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Abstract
Multi-hazard subduction zone earthquake and tsunami events have the potential to
devastate coastal communities. In the past decade, there has been an international effort to
understand the physical hazard of the event to inform risk assessments for communities
around the globe. Only relatively recently however, has vulnerability been considered as a
key component of tsunami risk assessment.

As an event has not occurred from the Cascadia Subduction Zone (CSZ) since AD 1700,
communities on the Pacific Northwest Coast may be unknowingly at risk. Seattle, a major
economic hub, is situated inland on the shore of the Puget Sound, and is potentially
susceptible to a future full-rupture CSZ event and resulting tsunami.

The worst-case scenario event and resulting inundation was modelled using Community
Model Interface for Tsunami (ComMIT), varying the magnitude (M w 9.0-9.5), source location
with respect to the entrance to the Juan de Fuca Strait (northern and southern), and the
rupture width and length (central and western). The largest inundation area produced within
Elliott Bay was 5.51km2 from a Mw 9.5, central position and 4x3 unit source configuration
event. The characteristics of the event, including the number of waves and arrival times, were
dependent on the source location, and the rupture width and length. The vulnerability
assessment identified community infrastructure and critical emergency services that would
be inundated in a more probable worst-case event (Mw 9.0) and the worst-case event (Mw
9.5). Census tract data for certain community characteristics that imply vulnerability to a
hazard, such as age, gender, race and ethnicity, and socioeconomic status were collected.
Census Tract 92 between Downtown and the port, although only partially inundated, was
identified as including vulnerable communities with high unemployment, low median
household income and a high percentage of people of colour.

This research emphasises the importance of analysing both the physical tsunami hazard and
vulnerability components of risk, rarely conducted in one study, to inform policy decisions
and develop emergency response strategies.
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1. INTRODUCTION
Earthquakes and their associated hazards, such as a tsunami, pose one of the greatest threats
to coastal populations around the world. Since the 2004 Boxing Day event that killed
thousands of people in multiple countries surrounding the Indian Ocean, international
cooperation to protect coastal communities has been underway. The physical processes that
occur to produce a tsunami are well understood within the scientific community. Research
efforts to define the factors that determine whether a population is vulnerable or not, and
how to prevent the devastation caused by an event, however, are still ongoing.

1.1. Overall Aim

The overall aim of this study is to gain a greater understanding of the risk that a tsunami can
place on populations, and to explore the relationship between the physical hazard and the
vulnerability of the affected population. The type of event that is considered in particular are
large, low-frequency events that originate from subduction zones, that are hard to predict
and prepare for, but can potentially have devastating consequences.

Due to the abundance of literature and current research on the vulnerability of developing
countries to natural hazards, this study focuses on the risk and vulnerability that countries
with a developed economy may experience in relation to tsunami hazards. To achieve this,
the extent of the inundation area produced by a worst-case scenario tsunami event is
investigated, infrastructure such as emergency services, schools and tourist hotspots are
located and communities who may be disproportionately vulnerable are identified.

1.2. Scientific Context
1.2.1. Natural Hazards/Disasters

A natural hazard, such as an earthquake, hurricane or volcanic eruption, can occur without
impacting lives and livelihoods if the source of the hazard is located away from a population.
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If a natural hazard occurs in close proximity to a vulnerable population however, a disaster
can occur (O’Keefe et al., 1976). The terms ‘natural hazard’ and ‘disaster’ are defined in Table
1.1 according to the 2009 UNISDR terminology report. Between 2000 and 2019, 1.23 million
people died in disasters globally, and an estimated US$2.97 trillion of damage was sustained
(UNDRR, 2019b).

Table 1.1: Technical terms and their corresponding definitions. Sourced: 2009 UNISDR
Terminology report on Disaster Risk Reduction.
Term
UNISDR Definition
Natural Hazard
A natural process or phenomenon that may cause loss of life,
injury or other health impacts, property damage, loss of
livelihoods and services, social and economic disruption, or
environmental damage.
Disaster
A serious disruption to the functioning of a community or a
society involving widespread human, material, economic or
environmental losses and impacts, which exceeds the ability of
the affected community or society to cope using its own
resources.
Risk
The combination of the probability of an event and its negative
consequences.
Disaster Risk
The potential disaster losses, in lives, health statuses, livelihoods,
assets and services, which could occur to a particular community
or a society over some specified future time period.
Exposure
People, property, systems, or other elements present in hazard
zones that are thereby subject to potential losses.
Vulnerability
The characteristics and circumstances of a community, system or
asset that make it susceptible to the damaging effects of a
hazard.
1.2.2. Risk and its Relationship to Hazard and Vulnerability

Global risk, and more specifically risk reduction, has been a focus of the international
community since the designation of the 1990s as the International Decade for Natural
Disaster Reduction (UN General Assembly, 1989). Since then, two major frameworks have
evolved, the first being the Hyogo Framework for Action (2005-2015), which focused on
monitoring and reducing disaster risks and strengthening disaster preparedness for effective
response (UNISDR, 2005). The second and current framework is the Sendai Framework for
Disaster Risk Reduction (2015-2030), which incorporates bottom-up as well as top-down
actions and strongly endorses the role of science in comparison to other global policy
2

frameworks (UNISDR, 2015). Initially, the attention of the policy community focused on
hazards and their related physical processes, and concepts of individual and community
vulnerability were not considered in early hazard risk assessments (Aitsi-Selmi et al., 2015).
The aims of the evolving risk frameworks show a paradigm shift from pure hazard response
to the identification, assessment and ranking of vulnerabilities and risk (UNDRR, 2019a).

Risk, also defined in Table 1.1, is related to the physical hazard and community vulnerability
by Blaikie et al’s (1994) Pressure and Release (PAR) model:

Risk = Hazard x Vulnerability

This widely-accepted conceptual framework equally considers vulnerability and its underlying
forces alongside the natural hazard event and its associated processes (Birkmann, 2006). It
underlines that disaster risk is directly related to the combination of the natural processes
and a vulnerable community (Blaikie et al., 1994).

1.2.3. Vulnerability

The UNISDR views vulnerability as a key factor in determining risk, as shown above in the PAR
model (2015). Vulnerability, however, is not easily defined with over 25 definitions, concepts
and methods documented by Birkmann in 2006. Numerous definitions implies that
vulnerability emerges and changes temporally and spatially, and is specific to certain
communities with differing population characteristics (UNDRR, 2019a). The definition used in
this study is the one currently adopted by the UN and can also be found in Table 1.1 (UNISDR,
2009).

Across the globe, irrespective of whether a country has a developing or developed economy,
those living in poverty, are unemployed, or have a disability, are often considered to be stuck
in a cycle of vulnerability (UNDRR, 2019a). Immigrants and displaced populations, the young
and elderly, and indigenous groups are additional population characteristics that imply
vulnerability (Cutter et al., 2003). These are a sample of the factors that determine whether
members of a community can make positive decisions to anticipate, prevent and mitigate risk,
3

and hence whether they may be considered vulnerable to a natural hazard (UNDRR, 2019a).
As these community characteristics vary between populations, spatial patterns of
vulnerability emerge both globally between developing and developed countries, and on a
smaller scale within local communities.
1.2.4. Developing and Developed Economies

In a country with a developing economy, the impacts of natural hazards are worsened by the
lack of economic resources, infrastructure and social safety nets, the effects of which are
amplified by rapid and unplanned population growth and urbanisation (IPCC, 2013). On the
other hand, the most economically developed countries represent 15% of human exposure
to natural hazards, but account for only 1.8% of all victims (Peduzzi et al., 2009). This is due
to the social and economic factors that govern their ability to respond, such as wealth,
political stability and access to emergency resources that allow for appropriate preparation
and effective response strategies.

Even though developed countries have the ability to respond and prepare for natural hazards
more effectively, varying levels of vulnerability are present across local communities due to
differing population demographic characteristics, a selection of which are summarised in
Table 1.2.
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Table 1.2: Common community characteristics and factors increasing vulnerability to natural
hazards in countries with developed economies, grouped according to population
characteristics, socio-economic status and general community attributes.

Description
(Sourced: Cutter, Donner,
Pronk, Scheele, Wood and
Wood & Peters)

Age

Gender

Factors influencing Vulnerability

Education

Race

Ethnicity

Class

Income/
Occupation

Buying vs
Renting

Children and the elderly
due to mobility
constraints during
evacuations.
Women tend to have
lower wages and family
care responsibilities.
Linked to
socioeconomic status,
with lower educational
attainment constraining
ability to understand
warning information.
Social, economic and
political marginalisation
associated with racial
disparities.
Language and cultural
barriers may affect
access to post-disaster
funding.
A lack of financial
resources, associated
with class, means
communities absorb
and recover from losses
less quickly due to lack
of insurance and social
safety nets.
Some occupations may
be disproportionately
impacted by a hazard
event e.g. a selfemployed fisherman.
Renters do not have the
financial resources for
home ownership and
often lack access to
information about

Cutter Donner
et al., et al.,
2003
2008

Sources
Pronk Scheele Wood
et al., et al.,
et al.,
2017
2020
2010

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

Wood
&
Peters,
2015

✓

✓

✓

✓

✓
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Infrastructure
dependence

Tourists/
seasonal
workers

Disaster
Experience

Medical
Services

financial aid during
recovery.
Employment in public
utilities and other
infrastructure that may
be disproportionately
impacted (e.g.
transportation).
Those who are
unfamiliar with their
surroundings may be
less aware of tsunami
threats and/or
preparation strategies.
Limited previous
experience may
increase an individual’s
vulnerability to a
disaster.
A lack of health care
providers, including
nursing homes and
hospitals, increases
community vulnerability
as they are critical for
the post-event
response.

✓

✓

✓

✓

For countries with developed economies, urban centres should be considered as the most at
significant future risk to catastrophic disasters (Crowley & Elliott, 2012). Due to globalisation
and the growing interconnectedness of global society however, disasters have the potential
to affect lives and public policies not only in local locations but also in distant locations, as the
impact of the event permeates supply chains and resource networks (UNDRR, 2019).

1.2.5. Tsunami Hazard

A tsunami is a series of low waves with long periods and wavelengths that radiate away from
their point of origin at speeds of up to 760 kmph (Pinet, 2014). They are generated when a
large volume of water is uplifted suddenly by triggering events such as earthquakes with a
vertical component of crustal movement (subduction zone), landslides, submarine mass
movements, volcanic eruptions or asteroid impacts (IOC, 2016). Large earthquakes with high
moment magnitudes (Mw) in reality are the most frequent trigger (UNDRR, 2019). Mw is a
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logarithmic scale that measures seismic energy release from an earthquake’s epicentre
(Kanamori, 1977). A tsunami generated by an unexpected, extreme magnitude subduction
zone earthquake can be termed a ‘mega-tsunami’, which is an exceptionally large event with
extreme wave heights that causes extensive inundation of local and distant coastlines (Goff
et al., 2014). Large tsunami events can have devastating consequences, but as they occur
infrequently, they often catch coastal communities off-guard (UNDRR, 2019). The extreme
events that generate significant tsunamis, such as a subduction zone earthquake, may not
occur for many years, whilst coastal at-risk communities continue to expand (Sleeter et al.,
2017).
1.2.6. Global Importance of Tsunami Risk Assessments

The Boxing Day earthquake-tsunami event in 2004, with Mw 9.1-9.3, killed 227,898 people in
fourteen countries surrounding the Indian Ocean (Telford & Cosgrave, 2006). This event led
to a call for international action and cooperation to make significant advancements in warning
technologies and pre-disaster preparedness (Kânoğlu et al., 2015). Seven years later, the
unprecedented devastation caused by the Japanese Tohoku earthquake-tsunami event in
2011 emphasised that preparing for a tsunami is also difficult in countries with developed
economies. These two events highlight the ongoing need to internationally improve disaster
risk reduction management systems in both economically developing and developed
countries (Tufeki-Enginar et al., 2021).

Tsunami risk assessments ultimately aim to reduce disaster risk, prevent disaster losses and
to produce tsunami-resilient communities (UNDP, 2004). Whilst post-tsunami risk assessment
is useful when preparing for the next event, identifying those at risk before an event happens
is equally important.

Tsunami hazard modelling before the event is essential to identify the exposed area to that
event and the vulnerable communities within the area (González-Riancho et al., 2015). There
are multiple actors in risk assessments - scientists, policy makers, local and national
governments, businesses and the local communities, implying that multidisciplinary
cooperation is therefore necessary for success (UNDRR, 2019a). Understanding risk is the first
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step towards building a comprehensive tsunami preparedness programme (National
Research Council, 2011). As the risk level of an event is directly linked to community
vulnerability, emergency managers must understand who is vulnerable to tsunamis so that
they can prepare realistic and effective evacuations and response procedures in the projected
area (Wood et al., 2010).
1.2.7. Role of Inundation Mapping in Tsunami Hazard Assessment

Mapping the area that may be inundated by a tsunami forms the basis of local tsunami hazard
planning, and collectively allows the identification of sections of the coastline that are
susceptible to tsunami flooding (Bernard, 2005). The resulting maps are powerful visual public
information tools, useful for increasing individual and community resilience (Bernard, 2005).
Assessing tsunami vulnerability and risk in metropolitan areas has considerable importance
due to the major economic losses and life threats that would occur at those locations (TufekiEnginar et al., 2021). Organisations, such as the U.S. National Tsunami Hazard Mitigation
Program (NTHMP) which emerged in response to large tsunami events, have emphasised the
importance of creating tsunami inundation maps based on historical and modelled data
(Bernard, 2005).
1.2.8. Importance of Worst-case Scenarios in Hazard Planning

In general, inundation studies can either be conducted using a probabilistic approach in which
multiple tsunami scenarios are considered and an assessment of the vulnerability of the coast
to the tsunami hazard is evaluated, or they may focus on the effect of a specific worst-case
scenario and assess the impact of a large event on the area under investigation (NCTR, 2021).
A large challenge for the scientific community is attempting to quantify a very low probability
event with an extremely high impact threat (Eisner, 2004). The development of risk reduction
strategies starts with determining the worst-case scenarios for the region and identifying the
maximum affected areas according to those scenarios, taking a “better safe than sorry”
approach, as lives are potentially at risk (Tufeki-Enginar et al., 2021).
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1.3. Research Questions

The overall aim and scientific context of this research led to three specific research questions
that investigate both the physical processes of a large tsunami event and the impact it may
have on a country with a developed economy and its unsuspecting, potentially vulnerable
population.

1. What is the maximum inundation area produced by a worst-case scenario event from
a previously unstudied source/urban centre combination in a country with a
developed economy?

2. Is there critical infrastructure, such as schools, hospitals or emergency services, near
or within the inundation area, and what are the implications for policy with respect to
preparation and response?

3. Is there a particular community within the projected inundation area that may be
disproportionately impacted by the event due to higher vulnerability?

1.4. Approach

A case study of the Cascadia Subduction Zone (CSZ) and Elliott Bay, Seattle was used to
explore the research questions. When aiming to understand how a population may respond
to an extreme impact event with a low recurrence interval, a subduction zone that has the
potential to produce large earthquake-tsunami events, but hasn’t done so in the recent past,
was required.

The Community Interface for Tsunami program (ComMIT) was used to model the worst-case
scenario event and map the resulting inundation area in Elliott Bay. From this map, the
locations of schools, hospitals and emergency services were identified, and census tract data
was used to identify the most vulnerable communities within the inundation area. A structure
summary of the study can be found in Figure 1.1.
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Figure 1.1. Dissertation overview showing the approach and different sections, including the
physical event (green), vulnerability aspect (red), and the unifying backbone of the study
(blue). Created using LucidChart.

1.5. Case Study Background
1.5.1. CSZ Tectonic Setting

The CSZ forms part of the Pacific Ring of Fire and is situated 220km west of the Pacific
Northwest coastline, stretching 1130km from Cape Mendocino in Northern California to
Brooks Peninsula on Vancouver Island in British Columbia (CREW, 2013). In total, this
subduction zone forms the boundary between the overriding North American plate and the
young subducting Explorer, Juan de Fuca and Gorda plates, shown in Figure 1.2. The Juan de
Fuca plate is subducting beneath the overriding plate at a convergence rate of 36-50mm yr-1
at an oblique angle of 20o (Cassidy et al., 2015).
10

Figure 1.2. The tectonic setting of the Cascadia region, showing the locations of the subducting
Explorer, Juan de Fuca and Gorda plates from north to south along the CSZ (boundary with
red triangles). Tectonic tremors from January 2005–December 2012 are shown by the circles,
with their hypocentre depths indicated by the colour scale. Sourced: Ji et al., 2017.
A full rupture CSZ earthquake-tsunami event has not occurred in living memory, but the
subduction zone shown in Figure 1.3, is geomorphologically identical to the subduction zone
off the west coast of Sumatra that produced the 2004 Boxing Day earthquake-tsunami event,
implying that large events are possible (Green, 2006).
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Figure 1.3. The geomorphology of the CSZ, showing the Juan de Fuca plate subducting beneath
the North American Plate with respect to the Puget Sound and Seattle. Based on a USGS
subduction zone diagram (2016).
It was not until the 1980s that researchers began to recognise the zone’s potential to produce
large subduction zone earthquakes (CREW, 2013). It was first assumed that the CSZ was
seismically inactive, but as monitoring technology advanced and paleoseismic evidence was
found to show that events had occurred in the past, it was determined that the subduction
zone was indeed capable of seismic activity (Whitmore, 1993). The current consensus is that
the CSZ is unique in terms of its structure and relative seismic quiescence (Lotto et al., 2019).
There is evidence of current movement as slow slip measured by GPS occurs roughly every
13 months when the North American plate lurches south-westerly over the subducting Juan
de Fuca, thereby loading the locked fault (Rouet-Leduc et al., 2019). When the strain becomes
great enough to overcome friction, the fault will rupture entirely, resulting in a Mw 9.0+
earthquake and ensuing tsunami, as it has done in the past (CREW, 2013). According to
Peterson, there is a 10-14% chance that a Mw 9.0 earthquake will occur along the CSZ within
the next 50 years (2002).

1.5.2. Past CSZ Events

Paleoseismology changed the perception of the earthquake hazard posed by the CSZ on the
Pacific northwest coast of America (Atwater, 1987). There are several pieces of onshore
12

geological evidence that indicate large earthquake and tsunami events occurred throughout
the Holocene epoch, such as buried, low-land soil sequences deposited by the paleotsunamis
that are indicative of historic coseismic subsidence (Whitmore, 1993). In addition to onshore
studies providing temporal precision for the most recent events such as radiocarbon dating,
coral chronology and dendrochronology, the analysis of the marine turbidity record reveals
many earthquake cycles, extending back 10,000 years (Goldfinger et al., 2012).

In the last 130 years, multiple Mw 6.0-7.0 earthquakes have occurred in southwest British
Columbia and Northwest Washington (Clague, 2002). This includes the most recent deep
Nisqually earthquake (Mw 6.8) occurring in 2001 (CREW, 2013). However, the most recent full
CSZ rupture megathrust earthquake and resulting tsunami event occurred on the 26th January
1700 with a Mw 8.8-9.3 (Atwater, 1987). The tsunami waves were observed and recorded as
far away as Japan (Cherniawsky et al., 2007). Although no major nearfield tsunamis have
occurred along the CSZ since European settlement about 200 years ago, inundation from the
1700 event is documented in oral traditions from Native American sources (Phillips, 2007).
1.5.3. The Juan de Fuca Strait and Puget Sound

According to FEMA, Washington is ranked second to California in terms of its degree of risk
from damaging earthquakes (Troost & Booth, 2008). Perpendicular to the CSZ lies the Juan de
Fuca Strait that leads to the Puget Sound, shown in Figure 1.4.

Juan de Fuca Strait

Figure 1.4. A map to show the location of the Puget Sound and Juan de Fuca Strait within
Washington State. Edited: Koshimura et al., 2006.
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The Puget Sound region is founded on unconsolidated glacial deposits that overlay
sedimentary rocks, filling the trough between the Olympic and Cascade Mountain ranges
(Marafi et al., 2020). The region has heavily populated metropolitan areas, including SeattleTacoma in Washington (Green, 2006). In addition to the CSZ tectonic threat, Seattle Fault,
Tacoma Fault and South Whidbey Island Fault systems also pose a significant threat to this
metropolitan area. Their locations are indicated in Figure 1.5.

Figure 1.5. The locations of the Seattle Fault Zone (SFZ), South Whidbey Island Fault (SWIF)
and Tacoma Fault Zone (TFZ) with upper plate seismicity greater than M w 2.0 and shallower
than 30km since 1980 shown by the circles (yellow). Sourced: Mace & Keranen, 2012.
The series of active east-west trending thrust faults, including the SFZ, add more seismic
threat to this region (Arcos, 2012). The SFZ has gained significant attention due to the fault
running under the centre of the city and the occurrence of the AD 900-930 earthquaketsunami event, evidenced by paleodeposits in Gorst, Sinclair Inlet (Arcos, 2012).
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1.5.4. Seattle

The CSZ represents a major source of seismic hazard to the large metropolitan areas of the
Pacific Northwest including Seattle (3.8 million), Vancouver (2.5 million) and Portland (2.4
million) (Roten et al., 2020). As an event has not occurred since the onset of instrumental
seismology, these areas are particularly at risk (Roten et al., 2020).

Seattle’s proximity to water and the CSZ renders it susceptible to a tsunami event. The city’s
economic importance as the hub for information technology innovation, cloud computing and
software development attracts millions to the area. Since Boeing was founded in 1916, a
concentration of skilled labour has been created, helping to provide an industrial base for
Microsoft, which in turn has helped to forge an attractive economic culture for newer firms
such as Amazon (Dierwechter, 2017). If an event were to occur, the economic loss would not
only impact the city, but also the surrounding counties that are dependent on Seattle’s
economy (Green, 2006).
Inundation studies based on earthquake-tsunami events across the Pacific Northwest have
been carried out in collaboration with the National Oceanic and Atmospheric Administration
(NOAA), some of which are shown in Table 1.3. To the best of my knowledge, the only
inundation modelling study for Elliott Bay, Seattle is based on a SFZ Mw 7.3 earthquake (Titov
et al., 2003).
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Table 1.3. NOAA’s inundation studies of tsunami events across the Pacific Northwest, with the
only study impacting Elliott Bay originating from the Seattle Fault Zone.
Reference
Arcas et al., 2020
Arcas & Uslu, 2010
Titov et al., 2003
Titov et al., 2018
Uslu et al., 2010a
Venturato et al., 2004

Tsunami Source
CSZ
CSZ
Seattle Fault
CSZ
CSZ
CSZ

Venturato et al., 2007

CSZ

Location on West Coast of USA
San Juan Islands, Washington
Crescent City, California
Elliott Bay, Seattle, Washington
Bainbridge Island, Washington
San Francisco, California
Bellingham, Anacortes and northwest Whidbey
Island, eastern Juan de Fuca Strait, Washington
Long Beach and Ocean Shores, Washington

The modelling that produced the map shown in Figure 1.6 for Elliott Bay, was part of a study
carried out by NOAA’s Center for Tsunami Inundation Mapping Efforts (TIME), using the
Method of Splitting Tsunami (MOST) model to predict tsunami inundation along the Seattle
waterfront (Titov et al., 2003). The published map below is a component of a report by Walsh,
forming part of a series of tsunami inundation maps produced by the Washington State
Department of Natural Resources, as a contribution to NTHMP efforts (2003).
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Figure 1.6. The inundation area resulting from a Mw 7.3 Seattle Fault Zone earthquake and
tsunami event, with the differing depths of inundation shown by the green (0-0.5m), yellow
(0.5-2m) and red (2-5m) areas. Sourced: Walsh et al., 2003.
The Elliott Bay area contains the industrial port and Downtown areas of Seattle. As a heavily
urbanised and developed city that has not experienced a tsunami event in living memory and
is located 220km from a subduction zone, its population may be vulnerable and at risk.
Furthermore, the inundation area for a CSZ tsunami scenario has not previously been
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determined for Elliott Bay. As urbanisation increases in the King County area, the population
is projected to increase from 1.9 million in 2010 to 2.4 million in 2040 (Brears, 2018). This
stresses that identifying the threat from the CSZ will continue to be as important as the
number of people potentially at risk increases in the future.

The lack of inundation maps for Elliott Bay originating from a CSZ event, alongside the lack of
a risk analysis taking into account the vulnerability of the Elliott Bay community and its
infrastructure, were the motivations for this study.
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2. METHODOLOGY
2.1 Site Selection

The CSZ, shown in Figure 2.1a, was selected as the broad study area to investigate the
vulnerability of a community to a mega-tsunami event. As a full rupture event with a large
magnitude has not occurred in living memory, a false sense of security may have developed
within the communities on the coast, thereby increasing their vulnerability (National
Research Council, 2011). The combination of a potential future rupture and community
unawareness due to a lack of recent events, led me to investigate the extent and spatial
pattern of vulnerability to a worst-case scenario CSZ event.

a)

b)

Vancouver

Seattle

Juan de
Fuca Plate

North
American
Plate

Elliott Bay

Portland

Legend
Cascadia Subduction Zone:
Direction of tectonic plate movement:
Major cities:

Figure 2.1. Site map including a) the location of the CSZ in relation to the Pacific Northwest
Coast, with Seattle, Vancouver and Portland labelled. Base maps sourced: ArcGIS online and
Bing Maps); and b) the inlet of Elliott Bay within the city of Seattle. Sourced: Landsat 8 2020
image from the USGS Earth Explorer website (2021), map constructed using QGIS.
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There are multiple settlements on the Pacific Coast in the states of California, Oregon and
Washington that would be impacted by a mega-tsunami event. Seattle is not the most
obvious city to select when investigating risk and vulnerability as it is not located on the
exposed Pacific coast close to the CSZ. Seattle is situated at the end of the Juan de Fuca Strait,
within the Puget Sound region and has a population of 753,675 (U.S. Census Bureau, 2019).
Due to Seattle’s economic importance as a major port in the Pacific Northwest that accounts
for nearly 87% of Washington State’s total exports, a mega-tsunami event may significantly
damage Seattle’s economy and infrastructure (Green, 2006).

Elliott Bay in Seattle has a diverse population demographic within a small area rendering it
ideal for investigating the spatial trends in vulnerability to a megatsunami CSZ event. Near to
the waterfront, there is a striking contrast between the skyscrapers of Downtown, and the
industrial port directly south and the Duwamish River Valley communities further inland, such
as the Georgetown and South Park neighbourhoods, which include some of Seattle’s poorest
and most racially diverse residents (McKendry & Janos, 2015). The combination of Seattle’s
economic importance, the diversity of its population and its geographical location in relation
to the CSZ collectively contributed towards this site selection.

2.2 Modelling Inundation Area
2.2.1 Method of Splitting Tsunami (MOST) Model

To investigate the impact of a worst-case mega-tsunami event on the population of Seattle,
the Method of Splitting Tsunami (MOST) Model was originally considered. MOST is currently
in use by NOAA for real time forecasts as well as for risk assessment and coastal planning
(Flouri et al., 2013). The model contains a number of numerical simulation codes that are
capable of simulating the three fundamental processes of tsunami evolution: deformation (or
generation), propagation and inundation (Arcas et al., 2020). The deformation phase
generates the initial conditions for a tsunami by simulating ocean floor changes due to a
seismic event, and is based on a fault plane model of the earthquake source (Okada, 1985).
This provides the initial conditions needed for the propagation phase, which incorporates the
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two-dimensional nonlinear shallow water (NSW) wave equations that are solved numerically
using a splitting method within MOST to model long wave propagation:

ℎ𝑡 +

𝑢𝑡 +
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𝑅 cos 𝜙
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where 𝜆 is longitude, 𝜙 is latitude, ℎ = ℎ(𝜆, 𝜙, 𝑡) + 𝑑(𝜆, 𝜙, 𝑡), ℎ(𝜆, 𝜙, 𝑡) is the amplitude,
𝑑(𝜆, 𝜙, 𝑡) is the undisturbed water depth, 𝑢(𝜆, 𝜙, 𝑡), 𝑣(𝜆, 𝜙, 𝑡) are the depth-averaged
velocities in the longitude and latitude directions, respectively, 𝑔 is the gravity acceleration,
𝑓 is the Coriolis parameter (𝑓 = 2𝜔 sin 𝜙), and 𝑅 is the Earth’s radius (Titov & González,
1997). The Coriolis parameter is included as the curvature of the earth has an effect on the
tides and long-wave tsunami propagation in the open ocean (Murty, 1984). The final
inundation phase simulates the shallow ocean behaviour of a tsunami by combining the input
from the propagation stage, depth-integrated NSW wave equations which are computed on
a set of nested DEM grids, as well as a run-up algorithm to predict onshore inundation extent
(NOAA, 2006). However, MOST’s software proved difficult to access online, and requires
advanced coding skills, therefore it was decided to use the related Community Model
Interface for Tsunami (ComMIT) for this investigation.
2.2.2. Community Model Interface for Tsunami (ComMIT)

ComMIT utilises MOST’s numerical code to produce long-term forecast tools, such as
inundation maps for hazard assessment and planning for a given location (NCTR, n.d.).
ComMIT uses MOST’s output runs of the deformation and propagation phases, drawn from a
database of runs, to implement the inundation phase. The model was initially developed for
countries in close proximity to the Indian Ocean supported by UNESCO, USAID and NOAA
(Titov et al., 2011). The interface facilitates the dissemination of results into these
communities and aims to increase tsunami resilience (NCTR, n.d.). ComMIT allows the
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selection of input data, such as the initial conditions (rupture parameters) and
bathymetric/topographic grid data, and also provides a platform that presents the model
output through a graphical user interface (NCTR, n.d.). Its relative ease of use and accessibility
made this an appropriate choice for this study.

2.3. Preparation of ComMIT for Application to Seattle
2.3.1. Grids
Inundation area modelling in ComMIT is based on three nested grids that contain underlying
bathymetry and topography datasets (Løvholt et al., 2012). The default locations of these
grids were originally fixed on Crescent City in California, and therefore new locations and
dimensions of Grids A, B and C had to be programmed using the ‘Create Model Run’ function
within ComMIT to focus on Elliott Bay, Seattle. The latitude and longitude coverage, grid
resolution, max depth and height measurements of the CSZ grids are shown in Table 2.1.
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Table 2.1. The size of Grids A, B and C, their respective resolutions, and maximum depth and
height values. Sourced: ComMIT Grid Information (Appendix 7.1).
Grid A
Region

Coverage

Resolution (arcmin)

Lat. (oN)

Lon. (oW)

Lat. (oN)

Lon. (oW)

Northern Washington/
Vancouver Island

50.374545.0745

238.0308232.5558

1.50

1.50

Grid B
Region

Coverage
Lat. (oN)

Puget Sound

Grid C
Region

Lat. (oN)

Lon. (oW)

48.6145- 237.980246.9445 236.3102

18.00

18.00

Coverage

Resolution (arcsec)

Lat. (oN)
Elliott Bay, Seattle

Resolution (arcsec)
Lon. (oW)

Lon. (oW)

47.6935- 237.689447.5285 237.5544

Lat. (oN)

Lon. (oW)

3.00

3.00

Max
Depth
(m)
-3041.2

Max
Height
(m)
2460.3

Max
Depth
(m)
-289.2

Max
Height
(m)
2272.3

Max
Depth
(m)
-241.1

Max
Height
(m)
159.6

Grids A, B and C, shown in Figure 2.2, increase in spatial and temporal resolution, with Grid A
showing the largest area consisting of the subduction zone and the Juan de Fuca Strait to
capture the tsunami characteristics as it propagates in the deep ocean and into the Strait
(Arcas et al., 2020). Grid B focuses on the Puget Sound to examine how the wave energy
dissipates within the complex topography of multiple inlets and headlands. Grid C has the
highest resolution and shows the most focused area for the simulation of wave inundation
onto dry land in Elliott Bay, Seattle (Arcas & Uslu, 2010). The use of grids of increasing
resolution is necessary to numerically resolve a particular wave frequency. As the waves
travel from deep (Grid A) to shallow (Grid C) water, the wavelengths become smaller due to
the fact that the front of the wave travels slower than the rear of the wave. As the wavelength
shortens the grid resolution has to be increased to guarantee a constant number of grids per
wavelength (Arcas et al., 2020). The locations of Grids A, B and C were constant throughout
the study when running the tsunami scenarios on ComMIT.
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A

B

C

Figure 2.2. The size of Grids A, B and C, programmed to increase in resolution to concentrate
on the impact of a worst-case scenario event in Elliott Bay, Seattle. The outline of the Grid B
(yellow) can be identified within Grid A (left), and Grid C’s outline (red) can be found within
the Grid B image (centre). Sourced: ComMIT Bathymetric Grid output.
Grids A, B and C include underlying topographic and bathymetric datasets. ComMIT’s
topography data is sourced from the CGIAR Shuttle Radar Topography Mission (SRTM) 90m
DEM produced by the CGIAR Consortium for Spatial Information. This 3 arc-second dataset is
a processed version of the STRM data created by NASA (NCTR, n.d.). The bathymetric dataset
embedded within the telescoping grids is from the ETOPO1 1 arc-minute gridded global relief
model produced by the NOAA National Geophysical Data Center, which is compiled from
multiple different global and regional data sets and has been altered to reference mean sea
level. The bathymetric data was interpolated from 60 arc-seconds to 3 arc-seconds to match
the topography dataset, resulting in relatively inaccurate bathymetry (NCTR, n.d.). Multiple
studies that have modelled tsunami events using MOST were considered when determining
the size of the grids, including Arcas & Uslu (2010) and Uslu (2010a) (Appendix 7.2).

2.3.2. Unit Sources

Underlying the ComMIT system is a database of pre-computed deep water propagation
results for tsunamis generated by unit displacements on fault plane segments positioned
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along the world’s subduction zones, shown in Figure 2.3 (Borrero et al., 2013). These are
termed unit sources, which are rectangles that each measure 100km in length and 50 km in
width, and individually generate an earthquake event equivalent to Mw 7.5 (Titov et al., 2016).
The unit sources that surround the Pacific, Atlantic and Indian Oceans also have predefined
seismic source parameters such as slip of 1m, rake 90o, depth 5km and dip 15o (Titov et al.,
1999). Titov’s source sensitivity study established that only a few source parameters are
critical for tsunami characteristics, namely the location and the magnitude (1999). Therefore,
the discrete set of unit sources provided by ComMIT can provide the basis for constructing a
worst-case tsunami scenario (Titov et al., 2005). As there is a direct relationship between the
number of unit sources and the associated energy released resulting in a specific magnitude,
twelve unit sources were used to produce a worst-case scenario CSZ mega-tsunami event.

a)

b)

Figure 2.3. The locations of ComMIT’s unit sources (depicted in white) along a) the subduction
zones of the Pacific Ring of Fire; and b) the Alaska-Aleutian subduction zone that extends north
from the CSZ, with the telescoping Grids A (labelled CSZ A-Grid in green), B and C overlaid.
Sourced: ComMIT’s Model Setup Tab.
2.3.3. Model Run Parameters

The default MOST model run parameters used in ComMIT are shown in Table 2.2, alongside
the custom parameters that were chosen throughout this investigation. A trial-and-error
approach was used when determining how altering the parameters may affect the inundation
area. For example, the minimum amplitude of input offshore wave parameter was decreased
from 0.005 to 0.0001 to allow the model input through Grid A to start when the absolute
amplitudes exceeded a lower threshold. Several widely used numerical models include ad hoc
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friction coefficients (Synolakis et al., 2008). Trial-and-error methods confirmed that reducing
the friction coefficient produced a larger inundation area in Seattle. It was therefore decided
to increase the friction coefficient from the default value of 0.0009 to 0.0012 to account for
wave attenuation caused by land cover roughness, such as forests or buildings (Løvholt et al.,
2012). The rest of the parameters were altered in the experimental trial-and-error process,
but as they did not affect the extent of inundation produced, the default MOST values were
used.
Table 2.2. Comparison of the default MOST Model Run Parameters and the values applied in
this investigation (CSZ). The values that were altered when modelling the worst-case scenario
inundation areas are shown in bold, and the parameter definitions can be found in Appendix
7.3.
Model Run Parameters
Minimum amplitude of input offshore wave (m)
Minimum depth of offshore (m)
Dry land depth of inundation (m)
Friction coefficient (n2)
Maximum ETA before blow-up (m)
Time step (seconds)
Total number of time steps in run
Time steps between A-Grid computations
Time steps between B-Grid computations
Time steps between output steps
Time steps before saving first output step
Save output every n-th grid point

Default
0.0050
5.0
0.1
0.0009
300.0
1.2200
23600
5
5
25
0
1

CSZ
0.0001
5.0
0.1
0.0012
300.0
1.2200
23600
5
5
25
0
1

2.4. Seattle Analysis
2.4.1. Model Validation

All numerical models used in emergency planning must be subjected to validation to ensure
that the model accurately solves the equations of motion (Synolakis et al., 2008). The model
is validated by using all available historical data for the model site (Tang et al., 2009). In this
case (CSZ), the most recent full rupture event occurred in 1700 and data for this event can be
found within ComMIT’s event catalogue. The ‘Add Event to Source’ feature opens the
directory of historic seismic events that have occurred globally between 1700 and 2020
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(NCTR, n.d.). The 1700 event was run in ComMIT to validate the model, and to investigate
whether this event would have inundated the Elliott Bay area in Grid C (Appendix 7.4).

2.4.2. Worst-case Scenario

In this investigation, a deterministic approach was preferred to investigate the impact of a
worst-case scenario event on the city of Seattle. This worst-case scenario must be defined in
terms of magnitude, source location and rupture length and width. The most intuitive aspect
to investigate was the effect of increasing magnitude on the projected inundation area.
Therefore, model runs with Mw 9.0, 9.1, 9.2, 9.3, 9.4 and 9.5 represent the extreme worstcase scenarios. The second element to be investigated was the location of the unit sources
with respect to the entrance of the Juan de Fuca Strait. The location of the earthquake
epicentre is one of the most important source parameters when determining the
characteristics of the resulting tsunami and inundation extents (Titov et al., 1999). Two
variations in location were considered: Northern and Southern, and at both locations, Mw 9.0
and 9.5 events were run. This was to investigate how the inundation area in Seattle would be
affected by tsunami access to the Juan de Fuca Strait. Finally, the potential effect of the width
and length of rupture on the resulting inundation area was considered by altering the number
of unit sources across (width) and along (length), from 4x3 to 3x4 (northern and southern
locations) and 2x6 (central and western locations). The scenarios are shown below in Table
2.3, organised into magnitude, location and rupture width/length categories.
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Table 2.3. The 19 model runs (including the 1700 run), identified by their unique scenario
codes, were carried out to investigate how the inundation area in Elliott Bay may change with
magnitude, location and rupture width/length. Images sourced: ComMIT’s Model Setup tab.
Variables

Scenario
Code

Magnitude Unit Source
(Mw)
Location

Unit Source
Configuration

1700

9.0

-

-

M9.0
M9.1

9.0
9.1

Central
Central

4x3
4x3

M9.2

9.2

Central

4x3

M9.3

9.3

Central

4x3

M9.4

9.4

Central

4x3

M9.5
LN9.0

9.5
9.0

Central
Northern

4x3
4x3

LN9.5

9.5

Northern

4x3

LS9.0

9.0

Southern

4x3

LS9.5

9.5

Southern

4x3

RN3x49.0

9.0

Northern

3x4

RN3x49.5

9.5

Northern

3x4

RS3x49.0

9.0

Southern

3x4

RS3x49.5

9.5

Southern

3x4

RC2x69.0

9.0

Central

2x6

RC2x69.5

9.5

Central

2x6

Unit Source
Position

1700 event
Sourced:
ComMIT event
catalogue

Magnitude

Location

Rupture
Width/Length
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RW2x69.0

9.0

Western

2x6

RW2x69.5

9.5

Western

2x6

2.4.3. ComMIT Run Outputs

When examining the inundation area for a specific location, ComMIT’s multiple output tabs
display different aspects of the model scenarios listed in Table 2.3. The Initial Condition tab
shows the maximum wave amplitude and arrival time in hours of an event propagating across
the Pacific Ocean from the selected source (Appendix 7.5). The Results Animation tab displays
time-dependent results for the model output, including the amplitude, velocity and time
series (see Chapter 3). This is useful when determining the number of waves that may occur
in one event and their estimated time of arrival (ETA) at a specific location after the rupture.
The final output tab is the Results Extrema tab showing the model results as either the
Maximum Wave Amplitude over time, the Maximum Flow Depth, the Minimum Wave
Amplitude or the Maximum Wave Speed (see Chapter 3).

2.5. Infrastructure at Risk

ComMIT outputs of worst-case inundation areas in Elliott Bay were superimposed onto
satellite images for two of the scenarios, a smaller more probable Mw 9.0 event and the
largest Mw 9.5. The locations of schools, hospitals, fire/emergency services, civic buildings and
tourist hotspots were identified using Google Earth to locate infrastructure and critical
emergency response services at risk.

2.6. Communities at Risk

To investigate community vulnerability to a tsunami, census data was sourced from the 2018
U.S. Census Bureau’s American Community Survey (ACS) of age, gender, race and ethnicity,
and socioeconomic factors, shown in Table 2.4. The ACS estimates are based on a sample,
however, and carry margins of error for small geographic areas (Seattle Office of Planning and
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Community Development, 2019). The data was collected for eleven tracts on the shoreline of
Elliott Bay, the outlines of which can be found in Figure 2.4. The shapefile for the census tract
outlines was sourced from the Seattle.gov website and uploaded into QGIS to be overlain
onto the ComMIT inundation maps (2021).
Table 2.4. Population characteristics, race
and ethnicity, property ownership and
socio-economic status data from the ACS
was collected for each shoreline census
tract circled in Figure 2.4 (opposite).

Figure 2.4. The U.S. Census Bureau Tract Map
for Elliott Bay, of which a shapefile version
was downloaded into QGIS. The tracts used in
this project are circled in black. Sourced:
Seattle.gov, 2021.

* not including Hispanic of Latino Population
** compared to the $94,974 average in King
County
*** compared to the 4.2% average in King County

Census Tract Variables
Collected
Total Population
Population Density per
Population
Gross Land Acre
Characteristics Population less than 18
years
Population 65 years and
over
Male vs Female Ratio
White Alone *
Black or African American
Alone *
Race and
American Indian and
Ethnicity
Alaska Native Alone *
Asian Alone *
Hispanic or Latino
Population
Percentage of People of
Colour
Number of Housing Units
Percentage of Housing
Units Occupied
Property
Of the Housing Units
Ownership
Occupied, the percentage
of Homeowners
Of the Housing Units
Occupied, the percentage
of Renters
SocioMedian Household Income
economic
Estimate ($) **
Status
Percentage of Civilian
Labour Force Unemployed
***
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2.7. Methodology Limitations
2.7.1. Numerical Models

There is a degree of uncertainty when using numerical models, as they are an approximation
of reality. For tsunami models, this is linked to errors in bathymetry and topography,
alongside uncertainties in the tsunami generation mechanism arising from the original
seismic event (Sugawara, 2021). Understanding assumptions in the generation mechanism
and the source characteristics is critical as general hydrodynamic parameters of a tsunami,
such as the wavelength, period and amplitude, depend on them (Sugawara, 2021). Tsunami
numerical models are often treated as a black box, where inputs are programmed, and results
appear (Titov et al., 2016). To avoid potential misunderstandings, as many limitations,
uncertainties and assumptions as possible must be understood to prevent misinterpretations
of tsunami forecasts and their projected inundation maps (Titov et al., 2011).

2.7.2. Generation, Propagation and Inundation Assumptions

The physics of tsunami propagation using NSW equations is better understood than that of
the generation and inundation phases (Sugawara, 2021). The generation stage assumes that
a uniform displacement takes place on a rectangular planar fault, and that the coseismic
seafloor displacement happens instantaneously with the fault displacement (Grezio et al.,
2017). However, in reality the earthquake rupture originates at the hypocenter and then the
seismic energy travels across the rupture interface with varying speed and amount of slip
(Grezio et al., 2017). In many tsunami numerical models, the ‘bald earth approximation’ is
used, which does not include buildings, trees and smaller vegetation (NOAA, 2006). This is
problematic when predicting the inundation extent caused by an event, and hence why the
friction coefficient was increased as described in Section 2.3.3.

2.7.3. ComMIT Dataset Limitations and Model Validation

A significant limitation when modelling tsunami propagation and inundation is that the
resolution and accuracy of the resultant inundation map will reflect the bathymetric and
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topographic data used (see Section 2.3.1.). ComMIT’s default bathymetric data is primarily
generated from low-resolution sources, and therefore should not be used to inform official
hazard mapping or similar purposes (NCTR, n.d.). To increase the bathymetric data source
resolution, 1 min resolution bathymetric and topographic datasets could be sourced from the
General Bathymetric Chart of the Oceans (GEBCO). Due to the complex nature of the seafloor
however, there are cases where a higher resolution grid will still not resolve certain
bathymetric features (Arcas et al., 2020).

Validation is an essential process to improve the accuracy of tsunami numerical modelling,
however such attempts have often been inhibited due to the rare occurrence of tsunamis and
the sparsity of instrumental records (Sugawara, 2021). As the 1700 event is the only fulllength rupture event to have occurred along the CSZ, it was used to validate the model. The
extent of this event was derived from run up and wave height inferred from paleotsunami
deposits, which is subjective in comparison to tide gauge data.

2.7.4. Tides and Sea-Level Rise

Neither MOST nor ComMIT include the influence of tides on the projected inundation areas.
The tide stage and tidal currents can amplify or reduce the impact of a tsunami dramatically
on a specific community (NOAA, 2006). The 1700 event’s maximum amplitude coincided with
a low neap tide, and therefore would have had a smaller impact on the coastline than if the
tide was at a maximum (Mofjeld et al., 1997). The resulting inundation maps of Grid C (Elliott
Bay) produced by ComMIT include a tide gauge, represented by a black triangle to show its
location. The tide gauge data can be imported from the IOC tide gauge web service to
compare to ComMIT’s outputs. However, the gauge locations reported are often in error,
sometimes by as much as 1 km or more (NCTR, n.d.). Further research is needed to
incorporate tidal interactions into the MOST numerical model to produce more accurate wave
heights and current speeds (Venturato et al., 2007).

Due to current climate change and resulting increases in ocean temperatures, the sea level is
rising at differing rates across the globe (IPCC, 2013). This increase in sea level is not taken
into account in the MOST and ComMIT modelling (Arcas et al., 2020). The future increase in
32

sea level will result in larger inundation areas for lower magnitude events, thereby increasing
the potential devastation associated with a lower magnitude event.

2.7.5. Land Subsidence

During a large full-rupture CSZ earthquake event, onshore subsidence and offshore uplift may
occur (Venturato, 2007). Land subsidence associated with the earthquake before the tsunami
inundation occurs is not taken into account in the topographic data that is included in
ComMIT (Løvholt et al., 2012). If large subsidence were to occur, land may be irreversibly
lowered and therefore at risk of permanent inundation from the resulting tsunami. However,
this scenario is unlikely (Arcas et al., 2020).

2.7.6. Summary of Limitations

The uncertainties from various factors, such as physical processes considered in the model
used, tsunami source characteristics and coastal bathymetry and topography have been the
main obstacles to improving tsunami numerical modelling (Sugawara, 2021). Despite the
methodology limitations and assumptions mentioned, ComMIT is a feasible option when
modelling earthquake seabed displacement, tsunami generation, propagation and
inundation, resulting in a rapid tsunami hazard assessment based on medium-resolution
data (Løvholt et al., 2012).
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3. RESULTS
Chapter 3 is structured into two sections: Hazard Assessment and Vulnerability Assessment.
The first contains a description of the 1700 event, comparisons of the times series and flooded
areas for all eighteen scenarios, and a more detailed comparison between a M w 9.0 and a Mw
9.5 event. In the second section, the locations of schools, emergency services and tourist
hotspots are considered within the projected Mw 9.0 and Mw 9.5 inundation areas, and
community vulnerability is assessed through certain characteristics, using census tract data
for age, race and socioeconomic status.

3.1. Hazard Assessment
3.1.1. The 1700 Event

The 1700 event was modelled using ComMIT to validate the input parameters applied in this
study. The resulting inundation map is shown in Figure 3.1.
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Figure 3.1. The limited 1700 event inundation area within Elliott Bay was used as a control.
Constructed in QGIS by layering a Landsat 8 image (Sourced from USGS Earth Explorer),
ComMIT’s geotiff output and the existing shoreline (Landsat 8 image).
The propagation of the 1700 tsunami from the CSZ towards the Puget Sound is shown in
Figure 3.2, which displays ten Grid A snapshots beginning 30 seconds and ending 8 hours after
the rupture (Image 10). Wave amplitudes measured at the ‘green star’ located at the entrance
to the Juan de Fuca Strait are shown in the corresponding table.
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Image
1
2
3
4
5
6
7
8
9
10

Time (hr:min:sec)
00:00:30
01:05:03
01:53:52
02:24:22
03:41:37
04:20:46
04:55:50
05:56:20
07:12:05
07:59:52

Amplitude (m)
-0.081
0.744
0.128
-1.039
0.989
-0.090
-1.011
0.692
-0.45
0.093

Figure 3.2. A time series figure and results animation for Grid A of the 1700 event, with the
images corresponding to selected amplitudes at specific points in time since the rupture. The
timing of the maximum amplitude is shown in bold in the table. ComMIT results.
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The time series for Grid C (Elliott Bay) in Figure 3.3 shows two complete waves and the start
of an additional third wave. The first image of the animation is included to display the location
of the green star in Grid C where the corresponding time series was measured from.

Figure 3.3. The Grid C time series of wave amplitude for the 1700 event, alongside an Elliott
Bay image to show the location of the green star where the time series of wave amplitude was
measured from. Note the reduction in y axis values as the wave amplitude decreases from
Grid A (Figure 3.2) to C. ComMIT results.
The locations of the Maximum Wave Amplitude and Maximum Speeds in Grids A, B and C for
the 1700 event were also identified (Appendix 7.6). The Maximum Wave Amplitude for Grid
C is the ComMIT output that was used to generate the inundation area shown in Figure 3.1.

3.1.2. Time Series for all Model Runs

The time series of wave amplitudes for all eighteen scenario runs (Table 2.3 in Section 2.4.2)
were examined in Grids A and C. Only the Mw 9.5 scenario runs are depicted here in Figure
3.4 (Grid A) and Figure 3.5 (Grid C), as scenarios with smaller magnitudes from the same unit
source configurations had similar time series profiles. Figures 3.4 and 3.5 revealed that the
rupture width/length and location of the rupture impact the timing and amplitudes of the
resulting tsunami waves.

The arrival time of the tsunami waves in Grids A and C were inspected for all eighteen
scenarios. This revealed that the arrival of the first, second and third waves vary between
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scenarios in Grid A (Appendix 7.7) and occasionally a fourth wave is recorded in Grid C
(Appendix 7.8).
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a)

b)

c)

Figure 3.4.
Time series for
Grid A for all
Mw 9.5
scenario runs:
a) M9.5:
Central and
4x3 unit source
configuration;
b) LN9.5:
Northern and
4x3 unit source
configuration;
c) LS9.5:
Southern and
4x3 unit source
configuration;

d)

e)

f)

d) RN3x4-9.5:
Northern and
3x4 unit source
configuration;
e) RS3x4-9.5:
Southern and
3x4 unit source
configuration;
f) RC2x6-9.5:
Central and
2x6 unit source
configuration;
g) RW2x6-9.5:
Western and
2x6 unit source
configuration.

g)
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a)

b)

Figure 3.5. Time
series for Grid C
for all Mw 9.5
scenario runs:
a) M9.5:
Central and 4x3
unit source
configuration;
b) LN9.5:
Northern and
4x3 unit source
configuration;

c)

d)

e)

f)

c) LS9.5:
Southern and
4x3 unit source
configuration;
d) RN3x4-9.5:
Northern and
3x4 unit source
configuration;
e) RS3x4-9.5:
Southern and
3x4 unit source
configuration;
f) RC2x6-9.5:
Central and 2x6
unit source
configuration;
g) RW2x6-9.5:
Western and 2x6
unit source
configuration.

g)
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3.1.3. Inundation Area for all Model Runs

To identify the worst-case scenario from the eighteen model runs, the Maximum Flooded
Area values in Grid C were extracted and are compiled in Table 3.1. The worst-case inundation
area for Elliott Bay was identified as resulting from a Mw 9.5 event with a central, 4x3 unit
source configuration, highlighted in yellow. Other notable flooded areas arise from scenario
LN9.5 (Mw 9.5, northerly, 4x3 unit source configuration), and scenario RC2x6-9.5 (Mw 9.5,
central, 2x6 unit source configuration), both shown in bold.
Table 3.1. The Maximum Flooded Area in Grid C for each of the eighteen model run scenarios,
grouped into magnitude, location and rupture width/length.

Magnitude

Location

Rupture
Width/Length

Scenario Code Maximum Flooded Area in
Grid C (Elliott Bay) (km2)
M9.0
0.49
M9.1
0.65
M9.2
0.97
M9.3
1.46
M9.4
3.09
M9.5
5.51
LN9.0
0.38
LN9.5
4.44
LS9.0
0.31
LS9.5
3.66
RN3x4-9.0
0.28
RN3x4-9.5
3.45
RS3x4-9.0
0.20
RS3x4-9.5
1.95
RC2x6-9.0
0.33
RC2x6-9.5
4.36
RW2x6-9.0
0.26
RW2x6-9.5
1.15

3.1.4. Detailed Comparison of two Events: Mw 9.0 and Mw 9.5

A comparison of the scenario that gave rise to the largest inundation area (5.51km2) with the
Mw 9.0 event of the same unit source configuration (Central, 4x3 unit source configuration),
which produced one of the smallest inundation areas, was carried out to examine the
differences between the inundation maps, wave propagations in Grid A, the arrival
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times/number of waves in Grid C, and the maximum wave amplitudes and speeds in Grids A,
B and C.

Figure 3.6 compares the inundation area in Elliott Bay between the Mw 9.0 and Mw 9.5 events,
with the inundated dry land coloured indigo.

Figure 3.6. A comparison between inundation areas of the Mw 9.0 (left) and Mw 9.5 (right)
events. Created by layering ComMIT outputs, a Landsat 8 image and the existing shoreline of
Elliott Bay in QGIS.
The Mw 9.0 wave propagation in Grid A from the rupture in the Pacific Ocean through to 8
hours after the event is shown in Figure 3.7. The timings of the images and their wave
amplitudes are also displayed in the corresponding table.
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Image
1
2
3
4
5
6
7
8
9
10

Time (hr:min:sec)
00:00:30
00:36:05
00:44:13
00:49:18
01:05:34
02:53:20
03:49:45
05:00:25
06:00:55
07:59:52

Amplitude (m)
0.270
2.542
-2.570
2.276
-3.098
1.643
-1.117
1.094
-0.878
0.116

Figure 3.7. The Grid A Mw 9.0 event time series measured at the green star, with notable
maximum and minimum amplitudes highlighted with images of the wave at those points. The
timings of the maximum and minimum values in the time series are shown in bold in the table.
ComMIT results.
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A comparison to Figure 3.7 is shown below in Figure 3.8 for the Grid A time series of the Mw
9.5 event, depicting the wave propagating from the rupture through to the Puget Sound. The
two time series have similar profiles but the maximum and minimum values are much larger
for the Mw 9.5 event, highlighted in bold in the table.
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Image
1
2
3
4
5
6
7
8
9
10

Time (hr:min:sec)
00:00:30
00:35:35
00:50:49
00:55:24
00:59:28
02:46:13
03:43:39
05:01:56
06:19:43
07:59:52

Amplitude (m)
1.527
15.228
-7.137
4.100
-11.754
9.629
-5.559
3.782
2.630
1.325

Figure 3.8. The Grid A Mw 9.5 event time series, with notable maximum and minimum
amplitudes highlighted with images of wave propagation at those points. ComMIT results.
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The Grid C time series for the Mw 9.0 and Mw 9.5 events are compared in Figure 3.9. These
show subtle differences in wave arrival times and significant differences in wave heights
within the Elliott Bay area. Even though the Mw 9.5 event has much larger amplitude values
overall than the Mw 9.0, the second wave of the Mw 9.0 event is slightly larger than the first,
which is the opposite for the Mw 9.5 event.

9.0
9.5

Figure 3.9. The time series for Grid C for both the Mw 9.0 and Mw 9.5 events, showing the
subtle differences in wave characteristics. The images show the location of the green star
where the time series was measured from.
Figures 3.10 and 3.11 show the locations of the Maximum Wave Amplitudes and Maximum
Speeds indicated by blue crosses on all three grids for both the M w 9.0 (Figure 3.10) and Mw
9.5 runs (Figure 3.11). The differing locations of the blue crosses reveal that the maximum
values vary with different scenarios. For example, the maximum wave speed measurement
in Grid C is located north of Elliott Bay for the M w 9.0 event (Figure 3.10b), and within the
Seattle waterfront for the Mw 9.5 event (Figure 3.11b).
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a)

b)

Grid
Grid A
Grid B
Grid C

Maximum Wave Amplitude in Grid (m)
10.174
4.644
1.197

Maximum Speed in Grid (knots)
18.7
12.7
5.4

Figure 3.10. a) the Maximum Wave Amplitude (m) and b) Maximum Speed (knots) in all three
grids (A to C from left to right) for the Mw 9.0 event. The locations of the values in the table
are shown by a blue cross in the images. ComMIT results.
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a)

b)

Grid
Grid A
Grid B
Grid C

Maximum Wave Amplitude in Grid (m)
54.560
27.621
4.924

Maximum Speed in Grid (knots)
45.7
41.0
16.2

Figure 3.11. a) the Maximum Wave Amplitude and b) Maximum Speed in all three grids (A to
C from left to right) for the Mw 9.5 event. The locations of the values in the table are shown by
a blue cross in the images. ComMIT results.
The maximum speeds measured in all three grids for the eighteen scenarios can be found in
Appendix 7.9.
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3.2. Vulnerability Assessment

The locations of schools, civic infrastructure, fire and emergency services, tourist hotspots
and hospitals near to the Mw 9.0 and Mw 9.5 inundation areas were identified using Google
Earth. Comparing the inundation areas revealed which services would be inundated in one
scenario and not the other, or in both.

3.2.1. Schools

The locations of educational buildings including day cares, were identified. The MightyKidz
Boutique Early Learning Day Care Centre and MITAGS-West Trade School are not in the Mw
9.0 inundation area, but are for the Mw 9.5 event, as shown in Figure 3.12.
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Legend
= unaffected
= inundated
1 = Cosmopolitan Kids Day Care Centre
2 = MightyKidz Boutique Early Learning Day Care Centre
3 = The Seattle School of Theology and Psychology
4 = Seattle University
5 = MITAGS-West – Trade School
6 = John Stanford Center for Educational Excellence
7 = Pathfinder K-8 School
8 = Alki Elementary School

Figure 3.12. The locations of educational institutions near and in the inundation areas of both
Mw 9.0 and Mw 9.5 scenarios, labelled using the associated legend.
3.2.2. Civic Infrastructure

Figure 3.13 shows the locations of key civic buildings with the West Point Treatment Plant,
Seattle Armory and U.S. Coast Guard Base being inundated in the Mw 9.5 scenario.
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Legend
= unaffected
= inundated
1 = West Point Treatment Plant
2 = Seattle Armory
3 = U.S. Coast Guard Base
4 = U.S. Customs and Border Protection

Figure 3.13. The locations of civic buildings near and in the projected inundated areas of the
Mw 9.0 and Mw 9.5 events.
3.2.3. Fire/Emergency Services

Services that have a critical role in the response effort after an event that are located close to
or within the inundation areas, such as fire stations and emergency service buildings, were
identified and superimposed onto the projected inundation areas. The results, displayed in
Figure 3.14, show that Fire Station 5 is vulnerable to both Mw 9.0 and Mw 9.5 events, whereas
Fire Station 36 is only vulnerable to the Mw 9.5 event.
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Legend
= unaffected
= inundated
1 = Fire Station 2
2 = Fire Station 5
3 = Downtown Emergency Service Center
4 = Seattle Office of Emergency Management/Fire Station 10
5 = Seattle Fire Department Headquarters
6 = Fire Station 36

Figure 3.14. The locations of six fire and emergency services buildings and their proximity to
the projected inundation areas for the Mw 9.0 or Mw 9.5 events.
3.2.4. Tourist Attractions

Tourist hotspots are concentrated in the Downtown and waterfront areas, with the locations
of certain attractions shown in Figure 3.15. Smith Cove Harbour, Olympic Sculpture Park and
the Seattle Great Wheel are vulnerable to a Mw 9.0 event, whilst a Mw 9.5 event would also
impact the Seattle Selfie Museum.
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Legend
= unaffected
= inundated
1 = Smith Cove Harbour
2 = Olympic Sculpture Park
3 = Space Needle
4 = Seattle Great Wheel
5 = Seattle Selfie Museum
6 = Seattle Art Museum
7 = Lumen Field - Football Stadium
8 = T-Mobile Park Baseball Stadium

Figure 3.15. The locations of tourist hotspots and their proximity to the modelled inundation
areas for Mw 9.0 and Mw 9.5 scenarios.
3.2.5. Hospitals

Finally, the locations of large hospitals and the Department of Social and Health Services were
identified and are shown in Figure 3.16. Whilst unaffected by either event, their proximity to
the inundation areas may indirectly impact their ability to respond effectively.
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Legend
= unaffected
= inundated
1 = Department of Social and Health Services
2 = The Polyclinic Downtown
3 = Kindred Hospital – First Hill
4 = Virginia Mason Hospital and Seattle Medical Center
5 = Harborview Medical Center

Figure 3.16. The locations of Downtown hospitals and the Department of Social and Health
Services overlain onto the inundation areas of the Mw 9.0 and Mw 9.5 scenarios.
3.2.6. Census Tracts

Communities potentially vulnerable to a worst-case tsunami event were identified by
examining the 2018 Census data from the U.S. Census Bureau’s American Community Survey
programme. Data was collated for the census tracts surrounding Elliott Bay, shown in Figure
3.17.
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Figure 3.17. The census tract outlines with their respective identification numbers, overlain on
the projected Mw 9.5 inundation area. The Census Tract Outline layer is sourced from the
Seattle.gov Geographic Files and Maps website (2021).
3.2.7. Population Density, Age and Gender

Data for population density, age and gender were collated and recorded in Table 3.2. The
population densities of census tracts 92, 81, 80.02, 80.01 and 71, that include the waterfront
and Downtown areas, are greater than 20 people per gross land acre, shown in bold.
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Table 3.2. Total population, population density per gross land acre, population less than 18
years and over 65 years, and the male to female ratio for each census tract surrounding Elliott
Bay. The margin of error is included in brackets for each raw value.
Census
Tract
No.

Total
Population

Population
Density per
Gross Land
Acre

Population less Population 65
than 18 years
years and over

Male vs
Female
Ratio

96
99
93
92
81
80.02
80.01
71
58.02
56
57

5771 (± 326)
5896 (± 493)
3179 (± 360)
2581 (± 278)
4908 (± 477)
3785 (± 350)
7183 (± 534)
5301 (± 438)
6263 (± 439)
7038 (± 384)
6851 (± 324)

12.2553
3.6349
1.3644
31.6281
23.9988
66.8704
57.8470
24.8841
8.1982
9.3909
5.4260

820 (± 250)
881 (± 222)
185 (± 80)
76 (± 53)
144 (± 86)
117 (± 85)
182 (± 74)
363 (± 187)
823 (± 183)
1684 (± 265)
1565 (± 305)

3108:2663
2685:3211
2155:1024
1668:913
2957:1951
2119:1666
4176:3007
2826:2475
3244:3019
3277:3761
3499:3352

1282 (± 248)
527 (± 159)
445 (± 110)
494 (±129)
883 (± 209)
471 (± 127)
760 (± 243)
341 (± 120)
623 (± 163)
1467 (± 240)
908 (± 195)

3.2.8. Race and Ethnicity

Race and ethnicity are important factors to consider when identifying vulnerable
communities, therefore the number of White, African American, American Indian, Asian and
Hispanic people present in each census tract were identified and summarised in Table 3.3.
Census tracts from 93 down to 58.02 in Table 3.3 (in bold) have greater than 30% people of
colour, with Tract 92 presenting the highest value with more than 50% people of colour.
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Table 3.3. The number of White, African American, American Indian, Asian, Hispanic people
and the percentage of people of colour within the eleven census tracks.
Census
Tract
No.

White alone,
not Hispanic
or Latino
population

Black or
African
American
alone, not
Hispanic or
Latino
population

96
99
93
92
81
80.02
80.01
71
58.02
56
57

4437 (± 429)
4261 (± 476)
1746 (± 222)
1192 (± 224)
3226 (± 376)
2280 (± 384)
4541 (± 643)
3109 (± 389)
4071 (± 478)
5797 (± 386)
5478 (± 427)

64 (± 59)
200 (± 107)
281 (± 190)
260 (± 101)
379 (± 158)
289 (± 160)
98 (± 101)
272 (± 169)
474 (± 375)
35 (± 39)
88 (± 83)

American
Indian and
Alaska
Native
alone, not
Hispanic or
Latino
population
47 (± 55)
0
30 (± 31)
71 (± 61)
63 (± 86)
39 (± 42)
25 (± 58)
139 (± 188)
0
0
0

Asian alone, Hispanic or
not Hispanic Latino
or Latino
population
population

%
People
of
Colour

553 (± 235)
528 (± 192)
544 (± 106)
695 (± 193)
516 (± 224)
766 (± 283)
1680 (± 517)
871 (± 276)
844 (± 323)
441 (± 127)
575 (± 184)

23.12
27.73
45.08
53.82
34.27
39.76
36.78
41.35
34.99
17.63
20.04

289 (± 176)
441 (± 198)
225 (± 121)
175 (± 85)
420 (± 201)
203 (± 113)
476 (± 299)
644 (± 361)
327 (± 180)
333 (± 177)
421 (± 175)

3.2.9. Property Ownership and Socioeconomic Status

The final characteristics that were collected to identify vulnerability were median household
income, unemployment, and buying versus renting property, the values for which can be
found in Table 3.4. Census tracts 96, 56 and 57, located at the extremities of Elliott Bay, and
80.01, located in Downtown, have Median Household Incomes of over $100,000, shown in
bold. In contrast, Tract 92 has a Median Household Income of $20,573, also shown in bold.
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Table 3.4. Census tract data for the number of housing units, the percentage of those units
that are occupied, and of those units that are occupied, the percentage of buying versus
renting. The right-hand columns give values of the median household income and the
percentage of the labour force that is unemployed.
Census
Tract
No.

Number
of
Housing
Units

% of
Housing
Units
occupied

96
99
93
92
81
80.02
80.01
71
58.02
56
57

3224
3226
1670
2105
3775
3224
5455
3599
3319
2882
3071

88.0
95.6
94.7
84.0
78.7
80.7
93.9
93.9
90.7
98.9
93.3

Of the
Housing
Units
occupied,
the % of
Homeowners
61.8
46.2
40.8
6.4
22.0
17.7
31.8
20.5
38.2
91.8
68.9

Of the
Housing
Units
occupied,
the % of
Renters
38.2
53.8
59.2
93.6
78.0
82.3
68.2
79.5
61.8
8.2
31.1

Median
Household
Income
estimate ($)
*

% of Civilian
Labour
Force
unemployed
**

132,889
90,024
92,347
20,573
82,892
72,155
127,607
86,810
77,424
167,622
118,750

3.1
5.7
4.0
6.2
4.7
4.5
4.5
1.7
6.4
3.0
3.6

*compared to the $94,974 average in King County
** compared to the 4.2% average in King County
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4. DISCUSSION
4.1. The 1700 Event

The 1700 full rupture event caused uplift and subsidence all along the U.S. Pacific Northwest
coast (Dunbar & McCullough, 2012). Results from this study indicated there was little
inundation in the Elliott Bay area for the 1700 event, with wave amplitudes not exceeding
0.5m (Figure 3.3).

The low level of inundation can be explained by two factors: the location of the rupture and
the low neap tide that coincided with the arrival time of the tsunami. Due to the southerly
location of the rupture, the majority of the wave energy would have been focused further
down the coast in the states of Oregon and California. This is consistent with the discovery of
six paleotsunami sand sheet deposits inland of Crescent City, California (Peterson et al., 2011).
Further 1700 paleotsunami deposits found elsewhere along the coast suggest inundation
elevations from 3 ± 2m to 15 ± 2m, with the largest values occurring along the central Cascadia
margin and the smallest values occurring in the eastern Juan de Fuca Strait (Peterson et al.,
2015). Thus, the ComMIT results are consistent with the limited inundation extent
determined from the paleodeposits found in the northern section of Pacific Northwest Coast.

Secondly, the small inundation extent of the 1700 event in Elliott Bay may have been due to
the occurrence of a low neap tide along the West Coast as the event unfolded (Mofjeld et al.,
1997). It is of note that high range perigean spring tides occurred only a week later, however,
indicating that tidal patterns and extremes should ideally be considered when predicting
inundation extents from tsunami events (Mofjeld et al., 1997).

4.2. The Walsh Study and Mw 9.5 Inundation Map Comparison

The only inundation map for Elliott Bay prior to this study was derived from a Seattle Fault
earthquake event (Mw 7.3) (Walsh et al., 2003). The inundation area produced by this event
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is similar to the projected inundation area of the Mw 9.5 CSZ event modelled using ComMIT,
shown in Figure 4.1.

Legend
= Mw 9.5 Event Inundation Area
= Elliott Bay Shoreline
Landsat 8 Image Base

Figure 4.1. The Mw 7.3 Seattle Fault event’s inundation area (left) in comparison to a M w 9.5
CSZ event’s inundation area (right) in Elliott Bay, Seattle with legend beneath. Sourced: Walsh
et al., 2003 (left), and created on QGIS using ComMIT results (right).
Both inundations indicate the underlying topography of Elliott Bay: low lying areas, such as
the port leading to the Duwamish River in the south and the Smith Cove area to the north,
are easily inundated in comparison to the higher topography of the headlands. The scenario
of the Walsh Study was constrained by paleoseismic and historical data, and does not
consider the fact that the next earthquake from this source may be substantially different to
past events (Walsh et al., 2003). The inundation map for the Mw 9.5 event was based on a
worst-case scenario approach, and was therefore not constrained by historical data.
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4.3. Hazard Assessment

The hazard component of the PAR model must be considered to understand the potential risk
to the coastal population from a tsunami. A series of worst-case scenario events were
modelled, varying magnitude, location and rupture width/length, to investigate the changes
to tsunami arrival times, the number of waves per event, wave amplitudes and speeds.

The Grid A time series of all Mw 9.5 events (Figure 3.4) shows key differences in the number
of waves per event. For unit source configurations of 4x3, there are two distinct peaks with
wave amplitudes greater than 5m separated by approximately 2 hours, whereas for the 3x4
configuration, the two waves with 5m amplitudes occur within 15 minutes of each other
(Appendix 7.7). For the 2x6 scenarios, the event also has two peaks above 5m before the 1
hour since rupture mark. When considering preparation and evacuation strategies, the
number of waves per event must be considered, a factor that varies with rupture
characteristics.

The wave amplitude measurements for Grid A’s time series were measured at the entrance
to the Puget Sound producing data relevant to the communities on the Pacific Coast of
Washington State. For all Grid A scenarios, the first wave arrives 29-40 minutes after the
rupture has occurred (Appendix 7.7), allowing limited time for evacuation. This demonstrates
the need to improve the warning system, for example by the addition of a NOAA’s Deepocean Assessment and Reporting Tsunami (DART) buoy in between the CSZ and the Pacific
Northwest Coast, as the current buoys, shown in Figure 4.2, would detect a tsunami only after
it had inundated these communities (Percival et al., 2018).
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CSZ

Figure 4.2. The locations of the current DART stations on the Pacific Ocean side of the CSZ
(labelled). Sourced: NOAA, 2021.
The time series for the Mw 9.5 runs in Grid C (Figure 3.5) also emphasise that the rupture
characteristics impact the number of waves per event. For example, there are two distinct,
complex waves for the 4x3 scenarios and four separate waves for the 3x4 scenarios. The last
time series (Figure 3.5g) of the western 2x6 scenario has a different profile with the two waves
not arriving until between four and seven hours after the event. The majority of the first
waves arrive 2¼ - 3½ hours after the rupture (Figure 3.5 & Appendix 7.8), giving the population
in danger of inundation in Elliott Bay approximately two hours to evacuate. It is of note that
for tsunami evacuations, pedestrian evacuation is recommended rather than vehicular, as
roads such as the Alaskan Highway on the waterfront and Freeway 5 that runs through
Downtown may become inaccessible due to earthquake damage or congestion from a sudden
influx of cars (Wood & Schmidtlein, 2012).

4.3.1. Inundation Area

The maximum flooded areas (Table 3.1 in Section 3.1.3.) were used to assess the potential
damage caused by a tsunami hazard. In general, a central rupture location opposite the Juan
de Fuca Strait results in the largest inundation area in Elliott Bay, Seattle (Scenario M9.5). A
key conclusion from the maximum flooded area data is that northerly scenarios, such as LN9.5
(4.44km2) and RN3x4-9.5 (3.45km2) give larger inundation areas than their southern
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counterparts, LS9.5 (3.66km2) and RS3x4-9.5 (1.95km2), respectively. This can be explained
by the proximity of the rupture to the entrance to the Juan de Fuca Strait. Northerly ruptures
are closer and have direct access to the entrance, whereas the wave energy from southern
ruptures is dissipated along the Pacific Northwest coast, inundating communities such as Long
Beach and Ocean Shores in southern Washington. Once the rupture location has been
identified using data from seismometers during the event, the severity of the inundation in
Elliott Bay can be determined using this location information.

The smallest inundation areas in Elliott Bay across all rupture scenarios were produced by
events with Mw 9.0 from southerly locations, ranging from 0.2km2 (RS3x4-9.0) to 0.49km2
(M9.0) (Table 3.1 Section 3.1.3.). Although these events may cause less damage due to the
reduced inundation of dry land, the smaller areas should not be disregarded when assessing
hazard risk in Seattle, as Mw 9.0 events are more likely to occur than the larger Mw 9.5 events,
and hence the detailed comparison of a Mw 9.0 and a Mw 9.5 event (Section 3.1.4.).

4.3.2. Maximum Speed

Tsunami current speeds are important when considering the potential damage an event could
cause to ports and harbours in Elliott Bay. The speed of the tsunami induced currents in a port
area, even when the inundation is minimal from a smaller Mw 9.0 event, can severely impact
moored container ships and smaller vessels, such as fishing boats and tourist cruise boats
(Allan et al., 2018). The first large increase in water velocity occurs when the water within the
port recedes before the event, as evident in the M w 9.5 Grid C time series (Figure 3.5). The
strain placed on vessel moorings from rising and falling water levels could cause them to break
(Allan et al., 2018). These vessels may then be transported by the fast-moving water, adding
to the destructive forces of the tsunami inundation (Takabatake et al., 2019). In general, a
current velocity exceeding 2 ms-1 (4 knots) is sufficient to cause damage to docks, harbour
piers and other structures, and can sheer vessel mooring lines (Uslu et al., 2010b). Table 4.1
shows all eighteen scenario runs and whether their respective maximum speeds in Grid C
exceed this threshold.
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Table 4.1. The Maximum Speeds measured in Grid C for all eighteen scenarios, showing the
events that exceed Uslu et al.’s threshold of 4 knots (2010b).
Scenario Code
M9.0
M9.1
M9.2
M9.3
M9.4
M9.5
LN9.0
LN9.5
LS9.0
LS9.5
RN3x4-9.0
RN3x4-9.5
RS3x4-9.0
RS3x4-9.5
RC2x6-9.0
RC2x6-9.5
RW2x6-9.0
RW2x6-9.5

Maximum Speed
in Grid C (knots)
5.4
5.7
5.8
6.4
18.1
16.2
4.1
16.3
3.2
17.7
3.4
12.8
3.0
9.5
3.0
16.9
2.2
6.0

Current Velocity
Exceeding 4 knots
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

The key finding that can be drawn from Table 4.1 is that smaller events with M w 9.0, such as
scenarios M9.0 and LN9.0, exceed the 4 knots threshold and may result in damage to the port
and harbour areas in Elliott Bay.

As the tsunami wave travels onto dry land, most of the wave’s energy is absorbed by the first
obstacle in its way, which includes Seattle’s popular waterfront area and its associated
buildings. The speed of the tsunami event within the dry land inundation is important as this
impacts the types of buildings that may be destroyed and the number of casualties an event
may cause. To determine the impact of the inundation on people and buildings however, a
model linking hydrostatic forces to inundation speeds is required (Koshimura et al., 2006;
Takabatake et al., 2019).

64

4.4. Vulnerability Assessment
4.4.1. Locations of Critical Community Infrastructure

This section considers the equally important vulnerability component in the PAR risk model.
The specific locations of community infrastructure, such as schools, are important to highlight
when assessing tsunami risk and vulnerability. Critical emergency services, such as fire
departments, were also located as they are key to the immediate recovery process once the
tsunami has happened. The locations of the infrastructure were overlain onto inundation
maps resulting from the comparison of a more probable worst-case scenario event (Mw 9.0)
and the worst-case event (Mw 9.5) (Section 3.1.4) to determine which services are inundated
in which scenario.

The MightyKidz Boutique Early Learning Centre and the Maritime Institute of Technology and
Graduate Studies (MITAGS-West) are unaffected by a Mw 9.0 event, but are inundated in the
Mw 9.5 scenario, shown in Figure 3.12. The day care centre supervises children aged between
three months and six years, and targets working parents in Seattle’s Downtown (MightyKidz,
2021). Children have an increased risk of injury and death in events due to their physical
vulnerabilities and dependence on adults for protection and care (Zahran et al., 2008). To
build individual and community resilience, centres that are close to the inundation for one
event and within it for another, such as the MightKidz day care, should conduct regular
evacuation drills (Johnson et al., 2014).

Disaster events have wide reaching effects on all industries, including tourism (Rossello et al.,
2020). In 2019, 41.9 million tourists, including 21.9 million overnight tourists, visited Seattle
and the surrounding area, with the tourist industry supporting 80,317 jobs (Visit Seattle,
2018). Tourist attractions represent locations with a large concentration of vulnerable people
who may be unfamiliar with their surroundings and local tsunami risk. For both scenarios,
Smith Cove Harbour, the Olympic Sculpture Park and the Great Seattle Wheel on Pier 57 at
the waterfront are inundated, as shown in Figure 3.15. In a larger Mw 9.5 event, the Seattle
Selfie Museum is also inundated. With efficient warning systems, available online and inperson information, and an evacuation time of two hours (Section 3.3), it should be possible
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to evacuate the tourist attractions affected in these scenarios before the first wave arrives in
Elliott Bay.

Figure 3.13 shows the locations of civic buildings that are at risk from a worst-case CSZ
tsunami event. The West Point Treatment Plant (WPTP), Seattle Armory, U.S. Coast Guard
Base and U.S. Customs and Border Protection avoid inundation for a Mw 9.0 event, but are all
inundated in a Mw 9.5 event, except for the Customs and Border Protection facility. The WPTP,
shown in Figure 4.3, is located on the exposed northerly West Point headland of Elliott Bay
and treats wastewater from 1.5 million people in the Seattle metropolitan area (King County,
2021).

Figure 4.3. The West Point Treatment Plant on the exposed northern West Point headland of
Elliott Bay. Sourced: King County, 2021.
In February 2017, a storm event inundated the facility, resulting in equipment failure and the
discharge of 186 million gallons of untreated wastewater into Elliott Bay (King County, 2018).
This event resulted in short-term water quality impacts along the adjacent shorelines, and
beaches were closed to recreation to protect public health. Following this event, the
frequency of safety systems testing was increased, protocols were updated, and all plant
employees are now trained to respond to emergency situations (King County, 2019). The risk
of a tsunami was not considered however, implying that a larger flooding event may exceed
the new protocols. Checking that protocols consider the impacts of tsunami events in exposed
locations is critical, as seen by the Fukushima nuclear disaster after the 2011 Tohoku event,
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caused in part by a failure to consider the worst-case scenario inundation extent (Synolakis &
Kânoğlu, 2015).

Emergency services, including fire stations, and critical infrastructure, such as hospitals, form
a crucial role of the community response to a disaster. Figure 3.14 shows that Fire Station 5
on the waterfront is inundated in both scenarios. As it is vulnerable in both scenarios, the
station should be moved further inland to enable its effective response to an event should
one happen.

Seattle’s Downtown hospitals avoid inundation in both scenarios (Figure 3.16). This is a
positive outcome, as hospitals form part of the critical infrastructure system and must
effectively function to supply essential services to communities during a disaster event.
Although they are not directly inundated however, those affected by the disaster will
concentrate at these hospitals which may lead to them becoming overwhelmed. This
emphasises the importance of an emergency plan within the hospitals that expands services
quickly beyond normal operating conditions to meet an increased demand for medical care
should an event happen (Cimellaro et al., 2017).

4.4.2. Census Data

Vulnerability to a natural hazard differs across a community due to population characteristics
that influence the susceptibility of various groups to loss, and govern their ability to respond
(Cutter et al., 2003). The social and economic factors that were investigated include age,
gender, race and ethnicity, and median household income. The census tract data was used to
identify differences in these characteristics across Elliott Bay. Assessing vulnerability through
these characteristics can explain why natural hazards of similar type and magnitude can have
disparate impacts on communities (Johnson et al., 2020). When using tract data, the areas
covered by a single tract are large and include multiple neighbourhoods. As the inundation
area does not flood entire tracts (Figure 3.17), this leads to generalised community
characteristic conclusions.
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The Elliott Bay population consists of wealthier, suburban communities on the headland hills,
densely populated Downtown and waterfront areas just north of the port, and poorer
Duwamish River neighbourhoods to the south. Census tracts that have a population density
per gross land acre greater than 20 include 92, 81, 80.02, 80.01 and 71 (Table 3.2 Section
3.2.7). Due to the higher number of people per acre, the impact on these tracts is higher
compared to the tracts with lower population density values.

Gender is also a social characteristic that implies unequal vulnerability (Cutter et al., 2003).
The census tracts that have a higher number of females to males, are 99 (port and suburban
housing), and 56 on the northern headland (a residential area). Although women tend to have
higher risk perceptions, demonstrate higher preparedness planning and are more likely to
respond to warnings than men, they are also more likely to be single parents or primary care
givers, and have lower incomes and few financial resources (Wood et al., 2010).

Race and ethnicity influences vulnerability to natural hazards due to historic patterns of
inequalities within the US that result in these communities lacking resources to prepare and
mitigate (Cutter et al., 2003). These neighbourhoods are more likely to have poor public
services and infrastructure, and to be excluded from disaster planning efforts (Wood et al.,
2010). Whilst Seattle’s population is predominantly White to the north of the city, the city has
sizeable populations of Blacks and Asians, and the Hispanic population is growing rapidly in
the south (Guest et al., 2008). The highest percentage of people of colour (53.82%) is found
in Census Tract 92, with high percentages in 93 (45.08%) and 71 (41.35%) also (Table 3.3,
Section 3.2.8). To tackle issues of cultural differences and language barriers in disaster
preparedness strategies, the Community Safety Ambassador Program teaches English as a
second language to populations in the greater Seattle area (Seattle Office of Emergency
Management, 2019). This programme provides culturally appropriate outreach education,
and Disaster Preparedness Skills for those who may not be able to access resources due to
cultural or language barriers.

Low socioeconomic status, indicated by a low median household income estimate and a high
percentage of unemployment, is a primary contributor to vulnerability to a natural disaster
event (Cutter et al., 2003). Access to individual and community resources, insurance, and
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public and private recovery assets are limited where there are low sources of income and
unemployment, resulting in a less resilient community (Cutter et al., 2003). Census tracts with
the highest percentage of unemployment are 92 (6.2%) and 58.02 (6.4%) which compare
unfavourably with the 4.2% average in King County. Higher unemployment increases the
percentage of people within a community that would be unable to support themselves in the
aftermath of a tsunami.

4.4.3. Census Tract 92

When multiple population characteristics such as the examples mentioned so far, are
combined within a community, this can equate to higher vulnerability to a tsunami hazard.
Census Tract 92 contains the highest percentage of people of colour, the lowest median
household income estimate, the highest percentage of renters, the highest percentage of
unemployed labour force and a relatively high population density. This data is summarised in
Table 4.2 and compared to the average of all the eleven census tracts examined around Elliott
Bay.
Table 4.2. Summary of community characteristics in Census Tract 92, compared to the average
values from all eleven census tracts examined around Elliott Bay.
Population Characteristic Metric
Population Density per Gross Land Acre
Percentage People of Colour (%)
Median Household Income Estimate ($)
Of the housing units occupied, the
percentage of renters (%)
Of the housing units occupied, the
percentage of homeowners (%)
Percentage of civilian labour force
unemployed (%)

Census Tract
92 Values
31.6281
53.82
20,573
93.6

Average Value for Elliott Bay
Census Tracts
22.3180
34.0518
97,190
59.5

6.4

40.5

6.2

4.3

The combination of multiple factors implying vulnerability leads to the conclusion that
communities within Census Tract 92 are some of the most at risk to the devastating impacts
of a tsunami.
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Although the entirety of Census Tract 92 would not be directly impacted by the inundation
(Figure 3.17), communities may be indirectly impacted across this vulnerable census tract.
The individuals of Census Tract 92 may be working in low-paying jobs in the port or in the
tourist industry on the waterfront, which is consistent with the very low median household
income figure. Large areas of the port and waterfront would be inundated and may be
completely destroyed by the event. The subsequent loss of jobs would raise the already high
percentage of unemployment throughout the census tract, making recovery from the disaster
more difficult.

The above analysis highlights that the impact of a tsunami event extends further than solely
the direct physical damage from flood water, and affects the most vulnerable people
through indirect long-term processes, such as unemployment. Although the physical hazard
is lower for those not in the projected inundation area of Census Tract 92, their vulnerability
is high due to certain population characteristics, resulting in a greater risk of increased
deprivation triggered by the devastation caused by a tsunami.
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5. CONCLUSION
5.1. Summary

The aim of this study was to gain a greater understanding of the threats that tsunamis can
place on populations, and to explore the relationship between the risk, physical hazard and
vulnerability of the affected communities. Despite the USA’s level of preparedness as a
country with a developed economy, a large tsunami event originating from the Cascadia
Subduction Zone has the potential to devastate populations and infrastructure along the
Pacific Northwest coast. The model ComMIT was used to investigate the nature of the
physical hazard, and to determine the worst-case scenario event (Mw 9.0-9.5) by varying the
magnitude, source location and rupture width/length. Once the maximum inundation areas
had been determined for the worst-case Mw 9.5 event and the more probable Mw 9.0 event,
the proximity of services and critical infrastructure to the inundation areas was investigated
using Google Earth. Finally, community vulnerability, which is a significant component of
tsunami risk assessment, was investigated using census tract data for community
characteristics such as age, gender, race and ethnicity, and socio-economic status.

This study aimed to answer the following three research questions:

1. What is the maximum inundation area produced by a worst-case scenario event from a
previously unstudied source/urban centre combination in a country with a developed
economy?

Eighteen model runs of varying magnitude, source location and rupture width/length were
carried out. From the results, it was concluded that the largest inundation area generated in
Elliott Bay, Seattle would be produced by a Mw 9.5, central location event, with a 4x3 unit
source configuration. Another notable finding is that ruptures located in a northerly location
with respect to the entrance to the Juan de Fuca Strait produce larger inundation areas in
Elliott Bay than their southern counterparts. Furthermore, the rupture width/length
variations impacted the characteristics of the event, including the number of waves and their
arrival times in Elliott Bay. Thirteen of the eighteen maximum speed results for Elliott Bay
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were above the 4-knot threshold, implying that devastation within the harbour and port areas
will occur even in lesser magnitude scenarios. Overall, it can be concluded that it is important
to consider the full range of variability in physical hazard characteristics when assessing
tsunami risk.

2. Is there critical infrastructure, such as schools, hospitals or emergency services near or
within the inundation area, and what are the implications for policy with respect to
preparation and response?

According to the ComMIT time series for Grid C, the tsunami would take 2½ - 3½ hours to
arrive in Elliott Bay. This leads to the conclusion that with effective planning, preparation,
efficient warning systems and established evacuation routes, those in the projected
inundation area should have enough time to evacuate. Educational buildings, such as
MITAGS-West and MightyKidz Day Care, that are inundated by the Mw 9.5 event must have
appropriate evacuation drills and emergency response strategies. The West Point Treatment
Plant, that would also be inundated in a Mw 9.5 event, should consider a tsunami event in
their protocol to avoid the release of untreated wastewater into Elliott Bay. Tourist hotspots,
such as the waterfront, the Seattle Wheel and the Olympic Sculpture Park, are inundated in
both scenarios, and therefore tsunami preparation and the provision of evacuation
information to tourists unfamiliar with the area is crucial to their safety.

3. Is there a particular community within the projected inundation area that may be
disproportionately impacted by the event due to higher vulnerability?

Census Tract 92, between the port area and Downtown, was identified as an area with a high
percentage of people of colour, low household income, high unemployment and a high
proportion of renters. The presence of multiple characteristics that imply vulnerability in this
census tract compounds their vulnerability, and makes them far more at risk than other
communities surrounding Elliott Bay. As the census tracts include large areas that are not
inundated by a CSZ event, indirect impacts of the inundation were considered. For example,
the population in Tract 92 may have jobs within either the port or tourist industry on the
waterfront, both of which are inundated in a worst-case tsunami event. This highlights that
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the impacts of a tsunami event on vulnerable communities is more extensive than just those
directly inundated. Thus, it can be concluded that the consideration of community
vulnerability and the indirect impacts of inundation on the population results in a deeper
understanding of the overall tsunami risk.

5.2. Future Work

To complement the worst-case scenario approach used in this study, it would be instructive
to identify the earthquake event with the highest likelihood of occurring, determined by using
the Gutenberg Richter Law (Gutenberg & Richter, 1955), and to then model the resulting
tsunami event using ComMIT for Elliott Bay. It would also be interesting to incorporate the
impact of projected sea level rises due to climate change on the inundation area produced by
this most probable event.

The identification and use of more granular census block data would enable refined
neighbourhood scale conclusions to be drawn from the community characteristics. The use
of a vulnerability index, such as the Social Vulnerability Index (SoVI), would determine a
relative measure of the overall social vulnerability for each census block (Cutter et al., 2003).
The quantification of vulnerability in this way would lead to more tailored conclusions about
community risk in Seattle.

5.3. Wider Implications

This research has emphasised the importance of considering community vulnerability
alongside the physical hazard in tsunami risk assessment. When studying a developed
population, there is an assumption that it will be relatively well-prepared due to its financial
resources and political stability. For Elliott Bay, Seattle however, the secondary effects on
disadvantaged communities that would result from an inundation, such as unemployment,
transport them into a cycle of increasing vulnerability (UNDRR, 2019). The paradigm shift from
prioritising the assessment of the physical hazard to recognising the contribution of
community characteristics and demographics should soon begin to reduce disaster losses
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globally (UNISDR, 2021). Approaching tsunami risk assessment in this way must be a universal
approach, applied equally to countries with developing and developed economies.
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7. APPENDICES
7.1. ComMIT Grids A, B and C information including dimensions, latitude and longitude extent,
maximum depth and height, and maximum timestep. ComMIT interface.
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7.2. A comparison of Grids A, B and C’s latitude and longitude coverage between the
programmed grids for this investigation and grids used in two previous studies.
Arcas & Uslu, 2010
Grid

Uslu et al., 2010a

Region

Coverage

Grid Region

A

Northern
California/
Southern
Oregon

Lat.
(oN)
44.49
540.51
5

Lon.
(oW)
126.9 A
95123.5
35

B

Crescent
City

41.99
8341.50
16

124.6 B
0124.0
5

San
Francisco
Bay

C

Crescent
City

41.78
2941.71
68

124.2 C
345124.1
434

San
Francisco
City

Monterey
to
Sonoma
Counties

CSZ Programmed Grids
Coverage

Grid

Lat. (oN) Lon.
(oW)
38.4992 123. A
4917
36.4992 121.
9917
37.9490 122. B
5833
37.4997 122.
20
37.8500 122.
5437.6494 122.
35

C

Region

Coverage

Southern
Washington
/Vancouver
Island

Lat.
(oN)
50.374
545.074
5

Lon.
(oW)
238.0
308232.5
558

Puget
Sound

48.614
546.944
5

237.9
802236.3
102

Elliott Bay,
Seattle

47.693
547.528
5

237.6
894237.5
544
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7.3. The definitions of the Model Run Parameters used in ComMIT to run the worst-case
scenarios. Sourced from the MOST Manual (NOAA, 2006).
Model Parameters
Definition (MOST Manual)
Minimum amplitude of input offshore wave Smaller values of input amplitude are
(m)
ignored. Input through grid A boundary
starts only when absolute amplitudes
exceed this threshold.
Minimum depth of offshore (m)
Specifies depth for Grid A and B where
reflection boundary conditions will be
performed.
Dry land depth of inundation (m)
Specifies the minimum depth of the water
column that model performs computations
on. If the water level is lower than this value,
the cell is considered dry and no
computation is performed. This effectively
selects a moving boundary condition
threshold.
2
Friction coefficient (n )
The value of the dimensionless Manning
roughness coefficient squared for the
shoreline.
Maximum ETA before blow-up (m)
The computation is terminated if computed
amplitude is exceeded this value.
Time step (seconds)
Specifies time step for grid C computation.
Grid C is computed every time step.
Total number of time steps in run
Number of time steps.
Time steps between A-Grid computations
A-Grid wave dynamics may be computed
less frequently than the C-Grid. The number
of skipped steps multiplied by the time step
defines the effective time step for A-Grid.
Time steps between B-Grid computations
Same as above for B-Grid.
Time steps between output steps
Specifies the frequency of amplitude and
velocity field saves.
Time steps before saving first output step
Output can be saved from specified time
step to avoid saving time steps with zero
amplitudes.
Save output every n-th grid point
Specifies the size of saved files by subsampling the output fields. The parameter is
the same for all grids.
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7.4. The ComMIT Setup for the 1700 event, showing the location of the unit sources and
magnitude. Sourced from ComMIT.

7.5. Initial Condition Maximum Amplitude (cm) for the 1700 event, showing tsunami
propagation across the Pacific Ocean. Sourced: ComMIT Output Tab.
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7.6. a) Maximum Wave Amplitude (cm) and b) Maximum Speed (knots) measurements for the
1700 event in Grids A, B and C (locations of values in the table are identified by the blue
crosses).
a)

b)

Grid
Grid A
Grid B
Grid C

Maximum Wave Amplitude in Grid (m)
7.895
2.018
0.453

Maximum Speed in Grid (knots)
8.7
5.3
2.4
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7.7. Arrival Times of wave peaks for all eighteen scenarios for Grid A.
Scenario
Code
Magnitude

M9.0
M9.1
M9.2
M9.3
M9.4
M9.5
Location
LN9.0
LN9.5
LS9.0
LS9.5
Rupture
RN3x4-9.0
Width/length RN3x4-9.5
RS3x4-9.0
RS3x4-9.5
RC2x6-9.0
RC2x6-9.5
RW2x6-9.0
RW2x6-9.5

Timing of
First wave
arrival
00:36:05
00:36:05
00:36:05
00:36:05
00:36:05
00:35:35
00:28:58
00:36:05
00:35:35
00:35:35
00:36:05
00:34:34
00:36:05
00:34:34
00:39:08
00:36:36
00:36:36
00:35:04

Timing of
Second
Wave Arrival
02:53:20
02:43:10
02:43:10
02:44:11
02:47:14
02:46:13
02:33:00
02:43:10
02:53:20
02:55:52
00:48:47
00:51:20
00:48:47
00:51:20
03:06:33
00:48:47
00:51:20

Timing of
third wave
arrival
05:00:25
05:00:25
04:59:54
04:59:24
04:59:54
05:01:56
05:06:31
05:08:33
-

90

7.8. Arrival Times of wave peaks for all eighteen scenarios in Grid C.
Scenario
Code
Magnitude

M9.0
M9.1
M9.2
M9.3
M9.4
M9.5
Location
LN9.0
LN9.5
LS9.0
LS9.5
Rupture
RN3x4-9.0
Width/length RN3x4-9.5
RS3x4-9.0
RS3x4-9.5
RC2x6-9.0
RC2x6-9.5
RW2x6-9.0
RW2x6-9.5

Timing of
First wave
arrival
02:35:32
02:34:01
02:33:01
02:32:30
02:31:29
02:30:58
02:33:31
02:31:29
02:34:01
02:30:58
03:25:52
02:34:01
03:25:52
02:34:01
03:27:23
02:38:35
04:22:17
04:23:18

Timing of
Second
Wave Arrival
04:23:18
04:23:49
04:24:50
04:25:51
04:25:51
04:23:18
04:23:49
04:22:48
04:44:09
04:22:17
05:07:32
03:24:51
05:07:01
03:26:53
04:51:40
06:27:51
06:29:53

Timing of
third wave
arrival
04:20:46
04:21:16
-

Timing of
Fourth Wave
arrival
05:08:02
05:09:03
-
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7.9. The Maximum Speeds recorded in Grids A, B and C for all eighteen scenarios.
Scenario Code

Magnitude

Location

Rupture
Width/
Length

M9.0
M9.1
M9.2
M9.3
M9.4
M9.5
LN9.0
LN9.5
LS9.0
LS9.5
RN3x4-9.0
RN3x4-9.5
RS3x4-9.0
RS3x4-9.5
RC2x6-9.0
RC2x6-9.5
RW2x6-9.0
RW2x6-9.5

Maximum Speed
in Grid A (knots)
18.7
24.0
30.1
36.6
41.9
45.7
19.5
45.4
11.5
37.2
14.7
54.8
14.8
54.7
10.2
44.1
16.0
36.3

Maximum Speed
in Grid B (knots)
12.7
15.6
18.7
24.5
32.5
41.0
11.9
37.5
12.6
35.0
10.5
32.6
10.0
32.7
9.7
31.6
8.9
20.4

Maximum Speed
in Grid C (knots)
5.4
5.7
5.8
6.4
18.1
16.2
4.1
16.3
3.2
17.7
3.4
12.8
3.0
9.5
3.0
16.9
2.2
6.0
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