirements and available

geophysical data, the preceding situations often result in

adopting statistical models for shaking hazard simulations

in contrast with solving nonlinear shallow water equations for

tsunami simulations (see panels 3 and 4).

• In the propagation phase of the two hazards, tsunami

waves are significantly slower than seismic waves.

Nevertheless, near-tsunami waves tend to cause far

FIGURE 3
Differences between earthquake and tsunami risks.
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more destruction along the coast than shaking when the

seismic event is significant in magnitude (see panel 5),

noting that the tsunami impact significantly depends on

local topography. On the other hand, the shaking impact is

relatively less destructive because of relatively larger

distance between the causative fault rupture and

buildings (Goda and Atkinson, 2014). Historical

examples of such tsunami disasters include the

2004 Indian Ocean event (Murata et al., 2010) and the

2011 Tohoku, Japan event (Fraser et al., 2013). This often

leads to more opportunities to improve tsunami early

warning and evacuation (Muhammad et al., 2017; Wood

et al., 2016), although achieving the improved evacuation

often requires a holistic solution that effectively combines

hard measures and soft measures at community levels

(Cosson, 2020; Oregon Seismic Safety Policy Advisory

Council, 2021).

• In the damage and loss generation phase of the two

hazards, shaking and tsunami affect the different

physical components of the built environment (e.g.,

buildings and infrastructure) differently (see panel 6).

Generally, the tsunami fragility functions have steeper

slopes, i.e., rapid damage accumulation with respect to

tsunami hazard parameters (Goda and De Risi, 2018; Park

et al., 2019). The shaking risks are more widespread

spatially, but their effects on individual structures are

more variable. From a structural design viewpoint,

earthquake damage can be better controlled by

enforcing adequate seismic design and construction

practices. In contrast, although some structural measures

for reducing tsunami risks can be implemented for

individual buildings, the extent of the tsunami

inundation in a given area is significantly affected by the

coastal defence structures (e.g., seawalls, dikes,

breakwaters, and coastal forests) that are in place. In

other words, different risk management strategies are

necessary for mitigating the shaking and tsunami risks

effectively.

3.2 Multi-hazard catastrophe modelling

Overall, the analytical and computational framework for

megathrust subduction earthquakes and tsunamis needs to

consider various uncertainties in the risk assessments by

accommodating the commonality and discrepancy of the

shaking and tsunami perils (Section 3.1). The stochastic event-

based catastrophe modelling approach, which is usually

implemented for single perils, can integrate different model

components flexibly and is well suited for extending single-

hazard models into multi-hazard ones (Mitchell-Wallace et al.,

2017). The stochastic event-based approach also facilitates the

incorporation of other earthquake-triggered perils, such as

aftershocks (Zhang et al., 2018) and geohazards (De Risi et al.,

2018; Goda and Shoaeifar, 2022). A prototype of such a multi-

hazard catastrophe model for time-dependent shaking and

tsunami risks has been developed by adopting stochastic

source modelling (Goda, 2020). The generic feature of this

model is summarized in the following. The formulations and

specific applications of the multi-hazard loss model can be found

in Goda and De Risi (2018) and Goda (2020). Figure 4 depicts the

computational framework of the probabilistic earthquake-

tsunami loss estimation.

3.2.1 Earthquake occurrence
Earthquake occurrence is one of the most significant

elements in PSHA and PTHA and involves significant

uncertainty. By observing the quasi-periodic occurrence of the

past megathrust subduction events, both physics-inspired

occurrence models (Shimazaki and Nakata, 1980; Kiremidjian

and Anagnos, 1984) and statistical renewal models (Cornell and

Winterstein, 1988) have been proposed in the literature. To

implement time-dependent earthquake occurrence models in

catastrophe modelling, a standard approach is to adopt

renewal processes (Matthews et al., 2002). Their characteristics

can be specified by the inter-arrival time distribution (e.g.,

Brownian Passage Time and Weibull distributions), mean and

standard deviation of recurrence period, and elapsed time since

the last event. The consideration of the elapsed time is essential as

it adjusts the time clock for the risk assessment with respect to the

recurrence interval. A recent time-space interaction model of

earthquake occurrence can capture spatiotemporally interacting

rupture segments of the megathrust event (Ceferino et al., 2020)

and can be used for multi-hazard risk assessments.

The earthquake occurrence module shown in Figure 4

generates numerous stochastic event sets for a specified

duration by considering quasi-periodic characteristics of major

tsunamigenic earthquakes, represented by a renewal model. The

corresponding magnitude of the simulated events can be

specified by using applicable magnitude models, such as

Gutenberg-Richter relationships and characteristic models. In

defining the temporal and magnitude characteristics of the

earthquake occurrence model, it is important to ensure that

the regional seismic moment release rate is appropriately

balanced with regard to long-term historical seismicity and

geodetic observations. In other words, the above-mentioned

two aspects are interrelated. Stochastic event sets can be

generated via Monte Carlo simulations (Goda, 2019).

3.2.2 Earthquake rupture
Earthquake rupture is a complex process influenced by pre-

rupture stress and frictional conditions of the fault. The first step

for earthquake rupture modelling, shown in Figure 4, is to define

a fault geometry based on the seismotectonic characteristics of

the region of interest. A useful source of such subduction

interface geometry is the Slab2 model by Hayes et al. (2018).
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The spatiotemporal rupture process can be estimated by

matching key features of simulated data with observations. To

characterize earthquake sources of future events, empirical

scaling relationships of fault geometry and earthquake slip can

be utilized (Goda et al., 2016; Melgar and Hayes, 2019), and their

realized values can be sampled from these equations.

To characterize the spatial distribution of earthquake slip,

spectral analysis can be used to determine the wavenumber

representation of earthquake slip heterogeneity (Herrero and

Bernard, 1994; Mai and Beroza, 2002; Lavallée et al., 2006). The

derived spectral model, such as the von Karman spectrum, can be

used to synthesize stochastic earthquake slip distributions (Mai

and Beroza, 2002). To quantify the uncertainties of tsunami

earthquake rupture, such stochastic source models have been

used in various tsunami hazard studies that account for

heterogeneous earthquake slips (Davies et al., 2015; Sepúlveda

et al., 2018). Generating realistic earthquake rupture scenarios via

stochastic source modelling requires careful consideration of

regional seismotectonic and geophysical characteristics.

Defining possible areas of large earthquake slip concentrations

(i.e., asperities) involves epistemic uncertainties and typically is

dealt with via a logic tree (Fukutani et al., 2015). Furthermore,

different rupture behavior of the outer wedge of the accretionary

prism near the trench, such as splay rupturing and trench

breaching (Gao et al., 2018), can also be characterized through

stochastic source modelling (Momeni et al., 2022).

3.2.3 Multi-hazard impact simulations
The third major building block of the probabilistic loss model

for shaking and tsunami risks is the multi-hazard impact

simulations (see Figure 4), whose results are represented by the

conditional multi-hazard loss distributions. For a given earthquake

magnitude, for all generated stochastic rupture models, ground

motion and tsunami inundation simulations can be performed

for a building portfolio of interest in a coastal community, and

the results are summarized as empirical probability distributions of

the selected risk metric (e.g., multi-hazard portfolio loss) or as fitted

parametric probability distributions. Note that the seismic and

tsunami intensity simulations are carried out for the same event

and rupture case. Once shaking and inundation intensity measures

at the locations of interest, seismic and tsunami fragility functions as

well as relevant damage-loss functions are applied to evaluate

damage severities of the exposed assets. Repeating this process

facilitates the evaluation of the probability distribution functions

of single-hazard and multi-hazard loss metrics to be obtained for

different magnitude ranges (Goda and De Risi, 2018).

FIGURE 4
Probabilistic time-dependent earthquake-tsunami loss estimation framework using stochastic source models (modified after Goda (2020)).
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Seismic and tsunami fragility functions implemented in

the multi-hazard impact simulations should capture the

damage accumulation effects (Park et al., 2012; Attary

et al., 2021). At present, such shaking-tsunami damage

accumulation models, which need to be developed through

numerical simulations of the combined seismic-tsunami

effects on buildings due to unavailability of empirical

damage data in such multi-hazard situations, are not

available for many subduction regions. Since structural

design requirements and construction practice usually

differ across seismic regions, these analytical multi-hazard

fragility functions will be region- and structure-specific. This

is an open area of future research in advancing the multi-

hazard catastrophe models for shaking and tsunami risks.

FIGURE 5
Example of multi-hazard loss curves and joint multi-hazard maps for shaking and tsunami risks (modified after Goda and De Risi (2018)). The
seismic intensity is represented by peak ground velocity, whereas the tsunami intensity is represented by tsunami height.
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3.2.4 Risk integration
To combine the outputs from the three modules, for each

event in the stochastic event catalogs from Section 3.2.1, the

single-hazard and multi-hazard loss values are sampled from the

conditional loss distribution that corresponds to the event’s

magnitude (from Section 3.2.3). By repeating this sampling for

all events in a single stochastic catalog, one sample of the multi-

hazard loss can be obtained. This process of Monte Carlo

sampling can be iterated for all generated stochastic event

catalogs, and the results can be summarized as a multi-hazard

EP loss curve. These simulated samples of the multi-hazard loss

can be used to quantify several risk metrics, such as AEL and

VaR, for making risk management decisions. Individual loss

results for shaking and tsunami risks are retained for the

post-processing, noting that single-hazard EP curves and risk

metrics can also be obtained as part of the catastrophe model

output. An advantage of the proposed method is the

computational efficiency. Although performing several

thousands of tsunami inundation simulations require a high

computing capacity and resource, this usually does not

become a significant obstacle because the tsunami simulation

based on shallow water theory is computationally less expensive

than solving the governing equations in 3D (i.e., Navier-Stokes

equations) or conducting 3D seismic ground motion simulations

(Graves and Pitarka, 2010; Frankel et al., 2018). The decoupled

approach to earthquake occurrence and the multi-hazard impact

simulation also achieves a high computational efficiency when

numerous kinds of earthquake occurrence models are considered

in the risk assessments.

To illustrate the above-mentioned multi-hazard risk

approach, a regional seismic-tsunami loss that was obtained

for the southern part of Miyagi Prefecture, Japan, is

considered. Figure 5 shows an example of multi-hazard loss

curves and joint multi-hazard maps for shaking and tsunami

risks, which are modified from Goda and De Risi (2018).

Using the multi-hazard loss curve (blue line in the central

panel), the overall risk level for the considered building

portfolio (i.e., 6,096 wooden houses) can be quantified. For

each point on the loss curve at a selected return period level

(e.g., 100 and 500 years return periods on the top and bottom

rows, respectively), a corresponding earthquake rupture

scenario can be referenced, and joint shaking and tsunami

inundation hazard maps can be drawn. Such joint mapping of

the multi-hazard intensities is useful for visualizing multi-

hazard scenarios and communicating risk assessment results

with stakeholders. The results can be presented for different

hazard and risk quantities, such as damage states and losses of

buildings (Goda et al., 2021). These scenarios can be further

linked with evacuation simulation results to convey a range of

multi-hazard risk results under different scenarios

(Muhammad et al., 2021). The versatility and extendibility

of the proposed multi-hazard catastrophe model for shaking

and tsunami risks are particularly valuable.

4 Disaster risk reduction and
management for cascading and
compounding multi-hazard risks

Our society and infrastructure are subjected to multiple types

of cascading hazards. Integrated hazard and risk assessment and

management policies are needed to mitigate consequences due to

multiple concurrent hazards (Tilloy et al., 2019). In this context,

new time-dependent earthquake-tsunami risk models will serve

as essential decision-support tools for reducing and managing

disaster risks from future megathrust subduction earthquakes

and tsunamis. Types of investigations that can be explored using

the new risk quantification tools are broad, ranging from

improved mapping and forecasting of cascading and

compounding earthquake and tsunami risks to developing

community-focused solutions, such as early warning system,

evacuation planning, and land-use planning. The multi-hazard

loss models are also indispensable for developing disaster risk

financing tools, such as insurance rate-making and alternative

risk transfer instruments. They can be used to quantify and

compare the benefits and costs associated with different

alternatives (Scolobig et al., 2017), thereby promoting risk-

informed decision-making in managing catastrophic

earthquake-tsunami risks. Moreover, the new approaches can

incorporate maintenance and inspection costs, and other

environmental impacts from “cradle to grave”, to further

improve both resilience and sustainability of society and built

environments for coastal communities and infrastructures

(Akiyama et al., 2020).

In this section, future perspectives of earthquake-tsunami

risk assessments are discussed by adopting a disaster

management cycle, i.e., mitigation, preparedness, response,

and recovery, as a guiding framework for enhancing

earthquake-tsunami risk management. This is illustrated in

Figure 6. Enhanced disaster management aims to reduce/avoid

the potential losses from cascading hazards, assure prompt and

appropriate response and support/assistance for victims, and

achieve rapid and effective recovery (Bruneau and Reinhorn,

2007). By integrating these key elements of earthquake-tsunami

risk mitigation measures from a holistic risk management

perspective, future resilience-based approaches for earthquakes

and tsunamis will emerge. Ultimately, resilient capacity building

in coastal communities will empower residents, responders,

organizations, communities, governments, and society to share

the responsibility to prevent disasters and adapt to future perils

(Ayyub, 2014; UNDRR, 2022).

4.1 Mitigation

The mitigation (prevention) phase of the disaster

management cycle aims to minimize disaster effects (e.g.,

retrofitting and zoning, vulnerability analyses, and public
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education). Protection via physical measures is the primary

approach for controlling disaster risks to built environments,

and building codes have played a key role (Chock, 2016). In

promoting more resilient building design and construction

practices, the life-cycle cost-benefit assessments based on

suitable catastrophe models are essential (Liel and Deierlein,

2013; Akiyama et al., 2020), and quantitative comparisons of the

benefits and costs facilitate the more efficient use of available

resources and budgets for disaster risk reduction.

Improving the accuracy of the hazard and risk assessment

methods is important, which will eventually lead to enhanced

actions for risk mitigation. Developing new time-dependent

multi-hazard risk models for cascading and compounding

earthquake perils is an exemplar (Section 3). A critical

research gap in the new multi-hazard earthquake-tsunami

catastrophe modelling is the multi-hazard fragility that

accounts for the damage accumulation effects from

multiple concurrent perils (Attary et al., 2021). Resolving

this research bottleneck will require interdisciplinary

collaboration between earthquake-tsunami scientists and

seismic-coastal engineers. The inputs to numerical

structural models must come from advanced multi-hazard

simulators of strong motion and tsunami waves (Maeda et al.,

2013; Goda et al., 2017) by accounting for uncertainties of the

multi-hazard processes and scenarios (note: a myriad of

possible multi-hazard loading scenarios exist; Dunant et al.,

2021). These hazard inputs are used to conduct the multi-

hazard damage assessments of the structural models via

analytical approaches, such as sequential nonlinear static

analyses (Petrone et al., 2017) and more computationally

demanding nonlinear dynamic analyses (Park et al., 2012;

Attary et al., 2021). The multi-hazard tools must be further

extended to resolve these research challenges.

4.2 Preparedness

The preparedness phase is focused on planning how to

respond to a disaster and includes preparedness planning,

emergency exercises/training, and warning systems. The

multi-hazard catastrophe models for earthquakes and

tsunamis can contribute to this phase of the disaster

management cycle in various ways. For instance, joint multi-

hazard mapping in relation to an overall portfolio risk promotes

the direct association of possible disaster scenarios and

consequences by considering uncertainties and helps visualize

these multi-hazard risk results (Figure 5). This is particularly

useful for risk communications with local residents and

community responders.

The developed multi-hazard catastrophe models can be used

as multi-hazard scenario simulators that take into account

different hazard interactions (e.g., triggering, exacerbating,

catalyzing, and impeding relationships; Gill and Malamud,

2014, 2016). When the cumulative impacts from multiple

damaging perils are fully developed in the models (Section

4.1), deteriorating vulnerability, which represents the

diminishing capacity of society and infrastructure subjected to

the cascade of multiple compounding risks, can be incorporated

into the risk assessments. The changing exposure can also be

integrated into the risk assessments (Mesta et al., 2022). As Gill

FIGURE 6
Disaster management cycle for enhanced earthquake-tsunami risk management.
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and Malamud (2014, 2016) demonstrated, hazard interactions,

which are likely to be affected by natural, anthropogenic, and

technological processes, are complex. In the above context,

natural hazards are not limited to geological risks (strong

motion, tsunami, landslide, liquefaction, and aftershock) but

include meteorological and climate risks. To visualize the

complex multi-hazard interaction and its impact on the built

environment, Dunant et al. (2021) utilized a graph theory

combined with a probabilistic multi-hazard catastrophe model

for earthquake and rainfall-triggered landslides. Their results

demonstrated that the primary risk in the case study area is

affected by earthquakes. In contrast, in extreme situations,

landslide risks triggered by either heavy rainfalls or major

earthquakes become important and increase overall risks due

to hazard interaction.

4.3 Response

The response phase of the disaster management cycle strives to

minimize the hazard impacts created by a disaster and can involve

search and rescue, emergency relief, early warning announcement

and evacuation, and rapid risk assessment. In implementing disaster

risk reduction actions for this phase, it is important to consider the

impact to human fatalities (Latcharote et al., 2018), in addition to

physical damage and economic loss, which has been mainly focused

upon in this article. In conducting the research related to the

response, key competing requirements are accuracy and time

(e.g., issuing warning messages) and must consider uncertainties

and errors associated with such assessments and decisions.

Although tsunamis cannot be prevented, their severe impact

can bemitigated through enhanced tsunami preparedness, timely

warning, and effective response, and a tsunami early warning

system is an effective tool to reduce victims (Harig et al., 2019). In

creating a comprehensive database for a tsunami early warning

system and developing an effective algorithm for issuing accurate

warning messages, it is important that the system is tested to

work well for a variety of possible earthquake ruptures. However,

there is no abundant historical tsunami data that can be directly

used for developing such a warning system. Because it is

uncertain how future tsunami events may unfold, it is sensible

to use synthetic tsunami wave data to calibrate the tsunami early

warning algorithm based on the conventional earthquake

information (e.g., magnitude estimate and epicenter location)

as well as offshore wave data (e.g., S-net in Japan; Kanazawa,

2013). For this purpose, adopting stochastic tsunami simulation

models is a viable approach (Mulia and Satake, 2021; Li and

Goda, 2022), which allows the consideration of realistic

heterogeneous earthquake slips and is statistically and

seismologically compatible with inferred earthquake slips via

source inversion analyses (Section 3). Another important

development for tsunami forecasting and warning is the real-

time data assimilation technique using a dense array of wave

recording stations and numerical tsunami simulations (Gusman

et al., 2016; Wang and Satake, 2021). When the multi-hazard risk

outputs are included, not only conventional hazard-based

warning systems but also risk-based warning systems can be

developed. Furthermore, the use of synthetically simulated

hazard and risk data allows more advanced statistical and

machine learning methods to be applied to the development

of early warning systems (Makinoshima et al., 2021).

The use of multi-hazard simulators also presents new

research avenues for carrying out earthquake-tsunami

evacuation. Agent-based evacuation models can capture the

dynamics of tsunami inundation, interaction with the built

environment (e.g., road network capacity), and complex

human interactions (Lammel et al., 2010; Wood et al., 2016).

When agent-based models are implemented within a stochastic

source modelling framework, the effectiveness of current and

proposed evacuation systems (different routes and destinations,

including vertical evacuation shelters) can be evaluated by fully

accounting for uncertainties of different multi-hazard scenarios

(Muhammad et al., 2017, 2021). The results from such integrated

hazard-evacuation simulations are insightful as they produce the

community-level performance metrics of different evacuation

systems and strategies.

Rapid tsunami impact assessment methods are currently

lacking. This contrasts sharply with rapid earthquake impact

assessment tools implemented globally in the USGS PAGER

(Prompt Assessment of Global Earthquakes for Response)

system (Wald et al., 2010). Conventionally, the earthquake

and tsunami impact can be assessed quickly based on

earthquake magnitude and location. With the expansion of

recording networks of earthquakes (K-NET and KiK-net in

Japan) and tsunamis (e.g., S-net in Japan), real-time recorded

shaking and wave information could be employed. Moreover,

recent availability of satellite imageries and semi-automated

image processing, combined with machine learning

techniques, could be exploited to develop multi-hazard rapid

impact assessment tools (Moya et al., 2018; Goda et al., 2019;

Naito et al., 2020). The fusion of remote sensing technology and

advanced data analytics is a promising research field for post-

disaster hazard monitoring and risk management (Voigt et al.,

2016).

4.4 Recovery

The recovery phase concerns returning to normality for the

affected communities as soon as possible by providing victims

with temporary housing, financial aid, and medical/mental care.

Insurance can be viewed as a financial means for affected

households to recover from the disaster impacts and to

expedite the recovery process.

Although earthquake insurance is usually available for many

earthquake-prone countries and regions (OECD, 2018), tsunami

Frontiers in Built Environment frontiersin.org11

Goda and De Risi 10.3389/fbuil.2022.1022736

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.1022736


insurance coverage is not widely offered for coastal areas that are

exposed to potential tsunami risks. The development of tsunami

insurance products requires the fair quantification of tsunami

risks for their pricing. In this regard, capable tsunami catastrophe

models are essential (Song and Goda, 2019). Furthermore, when

multi-hazard insurance products for shaking and tsunami risks

are to be offered, accurate multi-hazard catastrophe models will

be needed to differentiate insurance rates for multi-hazard

shaking-tsunami loss coverage by focusing on strong shaking

intensity and effects of land elevation and topography.

To mitigate the economic impact of catastrophic shaking-

tsunami hazards for insurers and local/central governments,

financial risk transfer instruments offer alternative ways to

diversify the financial risk exposures due to natural catastrophes.

For instance, the insurance/reinsurance industry and governments

can use parametric catastrophe bonds to transfer catastrophic risks

to thefinancialmarkets (Goda, 2015; Goda, 2021). The advantages of

the parametric catastrophe bonds are low moral hazard (Cummins,

2008) and swiftness/transparency of the payment (unlike

conventional insurance; King et al., 2014). The disadvantage is

the basis risk (i.e., the discrepancy between the payment and

actual loss). The accurate catastrophe models are necessary for

designing effective bond triggers and for reducing the basis risk.

In this context, rapid risk assessment methods for earthquakes and

tsunamis (Section 4.3) will facilitate the new development in disaster

risk financing tools.

5 Conclusion

The catastrophe models are effective tools to quantify the

financial impact due to natural disasters. The models are based

on the modular hazard-exposure-vulnerability framework.

Therefore, they can be updated/extended flexibly for

different hazard types and built environment. Future

research must address cascading hazards and their

compounding impacts by accounting for the physical

causes of the multi-hazards and evaluating the effectiveness

of response and recovery measures for mitigating impacts and

enhancing disaster resilience of built environments. Using a

diaster cycle as a framework, several key areas of future

research have been mentioned in Section 4. The

catastrophe models have a vast range of applications in the

private and public sectors. The tools and their applications

will enable new approaches for more efficient disaster risk

management over the entire disaster cycle.

The prototype multi-hazard catastrophe model introduced in

Section 3 promotes time-dependent multi-hazard risk

assessments for coastal communities (i.e., people and

infrastructure). With the broader perspectives on future

disaster risk management for coastal active subduction

regions, non-geological hazards can pose significant risks. For

instance, relative sea level rise will affect the baseline water level

for tsunami hazard and risk assessments and is an important

factor for long-term infrastructure planning (Li et al., 2018;

Alhamid et al., 2022). Coastal hazards, such as storm surges,

could affect the integrity of the coastal defence structures in place

and impacts of geological hazards could depend on those of

preceding hazards. On the other hand, if a major subduction

earthquake precedes local storm surge events, coastal structures

may be impaired before storms, and tectonic subsidence due to

the earthquake may reduce the height capacity of the defence

structures. These compounding climate-geological risks can

interact and amplify their impacts, and their hazard

sequences, depending on timing and severity, will become

more critical for disaster risk management. To quantify the

interaction of cascading and compounding climate-geological

risks, the current multi-hazard catastrophe models must be

extended to a dynamic multi-hazard risk framework that

accommodates changing characteristics of social, demographic,

and built environments.
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