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Abstract Tsunami hazard severity — especially tsunami inundation depth — is related to the
tsunami’s source mechanism. Traditionally, homogeneous earthquake rupture sources have been
used as the source mechanism for tsunamis generated in the Cascadia Subduction Zone for re-
gional hazard assessment. We show with 200 heterogeneous earthquake rupture sources how
tsunami inundation hazards change for three sites located along the Cascadia Subduction Zone
when the assumption of homogeneous slip is relaxed. Our results indicate that the tsunami inun-
dation limit extends further inland compared to homogeneous sources. We also note that the 1-
in-2475-year exceedance threshold extends further for heterogeneous earthquake rupture sources
compared to official tsunami evacuation lines and the American Society of Civil Engineers tsunami

design zone.

1 Motivation

Tsunamis of seismic origin have been among the deadliest natural hazards of 21 century. The 2004 Sumatra and
2011 Tohoku-Oki tsunamis caused over 230,000 and 22,000 casualties respectively (Mori et al., 2022). The proximity
of these events to the near-shore environment meant that areas near the tsunami source had only minutes to tens
of minutes to prepare before the onset of inundation. That fact, coupled with underestimation of the tsunamigenic
potential of the earthquake sources, were among some of the main reasons for the high number of casualties (Yun
and Hamada, 2015; Mori et al., 2022). In many ways, these past events mirror what a future Cascadia Subduction

Zone (CSZ) earthquake could be like for the United States Pacific Northwest (USPNW).
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Since the discovery of the CSZ tsunami hazards by those not of the American Indian or First Nations groups,
USPNW state governments have mandated that hazard assessments be carried out to ensure the reduction of harm
to civilians and economic centers (Priest, 1995). It was these mandates that led to the creation of the first tsunami
evacuation maps in 1995 by the Oregon Department of Geologic and Mineral Industries (DOGAMI) at the behest of
the Oregon legislature. These first assessments reflected the science of their time, as knowledge about the CSZ fault
structure was still in its infancy, bathymetry and topography data were still of limited resolution, and the paleoseis-
mic record not yet fully established to discern its seismogenic behavior. As the science has matured, the USPNW
state legislatures have adopted building codes with focuses on flow depth (henceforth, "inundation depth") (Figure
1), flow velocity, and extraordinary debris impacts (Priest and Allan, 2019; American Society of Civil Engineers, 2022).
Because details of the slip patterns of future CSZ events are not known, and difficult if not impossible to predict, these
assessments use the simplifying assumption of homogeneous or quasi-homogeneous slip distributions. Importantly,
over the last decade, this assumption has been shown to be too gross of an oversimplification of large earthquake
(>M7.0) rupture processes (Mai and Thingbaijam, 2014; Ye et al., 2016; Hayes, 2017). Part of the reason that this as-
sumption was made in past hazards assessments was due to the lack of adequate computational resources; however,
this specific issue has abated with the advent of computationally efficient CPU/GPUs, tsunami modeling, and earth-
quake rupture algorithms. Furthermore, it has been shown that both in the near- and far-field of large earthquakes
homogeneous slip systematically increases the tsunami amplitude (Melgar et al., 2019; Davies and Griffin, 2020). In
this paper, we will detail the history of homogeneous rupture types used for hazards assessments in the USPNW and
advocate, through new modeling, for why the scientific and engineering communities must consider down-weighting
them in favor of fully heterogeneous slip models in future and forthcoming scenario events as well as in probabilistic

tsunami hazard analysis (PTHA).
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Figurel Schematic diagram adapted from American Society of Civil Engineers (2022). We adopt their use of terms in order
to be consistent with their terminology (page 25, American Society of Civil Engineers, 2022).

1.1 History of homogeneous ruptures in the Pacific Northwest

Extensive effort has been made to reconstruct the paleoseismic history of the CSZ, leading it to have some of the
most complete paleoseismic records for a subduction zone in the world (Kelsey et al., 2005; Atwater and Griggs,
2012; Goldfinger et al., 2012; Witter et al., 2013; Walton et al., 2021). From these records, we know of 19-20 full-margin
rupture scenarios that have occurred over the previous 10,000 years (Goldfinger et al., 2012; Walton et al., 2021).
This information has used as justification for full-margin rupture models to produce a series of 15 rupture scenarios
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representative of the previous 10,000 years of tsunami hazards (Witter et al., 2011, 2013). TThese models produced
by DOGAMI are often referred to as the "t-shirt" models because they detail a series of ruptures ranging from small
("SM") to extra-extra-large ("XXL') with three types of ruptures: splay fault ("1"), shallow buried rupture ("2"), and
deep buried rupture ("3") (Witter et al., 2011, 2013), thus event “L2”, for example, is a shallow buried “large” scenario.
These models served as the backbone for the hazard assessments performed by the states of Washington and Oregon
prior to the adoption of the American Society of Civil Engineers (ASCE) tsunami design load guidelines 7-16/7-22 in
2021/2022.

Starting in 1995, DOGAMI was bound by Oregon law to use the "Maximum Considered Tsunami" (MCT) (House
Bill 379), until 2019 when this law was repealed (House Bill 3309). This former law had focused efforts of DOGAMI
and university partners on performing research to discern what the MCT of the CSZ is. The research carried out by
Priest (1995) was later superseded by the work of Witter et al. (2011) and Witter et al. (2013) when it became clear that
the CSZ can potentially produce XXL rupture scenarios of moment magnitude M,,9.2. From that research, the state
of Oregon selected the XXL1 scenario as the basis for its tsunami evacuation lines, as it was legally bound to choose
the MCT inundation elevation for its risk tolerance. Currently, Oregon has adopted a 1-in-2475-year event based on

the ASCE 7-22 framework (House Bill 2605).

The state of Washington Department of Natural Resources (WaDNR) is likewise bound by its state government’s
law, which also refers to an MCT. WaDNR must consider an MCT within a 2,475-year mean return period (MRP), or a
probabilistic tsunami not to exceed 2% over a 50-year period, or a deterministic MCT that can reasonably affect a site.
To meet legal requirements, WaDNR worked together with DOGAMI and university partners to select the L1 model as
representative of its tsunami risk tolerance for the southern Washington coast. Although the L. models have an MRP
of 3,333-year, WaDNR is legally required to treat it as a 2,475-year MRP event (Eungard et al., 2018) However, both the
states of Oregon and Washington are in the process of performing a more complex PTHA to establish an MCT that

follows the U.S. Geological Survey (USGS) Powell Center’s CSZ logic tree (Sypus and Wang, 2024).

The state of California, unlike its USPNW neighbors, does not give its state agencies a legal framework for tsunami
risk. Instead, they delegate this authority to the counties, and they can choose MRPs of 975-year or 2475-year (Thio
and Somerville, 2009). Coastal communities can then select their desired risk level. They select a "worst-case" sce-
nario, add an additional safety factor, and receive community input to produce their evacuation lines. The second-
generation tsunami evacuation maps for that state were produced at a time when paleoseismic and geodetic records
had yet to be combined. And so, their maps are agnostic to the even more extreme MCT scenarios as seen in Witter
et al. (2011) and Witter et al. (2013). Thio and Somerville (2009) noted the limitations of their work and stated that the
issue be revisited when more knowledge was available. Much like Oregon and Washington, they are in the process

of performing a PTHA study that will serve as a new basis for 975-year and 2475-year events.

Beyond the above issues, which relate to how tsunami evacuation zones are demarcated, in recent years, the
five Pacific bordering states have started the process of adopting the ASCE building codes which contain new provi-
sions regarding tsunamis (ASCE 7-22). These provisions provide rules for the establishment of tsunami design zones
(TDZs). TDZ limits are determined by where the inundation depth goes to 0 m, so the TDZ limits are essentially the
same as the horizontal extent of the inundation limit (Figure 1). However, USPNW states differ on whether to use
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the TDZ developed by the ASCE or their local states (e.g., as is the case with WaDNR). Within TDZs, buildings must
be built to withstand tsunami loads if they fall into Risk Category II, III, or IV. For context, Risk Category I buildings
generally include temporary buildings, agricultural facilities, and minor storage facilities. Risk Category II buildings
are buildings with fewer occupants and smaller buildings whose functions are nonessential for responding to emer-
gencies (e.g., fast-food restaurants). Risk Category III buildings are nonessential buildings that have high occupancy
and large building sizes (e.g., schools). Risk Category IV buildings are essential buildings, such as hospitals, fire and
rescue, and police stations that must be operable in the event of an emergency. Risk Category II buildings must be
built to ASCE 7-22 if they have a mean height of 19.8 m above mean high water and inundation depth > 1 m. Risk
Category IIT if inundation depth > 1 m. Risk Category IV buildings must always be built to code (American Society of
Civil Engineers, 2022).

ASCE 7-22 utilizes 372 rupture scenarios and performs hydrodynamic modeling to the offshore 100 m depth con-
tour tsunami amplitudes with projections using Green's law onto the near-shore environment for inundation extent
(American Society of Civil Engineers, 2022). The ASCE tsunami scenarios utilize the 1 cm/yr and top of non-volcanic
tremor geodetic locking models to determine the extent of slip in a CSZ earthquake (Priest and Allan, 2019; American
Society of Civil Engineers, 2022).

ASCE 7-22 has noted that the DOGAMI models lack some realism by not including varying bottom friction in
calculating tsunami inundation, claiming that this leads to models that over-extend the spatial extent of inundation.
Instead, ASCE 7-22 relies on statistical calibration of tsunami inundation that includes land use/cover effects, which
they state is a more realistic representation of tsunami inundation behavior (American Society of Civil Engineers,
2022). This notwithstanding, the DOGAMI models have recently been shown to produce realistic inundation models
when compared to the distribution of sandy deposits at paleoseismic sites such as the Salmon River estuary by La Selle
et al. (2024). So, contemporary tsunami modeling setups should be able to produce realistic tsunami inundation
extents to a better confidence than was what available in 2012/2013 (Witter et al., 2013; La Selle et al., 2024).

Both DOGAMI and ASCE use homogeneous or quasi-homogeneous slip distributions as their earthquake sources
- these are widely used by the scientific and engineering communities to establish best practices when it comes to
land use, building codes, and validation of paleoseismic data. However, as we will show in the next sections, both
types of models rely on assumptions that can potentially underestimate tsunami inundation limits. It is this systemic
over-simplification of earthquake source complexity that can lead to imprecisions in probabilistic assessments of
tsunami hazards. We will find that, to construct robust assessments, heterogeneous source complexity must be fully

considered.
1.2 Source complexity and geodetic coupling in local tsunami hazard estimates

Whereas ASCE 7-22 considers simplistic sources, this is not uncommon overall - to use homogeneous ruptures in
tsunami hazards assessments for the CSZ. The 1995 work of DOGAMI utilized a similar simplistic, homogeneous
rupture for its first iteration of tsunami evacuation lines (Priest, 1995). As new tectonic and geodynamic details were
revealed about the CSZ, the second-generation models adopted a quasi-homogeneous source with slip now having
along-dip smoothly varying slip and considering splay faults and other complexities (Witter et al., 2011, 2013). Again,
these works reflected the science of their time and this preamble is not meant to be construed as a critique of the
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choices made, which were well justified by the knowledge available to researchers when these needed to be made.
We know now, however, that for earthquake sources > M,,7 that sources become increasingly complex (Mai and
Thingbaijam, 2014; Ye et al., 2016; Hayes, 2017).

Local tsunami hazard estimates performed by the USPNW states have yet to formally include more advanced
source complexity (Thio and Somerville, 2009; Witter et al., 2011; Eungard et al., 2018). The impacts of this have
been addressed by the tsunami community fairly extensively (Li et al., 2016; LeVeque et al., 2017; Sepulveda et al.,
2017; Melgar et al., 2019; Becerra et al., 2020; Davies and Griffin, 2020; Small and Melgar, 2021; Goda, 2022; Small
and Melgar, 2023). Here, by "complexity" we mean better approximations to the true heterogeneity of how slip is
distributed on a fault. Large earthquakes can have patches of high co-seismic slip which can in turn cause areas
of higher tsunami excitation (LeVeque et al., 2017; Small and Melgar, 2021); llikewise, areas near patches of low
coseismic slip may have lower tsunami inundation runup. Additionally, it has been shown by previous works that
earthquake source complexity can be potentially antincipated in some regard by considering the present-day state
of coupling of the subduction zone fault interface: for Japan (Loveless and Meade, 2015), Alaska (Li and Freymueller,
2018), Chile (Métois et al., 2013; Barnhart et al., 2016), and Peru (Perfettini et al., 2010; Villegas-Lanza et al., 2016).
Generally, areas with high coupling where the fault is currently perfectly pinned are perceived as more "hazardous"
and expected to produce larger slip in future events.

There exists several competing hypothesizes about the current inter-seismic coupling behavior of the CSZ. Since
the beginning of the 215! century, global navigation satellite system (GNSS) stations have been deployed en masse
throughout the USPNW. The wealth of data they have provided has allowed for geodetic coupling models to be de-
veloped based on crustal deformation (Schmalzle et al., 2014; Frankel et al., 2015; Li et al., 2018; Lindsey et al., 2021).
Without adequate GNSS coverage of the offshore environment, these models have taken differing approaches to ac-
count for trench locking behaviors. These have been shown to lead to differing values for not only tsunami inundation
but also coastal surface displacement (Small and Melgar, 2021). Despite this, we can use the abundance of geodetic
models to explore a larger variation of potential tsunami inundation scenarios by generating stochastic models that
use them as "preconditions" to produce slip models that have spatial patterns that correlate to geodetic coupling

(Small and Melgar, 2021; Melgar, 2021).

1.3 Are the ASCE 7-22 and DOGAMI "t-shirt" models still reasonable sources for hazards esti-
mates?
Given what we have discussed about the state of homogeneous and heterogeneous slip models, the central question
addressed in this work is, are they approximating tsunami hazards reasonably? The USPNW states are making prepa-
rations to use the ASCE 7-22 models as their de jure building codes. Meanwhile, the "t-shirt" models continue to serve
as the backbone of tsunami evacuation risk tolerances for Washington and Oregon. Efforts are currently underway to
make future ASCE 7 building codes informed with DOGAMI models (Petersen et al., 2024). While we cannot explore
the ASCE 7-22 models. We can infer what their models look like from conference proceedings and documents. Of
which, we know that the 372 models they use for ASCE 7-22 are homogeneous models based on the 2014 and 2018 USGS
National Seismic Hazard Maps, and that they select a 1-in-2475-year exceedance (note the shift from MRP — previous
legislation in the USPNW uses both interchangeably) due to seismic hazard analysis using the same number (Priest
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Figure2 Map of the study area. Insets show the areas of interest that were used for modeling of tsunami inundation. Black
arrows point from the inset to the locations of the areas of interest on the main map. The Cascadia Subduction Zone (CSZ)
is denoted by the red subduction zone symbols. The L1 "t-shirt" vertical deformation model is shown by the polar plot. This
map was constructed using GMT 6 (Wessel et al., 2019).

and Allan, 2019; American Society of Civil Engineers, 2022). The logic tree for ASCE 7-16/22 (Can be seen as Figure 2-8
in Priest and Allan, 2019) details that use two variations of the 1 cm/yr model: mid-point of the fully locked zone and
1 cm/yr contour and the 1 cm/yr models. The third they use is the top of non-volcanic tremor zone. However, again,
the rupture models are not publicly available for scholarly use. We can only analyze the publicly available DOGAMI

"t-shirt" models.

When we compare the XXL1 "t-shirt" from Figure 2 with the heterogeneous sources seen in Figure 3, we see the
spatial variations between slip and vertical displacement between the two, and how this poises significant differences
between tsunami inundation behaviors. The "t-shirt" models have three major caveats: (1) they model slip quasi-
homogeneously, (2) they were not informed by (then unknown) geodetic constraints, and (3) they do not consider
more frequent ruptures on either the northern (Atwater and Griggs, 2012) or southern sections (Goldfinger et al.,
2012) of the CSZ. We also know that ASCE 7-22 must suffer from similar problems, as they claim to use the 2014 and
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2018 USGS National Seismic Hazard Maps for their events, which do not use any advances proposed by Goldfinger
et al. (2017); Nelson et al. (2021).
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Figure3 Heterogeneous slip and vertical deformation maps for the four geodetic families used in this study. M,,9.1 source
ruptures for (a) 1 cm/yr, (b) Gamma, (c) Gauss, and (d) Li geodetic models. Subduction zone interface geometry comes from
Hayes et al. (2018). These maps were constructed using GMT 6 (Wessel et al., 2019).

In this study, we will show that heterogeneous slip from 200 stochastic earthquake sources leads to varying hori-
zontal inundation limits at three sites — Ocean Shores, WA; Newport, OR; and Crescent City, CA — compared to the
DOGAMI rupture models (Figure 2). We show that the XL1 scenario has inundation depths > 90 percentile compared
to heterogeneous sources. Meanwhile, the L1 scenario has inundation depths that are in the 45175 percentile. We
then compute probabilistic tsunami hazard curves and exceedance maps for the three sites. Our maps differ slightly
from the official tsunami evacuation lines for Newport, OR and Ocean Shores, WA. However, we find that Crescent
City, CA’s tsunami evacuation lines do not adequately capture the exceedance faced by heterogeneous rupture of the

CSZ.

2 Data and Methods

2.1 Stochastic modeling of geodetically constrained ruptures

We use the FakeQuake methodology described by Melgar et al. (2016b) and Goldberg and Melgar (2020) and applied by
Small and Melgar (2021) and validated by Small and Melgar (2023) for modeling stochastic sources used in this study.
We consider ruptures generated by four geodetic coupling models: "1 cm/yr" (Frankel et al., 2015), "Gauss" (Schmalzle
etal., 2014), "Gamma" (Schmalzle et al., 2014), and "Li" (Li et al., 2018). The "1 cm/yr" model details the lcm/yr coupling
contour ( 25% coupling) limit of slip, as shown by Frankel et al. (2015). This model follows the assumption that no
coseismic slip extends deeper than the 1 cm/yr contour (Frankel et al., 2015). As a result, the model has no along-strike
variability, meaning that slip is likely everywhere where mean slip is not 0 (Frankel et al., 2015; Melgar et al., 2016a).
The "Gauss" model enforces a Gaussian distribution of locking with depth, and it penalizes slip to enforce mean
locking above the 30 km depth contour (Schmalzle et al., 2014). The "Gamma" model enforces that the megathrust
is fully locked with large slip deficits at the CSZ trench, and that they decay monotonically with an assumed shape
factor gamma (Schmalzle et al., 2014). The "Li" model assumes a viscoelastic approach to locking along the trench
(Lietal., 2018). These three models have varying along-strike maximum depth, and they vary the strength of locking
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along-dip and along-strike (Schmalzle et al., 2014; Li et al., 2018), which can be best visualized by Figure 3. Small and
Melgar (2021) note that models constrained by geodetic locking do not have coseismic slip that follows the pattern of
interseismic locking one to one. Instead, they detail that higher locking areas have more frequent high slip. By using
these geodetic constraints, we make the assumption that the slip in the next CSZ earthquake will be at least somewhat
correlated with one of these models. Unfortunately, the validity of the geodetic coupling models is unknown at the
present moment because of the absence of seafloor geodetic measurements, so we include the "1 cm/yr" model,
which makes minimal assumptions.

For each of the four mean models of choice, we generate 25 ruptures with moment magnitudes that fall into either
the L (M,,9.0 — 9.1) or XL (M,,9.1 — 9.2) classifications described by Witter et al. (2011) and Witter et al. (2013) for a
total of 200 inundation scenarios. We select the XL scenario over the XXL scenario for one reason: the XXL scenarios
are not constrained by the paleoseismic and turbidite records (Witter et al., 2013). Rather, they make the assumption
that no slip has been accommodated by southern ruptures of the CSZ (Witter et al., 2013). To accommodate this slip,
the XL scenario tapers off coseismic slip for the southern section of the CSZ (Witter et al., 2013), so we select it to
compare against the heterogeneous sources. As the only difference between the XL and XXL classes is this tapering,
the heterogeneous XL-like sources can take on behavior akin to an XXL class event, which we permit to allow for a
full exploration of tsunami inundation range. We set the M,, bins for the L scenarios as 9.0 < M,, < 9.1, and for the
XL scenarios 9.1 < M,, < 9.2. We disregard length and width estimates of the L and XL classes so as to allow for large
slip, compact area events in the northern and southern sections of the CSZ. We follow the logic of Witter et al. (2013)
and Eungard et al. (2018) and set the annualized rate of occurrence for L-like scenarios to 1-in-3,333 years and for XL-
like scenarios to 1-in-5,000 years. We choose the Slab 2.0 geometry of Hayes et al. (2018) and make no assumptions
about splay faulting. It is important to note that we do not choose to follow the Gutenberg-Richter relationship for
probabilistic hazard analysis, as we are exploring the range of possible tsunami inundation behavior from various
heterogeneous sources. Finally, we calculate the total coseismic deformation for each rupture model. We then use

it as the initial condition for tsunami modeling.
2.2 Tsunamimodeling

The coseismic deformation is obtained by combining the vertical displacement from elastic dislocation with the
"pseudo-vertical" response from horizontal displacement of sloping bathymetry (Tanioka et al., 1997). We do not
consider secondary sources of tsunamigensis, such as submarine landslides, splay faulting, or plastic deformation
of the shallow wedge in the tsunami initial condition. These quantities — though they do contribute to total tsunami
energy and increased tsunami amplitudes (Ma and Nie, 2019) — are difficult to systemically and stochastically model.
Thus, underestimation of tsunami amplitudes and inundation from each of these sources may be likely should they
occur locally near any of the three areas of interest.

Following the definition of the initial tsunami condition, we use the finite volume depth-averaged tsunami mod-
eling code GeoClaw (Clawpack Development Team, 2020). It can numerically solve the two-dimensional nonlinear
shallow water equations. It utilizes adaptive mesh refinement (AMR) such that areas of large tsunami complexity
are automatically refined to higher discretization levels. The model domain is shown as the extent of Figure 2. For
propagation in the open ocean, we use SRTM15, which provides resolution of bathymetry and topography at 15 arc-
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secs (Tozer et al., 2019), which is what we use for AMR levels 1-3. We interpolate up from the 1/9 arcsec provided by
continuously updated digital elevation model (CUDEM) at mean high water for Ocean Shores, WA and Newport, OR
to 1 arcsec (Cooperative Institute for Research in Environmental Sciences). We interpolate up from the 1/3 arcsec
mean high water digital elevation model (DEM) for Crescent City, CA (NOAA National Geophysical Data Center) to
1 arcsec. These 1 arcsec grids are then used for our finest discretization and for our inundation regions. Lastly, we
permit inundation up to elevations of 80 m above mean high water. We recognize that this value is two times higher
than the maximum inundation surveyed from the Tohoku-Oki tsunami (Mori et al., 2011); however, our focus is to
examine all potential inundation behaviors.

We run the tsunami models for 4 hours of model time. Time-stepping is allowed to vary such that the Courant-
Friedrich-Levy condition stays at a constant 0.75. For tsunami inundation, we employ a Manning coefficient of 0.025
(which is held constant), and we utilize the drying and wetting feature of GeoClaw to allow changes to our grid cells
as the simulation progresses. We realize that a constant Manning coefficient is contrary to the methods used by the
ASCE; however, realistically varying Manning coefficients requires knowledge of the land use footprint of the sites,
which does not exist at this current time.

We assume that, because rupture velocities are faster than the tsunami wave velocities, instantaneous coseismic
deformation for the tsunami initial condition is a valid approximation. This has been shown to be true for near-shore

tsunami amplitudes (Williamson et al., 2019).
2.3 Comparisons of hazards between homogeneous and heterogeneous ruptures

Although we make use of some of the concepts behind probabilistic tsunami hazard analysis (PTHA) framework for
inundation, we note that the results below do not constitute a formal PTHA assessment. Merely, we are interested in
ascertaining the uncertainty of inundation that is introduced from utilizing homogeneous vs. heterogeneous earth-
quake sources for the CSZ. As stated prior, we are not assuming a particular Gutenberg-Richer distribution or a char-
acteristic earthquake return period, as required by a true PTHA for the region. Also, as stated prior, we operate on
the assumption that each rupture that falls in to either the L-like or XL-like class and has either a 1-in-3,333-year or
1-in-5000-year chance of occurring during a year. Witter et al. (2011), Goldfinger et al. (2012), and Witter et al. (2013)
find that there is evidence for 3 L class ruptures over the 10,000 years of paleoseismic and turbidite records, giving the
probability of 1-in-3,333-years. They also find evidence for 1 XL/XXL class rupture, giving a probability of 1-in-5,000-
years. We understand that this method of annual probability is an oversimplification and neglects information about
the earthquake cycle. However, that is how the annual probabilities have been determined by the various USPNW
agencies (Witter et al., 2011; Eungard et al., 2018).

We create maps showing the spatial differences of inundation limit for the three sites. We compare the results
of the heterogeneous L-like and XL-like models to their respective deterministic, homogeneous models. We take
the mean of each individual grid cell for the 100 scenarios of the L-like and XL-like models and convert them into
geospatial raster files. We assert that grid cells having a mean inundation depth 0.3 m to be "wet" and assert that grid
cells below this threshold to be "dry." This threshold is introduced to remove the effects of extreme events that skew
the mean behavior of inundated grid cells. We utilize the Jaccard similarity index (JSI) for computing the similarity
between the homogeneous raster files and the L-like and XL-like heterogeneous rupture mean inundation limit raster
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datasets (Jaccard, 1912). JSI values range from 0 — 1, with 0 indicating no overlap between datasets and 1 indicating
a perfect match.

While the aforementioned method illuminates the varying inundation limit behaviors of heterogeneous sources,
it does not provide a robust statistical measure and serves as a naive first step. We then compute the mean inunda-
tion depth for all inundated cells for each heterogeneous scenario and display them as violin plots. We compile the
hazard curves for all inundation-allowable grid cells. We use the nearest quarter percentile of the L-like scenarios
determined by the violin plots to plot the inundation limits from the associated hazard curves. And, we utilize a simi-
lar approach for the 95™ percentile for the XL-like scenarios. We then move on to assigning inundation probabilities
to the grid cells.

Rather than use the PTHA equation formulated by Geist and Parsons (2006), we adopt a much more simpler
probabilistic equation. Suppose we have events 1, Es, Fs, ..., Ej, each with an annual probability py, and since each

realization is an independent event, we can produce the following equation:

p=1—(1—=p1)(1—p2)..(1—ps), (1)

Where p is the probability that at least one of the events happens. From this equation, we can show that for any
exceedance value h, the probability P(h) that inundation occurs at a point on the grid for events Ej, where hy, > h

becomes:

Ph)y=1—(1-=p1)...(1 —pyn), (2)

where n is the number of times the grid point is inundated. n can be less than the total number of events k. From
these equations we are able to produce hazard curves and maps for each of our three sites of interest. In addition to
these maps, we construct violin plots that show the probability distribution function of the mean for all grid points
that are inundated by each rupture scenario. Violin plots show the breakdown of inundation behavior by geodetic
model and by the grand total.

We create inundation limit maps that show the probability of inundation exceedance above 0 m. We set only one
exceedance boundary: 0.004 (~ 1-in-2,475-years). This boundary is of interest since it is the standard by which USPNW
states determine the tsunami design zone boundaries (American Society of Civil Engineers, 2022). We compare our
results to the official tsunami evacuation lines used by Washington, Oregon, and California and the tsunami design
zone as determined by the ASCE 7-22 framework.

Lastly, we approximate the land use footprint of only one site: Newport, OR. Wherein, we perform the same
analysis detailed above with ASCE compliant Manning coefficients. We discuss the methodology and results in Text

S1, Figures S1-S4, and Table S1.

3 Results

We start our analysis by investigating the spatial variations in inundation limit between the homogeneous and het-
erogeneous source models. We then calculate the mean inundation depth percentiles for the two rupture classes.
Next, we utilize these percentiles to show the inundation limit uncertainties when using hazard curves. Lastly, we
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Site L-like (0-1) XL-like (0-1)
Ocean Shores 092 1

Newport 0.93 0.97
Crescent City  0.80 0.93

Table 1 Jaccard similarity indices of Ocean Shores, Newport, and Crescent City for similarity between the homogeneous
and heterogeneous spatial rasters of "wet" and "dry" tsunami inundation.

show inundation limit when accounting for the MRP of the stochastic sources.

3.1 Differences between homogeneous and heterogeneous ruptures.

Figure 4 shows the difference between the L1 source rupture model and the L-like heterogeneous models. Grid cells
are considered "dry" if the mean inundation depth is < 30 cm and "wet" if > 30 cm. We see that for Ocean Shores
that the there are pockets of "dry" grid cells from the L1 model on the southern and eastern extents of the peninsula.
With the L-like heterogeneous sources, the entirety of Ocean Shores is "wet." The JSI for Ocean Shores is 0.92 (Table
1), indicating the homogeneous and heterogeneous sources cause tsunami inundation that are similar yet not exact.
In the case of Newport, we see the largest differences in North Newport (Figure 4). The L1 scenario fails to inundate
past the beach areas; however, the L-like heterogeneous sources are able to inundate up to the tsunami evacuation
line, whose inundation limit is determined by the XXL1 scenario (Witter et al., 2013). South Newport, which has steep
topographic variations, does not see as many differences. This reflects in the overall JSI of 0.93 (Table 1). Crescent
City is the site with largest differences between the homogeneous L1 and heterogeneous L-like sources with a JSI of
0.80 (Table 1). In these scenarios, all of downtown Crescent City is inundated with only the central area remaining
"dry."

Figure 5 sshows the differences between the XL1 source rupture model and the XL-like heterogeneous models. In
this case, there is no difference in "wet" and "dry" inundation limit for Ocean Shores. The JSIis 1 — a perfect match
(Table 1). For Newport, the majority of differences between the homogeneous and heterogeneous cases continues to
be in North Newport (Figure 5 inset). The inundation limit continues to be further inland than the XL1 case. The JSI is
0.97, which indicates a greater similarity between the spatial extents of "wet"/"dry" behavior of the homogeneous and
heterogeneous ruptures; however, the majority of differences are in locations of non-negligible population density
(Table 1 and Figure 5). Crescent City continues to see extraordinary spatial extent of inundation limits with both
XL homogeneous and heterogeneous models. The difference between the two being mostly in the total coverage of
"wet" cells in the center of Figure 5i. The JSI is 0.93 indicating that the two are roughly similar to each other; however,

again, the differences appear to be in areas of non-negligible population density (Table 1 and Figure 5).
3.2 Mean tsunami inundation behavior

The mean tsunami inundation behavior for the three sites of interest are plotted as violin plots (Figure 6). These plots
show the probability distribution of the mean of all inundated grid cells for the rupture scenarios by geodetic locking
models and the total. They show that there does not appear to be a correlation between geodetic locking models and
inundation impacts (Figure 6). What is clear is that, compared to the inundation from heterogenous sources, the
L1 model consistently ranks between the 45% - 75" percentiles of for Ocean Shores and Newport. Crescent City has
the L1 mean inundation depth at the 75" percentile. Overall, this behavior means that the L1 scenario represents
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Figure4 The mean of each individual grid cell for the 100 L-like scenarios. (a),(b),(c) The L1 homogeneous scenario where
inundation limit is defined by "wet" grid cells where inundation is > 30 cm and "dry" where inundation < 30 cm. (d),(e),(f)
Similarto (a)-(c) except the inundation limit is defined by the average of 100 L-like scenarios. (g),(h),(i) the differences between
"wet" and "dry" grid cells of (a)-(c) and (d)-(f) for Ocean Shores, WA; Newport, OR; and Crescent City, CA. Black lines denote
the official tsunami evacuation lines used for by the states of Washington, Oregon, and California (State of Oregon, 2024; State

of California, 2022). These maps were constructed using GMT 6 (Wessel et al., 2019).

12


https://seismica.org/

This is a non-peer reviewed Report submitted to SEISMICA

() Homogeneos | | (d) teroeneous | Q) Differences
|
A

124°12'W 124°06'W 124°12'W 124°10'W 124°06'W 124°12'W 124°10'W 124°08'W 124°06'V

(b) ‘ | (@) ‘ (h)

47°00'N 47°00'N 47°00'N

46°58'N 46°58'N

46°56'N 46°56'N 46°56'N

44°38'N 44°38'N 44°38'N

44°36'N 44°36N1 44°36'N

124°06'W 124°06'W 104°08"W 124°04'W 104°02'W

o | ) | (i)

41°45N 41°45N

124°15'W 124°T0W 124°15'W 124°10W

124°15'W 124°10'W
I | E— I | — | — | ——
Dry Wet Dry Wet No Diff Diff

Figure5 The mean of each individual grid cell for the 100 XL-like scenarios.(a),(b),(c) The XL1 homogeneous scenario where
inundation limit is defined by "wet" grid cells where inundation is > 30 cm and "dry" where inundation < 30 cm. (d),(e),(f)
Similar to (a)-(c) except the inundation limit is defined by the average of 100 XL-like scenarios. (g),(h),(i) the differences be-
tween "wet" and "dry" grid cells of (a)-(c) and (d)-(f) for Ocean Shores, WA; Newport, OR; and Crescent City, CA. Black lines
denote the official tsunami evacuation lines used for by the states of Washington, Oregon, and California (State of Oregon,
2024; State of California, 2022). These maps were constructed using GMT 6 (Wessel et al., 2019).
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only the median to 75th percentile behavior that can be expected from heterogeneous rupture sources. The XL1
scenario consistently ranks > the 90" percentile for all geodetic families and even in the total. The XL1 scenario
thereby represents an extreme scenario, closer to what an MCE ought to be, with its average of all inundated points
being between 12-15 m among the three sites of interest. Our comparisons of inundation limit for the L-like sources
from the hazard curves are performed at the 50" percentile for Ocean Shores and Newport; meanwhile, Crescent
City’s inundation limit is shown at the 75" percentile. All three sites have their inundation limits examined at the
95t percentile for comparisons of the XL-like sources. While Figure 6 shows a top-level view of tsunami inundation
depth behavior, it neglects to account for the spatial variability of inundation limits. Figures 7 — 9 show this for the

L-like scenarios at the median percentile for Ocean Shores and Newport and at the 75

percentile for Crescent City
determined by their associated hazard curves. We see from Figures 7(a) — 9(a) that the hazard curve uncertainty is
greatest for Newport and Crescent City and smallest for Ocean Shores. Pockets of low inundation depth at the 50™
percentile are noticeable for Ocean Shores, especially on the bay side section of the peninsula, which may suggest
little to no inundation in those regions for L-like scenarios with median behavior. Newport’s inundation limit and
inundation depth at the 50 percentile are more in line with the L1 inundation limit and inundation depth (Figures
8(c) and 4(b)), despite the large uncertainties indicated by its hazard curves. Crescent City best illuminates the large
uncertainty indicated by the hazard curves (Figure 9(a)). The inundation depth is 2-3 m, and its inundation limit is
constrained by the official tsunami evacuation lines. Indeedthe inundation limit at the median percentile would be
a best case scenario for the town.

Figures 7(d) — 9(d) show the inundation limit of the XL-like scenarios at the 95 percentile. This percentile was
selected to better compare the quasi-homogeneous XL1 scenario and our heterogeneous scenarios. Aside from Ocean
Shores, which always inundates in this class, Newport and Crescent City have inundation limits that extend past their
official tsunami evacuation lines. While the uncertainty associated with these results is still considerable given their
hazard curves (Figures 8(b) and 9(b)), they are less uncertain than the L-like scenarios. Inundation depths at the
95t percentile are > 10 m; however, Newport’s inundation depths are most extreme on the beach areas. Meanwhile,
Crescent City experiences higher inundation depths because the coseismic subsidence at this percentile is large
enough to have parts of it below mean high water. This subsidence permits inundation to extend further inland
than considered by the official tsunami evacuation lines. Although, this result would seem to indicate a worst case
scenario, we show in the next section that this inundation limit is outside the 1-in-2475-year exceedance limit that

would be considered by the ASCE 7-22 guidelines.
3.3 Maximum considered tsunami inundation limit

When we plot the inundation limit of the two classes against the tsunami evacuation and ASCE 7-22 tsunami design
zone boundaries for the three sites of interest with the probability of inundation > 0 cm at a 1-in-2475-year exceedance,
we see the limits of using homogeneous source models as the basis for an MCT. As seen in Figures 10 and 11, North
Newport’s tsunami evacuation lines, which are set to the XXL1 scenario, can have its inundation limit met or ex-
ceeded by L-like and XL-like heterogeneous sources. However, areas with steeper variations of topography constrain
inundation limit similar to the DOGAMI evacuation lines. Crescent City, which uses a 1-in-975-year MRP event in-
undation limit, fails to encapsulate the inundation limit for the L-like and XL-like sources. Indeed, the ASCE 7-22
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Figure 6 Violin plots of the mean tsunami inundation behavior for each geodetic model and all models. Probability distri-
bution functions shows distribution of the mean of all inundated cells for each scenario (see Figures 4 and 5 for approximate
inundated cell extent). Red dashed lines delineate the 25™ and 75™ percentiles. Solid black lines delineates the 50" per-
centile. Blue line and arrow show the mean value of all inundated grid cells for the XL1 scenario. Likewise, red line and arrow
show the mean value of all inundated grid cells for the L1 scenario. Violin plots are shown for (a) Ocean Shores, WA; (b) New-
port, OR; and (c) Crescent City, CA.
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Same as (a) but for 100 XL-like heterogeneous sources. (c) The inundation limit of the 100 L-like heterogeneous sources at the
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Figure9 (a) Hazard curves for all grid cells that inundate for the 100 L-like heterogeneous sources at Crescent City, CA. (b)
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constructed using GMT 6 (Wessel et al., 2019).
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tsunami design zone departs from the inundation limit of the official tsunami evacuation lines. Moreover, one thing
is clear, heterogeneous sources with the exceedance threshold being considered by USPNW states and engineers

have inundation limits that extend further inland than their respective homogeneous events’ inundation limits.
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Figure10 Mapsthatshow the 1-in-2475-year exceedance inundation limit for the L-like heterogeneous sources for (a) Ocean
Shores, WA; (b) Newport, OR; and (c) Crescent City, CA. White triangles denote the inundation limit from the American Society
of Civil Engineers (American Society of Civil Engineers, 2022). Official tsunami evacuation zones are shown in black (a),(b),
and(c) (State of Oregon, 2024, State of California, 2022). These maps were constructed using GMT 6 (Wessel et al., 2019).
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Figure 11 Maps that show the 1-in-2475-year exceedance inundation limit for the XL-like heterogeneous sources for (a)
Ocean Shores, WA; (b) Newport, OR; and (c) Crescent City, CA. White triangles denote the inundation limit from the American
Society of Civil Engineers (American Society of Civil Engineers, 2022). Official tsunami evacuation zones are shown in black
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2019).
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4 Discussion

The primary focus of this study is the comparison between homogeneous and heterogeneous earthquake sources to
be used as the tsunami initial condition for inundation at three sites of interest. Our results have shown that while
the XL1 scenario represents an extreme case with its inundation depth, its inundation limit is less than that of the
heterogeneous sources. Indeed, we find that heterogeneous sources have inundation limits that exceed the official
tsunami evacuation lines, which are based on various homogeneous source models. We discuss the implications of

this result below.

4.1 Differences beween homogeneous and heterogeneous models

The XL1 scenario produces large inundation depths on average for all of the grid cell it inundates across the three
sites. However, the horizontal inundation limit is less than those by the mean and probabilistic behavior of the het-
erogeneous sources. There are two proposed drivers of increased horizontal inundation limit: (1) source complexity
in the near-trench zone and (2) local coseismic subsidence.

Small and Melgar (2021) showed that high slip deficits in coupling lead to frequent high slip in stochastically
generated events. These areas of high slip tend to happen more in the near-trench area for the 1 cm/yr and Gamma
models, thereby producing more scenarios with higher tsunamigenic potential. This correlation is not seen in Figure
6 at any of the sites. Indeed, higher tsunamigenic potential in local and regional scales has been shown to be more a
function of near-trench locking behavior. However, this fact alone does not explain the further horizontal extent of
inundation limit at the three sites compared to the homogeneous scenarios.

All of these rupture families are more likely to produce coseismic coastal subsidence than coastal uplift, which is
widely believed to have occurred during the previous ~M9 eventin 1700 (Witter et al., 2013; Melgar, 2021; Walton etal.,
2021). Coseismic coastal subsidence allows for more area to be below mean high water thereby allowing for tsunami
waves to inundate further inland. This manifests in the XL1 scenario for Ocean Shores and Crescent City (Figure 5).
Heterogeneous sources of L- and XL-like categories also produce various amounts of coseismic coastal subsidence. It
can be so severe that entire sites of interest can be fully below mean high water before the first tsunami wave arrives.
The only site that did not have this event occur was Newport, which only saw modest coastal coseismic subsidence
of 0-8 m for the 200 rupture scenarios. Due to the source complexity of these scenarios, it was common for the two
out of the three sites farthest from the main rupture asperity to have inundation depths of 0-3 m while the other site
local to the main asperity had inundation depths of 10-20 m. This behavior was seen in the 2011 Tohoku-Oki tsunami
wherein local tsunami runup was > 40 m for places near the main rupture asperity (Mori et al., 2011, 2022).Indeed, our
results indicate that local coseismic subsidence nearest the main heterogenic rupture asperity causes these extreme
inundation depths and horizontal inundation limits. This type of inundation behavior is difficult to replicate with
homogeneous and quasi-homogeneous ruptures.

The ASCE 7-22 tsunami inundation model appears to further inundate Crescent City compared to the official
tsunami evacuation lines (see ASCE 7 TsunamiDatabase, Figures 10 and 11). Their model makes use of the 1 cm/yr
and top of the non-volcanic tremor zone geodetic models (American Society of Civil Engineers, 2022). The latter of
which has been shown by Small and Melgar (2021) to produce substantial coastal coseismic uplift to the point that it
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represents a much less likely scenario. The ASCE 7-22 codes only assign a probability of 0.3 to this model; however,
as we have shown, coastal coseismic subsidence is the primary driver of increased horizontal inundation limits for
the site. Increased research should be undertaken to validate the use of the top of the non-volcanic tremor zone for
PTHA, as its inclusion may potentially cause underestimation of the horizontal inundation limit at Crescent City.
Another driver of increased horizontal inundation limits is terrain flatness. Although this fact is widely known
(Mori et al., 2022), our study highlights that combined with the other drivers, it can cause greater uncertainty. For
example, Ocean Shores is entirely flat, and its hazard curves (Figure 7(a)/(b)) reflect this fact with lower uncertainty.
Newport, which has steeper topographic variations, shows that uncertainty increases when the area is a mix of flat
and steep topography (Figure 8 (a) / (b)), especially when the elevation of the topography remains much higher than
the local coseismic subsidence. Crescent City is a mix of the two topographic behaviors; however, its topographic
elevation is only slightly greater than the local coseismic subsidence at higher percentiles. The elevation of Crescent
City above mean high water can be 10-30 m north of the harbor and between Lake Earl, with elevations quickly rising
to 80 m on the east side of town. This fact highlights why inundation depths and inundation limit are small when
the main rupture asperity is far from the area. However, it highlights why the area is more vulnerable if the main

asperity is near to it.
4.2 Limitations of this work

New breakthroughs in understanding the CSZ seismogenic properties have been happening at a rapid pace with the
advent of the first CAscadia Seismic Imaging Experiment 2021 (CASIE21) papers being published (Carbotte et al., 2024;
Ledeczi et al., 2024).0ne of the more consequential findings being that the mega-splay used for scenario "1" of the
"t-shirt" scenarios likely does not contribute much, if at all, to the tsunamigenic potential of the CSZ (Carbotte et al.,
2024; Ledeczi et al., 2024). The mega-splay is the chief contributor to the horizontal extent of the inundation limit
seen in Washington and Oregon. However, we have shown that the inundation limit from mega-splay rupture can be
met and exceeded with stochastic and heterogeneous ruptures. We posit that the similarity between our results and
those of the mega-splay are tied to the terrain factors as mentioned in the previous section.

One of the implicit assumptions of this work is the assumption of bare earth. Anthropogenic factors are not
considered. However, anthropogenic factors have been shown to influence the properties of tsunami flow that cause
large deviations from expected behavior (Mori et al., 2022). One of these factors, the Manning coefficient, can change
widely as a result of land use properties (Koshimura et al., 2009; Takagi and Bricker, 2014); however, we maintain
that it must be constant throughout our simulations at 0.025. The ASCE 7-22 guidelines for the Manning coefficient
are 0.025-0.03 for coastal water nearshore bottom friction, 0.025 for open field/land, 0.04 for buildings of at least
urban density, and 0.03 for all other cases (American Society of Civil Engineers, 2022). The consequence being that
our inundation limit can extend further inland compared to the ASCE, as we assume that our sites are all just open
land/fields. Indeed, future directions of research similar to this work must address this issue; however, we neglect
it since the science of constraining the Manning coefficient in the anthropogenic environment is still in its infancy
(Mori et al., 2022). For example, it has been shown that the Manning coefficient can change as a function of water
column load as shown by Boyer (1954), where it can be as high as 0.075. Although we potentially overestimate the
flood limit by 20- 60% in urban areas compared to the ASCE 7-22 guidelines, our results for ASCE-compliant Manning
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coefficients indicate that we overestimate by 6% in urban areas of Newport (Figures S1-4, Table S1).

ASCE 7-22 sets an artificial cap on the Manning coefficient, as it neglects the works of Takagi and Bricker (2014)
and Koshimura et al. (2009). These papers find that Manning coefficients approach 0.2, when tsunami flow is laden
with debris, which is much larger than the artificial cap of 0.04 recommended by the ASCE’s Tsunami Loads and
Effects Subcommittee. That is mostly the result of their Manning coefficient’s being derived from land use laboratory
experiments. Whereas in Koshimura et al. (2009) and Takagi and Bricker (2014), Manning coefficients are derived

from real world damage data.
4.3 Use the "t-shirt" models to convey tsunami hazards to the public

For two of the three sites of interest, the exceedance maps that consider fully heterogenous slip do not differ much
from the official tsunami evacuation lines used by their state emergency planners. WaDNR and DOGAMI have done
extensive research preparing for the next CSZ event, and it is reflected in the similarity of the tsunami evacuation
lines to even the XL-like heterogeneous ruptures. Only Crescent City does not have tsunami evacuation lines — at the
present moment — that encapsulate the risks of homogeneous or heterogeneous ruptures of the CSZ. Even ASCE 7-22
goes further inland with its tsunami runup elevation than the results used by California (American Society of Civil
Engineers, 2022). Although the departures from the official tsunami evacuation lines for Crescent City are large,
it is important to remember that their lines were chosen for a 975-year scenario with a safety factor included and
that their evacuation lines were made with community involvement. While our work may indicate that a future
CSZ tsunami can inundate further inland, the ruptures utilized are simply an exploratory set that does not make
use of the USGS Powell Center’s CSZ logic tree. The tsunami evacuation lines must be made with the utmost care
due to the psychological and economic impact they can have on people who live and visit these communities. The
scientific and engineering communities embrace a probabilistic framework for approaching the next CSZ earthquake
and tsunami, and the aleatory and epistemic uncertainties that accompany it. However, this framework neglects
the emergency offices’ need for deterministic-like events to convey the threat to their communities. Perhaps the
biggest consequence of this work, despite its drawbacks, is that stochastically generated heterogeneous ruptures can
match and exceed the inundation limits of the L1 and XL1 "t-shirt" models in exceedingly rare events. Our use of
a consistent Manning coefficient of 0.025 means that we potentially overestimate the inundation limit by 20-60% in
urban areas compared to the ASCE 7-22 guidelines, which would have our results be constrained by the XL1 and XXL1
"t-shirt" models. Indeed, our data indicates that is the case with Newport when looking at the annual probability of
exceedance limit (Figure S4). Emergency managers could continue to use DOGAMI "t-shirt" models to communicate
the best evacuation strategies for their communities. Meanwhile, they can utilize the probabilistic nature of the
upcoming PTHA changes to make their communities more resilient to the hazards of the CSZ. The various USPNW
state legislatures are in the process of ratifying new building codes that choose an MCT of 1-in-2,475-year MRP. It is
imperative that this reference event contain the best knowledge of the tsunami inundation behavior if substantial
casualties are to be avoided in the next CSZ rupture. Although, they must come to terms that each great earthquake
rupture is different, and that building in the currently known tsunami inundation zone is a dangerous task. While
earthquake sources are the largest source of uncertainty in PTHA (Geist and Parsons, 2006), the inundation physics
of the anthropogenic environment is the next (Small and Melgar, 2021; Mori et al., 2022).
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5 Conclusion

We have shown the range of tsunami inundation behaviors from 200 stochastically generated heterogenic rupture
scenarios for the sites of Ocean Shores, WA; Newport, OR; and Crescent City, CA. We find that while homogeneous
scenarios have mean tsunami inundation values between the 4575 percentiles (L.1) and the > 90th percentile (XL1),
the L-like and XL-like heterogenic sources have a greater inundation limit. This greater spatial extent is constrained
well by the tsunami evacuation lines of Ocean Shores and Newport; however, Crescent City’s lines fail to account for
the greater spatial extent of both homogeneous and heterogeneous rupture sources. We posit that it is perhaps best
for emergency managers to continue to use or adopt the use of the XL / XXL1 scenarios to communicate the risk of
hazards to their communities. And that our proposed inundation limits are overestimated by 20-60% compared to
the ASCE due to differences in Manning coefficient in urban environments. However, results for Newport indicate

that only a 6% overestimation (Figures S1-S4, Table S1).
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