
P
os
te
d
on

26
N
ov

20
22

—
C
C
-B

Y
-N

C
4
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
50
67
19
.1

—
T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Relative tsunami hazard from segments of Cascadia subduction

zone for Mw 7.5-9.2 earthquakes

Amir Salaree1, Yihe Huang1, Maron D Ramos2, and Stein Seth3

1University of Michigan-Ann Arbor
2University of Michigan
3Northwestern University, USA

November 26, 2022

Abstract

Tsunamis from earthquakes of various magnitudes have affected Cascadia in the past. Simulations of Mw>7.5–9.2 earthquakes

constrained by earthquake rupture physics and geodetic locking models show that Mw>8.5 events initiating in the middle

segments of the subduction zone can create coastal tsunami amplitudes comparable to those from the largest expected event.

The simulations reveal that the concave coastline geometry of the Pacific Northwest coastline focuses tsunami energy between

latitudes 44°-45° in Oregon. The possible coastal tsunami amplitudes are largely insensitive to the choice of slip model for a

given magnitude. These results are useful for identifying the most hazardous segments of the subduction zone and demonstrate

that a worst-case rupture scenario does not uniquely yield the worst-case tsunami scenario at a given location.
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Abstract

Tsunamis from earthquakes of various magnitudes have affected Cascadia in the past. Simulations

of Mw 7.5–9.2 earthquakes constrained by earthquake rupture physics and geodetic locking models show

that Mw≥8.5 events initiating in the middle segments of the subduction zone can create coastal tsunami

amplitudes comparable to those from the largest expected event. The simulations reveal that the concave

coastline geometry of the Pacific Northwest coastline focuses tsunami energy between latitudes 44°-45° in

Oregon. The possible coastal tsunami amplitudes are largely insensitive to the choice of slip model for a

given magnitude. These results are useful for identifying the most hazardous segments of the subduction

zone and demonstrate that a worst-case rupture scenario does not uniquely yield the worst-case tsunami

scenario at a given location.
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Plain Language Summary

Offshore earthquakes along the Pacific Northwest coast of the U.S. and Canada (Cascadia) can

have magnitudes as high as 9.2, as was probably the case for an earthquake in the year 1700 CE that

resulted in a large tsunami in Cascadia and across the Pacific Ocean.  To learn more about the future

tsunami hazard in the region, we design computer models of tsunamis from a wide range of earthquake

scenarios. We find that almost regardless of the earthquake source details, events larger than magnitude 8.5

near the coast of Oregon can create large and widespread tsunamis along the US west coast. These are

consequences of the geometry of offshore earthquake faulting and the concave shape of coastline in the

region.

Key Points:

 A  Mw=8.5  event  in  central  Cascadia  (Oregon)  can  create  coastal  tsunami  amplitudes

comparable to those from the largest possible event.

 The concave coastline contributes to larger coastal tsunami amplitudes in central Cascadia.

 The choice  of  slip  model  does  not  significantly  affect  the  distribution  of  coastal  tsunami

amplitudes in Cascadia.
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1. Introduction

Coupling between the subducting Juan de Fuca plate and the overriding North America at 

the shallow-dipping Cascadia subduction zone [Crosson & Ownes, 1987] is expected to cause 

future large earthquakes and tsunamis. Previous studies [Atwater, 1987; Satake et al, 2003; 

Goldfinger et al, 2017] show that the ∼1100-km plate boundary extending from British Columbia 

to northern California has generated large tsunamis in the past. The tsunami from the most recent 

great Cascadia earthquake or sequence of events, with an inferred total magnitude of 9 [Melgar, 

2021], devastated the American and Japanese coasts on 26 January 1700 [Satake et al, 1996] as 

shown by Native American oral traditions [Heaton & Snavely, 1985] and detailed Japanese 

written accounts [Atwater et al, 2015]. Geological and paleoseismic evidence also indicates 

earlier prehistoric tsunamigenic events [Atwater et al, 1991; Darienzo & Peterson, 1995; Peters et

al, 2003; Goldfinger et al, 2012].

A major challenge to modeling future Cascadia tsunami hazards is the large uncertainty in 

recurrence interval. Very large Cascadia events seem to occur on average every 400-500 years, 

and smaller events (Mw≲8.7) are thought to occur every ~200 years. However, the uncertainties 

in these measurements are sometimes on the same order of magnitude as the measurements 

themselves [e.g., Kelsey et al, 2005; Goldfinger et al, 2012]. Hence, it is challenging to assess 

tsunami hazards from different rupture segments along the coast [e.g., González et al, 2009]. 

Along-strike segmentation in the subduction zone is usually associated with variabilities in outer 

wedge morphology and structure [Watt & Brothers, 2021]. Another source of uncertainty is the 

limited constraints on the location and size of slipping segments of the subduction zone, and thus 
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the magnitude of future earthquakes, due to the absence of well-constrained information on the 

lateral extent of past ruptures [e.g., Witter et al, 2011; Goldfinger et al, 2017].

Tsunami hazard in Cascadia has been modeled as a function of various recurrence 

intervals and earthquake magnitudes, yielding results expressed as hazard curves and inundation 

maps for sites along the coast [e.g., Thio & Somerville, 2009; Thio et al, 2010; Priest et al, 2013; 

Park et al, 2017]. Such studies, which are also conducted for other, better-documented subduction

zones [e.g., Satake, 2015] are useful in planning response to tsunamis [Lindell & Prater, 2010]. 

However, they often do not distinguish between hazards due to rupture from various sections of 

the subduction zone.

Our study aims to identify the most hazardous segments of the Cascadia subduction zone 

by considering a range of earthquake scenarios and resulting tsunamis. We use a set of rupture 

scenarios derived by scaling the slip distribution prescribed by locking models as initial 

conditions to simulate Cascadia tsunamis. We then compare our tsunami simulation results to 

those based on dynamic ruptures as well as perturbed versions of these rupture scenarios to 

identify the contribution of various portions of the subduction zone. Finally, we use simple 

numerical experiments with synthetic bathymetry to investigate the contribution of Cascadia 

coastal morphology to the distribution of tsunami amplitudes. The result helps us better 

understand the contribution of source and coastal components to Cascadia tsunamis.

2. Methods
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2.1 Rupture Model & Scaling of Slip

Our earthquake simulations are based on locking models that estimate the slip deficit on 

the plate interface needed to match geodetic observations [Li et al, 2018]. If all the deficit were 

released in a single earthquake, the model would yield the maximum possible slip and the largest 

earthquake. However the next event may not release all the accumulated stress. We use the 

Gamma locking model [Schmalzle et al, 2014] to represent high levels of slip-deficit extending to

the trench (Fig. 1d). In contrast with models with more uniform slip distributions, releasing the 

accumulated slip mostly confined near the trench would result in pulse-like, relatively short-

period tsunami fronts. Due to very large seafloor uplift in the immediate vicinity of the trench, 

such a model results in relatively larger coastal tsunami waves, especially in the near-field. By 

assuming an average recurrence interval Tr for stress release, as inferred from offshore turbidite 

deposits [Goldfinger et al, 2012, 2017], we convert the slip rate deficit in the locking model to 

slip. An average value of Tr, i.e., 320 years [Goldfinger et al, 2017] results in a maximum slip 

amplitude of ∼20 m along the trench in northern Cascadia.

We discretize the rupture into 25×25 km blocks (Fig. 1), each of which is considered as a 

pure double-couple source with the dip of the slab, the azimuth of the trench, and a slip angle of 

90°. We then calculate a surface deformation field [Mansinha & Smylie, 1972] using the average 

slip value within the block. Because smaller earthquakes require less accumulated stress over 

shorter recurrence time, they result in smaller fault slip. We estimate the slip for smaller 

earthquakes and produce their seafloor deformation fields by scaling down the deformation field 

for the largest event (Fig. 1) using earthquake scaling laws [Geller, 1976] that have been used in 

past tsunami studies [e.g., Okal, 1988]. The scaling scheme used to estimate slip based on seismic 
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moment for smaller earthquakes can significantly affect the calculated tsunami amplitudes. For 

instance, Thingbaijam et al’s [2017] scaling equations result in tsunami amplitudes up to five 

times smaller due to the underestimation of slip by the scaling law we used (Fig. S1). However, 

the main trends of coastal amplitude distribution are not affected by the choice of scaling 

equations (see supplementary material). 

We construct a field of ocean floor dislocations for six magnitudes: Mw=7.5, 8.0, 8.5, 9.0, 

9.1 and 9.2 (Fig. 1). The two largest magnitudes are selected to obtain better resolution of the 

tsunami hazard for the potentially largest events. The hypocenter is not positioned at the trench to 

guarantee that the rupture nucleates between the surface and the base of the seismogenic zone 

near ~30 km depth [Wang & Tréhu, 2016]. For each magnitude we start rupture scenarios at the 

8

Figure 1. Scaled dislocation fields at the ocean floor calculated from the locking model for (a) Mw=8.0, (b) Mw=8.5, 

(c) Mw=9.0, and (d) Mw=9.2. Meshes show sample north-south rupture scenarios s. Black arrows denote the 

direction of rupture propagation from the hypocenters marked by yellow stars.
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northernmost block for the chosen geometry and propagate the rupture southward until it is large 

enough to yield the desired magnitude. Rupture propagates along strike and dip with speeds 

between 2 - 3 km/s before reaching the bottom of the seismogenic zone, mimicking an elliptical 

rupture. This process is then repeated by moving the hypocenter one block south, resulting in a 

new scenario. This approach leads to 118 rupture scenarios. In our model, ruptures of M>8.5 

earthquakes primarily propagate along strike because the down-dip rupture extent saturates, 

resulting an elongated rupture area (Fig. 1). This process yields a frequency-magnitude 

distribution similar to the Gutenberg-Richter distribution due to the constraints resulting from 

rupture areas on the overall seismic moment [Stein & Wysession, 2003; Fig. S2]. Our arbitrary 

choice of rupture directivity (north to south) has little effect because of the proximity of the 

coastlines to the trench (∼150 km) and the large dominant wavelength of the tsunami 

[Rabinovich, 1997] prevent the rupture duration from significantly affecting the coastal tsunami 

amplitudes. Numerical experiments with various modes of rupture in flat oceans and near 

coastlines of different morphologies reveal that the contribution of rupture directivity is not 

significant in the near field (Fig. S3), as also shown by Williamson et al [2019].

2.2 Tsunami Simulation Method

We simulate tsunamis from each scenario using the MOST algorithm [Titov et al, 2016] 

that solves the fully nonlinear version of the shallow water approximation of the Navier-Stokes 

equation. MOST has been extensively validated through comparisons with laboratory and field 

data using standard international protocols [Synolakis et al, 2008]. Simulations are performed for 

4.5 hr time windows, allowing the tsunami to propagate along the entire coast. These simulations 
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use 0.5 s time steps to satisfy the stability-resolution requirement [Courant et al, 1928]. Wave 

height calculations are truncated at a depth of 30 m along the coastlines (typically at a distance of 

1-4 km) to avoid nonlinear shoaling effects, especially in the presence of large offshore 

deformation values. Therefore, no run-up values are calculated. Although run-up typically 

increases the tsunami hazard for generally linear coastal bathymetry and in the absence of bays, 

the distribution of coastal amplitudes (at shallow depth) will almost match that of run-up [Plafker,

1997]. We calculate time histories of tsunami amplitudes at 100 virtual gauges along the coastline

at a depth of ∼35 m and one gauge at the entrance of the Strait of Juan de Fuca, north of Fork. We

use GEBCO bathymetry interpolated to a spatial resolution of 18 arc-seconds to ensure enough 

(~20) grid points per wavelength [Shuto et al, 1986].

MOST was developed to model static sources and cannot be directly applied to kinematic 

ruptures [Titov & Synolakis, 1998]. Hence, we apply it to the discretized rupture blocks each of 

which happens at time ti after the origin time. For each block, calculations are terminated after a 

duration ∆t and the outputs are fed into MOST as initial conditions for the next block. The 

process continues until rupture ends after which the problem turns into a regular tsunami 

propagation. Although this approach introduces discontinuities in both water surface elevation 

and velocity, it produces results comparable to those from fully kinematic algorithms such as 

GeoClaw [Berger et al, 2011, González et al, 2011] that have been verified for Cascadia [Melgar 

et al, 2016]. The discrepancy between our results and those from the previous studies is largely 

due to the scaling equations. As discussed earlier (Fig. S1) Geller’s [1976] scaling equations 

predict larger slip for a given rupture. While kinematic rupture properties do not significantly 

affect near-field tsunami propagation, we consider kinematic ruptures for a more comprehensive 

view of tsunami behaviors.
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3. Cascadia Earthquake and Tsunami Scenarios

3.1 Tsunami Simulation Results

We analyze the tsunami hazard for our rupture scenarios (Fig. 1) by simulating the 

resulting tsunamis. Our magnitude range of Mw=7.5–9.2 accommodates both the largest expected 

rupture and the smallest rupture with noticeable ocean floor deformation (~1m). Note that the 

smallest rupture does not necessarily reach the ocean floor. Tsunami simulations for the rupture 

scenarios are shown in Fig. 2 (also see supplementary material). We find that various earthquake 

magnitudes can create similar tsunami amplitudes at a given location depending on the position of

the hypocenter. For example, as shown in Figs. 2b and 2c, a Mw=8.5 earthquake with a 

hypocenter in the south (∼43◦N) and a Mw=9.0 earthquake starting further north (∼48◦N) both 

produce tsunami amplitudes of ∼8 m at Newport (∼44.5◦N). This partly reflects geometrical 

spreading wherein the energy flux in the propagating tsunami decreases with increasing distance. 

However, as seen in Fig. 2, this trend is not monotonic. 
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3.2 Effects of Coastal Geometry

Spatial variation of near-shore tsunami amplitudes from large sources mostly reflects the 

influence of piecewise coastal slopes [Kânoğlu & Synolakis, 1998], because the near-shore 

bathymetry of Cascadia varies little with latitude (with the exception of the Astoria Canyon 

[Griggs & Kulm, 1970]). In fact, bathymetric profiles across all latitudes within 400 km from 

shoreline have a correlation coefficient of ≈0.75. Hence, in the absence of major bathymetric 

features the largest amplitudes occur at the latitudes with the largest earthquake slip, due to 

geometrical spreading and directivity [Ben-Menahem & Rosenman, 1972; Aki & Richards, 

2002]. The latter causes the waves to interfere constructively in a direction perpendicular to the 

rupture, focusing tsunami energy onto the closest shorelines (Fig. 3). 

13

Figure 2. Distribution of coastal tsunami amplitudes across latitude for (a) Mw=8.0, (b) Mw=8.5, and (c) Mw=9.0 ruptures. [top] 

The curves are color-coded according to hypocenter latitude with hot colors in the south and cold colors in the north. Black 
curve shows coastal tsunami amplitudes for the Mw=9.2 event; [Bottom] Cascadia coastline and the rupture blocks are colored 

to provide a sense of hypocenter latitude. Gray contours indicate bathymetry. Large population centers are shown for 
reference.

Figure 3. Cumulative maximum tsunami amplitudes for (a) Mw=8.0, (b) Mw=8.5, (c) Mw=9.0, and (d) Mw=9.2 source scenarios. 

Each panel shows the largest tsunami amplitudes across all rupture scenarios for a given magnitude.
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The simulations reveal that in the absence of significant local bathymetric features, the 

concave geometry of the coast between 43◦ - 48◦N concentrates amplitudes in central Cascadia 

(between 44◦ - 45◦N; around Newport, Oregon) especially from ruptures in central Cascadia, in 

agreement with edge wave theory [Munk et al, 1956]. We carried out numerical tsunami 

simulations in flat oceans along a narrow, shallow continental shelves to study the effects of a 

coastline curvature (Figs. S3 and S4) on tsunami amplitudes. These experiments show that 

coastline concavity increases the tsunami energy in the nadir (here, mid-latitudes) by focusing the 

energy of edge wave modes along the coast, on the continental shelf. Another amplitude peak 

offshore, which approaches the shoreline by increasing curvature, results from the concentration 

of tsunami reflection at the focal point of the curved shoreline. The cluster appears at half the 

radius of coastline curvature (i.e., focal point) of coastline analogous to that predicted by 

geometric optics for concave mirrors (see Fig. S4 in supplementary material, and the 

supplementary video SV1).

Given the shoreline's large radius of curvature (~1000 km), the former effect is more 

pronounced and can increase coastal amplitudes in central Cascadia by more than ~10%. We 

attribute the relatively larger amplitudes near Oregon in all the scenarios (Fig. 2) to this 

phenomenon. Although this effect makes Oregon coast almost as hazardous as northern regions 

(near Washington), it does not violate the generalizations that smaller earthquakes create smaller 

tsunamis, and that shorelines closer to large fault slip experience larger tsunami waves, which are 

generally true for linear coastlines and in the absence of bays [Davies et al, 2018] (Figs. S3 to 

S5).
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Another interesting simulation result is the apparent relative immunity of northern 

California coastlines to Cascadia tsunamis, especially from Mw<9.0 earthquakes with hypocenters

in the north. At first glance, this is surprising given to the region's proximity to a slip cluster near 

the southern tip of the rupture. However, it results from both the end of rupture and the convex 

promontory near Eureka (Fig. 2), south of where coastal amplitudes drop. Simulations suggest 

that the coastal morphology creates and scatters free edge waves (supplementary material), 

making the California shorelines virtually sheltered.

3.3 Choice of Slip Model

The distribution of potential slip from the locking model shows two main clusters (Fig. 

1d). The larger cluster (both in area and slip magnitude) is in the north, close to British Columbia,

and the smaller one is around 44◦N. However, the tsunami simulation results are not significantly 

affected by the choice of slip models on a regional scale. We simulate tsunamis using a simple 

slip model [modified from Priest et al, 2010] and found similar results to those from our more 

physical model. As shown in Fig. 4a-e, the coastal amplitudes show a correlation coefficient of 

0.8. We also used a dynamic rupture model with identical recurrence intervals, derived from a 

Gaussian locking model [Schmalzle et al, 2014; Ramos et al, 2021].  Such models consider the 

dynamic interaction of fault stresses and frictional strengths, and near-trench slip can be amplified

due to constructively interfering free-surface reflections within the accretionary wedge. The 

resulting tsunami simulations yield a similar (correlation coefficient CC=0.8) distribution of 

coastal amplitudes (Fig. 4j).

The absolute values of coastal tsunami amplitudes from these simpler models can locally 

vary from our modeling results by up to 30%. However, the general trend of tsunami amplitudes 
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remains similar. In the absence of conclusive geodetic and seismic constraints on fault locking, 

we think our model adequately represents potential future ruptures and consider the 30% 

discrepancy as illustrating the uncertainty.
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Figure 4. (a) A simplified locking model [Priest et al, 2010] produces similar tsunami amplitudes to those from our model shown in (b), both in 
the Pacific (c,d) and along the coastline (e). Also, a dynamic Mw=9.2 rupture derived from the Gaussian locking model (f) and our choice of 

locking model (g) result in similar tsunami amplitudes both in the Pacific (h,i) and along the coastline (j).
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Simulation of the tsunami from a perturbed version of our choice of locking model 

(created by introducing white noise equal to 50% of the maximum to the deformation field of 

parent model) yields a significantly different distribution (CC=0.3) of coastal tsunami amplitudes 

(Fig. S6). We attribute this discrepancy to the disruption of large-scale slip clusters which 

changes the dominant period of the tsunami. Such smaller wavelengths significantly alter the 

interaction of the tsunami with the shoreline, thus resulting in a different pattern of coastal 

amplitudes. Otherwise, given the similar bathymetry along strike, different rupture models with 

comparable dimensions of slip clusters (baring an absence of large slip deficit in central Cascadia;

Li et al, 2018) would result in similar tsunamis.

4 Discussion and Conclusions

Simulations of tsunamis from physics-based Mw=7.5-9.2 earthquake rupture scenarios 

show that largest and most widespread coastal tsunami amplitudes result from ruptures at or 

starting from mid-latitudes in central Cascadia. This result is almost independent of the choice of 

slip model as long as the dimensions of major slip clusters are preserved. Such ruptures, 

especially with Mw>8.5, can create tsunami amplitudes exceeding 50% of those from the largest 

expected Mw=9.2 rupture (Fig. S7a). Statistical analysis using the metric MT [Salaree & Okal, 

2020] suggests that the near-field propagation patterns of tsunamis from Mw>8.5 events are very 

similar (supplementary material). This effect is important because realistic estimates of the 

expected loss are valuable in designing mitigation policy [Stein & Stein, 2014]. Although smaller 

earthquakes generate smaller tsunamis, their expected amplitudes (up to 12 m using our choice of 
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scaling law) are significant. Thus, smaller earthquakes that are more likely to occur in the near 

future may create comparable – though more localized – damage than the less frequent worst-case

scenario [e.g., Priest et al, 2010; Thio et al, 2010].

We also find that the large-scale morphology of Cascadia's coastline focuses and 

defocuses tsunami energy. Simulations (Fig. S4 and video SV1) show that coastline curvature can

increase the coastal tsunami amplitude by more than 10%. Comparison of Cascadia with other 

subduction zones where coastal curvature is insignificant (i.e., Chile with curvature of ~0.017) 

shows why such heightened tsunami amplitudes are not observed in these regions. Our 

simulations show that the southernmost sites (Fort Bragg, Eureka and Crescent City, Figs. 2 and 

3) show almost no change in the tsunami amplitudes for events with increasing magnitude above 

Mw=9.0 (Fig. 2), due to the large promontory at ∼42.5◦N separating the concave coastline from 

that to the south (Fig. S5a). Examination of the along-strike tsunami amplitudes (Fig. 3) reveals 

that the relative differences throughout the simulation area are small (sometimes <1m) for 

earthquakes larger than Mw=9.0.

Our findings have implications for similar tectonic settings such as the Chile and Alaska 

subduction zones that have experienced large and heterogeneous megathrust ruptures. The 

bathymetry in these regions is also similar to Cascadia, i.e., almost uniform bathymetric slopes 

and large-scale geometric coastal morphology, in contrast with regions of more complex 

bathymetry such as Japan. Similarly, by identifying the most hazardous segments of the 

subduction zone, our results can be used to assist in selecting sites for DART tsunami sensors or 

novel technologies such as SMART cables [Howe et al, 2019]. This is important for near-field 
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tsunami warning because these instruments are mostly deployed on the up-dip side of trenches, 

where the identification of the main areas contributing to the tsunami hazard is crucial.
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