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A multi-hazard spatial mapping for shaking and tsunami risks is necessary for coastal communities that face imminent dangers from megathrust subduction earthquakes. Conventional single-hazard (seismic or tsunami) mapping methods are not effective in addressing this research gap because the individual hazard effects cannot be combined directly. This study presents a new risk-based multi-hazard microzonation method, which displays relative risks of a representative building asset due to earthquakes and tsunamis within a local community and applies it to the District of Tofino in British Columbia, Canada, which is located in the Cascadia subduction zone. A recently developed catastrophe model is used to generate a comprehensive set of multi-hazard loss data for Tofino by reflecting two local factors, i.e., site amplification proxy for shaking and high-resolution topography for tsunami. The risk-based multi-hazard microzonation maps capture spatially varying loss contributions from shaking and tsunami hazards at different annual probability of exceedance levels. Different visualization approaches can be considered to facilitate the disaster risk management and risk communications with residents and stakeholders.
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1 INTRODUCTION
Coastal communities located in subduction zones are threatened by crustal, inslab, and interface earthquakes (Hyndman and Rogers, 2010). The latter, especially caused by megathrust subduction events, such as the 2004 Indian Ocean earthquake (Ghobarah et al., 2006), the 2010 Maule Chile earthquake (Fritz et al., 2011), and the 2011 Great East Japan earthquake (Fraser et al., 2013), can generate intense, long-duration ground shaking and massive tsunamis and devastate many coastal cities and towns across a large geographical area. Seismic and tsunami hazard mapping is a primary tool to quantify the potential impacts due to tsunamigenic earthquakes (Baker et al., 2021; Goda et al., 2025). Moreover, natural catastrophe models can be used to calculate the economic loss due to earthquakes and tsunamis (Mitchell-Wallace et al., 2017; Goda and De Risi, 2023) and to promote effective disaster risk management for the insurance-reinsurance industry and governmental organizations (OECD, 2018). Recent studies have extended conventional risk assessments for individual hazards to multi-hazard risk assessments by accounting for cascading trigger sources and compounding consequences to exposed assets (Selva, 2013; Park et al., 2019). Such multi-hazard risk assessments facilitate the cost-benefit analysis of available risk mitigation options and improve the resilience of coastal communities and infrastructures (Ayyub, 2014; Akiyama et al., 2020).
Hazard microzonation provides the basis for site-specific analysis of natural hazard impact and is primarily focused on relative spatial variation of the hazard parameter by reflecting local characteristics. Typically, hazard microzonation subdivides an area into zones based on influential site-specific factors and provides more detailed hazard mapping at local scale, compared to nationwide hazard mapping (e.g., several ten to hundred meters versus several kilometers). Seismic microzonation is often targeted for a hazard type, such as shaking, liquefaction, and landslide (Yamazaki and Maruyama, 2011). It can be carried out based on geological/geomorphological classification maps (Matsuoka et al., 2015) and a combination of geophysical data, such as dense borehole databases and microtremor measurements (Molnar et al., 2020). A popular local parameter is the average shear-wave velocity in the top 30 m (Vs30), which serves as a proxy for site amplification and is compatible with national seismic hazard assessment. Similarly, the concept of microzonation has been applied to tsunami hazard mapping by displaying the predicted tsunami inundation depths and extents in coastal cities and towns for selected worst-case scenarios (Salamon et al., 2007). The influential factors for tsunami inundation are elevation and surface roughness (Kaiser et al., 2011). More recently, Zamora et al. (2021) proposed to consider tsunami wave arrival time as target parameter by emphasizing its relevance to tsunami evacuation. In conducting microzonation for both hazard types, availability of local influential factors in high spatial resolutions and their implementations in ground motion and tsunami simulations are crucial.
It is common to conduct seismic and tsunami hazard mapping separately, which is in accordance with the categorization by Zschau (2017) as ‘Single Hazard, Single Risk’. Currently, there is no established approach to consider multi-hazard impacts in a unified way (Kappes et al., 2012; Marzocchi et al., 2012; Zschau, 2017; Hochrainer-Stigler et al., 2023). This situation partly stems from differences in conventional seismic and tsunami hazard mapping methods and their qualitative and quantitative indices and/or metrics. In seismic hazard mapping, independent site-specific hazard assessments are the most common by taking into account a comprehensive set of probabilistic (stochastic) scenarios and the results are summarized as site-specific uniform hazard spectra (Baker et al., 2021). On the other hand, in tsunami hazard mapping, scenario-based hazard assessments (without explicitly considering the occurrence process or likelihood of scenarios) are widely used to visualize detailed inundation characteristics for a limited number of earthquake rupture cases (Goda et al., 2025). A full probabilistic tsunami hazard analysis (which considers the probability of tsunamigenic events using a comprehensive stochastic event set) is becoming more popular but is often focused upon offshore locations with relatively crude spatial resolutions. For the multi-hazard mapping, both scenario-based and stochastic event approaches are viable. In characterizing the hazard and risk processes probabilistically, scenario-based assessments can also be fully probabilistic (apart from the occurrence process or likelihood of scenarios) (Goda et al., 2021). Another important limitation of the above-mentioned hazard-based microzonation is the lack of rational methods to combine the ‘hazard’ effects of ground shaking and tsunami inundation at local levels directly, for instance, as cascading phenomena (e.g., Kappes et al., 2012). To overcome these limitations, risk-based multi-hazard microzonation should be implemented, noting that the exposed population or asset is subjected to both hazards (in cascade) and the risk quantification for these people and assets are the ultimate goal of seismic and tsunami microzonation. According to the classification schemes suggested by Zschau (2017), there are three multi-hazard categories: (i) ‘Multilayer Single Hazard, Single Risk’ approach does not consider hazard interaction nor compounding effects in vulnerability, (ii) ‘Multihazard, Multihazard Risk’ considers hazard interaction but no compounding effects in vulnerability, and (iii) ‘Multihazard, Multirisk’ accounts for both hazard interaction and vulnerability compounding. Ideally, the risk-based multi-hazard microzonation mapping should be conducted by adopting quantitative risk models that account for hazard interaction and compounding vulnerability (i.e., (ii) or (iii)).
This study proposes a risk-based microzonation approach for earthquakes and tsunamis by jointly evaluating the effects of shaking and tsunami risks at individual sites within a coastal city/town. An advantage of the risk-based multi-hazard microzonation mapping is that local risk profiles from multiple hazards are integrated from at-risk asset’s perspective and visualized on a single map. The proposed approach focuses upon the District of Tofino, British Columbia, Canada, which is exposed to the Cascadia subduction earthquakes as well as other seismic sources. The most recent Cascadia earthquake occurred in 1700 with moment magnitude (Mw) of 9.0 and ruptured the whole margin of the subduction zone (Goldfinger et al., 2012; Walton et al., 2021). It is the most dominant earthquake-tsunami threat in the Pacific Northwest of North America. To demonstrate the new multi-hazard microzonation approach, a quantitative multi-hazard risk assessment is carried out by using a catastrophe model developed by Goda (2024). This model involves earthquake occurrence modeling, stochastic source modeling, ground motion simulation, tsunami inundation simulation, seismic damage assessment, and tsunami damage assessment, and produces exceedance probability loss curves of buildings. For the risk-based microzonation mapping, the most prevalent building is adopted as a representative at-risk asset in Tofino. The results are displayed as loss maps for single-hazard and multi-hazard cases by considering different return periods. Multiple methods for visualizing microzonation maps are demonstrated. This study is distinct from Goda (2024) in that site-specific risk assessments are performed, instead of a building portfolio within the community, and relative risk profiles due to earthquakes and tsunamis are primarily evaluated to promote the community’s disaster risk management based on multi-hazard microzonation.
2 MULTI-HAZARD RISK MODEL FOR EARTHQUAKES AND TSUNAMIS
This section presents an earthquake-tsunami risk model for a typical building in Tofino by considering megathrust sources and other (crustal/inslab) sources in the Cascadia subduction zone. In Section 2.1, the physical and built environments of Tofino are summarized. In Tofino, detailed building information and local site information that can be used for seismic and tsunami microzonation are available from the West Coast Probabilistic Earthquake and Tsunami Risk Assessment project (Novakovic et al., 2023). By examining the building portfolio data, a representative at-risk asset in Tofino is chosen. Subsequently, in Section 2.2, a multi-hazard risk model for earthquakes and tsunamis (Goda, 2024) is introduced, which is used to generate numerical results for deriving site-specific single-hazard and multi-hazard exceedance probability loss curves and for producing risk-based single-hazard and multi-hazard microzonation maps (Section 3).
2.1 Physical and built environments of the District of Tofino
2.1.1 Cascadia subduction zone and regional seismicity
The Cascadia subduction zone extends 1,100 km from British Columbia, Canada, to Northern California, United States of America, and is influenced by movements of four tectonic plates in the Pacific Northwest. Figure 1a shows the relative plate motions of the three oceanic plates (i.e., the Juan de Fuca, Gorda, and Explorer) with respect to the continental North American Plate (DeMets et al., 2010). Various studies investigated the history of megathrust subduction events using paleo-seismic/tsunami onshore and offshore deposits (Walton et al., 2021). One of the most comprehensive histories was compiled by Goldfinger et al. (2012) using radiocarbon dating and stratigraphic correlation techniques, applied to marine turbidite core samples. Figure 1b shows the rupture history of the Cascadia subduction zone in the Holocene (Goldfinger et al., 2012). Among identified 40 ruptures, 19 were estimated to be full-margin rupture (typically, Mw 8.7 to Mw 9.1), while the remaining 21 were estimated to be partial rupture (typically, Mw 8.0 to Mw 8.7), concentrating in the central to southern margins of the Cascadia subduction zone. From the seismic-tsunami risk perspectives, the full margin ruptures are of relevance to coastal cities and towns in British Columbia because of their proximity. The mean recurrence period of megathrust earthquakes is 530 years and 325 years have passed since the last full-margin event in 1,700 (Goldfinger et al., 2012). The recurrence interval of two successive events can vary widely between 120 years and 1,380 years and their recurrence patterns exhibit clusters and long gaps, which do not follow a Poisson process (Goda, 2023).
[image: Map and chart illustrating tectonic activity. Panel (a) shows a regional map of tectonic plates off the west coast of North America, including the Explorer, Juan de Fuca, and Gorda Plates. Arrows indicate motion relative to the North American Plate. Panel (b) is a timeline chart from 8000 B.C. to A.D. 2000, marking tectonic activity with black, green, red, and blue lines. Each color represents different plate boundary margins.]FIGURE 1 | (a) Map of the Cascadia subduction zone in the Pacific Northwest. The relative plate motion between the Pacific Plate and the North American Plate is based on DeMets et al. (2010). (b) Rupture history of the past Cascadia subduction earthquakes based on Goldfinger et al. (2012).In addition to the megathrust interface events from the Cascadia subduction zone, regional seismicity in southwestern British Columbia is affected by deep seismicity and shallow crustal seismicity. Historically, the deeper portion of the subducting oceanic plate generated damaging inslab events beneath Puget Sound in 1949, 1965, and 2001, whereas the continental plate hosted damaging earthquakes in the Strait of Georgia in 1918 and 1946 (Cassidy et al., 2010). In the national seismic hazard model of Canada (Halchuk et al., 2014), two areal source zones are defined to capture seismic events occurring in the subducting slab (i.e., GTP source with earthquake magnitudes up to 7.5, placed at focal depths of 50 km or deeper) and in the upper crust (i.e., PGT source with earthquake magnitudes up to 7.7, placed at depths of 20 km or shallower). On the other hand, the seismicity from the Cascadia subduction zone is captured by a fault source (i.e., CIS source with earthquake magnitudes between 8.5 and 9.2). Other active sources of earthquake hazards for communities on Vancouver Island are offshore earthquakes.
2.1.2 District of Tofino
Tofino is a coastal town on Vancouver Island and is a popular destination for tourists because of its wild natural scenery, sandy beaches, lakes, inlets, and ancient rainforests. The current population in Tofino is about 2,500, while in summer seasons, its daily population exceeds 10,000. A map of Tofino is shown in Figure 2a. The main commercial area of Tofino Town is at relatively high elevation (∼20 m above mean sea level) and does not face the Pacific Ocean directly (i.e., low tsunami exposure), while beach areas are at low elevation, occupied by houses, resort hotels, and campsites, and face the Pacific Ocean directly (i.e., potential high tsunami exposure).
[image: Map and chart illustration showing Tofino on Vancouver Island with elevation data and building distributions. (a) Map shows buildings and roads with elevation zones above 5, 10, and 20 meters. (b) Elevation heatmap with sites marked from the Pacific Ocean side. (c) Histogram of building footprints in square meters. (d) Histogram of total building costs in million Canadian dollars. Each histogram relates to 1,166 residential wooden buildings.]FIGURE 2 | (a) Map of Tofino with buildings and roads. (b) Locations of 1,426 grid points for microzonation mapping. (c) Histogram of the building footprint area of residential wooden buildings in Tofino. (d) Histogram of the total building cost of residential wooden buildings in Tofino. Square markers that are enclosed by an oval, shown in (b), indicates the locations of four specific sites that are considered in Section 3.1.For risk-based microzonation mapping, a representative building is placed over the land area of the District of Tofino (not just where buildings and infrastructures are constructed). For this purpose, 1,426 grid points are defined with 100 m spacing over the areas with elevations above 0.5 m. This is shown in Figure 2b.
The representative building can be determined by examining the characteristics of existing buildings in Tofino. For this purpose, a complete building inventory database, created by the District of Tofino in 2022, can be used (Novakovic et al., 2023; Goda, 2024 for details). Each entry is confirmed by building-by-building surveys and is assigned with a seismic design category (high-code, moderate-code, low-code, and pre-code). In the database, buildings are classified into six structural material categories (concrete, steel, reinforced masonry, unreinforced masonry, wood, and manufactured) and four occupancy/use categories (civic, commercial, industrial, and residential). The database also includes building specific information on construction year, story number, building value, and building footprint (see Goda (2024) for details). Each entry is confirmed by building-by-building surveys and is assigned with a seismic design category (high-code, moderate-code, low-code, and pre-code; Hobbs et al., 2021). Among 1,789 buildings in Tofino, the most dominant typology is a residential wooden building with pre-code seismic design level (1,166 buildings have ‘RES1-W1-PC’ classification label). Figures 2c,d show histograms of the footprint area and the total cost of the 1,166 residential wooden buildings. By taking the mean of the building cost data, the representative building has the total cost of 880,000 Canadian dollars (C$), consisting of structural elements (C$ 175,000), non-structural elements (C$ 635,000), and contents (C$ 70,000).
2.1.3 Local influential factors for seismic and tsunami microzonation
The local geology of the District of Tofino consists of an organic layer of forest litter overlying native soils comprising soft to stiff clay-silt and/or loose to compact sand at relatively shallow depth (British Columbia Ministry of the Environment, 1985). These surficial deposits are underlain by Triassic to Lower Cretaceous volcanic and volcaniclastic rock. Such subsurface conditions are confirmed by available geotechnical drilling log data acquired by the District of Tofino.
A geotechnical assessment team of the West Coast Probabilistic Earthquake and Tsunami Risk Assessment project (Novakovic et al., 2023) carried out a non-invasive seismic field campaign (57 microtremor recordings and 9 seismic array testing) to achieve seismic site assessment throughout the District of Tofino. The sites for microtremor measurements covered the District of Tofino comprehensively (except for the hilltop of the Esowista Penunsula Figure 2a), while the sites for seismic array measurements, which require a sufficiently wide-open space, were placed along the Esowista Penunsula. Using the microtremor data, the fundamental site resonance frequencies can be estimated (note: when the representative shear wave velocity of the top layer is available, its thickness can be inferred through the quarter wavelength method). On the other hand, seismic array data allow the estimation of the surface wave dispersion curve. When both fundamental site resonance frequency and surface wave dispersion curve are available, these data can be jointly inverted to obtain a constrained shear wave velocity (Vs) profile. Then, the estimated Vs profile can be used to compute the Vs30 value. In the West Coast Probabilistic Earthquake and Tsunami Risk Assessment project, the estimation of Vs30 values at untested locations was conducted using a Voronoi tessellation method by taking into account available surficial geology map (British Columbia Ministry of the Environment, 1985) and the estimated fundamental site resonance frequencies. Subsequently, the obtained Vs30 values were employed to determine the National Building Code of Canada seismic site class (Humar, 2015). The results of the estimated Vs30 values in terms of the grids shown in Figure 2b, are displayed in Figure 3a. The tip of the Esowista Peninsula, where Tofino Town is located, is with high Vs30 values (i.e., rock with thin soil cover), whereas the beach areas along the Pacific Ocean coast are with low Vs30 values (i.e., soft-to-stiff soil). Hence, the southern part of Tofino is more susceptible to higher ground motions than the northern part for a given seismic event.
[image: Panel (a) shows a Vs30 map in meters per second using a gradient from blue (low) to red (high) values for seismic velocity in a coastal region. Panel (b) displays an elevation map in meters using a similar gradient, indicating topographical variations. Both maps cover the same geographic area, with coordinates ranging from 49.10 to 49.16 degrees north and 125.84 to 125.92 degrees west.]FIGURE 3 | (a) Vs30 map for Tofino. (b) Elevation map for Tofino.For tsunami inundation, accurate near-shore bathymetry and on-shore elevation data are crucial. The District of Tofino obtained 1-m bathymetry data in the Templar Channel (i.e., Pacific Ocean side of the Esowista Peninsula) and 0.5-m LiDAR-derived topographic data in 2018. These data were employed to create 5-m resolution computational grids for tsunami simulations (Goda, 2024), thereby local inundation profiles can be evaluated accurately. The elevation profiles in terms of the grids shown in Figure 2b, are displayed in Figure 3b. The inundation hazard is possibly low in Tofino Town due to relatively high elevation and indirect exposure to the Pacific Ocean, whereas the inundation hazard could be high in the beach areas due to low elevation and direct exposure to the Pacific Ocean.
2.2 Earthquake-tsunami risk model
The earthquake-tsunami risk model for Tofino, developed by Goda (2024), can be used for quantifying the effects of the local influential factors (Section 2.1.3) on the single-hazard and multi-hazard risks of the representative building (Section 2.1.2). The risk assessment is performed based on a Monte Carlo method, integrating stochastic event sets and scenario-based earthquake-tsunami damage assessments. A flowchart of this risk model is shown in Figure 4; a graphical version of this flowchart is included in Supplementary Material. Since the main research contribution of this study is not on the development/improvement of such an applicable risk model but on risk-based multi-hazard microzonation mapping, detailed descriptions of the earthquake-tsunami risk model are omitted and only the main model components are explained in this section. Interested readers are recommended to consult with Goda (2024).
[image: Flowchart detailing the process of earthquake-tsunami risk assessment, with eight sequential steps: (i) Building Exposure Model, (ii) Occurrence & Magnitude Models for Crustal and Inslab Earthquakes, (iii) Occurrence & Magnitude Models for Cascadia Subduction Earthquakes, (iv) Stochastic Source Models for Cascadia Subduction Earthquakes, (v) Earthquake-Tsunami Intensity Simulation, (vi) Earthquake-Tsunami Vulnerability/Fragility Model, (vii) Earthquake-Tsunami Damage & Loss Estimation, and (viii) Probabilistic Earthquake-Tsunami Risk Assessment. Each step includes specific methodologies and data considerations outlined in bullet points.]FIGURE 4 | Flowchart of probabilistic earthquake-tsunami risk assessment with steps/components (i) building exposure model, (ii) seismic source models for crustal and inslab earthquakes, (iii) occurrence and magnitude models for the Cascadia subduction earthquakes, (iv) stochastic source models for the Cascadia subduction earthquakes, (v) earthquake-tsunami intensity simulations, (vi) earthquake vulnerability and tsunami fragility models, (vii) earthquake-tsunami damage and loss simulations, and (viii) probabilistic earthquake-tsunami risk assessment. A graphical version of this flowchart is available in Supplementary Material.The probabilistic earthquake-tsunami risk assessment can be divided into eight steps (Figure 4). For the megathrust Cascadia subduction events, full-margin ruptures only are considered in the risk assessment. This is because when the main rupture areas are in the central and southern margins of the Cascadia subduction zone (Figure 1), the source-to-site distances become large (more than 200 km) and these rupture sources along the U.S. coast do not radiate large tsunami waves towards Canada (Goda, 2022).
	i. Building exposure model: A suitable building model for microzonation mapping is selected based on available exposure data. For Tofino, a wooden house with pre-code seismic design is applicable. This representative building is placed at grid points defined over the study area. This approach represents assessing the risk levels of both existing and prospective buildings of this type, rather than a snapshot of existing assets. Differentiating local factors for earthquake and tsunami risks are defined within the study area (Figure 3). A duration of the earthquake and tsunami risk assessment, T, and the number of stochastic event sets, N, are chosen to obtain stable results.
	ii. Occurrence and magnitude models for non-tsunamigenic earthquakes: Non-tsunamigenic seismic sources, such as crustal and inslab earthquakes that occur in the Cascadia subduction zone, can cause seismic damage and loss to buildings and infrastructure. For this purpose, a seismic hazard model, which typically consists of an earthquake occurrence model and a magnitude model, can be adopted. In the current study, the national seismic hazard model developed by the Geological Survey of Canada is adopted (Halchuk et al., 2014). Using the seismic hazard model information (seismic source zones, magnitude recurrence relationships, and their associated logic-tree models), stochastic event sets, which are accompanied with occurrence time, magnitude, location, and other information (e.g., faulting mechanism), can be generated. It is assumed these events do not affect the tsunami hazard.
	iii. Occurrence and magnitude models for tsunamigenic earthquakes: The recurrence characteristics of megathrust subduction events can be approximated by a time-dependent renewal process. More specifically, the 3-component Gaussian mixture model can be adopted as the inter-arrival time distribution for the full-margin Cascadia subduction events (Goda, 2023). This model was developed based on the offshore marine turbidite records (spanning 10,000 years) estimated by Goldfinger et al. (2012) and captures the uncertainty due to radiocarbon dating techniques in determining the earthquake occurrence history. When generating the first Cascadia subduction event, the conditional probability distribution for the interarrival time of the Cascadia earthquakes is used to account for the elapsed time since the last megathrust event (Goda, 2023). For the magnitude model of the full-margin rupture cases (between Mw 8.7 and Mw 9.1), the truncated exponential model can be considered. Using the adopted occurrence and magnitude models, stochastic event sets for the Cascadia subduction earthquakes can be generated. In this process, neither far-field nor regional field tsunamis are considered, nor other tsunamigenic sources.
	iv. Stochastic source models for tsunamigenic earthquakes: The finite-fault dimensions and their positions within the overall fault plane have significant impacts on both ground motion and tsunami simulations. For ground motions, source-to-site distances are directly influenced by such geometrical characteristics. For tsunamis, in addition to fault geometry and position, rupture characteristics, such as earthquake slip distribution, have significant effects. To capture these uncertainties, earthquake ruptures are synthesized using the stochastic source models for the Cascadia subduction earthquakes (Goda, 2022). Specifically, 2,000 stochastic source models are generated for the full-margin rupture scenarios, having moment magnitudes between Mw 8.7 and Mw 9.1. In simulating the stochastic source models for the Cascadia megathrust rupture cases, statistical scaling relationships of Goda et al. (2016) are employed to generate values of fault source parameters, such as fault length, fault width, mean and maximum slips, and correlation length parameters. Subsequently, synthetic earthquake slip distributions are generated over the simulated fault plane. During this simulation, several constrains are applied to ensure that the generated stochastic source models are consistent with known geological and geophysical constrains of the Cascadia subduction zone.
	v. Earthquake and tsunami intensity simulations: For a given seismic event, ground motion intensities (i.e., spectral acceleration at 0.3 s, Sa (0.3)) at the grid points for microzonation can be generated using applicable ground motion models and intra-event spatial correlation model. The choice of Sa (0.3) as a main ground motion intensity parameter can be explained from two aspects. Firstly, the past empirical and experimental studies in California and Canada indicated that Sa (0.3) is an efficient seismic intensity measure for earthquake insurance loss (Wesson et al., 2004) and that the vibration periods of typical constructions in British Columbia are in the range between 0.25 s and 0.4 s (White and Ventura, 2006). Secondly, the seismic vulnerability functions for low-rise wooden buildings adopt Sa (0.3) as an input seismic hazard parameter (Hobbs et al., 2021; see Step (vi) below). In this study, a composite ground motion model by Atkinson and Adams (2013), which was considered in the national seismic hazard model for Canada (Halchuk et al., 2014), is implemented together with the logic tree branches and weights. The effects of local Vs30 profiles in Tofino (Figure 3a) are reflected in the ground motion simulations. The consideration of the intra-event spatial correlation model facilitates the simulation of spatially correlated ground motion fields at the grid locations.

For the tsunamigenic Cascadia subduction earthquakes (i.e., stochastic source models generated in Step (iv)), initial displacement profiles of sea surface can be evaluated using analytical formulae by Okada (1985) and then nonlinear shallow water equations can be solved numerically using the finite-difference method (Goto et al., 1997). The results of the tsunami simulations, when implemented with a nested grid system (the finest grid resolution that covers the District of Tofino is set to 5 m), can capture detailed local topographical effects (Figure 3b) on inundation flow depths. For all computational cells, the bottom friction and surface roughness are represented by a Manning’s coefficient equal to 0.025 m-1/3s, which is considered a conservative value (Cárdenas and Catalán, 2022). These simulations are carried out by taking into account variability associated with random realizations.
	vi. Earthquake vulnerability and tsunami fragility functions: The seismic vulnerability functions for the representative building in Tofino are obtained from Hobbs et al. (2021), which define the mean loss ratios for structural, non-structural, and contents elements as a function of spectral acceleration at 0.3 s. To account for the uncertainty associated with the loss ratio, a lognormal random variable with the mean loss predicted by the vulnerability functions and the coefficient of variation equal to 0.3 is used. For a given shaking intensity level, vulnerability functions for the three components are evaluated separately (by considering their uncertainties) and then these generated (random) seismic losses are summed to obtain the total seismic loss for a building, noting that the proportions of the component costs are specified by Hobbs et al. (2021).

The tsunami damage assessment is carried out using tsunami fragility functions. Because there are no directly applicable tsunami fragility functions to Canadian buildings, an empirical tsunami fragility model by De Risi et al. (2017) is adopted. This model was developed using extensive tsunami damage data of the 2011 Great East Japan earthquake. The intensity parameter of the tsunami fragility functions is flow depth at a building site. There are five tsunami damage states, i.e., minor, moderate, extensive, complete, and collapse, which are associated with damage ratio ranges of 0.03–0.1, 0.1–0.3, 0.3–0.5, 0.5–1.0, and 1.0, respectively. The realization of tsunami damage states can be achieved by generating a uniform random number between 0 and 1 and by comparing it with calculated probabilities for different damage states for a given flow depth. Once the tsunami damage state is determined, a tsunami damage ratio is sampled from the range for the selected damage state by considering a uniform distribution (e.g., for the moderate damage state, a uniform random value is generated between 0.1 and 0.3) and is used to calculate the tsunami loss for the building.
For the multi-hazard loss estimation, the larger of the shaking building loss and tsunami building loss for a given scenario is adopted. This is a simple approach where the resulting state after the earthquake is not considered to affect the tsunami vulnerability.
	vii. Earthquake and tsunami damage and loss estimation: For a given seismic event, a shake map and an inundation map, generated in Step (v), is converted into a shaking loss map and a tsunami loss map by applying the earthquake and tsunami vulnerability/fragility functions, outlined in Step (vi). For tsunamigenic Cascadia subduction events, the generated loss maps represent random realizations of the earthquake-tsunami impact condition on the common fault rupture model (i.e., geometry, position, and slip distribution). To obtain the multi-hazard loss for a given event, the larger of the estimated losses for shaking and tsunami damage is adopted. This simplistic approach yields comparable risk indices (Kappes et al., 2012), yet it does not account for the interactive damage accumulation process between shaking and tsunami damage. As a result, a single integrated risk index is obtained at each grid point for a given megathrust event from the Cascadia subduction zone.
	viii. Probabilistic earthquake and tsunami risk assessment: In the final step, Steps (iv) to (vii) are repeated for each stochastic event, generated in Steps (ii) and (iii). Note that for non-tsunamigenic earthquakes, steps related to tsunami inundation simulations and damage assessments are skipped. For each grid point, N simulated losses for single-hazard cases (i.e., Cascadia shaking, Cascadia tsunami, and non-Cascadia shaking) and for multi-hazard cases (i.e., Cascadia multi-hazard and all combined) are obtained (note: each simulated loss corresponds to T-year duration). Using these loss results, exceedance probability curves can be derived, and loss fractiles for target return period levels can be extracted. Once the above multi-hazard risk assessment is repeated for all grid locations, various risk-based microzonation maps can be produced.

It is instructive to show how Steps (iv) to (vii) work for specific stochastic sources for the Cascadia subduction events. Figure 5 presents three sets of scenario-based multi-hazard risk assessments. For each scenario, an earthquake slip distribution, shaking loss map, tsunami loss map, and multi-hazard loss map are included. As explained above, each scenario-based multi-hazard risk assessment is performed for a common source model (i.e., Figures 5a–c) and simulated shaking and tsunami loss maps (i.e., Figures 5d–i) reflect the characteristics of the common source model. The dependency of the loss maps on the simulated earthquake slip distribution is more obvious in tsunami loss maps than shaking loss maps. The existence of closer asperities in the earthquake slip distributions results in more extensive tsunami inundation (e.g., Figures 5a,g versus 5b,h). The tsunami inundation results are also strongly affected by local topography (Figure 3b). The event-to-event variability of the simulated shaking loss maps is large (e.g., Figures 5d,e show higher shaking intensities than Figure 5f) and each shaking loss map exhibits the effect of intra-event spatial correlation of seismic intensities at different grid locations. The final multi-hazard loss maps reflect the spatial distributions of the shaking and tsunami loss maps (by taking the maximum of the two per location). These scenario-based features of the shaking and tsunami losses are incorporated in the probabilistic earthquake and tsunami risk assessment.
[image: Series of maps depicting earthquake slip, shaking loss, tsunami loss, and multi-hazard loss scenarios for Cascadia. Panels (a) to (c) show earthquake slip with magnitudes of 8.80, 8.92, and 9.04. Panels (d) to (f) illustrate shaking losses, while (g) to (i) focus on tsunami losses. Panels (j) to (l) present multi-hazard losses. Each map uses a color scale from blue to red, indicating varying degrees of slip or loss intensity across the region, highlighting the potential impacts in different scenarios.]FIGURE 5 | Earthquake slip distribution, shaking loss map, tsunami loss map, and multi-hazard loss map for three Cascadia subduction earthquake scenarios. (a,d,g,j) Mw 8.80 scenario, (b,e,h,k) Mw 8.92 scenario, and (c,f,i,l) Mw 9.04 scenario.It is important to mention the limitations of the preceding earthquake-tsunami risk model for Tofino. It is acknowledged that there is significant uncertainty in the estimated occurrence history of megathrust subduction earthquakes, and there are alternative hypotheses that could be adopted in developing such occurrence models (Walton et al., 2021). Such alternative models could be incorporated into the earthquake-tsunami risk model using a logic tree method. From the source characterization viewpoint, partial rupture scenarios of the Cascadia subduction earthquakes are not incorporated in the risk assessment. As noted above, this omission does not cause significant underestimation of shaking and tsunami damage because of long source-to-site distances for shaking and radiation patterns of generated waves for tsunamis. Moreover, the current risk model does not include distant tsunamigenic seismic sources, such as megathrust events in Alaska and Japan. A notable limitation of tsunami inundation simulations, which has direct impact on tsunami microzonation mapping, is the consideration of uniform roughness coefficient across the study area. With heterogeneous roughness coefficients reflecting different land surface coverage, more realistic tsunami inundation modeling can be conducted. From the multi-hazard loss estimation viewpoints, the simplistic approach of combining the shaking and tsunami losses should be improved by accounting for the cumulative effects due to an earthquake-tsunami load sequence (Attary et al., 2021). Inclusion of such new models that take into account compounding effects of shaking and tsunamis in physical vulnerability will allow more accurate characterization of multi-hazard risks. From broader viewpoints, considered hazard sources can be expanded to include other geohazards (e.g., liquefaction and landslides as well as landslide-triggered tsunamis) and hydrometeorological hazards (e.g., coastal flooding and sea level rise). However, these are outside of the scope of this study.
Finally, the employed earthquake-tsunami risk model can be improved by addressing these limitations that are described in the above paragraph. The accuracy of the modeled consequences depends on the capability of the hazard-exposure-vulnerability elements of the risk model. Each model element also consists of multiple sub-models. For instance, seismic hazard assessment can be divided into spatiotemporal seismicity model, ground motion model, and local site amplification model, where the latter is the focus in conducting seismic microzonation. Whenever it is possible, it is important to validate the model against the data. On occasion, it is not feasible to validate the model as a whole. In such situations, the sub-models should be validated against available data. In the context of the adopted earthquake-tsunami risk model, the use of the seismic hazard model for crustal and inslab earthquakes in southwestern British Columbia may be judged as suitable on the basis that the national seismic hazard model for Canada was developed by the Geological Survey of Canada and various checks were conducted during the process of its development (Halchuk et al., 2014). For the megathrust events from the Cascadia subduction zone, the earthquake occurrence model was based on the longest history of the marine turbidite deposit data (Goldfinger et al., 2012; Goda, 2023), although as mentioned as one of the limitations of the employed risk model, there are alternative hypotheses about the past paleo-seismic and tsunami histories. Similarly, stochastic source modeling has been based on the global database of previously inverted source models (Goda et al., 2016), while no inversion model is available for the Cascadia subduction zone. Regarding the vulnerability modeling, a suite of national seismic vulnerability functions, developed by Hobbs et al. (2021), is deemed to be applicable to Canadian buildings (based on the best expertise available); however, its suitability has not been fully validated due to the lack of earthquake damage and loss data in Canada. On the other hand, the empirical fragility functions implemented in this risk model are based on the extensive tsunami damage data from the 2011 Tohoku earthquake in Japan (De Risi et al., 2017). Yet, its applicability to Canadian buildings has not been validated. In this study, a pragmatic approach that the multi-hazard risk model for Tofino (Goda, 2024) is applicable to risk-based multi-hazard microzonation is considered, although the model cannot be validated entirely. It is necessary to keep in mind that the multi-hazard risk mapping results presented in Section 3 depend on the capability of the adopted multi-hazard risk model and because of its unknown validity as a whole, the results may be biased.
3 RESULTS
This section presents single-hazard and multi-hazard microzonation results, generated by using the risk model for Tofino, introduced in Section 2. The duration of the risk assessment is set to T = 1 year and the number of stochastic event sets is set to N = 10,000,000 (i.e., ten million 1-year loss samples are simulated for each grid site). Since the renewal model is adopted for the full-margin Cascadia subduction earthquakes, the elapsed time since the last major event is set to 325 years. For microzonation mapping purposes, risk levels corresponding to the return periods of 1,000, 2,500, and 5,000 years are focused upon. The return period of 2,500 years corresponds to the exceedance probability level considered for national seismic hazard mapping in Canada, while the exceedance probability levels for 1,000 and 5,000 years may also be relevant for disaster risk management perspectives.
3.1 Exceedance probability loss curves at specific locations
The multi-hazard risk model for the representative wooden house in Tofino produces exceedance probability loss curves for single-hazard and multi-hazard cases at individual locations. It is important to point out that the simple summation of the single-hazard loss curves do not result in the multi-hazard loss curves. As demonstrated in Figure 5, the Cascadia-shaking and Cascadia-tsunami losses are integrated for individual Cascadia rupture cases by taking into account the dependency of these hazards. In other words, the loss scenarios for different hazard cases at the same return period are not identical. These site-specific loss results are affected by the local factors, such as Vs30 for shaking loss and elevation for tsunami loss. To demonstrate the influences of these factors on the single-hazard and multi-hazard loss curves, four grids are selected. The locations of the four grid points are indicated in Figure 2b. From Sites 1 to 4, distances from the Pacific Ocean coast become farther and elevations become higher (except for Site 4, which is on the opposite side of the ridgeline of the Esowista Peninsula), thus, inundation risks become less. On the other hand, Vs30 values increase from Site 1 to Site 4.
Figure 6 compares exceedance probability loss curves for Cascadia-shaking, Cascadia-tsunami, non-Cascadia-shaking, and multi-hazard cases for the four sites. First, the shaking loss curves (both Cascadia and non-Cascadia) for the four locations are similar and are less variable, compared to the tsunami loss curves. The close inspection of the non-Cascadia shaking loss curves by overlaying the four cases reveals that the loss curves become severer with decreasing Vs30 values. This is because site amplifications at softer soil conditions become higher when the shaking damage is relatively small (less than 20% in terms of loss ratio). On the other hand, the close examination of the Cascadia shaking curves shows that the four curves intersect. The loss curves for softer soil conditions are severer than those for harder soil conditions, when the shaking loss levels are relatively small (similar to the non-Cascadia shaking loss curves). This trend is reversed at the higher shaking loss levels (greater than 20% in terms of loss ratio) due to the deamplification of the site effects in the short vibration period range (Humar, 2015). Second, a clear trend is evident for the tsunami loss curves of the four sites. Sites 1 and 2 are more exposed to tsunamis arriving from the Pacific Ocean side than Sites 3 and 4. Because the tsunami resistance of the residential wooden house is not so high and its fragility tends to approach the collapse damage probability of 1 at the flow depth of 2–4 m (De Risi et al., 2017), the tsunami loss curves increase rapidly. Thirdly, the multi-hazard loss curves for Sites 1 to 4 exhibit different characteristics, depending on the local influential factors and dominant features of the different causes of the building loss. In all cases, the multi-hazard loss is larger than single-hazard losses, owing to the worst-value condition. Risk-based microzonation maps, which will be discussed in the following section, aim to capture different loss contributions at different locations and to display on maps to convey relative risk levels across the study area.
[image: Four graphs compare the annual probability of exceedance against financial loss for different hazards at four sites. Each site shows data for Cascadia shaking, tsunami, non-Cascadia shaking, and combined multi-hazard scenarios with varying elevations and (Vs30) values. Lines for multi-hazard scenarios consistently appear at lower probabilities for higher losses across all sites.]FIGURE 6 | Exceedance probability loss curves for shaking (Cascadia), tsunami (Cascadia), shaking (non-Cascadia), and multi-hazard cases at (a) Site 1, (b) Site 2, (c) Site 3, and (d) Site 4. The locations of the sites are indicated in Figure 2b.3.2 Risk-based microzonation maps
To perform risk-based microzonation for earthquakes and tsunamis, loss values at three return periods are extracted for individual grid locations and are displayed on a map. Three single-hazard cases and one multiple-hazard case are considered. These microzonation maps are useful for visualizing relative risk levels by reflecting spatially varying local factors. It is noteworthy that conceptually, this risk-based mapping extends a so-called uniform (exceedance probability) hazard mapping that is often used in probabilistic seismic hazard analysis (i.e., there is an equal chance that the mapped hazard value will be exceeded during the considered time interval). In this sense, the proposed approach for risk-based microzonation can be viewed as a uniform exceedance probability risk mapping.
In this section, two visualizations for risk-based microzonation are considered to assess their comparative performances. Different approaches can lead to conflicting information (Liu et al., 2016) and may make interpretations more difficult (San Martín et al., 2024). The first approach displays the absolute loss values for different hazard sources (i.e., Cascadia-shaking, Cascadia-tsunami, non-Cascadia-shaking, and multi-hazard). For a selected return period level, adopting a common loss range for different hazard sources facilitates the visual comparison of microzonation maps for different hazard cases. The second approach displays the relative loss values in terms of loss ratio (loss value with respect to the replacement cost of C$ 880,000). For each hazard, the base loss ratio of 1.0 is set to mean loss across 1,426 sites and then the loss ratio range for each map is set to 0.5 to 2.0 (i.e., a factor of 2 difference with respect to the mean loss) to emphasize the relative risk profile across different sites (note: a different factor for the relative risk range can be adopted).
Figure 7 shows the single-hazard and multi-hazard microzonation maps for Tofino by considering absolute risk levels and return period levels of 1,000, 2,500, and 5,000 years. This corresponds to the visualization approach 1 mentioned above. The color range for the absolute loss values is set to be identical for different hazard cases (0 to C$ 400,000 for the 1,000-year return period and 0 to C$ 800,000 for the 2,500 and 5,000 return periods).
[image: A series of twelve maps showing projected financial losses due to shaking and tsunami hazards in Cascadia and non-Cascadia sources at time intervals of 1,000, 2,500, and 5,000 years. Each panel displays a distinct scenario, with colors representing varying loss amounts in thousands of dollars. The maps are overlaid on geographic coordinates, with a color bar indicating loss values from low (blue) to high (red). The mean loss is noted in each scenario, demonstrating spatial patterns of risk and potential financial impact over time.]FIGURE 7 | Single-hazard and multi-hazard microzonation maps for Tofino by considering absolute risk levels and return period levels of 1,000, 2,500, and 5,000 years. (a–c) shaking loss (Cascadia), (d–f) tsunami loss (Cascadia), (g–i) shaking loss (non-Cascadia), and (j–l) multi-hazard loss.By looking into the microzonation maps for the 1,000-year return period (Figures 7a,d,g,j), widespread relatively minor losses are caused by the Cascadia-shaking and non-Cascadia-shaking (note: the mean loss levels are C$ 39,300 and C$ 30,500, respectively). In contrast, tsunami losses are highly concentrated along the Pacific Ocean coast and can be very high, reaching C$ 400,000 (i.e., loss ratio of 45% or greater) for some locations. The multi-hazard map shows composite characteristics of the shaking and tsunami losses; land areas with relatively high elevation are mainly affected by shaking risks and the effects of local site conditions are observable (lower shaking risks in the northern part of Tofino compared to the southern part), whereas the near-shore areas facing the Pacific Ocean are exposed to high tsunami risks.
The inspection of the maps for the 2,500-year return period (Figures 7b,e,h,k) indicates that the Cascadia-shaking risks are significantly greater than the non-Cascadia shaking risks (C$ 252,600 versus C$ 56,800 in terms of mean loss), and in the Cascadia shaking map (Figure 7b), the effects of the local site conditions, which essentially separates rock sites and soil sites, are obvious. Note that similar tendencies can be seen in the non-Cascadia shaking risk map when a different color range is adopted. For the Cascadia tsunami risks, the general patterns for the 2,500-year return period are similar to those for the 1,000-year return period but the inundation areas for the former have been expanded spatially. The resulting multi-hazard microzonation map exhibits the combined features from the Cascadia-shaking and Cascadia-tsunami maps, indicating the Cascadia subduction events are the main contributors for total risks at this return period level. More specifically, an area that is outlined with an oval in Figure 7k is influenced by both shaking and tsunami risks.
Lastly, the trends and observations obtained from the maps for the 5,000-year return period (Figures 7c,f,i,l) are similar to those for the 2,500-year return period (Figures 7b,e,h,k), noting that the color ranges for these two sets of microzonation maps are identical. The loss levels for the higher return period are increased, and the combined effects of the shaking and tsunami risks are observable in several specific areas (e.g., an oval outlined in Figure 7l).
Figure 8 shows the single-hazard and multi-hazard microzonation maps for Tofino by considering relative risk levels and return period levels of 1,000, 2,500, and 5,000 years. This corresponds to the visualization approach 2 mentioned above. The loss ratio color range is the same for all maps, thereby, the direct comparison of the maps can be facilitated. Note that the absolute risk levels in these maps can be understood by looking at the mean loss ratio values for individual maps.
[image: Maps showing loss ratios due to shaking, tsunami, and multi-hazard scenarios for Cascadia and non-Cascadia sources over different return periods (1,000, 2,500, and 5,000 years). Loss ratio values are indicated on a log scale with colors ranging from blue to red, representing lower to higher losses. Each map has a specific mean loss ratio noted above it, reflecting the varying impact on the region.]FIGURE 8 | Single-hazard and multi-hazard microzonation maps for Tofino by considering relative risk levels and return period levels of 1,000, 2,500, and 5,000 years. (a–c) shaking loss (Cascadia), (d–f) tsunami loss (Cascadia), (g–i) shaking loss (non-Cascadia), and (j–l) multi-hazard loss.Inspecting the maps for the same loss type, the Cascadia shaking loss maps (Figures 8a–c) show that at the 1,000-year return period level (mean loss ratio = 0.045), three distinct zones can be identified, reflecting rock, hard soil, and soft soil conditions, while at the 2,500-year and 5,000-year return period levels, only two distinct zones are visible, being affected by the deamplified site effects at higher ground motion levels. Similarly, the non-Cascadia shaking loss maps (Figures 8g–i) show three distinct zones for all three return period levels (note: the mean loss ratios for these three maps are relatively minor and are less than 0.10). This is because the shaking levels caused by the crustal and inslab earthquakes are not as intense as those caused by the extreme Cascadia subduction earthquakes. On the other hand, the Cascadia tsunami loss maps (Figures 8d–f) show the increasing risk patterns with the return period level, resembling tsunami inundations. Finally, the multi-hazard microzonation maps for the three return periods (Figures 8j–l) reveal the complex spatial patterns of the relative earthquake-tsunami risks.
In summary, risk-based microzonation maps for earthquakes and tsunamis display important characteristics of potential risks from major catastrophic seismic events. The selection of the return period levels is relevant to disaster risk management and risk communications with residents and stakeholders. Different spatial risk patterns, exhibited by the Cascadia-shaking, Cascadia-tsunami, and non-Cascadia shaking loss maps, indicate that single-hazard maps fail to provide a comprehensive risk profile of the District of Tofino. Moreover, the choice of absolute versus relative risk maps and related selection of the mapped loss metric’s range are important.
Finally, another important aspect is the selection of multi-hazard risk indicators for microzonation mapping. The indicator of choice will depend on the consequence that is intended to be mitigated, though the choice must consider potential conflicts with other indicators (e.g., Liu et al., 2016). For example, Zamora et al. (2021) incorporated tsunami arrival time as a proxy for casualties to obtain a microzonation map that was based on a combined maximum tsunami flow depth‒minimum arrival time risk matrix, aimed at informing tsunami evacuation strategies. They did not use a probabilistic approach, upon consideration that evacuation needs to be designed for the worst-case scenario. In this study, the financial loss is considered the appropriate metric since it allows for direct comparison among the different hazards. Other metrics offering meaningful comparison are casualties and fatalities.
4 CONCLUSION
This study introduced a new risk-based microzonation approach for earthquakes and tsunamis by considering multiple hazard sources for causing building loss. Adopting such risk-based multi-hazard microzonation maps is beneficial to produce integrated risk profiles of a coastal community by accounting for local risk factors of the multiple hazards and to improve risk communication with residents and local stakeholders. The proposed method was demonstrated by focusing on the District of Tofino, British Columbia, Canada, which is situated in the Cascadia subduction zone. The multi-hazard catastrophe model by Goda (2024), which comprises modules for time-dependent earthquake occurrence, stochastic source generation, earthquake-tsunami intensity simulations, and earthquake-tsunami damage assessments. The representative building was defined using available building exposure data and was placed at 1,426 grid locations across Tofino. The site-specific multi-hazard risk assessments were conducted and loss values at three return periods were extracted for the individual grid locations.
The visualized single-hazard and multi-hazard risk results in terms of exceedance probability loss curves and microzonation maps exhibit complex risk profiles, which are significantly dependent on local risk factors and return period levels. Shaking risks are influenced by local site conditions, and their effects change depending on anticipated ground motion levels (from linear to nonlinear site responses). On the other hand, tsunami risks are dominantly controlled by spatial inundation patterns, reflecting local topography. The multi-hazard microzonation maps can be visualized in different formats (e.g., absolute loss values versus relative loss ratios) to compare loss contributions at different locations and to highlight the relative risk profile across different sites.
Lastly, it is important to mention that the risk-based multi-hazard microzonation results presented in this study depend on the capability of the underlying multi-hazard risk model. The model has limitations (see Section 2.2) and can be improved. The model validation against data and theories needs to be conducted as part of such investigations. The potential model bias and uncertainty should not be overlooked when the modeled risk products are discussed and interpreted in deciding upon disaster risk management actions.
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