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ABSTRACT

We present new tsunami inundation modeling for the Olympic Peninsula in northwestern Washington to encourage
hazard planning and increase community resilience. This modeling uses a simulated magnitude 9.0 earthquake along
the Cascadia subduction zone, producing a tsunami that is unlikely to be exceeded in the next great earthquake. The
simulated earthquake fault geometry assumes a full-length rupture of Cascadia that spans ~775 mi from northern
California to just north of Vancouver Island, Canada. Scientists inferred that this scenario encompasses ~95 percent
of the variability of Cascadia tsunami simulations. This seismic scenario assumes that all coastal elevations in this
study area will drop from coseismic subsidence. Earthquake shaking would be felt in all locations within the study
area prior to the arrival of the tsunami, though subsidence impacts would be greatest closer to the subduction zone.
The first modeled rising tsunami wave arrives at La Push within 10 minutes from the start of the earthquake shaking.
However, localized flooding could occur within minutes of the earthquake due to subsidence of the land relative to
global sea level. The crest of the first modeled tsunami wave exceeds 30 ft (9 m) and reaches many locations along
the Pacific coast within ~30 minutes. Flooding depths on land also reach or exceed 60 ft (18 m) along most Pacific
coastline beaches and campgrounds. The first modeled rising wave of the tsunami also travels into the Strait of
Juan de Fuca and reaches Port Angeles in ~1 hour with a wave amplitude of ~20 ft (6 m). There is limited time to
issue official tsunami warnings and any felt earthquake shaking should act as an immediate warning. Fast-moving
currents from the tsunami waves locally exceed 9 knots off Washington’s Pacific coastline and within some areas in
the Strait of Juan de Fuca, presenting a significant navigational hazard to the maritime community. Tsunami wave
inundation would likely continue over 8 hours and remain hazardous to maritime operations for more than 24 hours.
This study is limited in that modeling does not account for tide stage, tidal currents, earthquake-induced landslides,
seiches, liquefaction, or minor topographic changes that would locally modify the effects of tsunami waves. In
addition, there are many assumptions associated with the scenario earthquake and its probability of occurrence
modeled here. Due to these limitations, this modeling may not be suitable for site-specific tsunami inundation
assessment or for determining effects on the built environment. Instead, we recommend using this modeling as a
tool to assist with emergency preparations and evacuation planning prior to a Cascadia subduction zone event or
to determine locations where a tsunami vertical evacuation refuge would be appropriate.

INTRODUCTION

The Cascadia subduction zone (CSZ) stretches for about 775 mi
along the Pacific Ocean from Cape Mendocino, California to
just north of Vancouver Island, Canada. At the CSZ, the Juan de
Fuca, Explorer, and Gorda oceanic plates slide beneath the North
American continental plate (Fig. 1), generating great earthquakes
when built up strain abruptly releases. These earthquakes can

produce tsunamis that pose a significant hazard to Washington
and possibly to other coastlines in the Pacific Ocean.
Numerous workers found geologic evidence of tsunami
deposits attributed to the CSZ in at least 59 localities from
northern California to southern Vancouver Island (compiled in
Peters and others, 2003). The observed evidence of past seismicity
and tsunamis suggests that not all earthquakes generated by the
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Figure 1. Tectonic overview of part of the Cascadia subduction zone (CSZ). The red line indicates the subduction zone interface (where the Juan de
Fuca, Explorer, and Gorda [not pictured] oceanic plates subduct under the overriding North American plate) that may host a megathrust earthquake.
Strain builds up along this interface, generating earthquakes when it releases. The release of strain deforms the seafloor and represents the source

of tsunamis for the CSZ (Figure modified from the USGS).

CSZ are the same. The preserved geologic record both onshore
and offshore presents clues that help quantify the history of
earthquakes along the CSZ. This information has become crucial
for tsunami modeling and hazard preparedness, especially after
recent events in the Indian Ocean in 2004 and Japan in 2011,
where the hazard was underestimated. The multitude of geologic
findings (see Appendix A for a fuller discussion) and the recent
catastrophic tsunami events in other parts of the world have
now encouraged tsunami modelers and preparedness efforts to
focus on less likely, less frequent, though more damaging hazard
scenarios than were previously considered.

Research over the last few decades illustrating the impacts
of CSZ earthquakes and tsunamis along the shorelines of British
Columbia (Hutchinson and Clague, 2017), Washington (Atwater,
1992; Atwater and others, 1995), Oregon (Kelsey and others,
2005), and northern California (Padgett and others, 2021) has
demonstrated that these events will leave little time for evacuation.
A key component of tsunami hazard assessment, and the first
step in developing evacuation plans, is to identify areas subject
to tsunami inundation (flooding caused by tsunami waves). This
study focuses on modeling maximum tsunami inundation and
current speeds for Washington’s northwest Pacific coast and the
Strait of Juan de Fuca on the Olympic Peninsula (Fig. 2). Our
study results are based on a scenario earthquake and resultant
tsunami, in which the tsunami is estimated to encompass 95
percent of the maximum inundation modeled in a suite of
hypothetical CSZ tsunami scenarios (Witter and others, 2011).
This scenario produces a tsunami that is unlikely to be exceeded
in the next CSZ event.

TSUNAMI SOURCE MODELS

In this study, we use the “Extended L1” earthquake scenario to
model the impacts of a CSZ tsunami for the Olympic Peninsula.
Previous CSZ tsunami modeling in Washington over the past
21 years used other models that represent different scenarios
(Table 1). These include the “1A” scenario (Myers and others,
1999; Priest and others, 1997) and the “L1” scenario (Witter
and others, 2011; 2013). Researchers based the 1A scenario on
the last CSZ event in 1700, but subsequent research suggested
that there were larger events than the event in the year 1700
(Witter and others, 2011; Goldfinger and others, 2012; Witter
and others, 2013). The next model scenario was the L1 scenario
from Witter and others (2011, 2013), which inferred higher
variability in both the amount of slip and slip distribution from
the paleotsunami record than the 1A scenario, producing a larger
tsunami. Specifically, the L1 scenario has a maximum amount
of slip of 88.6 ft (27 m) and partitions this slip to a splay fault (a
thrust fault in the accretionary wedge) that has an approximate
30-degree landward dip (Fig 3). This rupture geometry provides
more conservative estimates compared to previous tsunami
modeling that used the 1A scenario, which assumed a lesser
amount of maximum slip of 62 ft (19 m) that was placed solely
within the subduction zone interface without intersecting the
seafloor. Thus, the splay fault included in the L1 scenario results
in a much higher, narrower area of uplift compared to the rupture
geometry of the 1A scenario, which dips much more shallowly
and reaches farther seaward than the splay fault. Recently, the
National Oceanic and Atmospheric Administration (NOAA)
Center for Tsunami Research at the Pacific Marine Environmental
Laboratory (PMEL) modified the original L1 scenario to account
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Figure 2. Map of the modeled area, showing the Cascadia subduction zone (CSZ) and major offshore channels. The black polygon outlines the
study area of the Olympic Peninsula that corresponds to the included map sheets. Locations marked in red circles contain sedimentary evidence
of past tsunamis generated from the CSZ.

Table 1. Published tsunami hazard maps for Washington. CSZ 1A with asperity models incorporate localized areas of offshore uplift.

Location Reference Modeled Scenario
Puget Sound and Adjacent Waters Dolcimascolo and others (2021) CSZ Extended L1
A];‘yag’;ltceisn;iﬂ(‘)nagﬁ‘;éjr‘s’e;f)ezdgd Eungard and others (2018a) CSZL1
Port Qfl’)geerls‘i;;lpg;t;;’s“‘;ﬁ?fagﬁfrf)ﬁa1ly Eungard and others (2018b) CSZ Extended L1
Southwest Washington Eungard and others (2018c) CSZ L1
s‘g‘y Jgi?cliiz‘;‘izg’:ﬁaég’l:r‘gnggf)ed Walsh and others (2016) CSZ LI
Everett Walsh and others (2014) Seattle Fault
Tacoma Walsh and others (2009) Tacoma and Seattle Faults
Anacortes—Whidbey Island Walsh and others (2005) CSZ 1A
Bellingham ‘Walsh and others (2004) CSZ 1A
Neah Bay Walsh and others (2003a) CSZ 1A and 1A with asperity
Quileute area Walsh and others (2003b) CSZ 1A and 1A with asperity
Seattle Walsh and others (2003c) Seattle Fault
Port Angeles Walsh and others (2002a) CSZ 1A and 1A with asperity
Port Townsend Walsh and others (2002b) CSZ 1A and 1A with asperity

Southern Washington coast Walsh and others (2000) CSZ 1A and 1A with asperity
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Figure 3. A. Vertical ground deformation for the Extended L1 scenario
modified by the NOAA Center for Tsunami Research at PMEL (Gica
and Arcas, 2015). B. Splay fault model diagram corresponding to the
X=X’ line in subfigure A.

for an earthquake that ruptures the entire length of the subduction
zone from northern California to just north of Vancouver Island,
Canada. This Extended L1 scenario now includes the Explorer
plate that was omitted in the L1 scenario. Refer to the section
‘Comparison of Tsunami Models’ in Dolcimascolo and others
(2021) for more information on this extension and the comparison
between the Extended L1 and L1 source.

Additionally, tsunami modeling presented here on Map
Sheets 6 and 13 covers the Port Angeles area that was previously
published in Eungard and others (2018b). The newer modeling used
here incorporates the updated 2021 topographic and bathymetric
elevation data in the Strait of Juan de Fuca whereas Eungard and
others (2018b) used the 2015 model. As a result, this publication
supersedes the Port Angeles Maps Sheets included in Eungard
and others (2018b, see map sheets 1, 3, and 5 therein). The map
sheets covering Port Townsend in Eungard and others (2018b)
remain unchanged. See Figure 4 for a map of the superseded area.

MODELING APPROACH

The tsunami simulations presented here use two numerical
modeling software packages. These packages are the Method of
Splitting Tsunami (MOST) and GeoClaw. MOST was developed
by PMEL and the University of Southern California (Titov
and Synolakis, 1995; 1998; Titov and Gonzalez, 1997), while
GeoClaw is an open-source code (part of the Clawpack software)
that was initiated at UW and is still being developed by the UW
tsunami modeling group in collaboration with other contributors
(Clawpack Development Team, 2021). Both of these packages solve
the same set of nonlinear shallow water equations that simulate
tsunami generation, propagation, and inundation given specific
earthquake and bathymetry inputs. Because this publication is a
result of collaboration between the NOAA Center for Tsunami
Research at PMEL and the University of Washington’s (UW)
tsunami modeling group within the Department of Applied
Mathematics and UW’s Department of Earth & Space Sciences,
we used both modeling packages..

Both MOST and GeoClaw have been validated through
benchmark tests and are approved by the National Tsunami
Hazard Mitigation Program (NTHMP) for use in developing
tsunami inundation models (Synolakis and others, 2007; Gonzalez
and others, 2011; Horrillo and others, 2015). To test the practical
equivalence between the two software packages, comparative
simulations were performed for Bainbridge Island, WA (Titov
and others, 2018). The test revealed very close agreement between
model results.

The main difference between the software packages is the
numerical method employed. The MOST package uses a grid of
topographic and bathymetric elevations and calculates a water
surface elevation and velocity for each grid cell at specified
time intervals. A finite difference numerical scheme solves the
nonlinear shallow water equations (Titov and others, 2016). This
model also uses a set of three nested grids, referred to as A, B, and
C grids, each of which becomes smaller in area and successively
finer in resolution as it telescopes into the community of interest.

The GeoClaw package uses a finite volume method that
solves the nonlinear shallow water wave equations (George
2006; 2008; George and LeVeque, 2006; Berger and others,
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2011; LeVeque and others, 2011; Mandli and others, 2016). The
model uses an Adaptive Mesh Refinement (AMR) strategy to
calculate water surface elevations and velocities on a fine grid
covering the region of interest and records the maximum values
over the full simulation time.

Figure 5 illustrates the locations modeled either by MOST
or GeoClaw. Since there is a transition from coarse to fine
elevation grids for the tsunami models, the edges of the models

where these grids transition can introduce erroneous results. We
overlap our models to account for these, and opt for the more
conservative results (larger maximum values). The vertical
reference datum for all tsunami simulation results is the mean
high water (MHW) tidal datum. This reference point stays static
throughout the simulation by not including changes in the tides
over time, leading to more conservative inundation values.

QCEAN

0 Miles

Vancouver
Island

Eungard and
others, 2018b
(Map Series 2018-03)

Legend

New
modeling

Previous
modeling

Superseded
modeling

WASHINGTON

map
area

Figure 4. Map of new modeling (purple) compared to areas of previous modeling (black outline). New modeling fully supersedes the Port Angeles
region (yellow outline) of Eungard and others (2018b) due to the use of updated topographic and bathymetric elevation data for the Strait of Juan
de Fuca. The new modeling does not cover the Port Townsend region because that elevation data was not updated. Therefore, the Port Townsend
mapping of Eungard and others (2018b) is still the most up-to-date.
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Figure 5. Study areas modeled in this project by the Tsunami Modeling Group at the University of Washington (UW) and the NOAA Center for
Tsunami Research at the Pacific Marine Environmental Laboratory (PMEL). For the small region of overlap just north of Hoh, WA, our final model
used a compilation of the corresponding model results and prioritized the maximum values. UW used the GeoClaw tsunami modeling software

package while PMEL used the Method of Splitting Tsunami (MOST) package. The simulated tide gauges are shown in Figure 7.
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The modeling presented in this project also uses high-
resolution data from “bare-earth” Digital Elevation Model
(DEM) grids, meaning that no forests, built structures, or
buildings are included. These elevation grids were provided by
NOA A’s National Centers for Environmental Information (NOAA
National Geophysical Data Center, 2007; 2011; 2015; Cooperative
Institute for Research in Environmental Sciences (CIRES) at the
University of Colorado, Boulder, 2014). Each grid cell on land
within these DEM grids consists of 1/3 arc-second spacing in
both the longitude and latitude directions (approximately 23 ft
[7 m] and 33 ft [10 m] resolution, respectively).

These tsunami simulations also used either 0.025 or 0.03 for
Manning’s Roughness Coefficient. These are standard friction
values used in tsunami modeling that assume no vegetation
and no structures on land, both of which can impede flow or
introduce local turbulence, leading our models to produce greater
inundation. However, impeded flow could also lead to deeper
flow in certain areas with the tsunami wave advancing more
slowly inland. Additionally, this assumption may neglect other
possible localized effects that vegetation and structures can have
on the path and flow of the tsunami. For example, higher fluid
velocities may exist in regions where neighboring buildings
could channelize flow. This may lead to locally faster current
speeds in some heavily built-up urban environments that are
not recorded in our model results. A more accurate assessment
of tsunami impacts in a built environment would require an
additional site-specific study.

RESULTS

The modeling presented here provides tsunami inundation
distances, maximum depths, and maximum current speeds
using the CSZ Extended L1 scenario for the Olympic Peninsula.
Land level change during an earthquake can have a large effect
on modeled tsunami impacts. All of the coastal areas included
within this study are in close proximity to the subduction zone
and the modeled earthquake scenario assumes that their elevations
drop (subside) during the earthquake (Fig. 6). This subsidence
may cause local flooding prior to tsunami inundation, and a
relative rise in sea level compared to pre-earthquake conditions
(see below section Timing of Tsunami Arrival and Initial Water
Disturbance). The modeled earthquake scenario indicates that
the most significant drop in land level within this study area
occurs at Neah Bay, which subsides approximately 13 ft (4
m). This is a conservative estimate based on our maximum
considered earthquake scenario, and is greater than the greatest
known paleoseismic subsidence observations recorded on land
in Washington (~6 ft or 1.76 m near Cosmopolis, WA, Atwater,
1988; Leonard and others, 2010). Modeled subsidence estimates
are smaller in locations east of Port Angeles in the Strait of Juan
de Fuca, where subsidence values are 2 ft or less and taper off to
a few inches in Discovery Bay. Another location of note is Lake
Ozette near the Pacific coast where approximately 6 ft (2 m) of
modeled subsidence occurs during the earthquake shaking. This
coseismic drop in land and lake level causes disturbances within
Lake Ozette, leading to some initial flooding along the eastern
lake shoreline prior to the first tsunami wave arrival along the
coastline. This is also possible in other lakes on the Olympic

Peninsula (such as Lake Crescent) that were not included in the
modeled area. Refer to Figure 6 for other locations within the
Olympic Peninsula study area with modeled land level change.
Tsunami waves generated from the Extended L1 scenario
impact the Pacific coast communities within this study area
very soon after the earthquake, leaving limited time for official
warnings. Estimated shaking from a large subduction zone
earthquake, such as the Extended L1 scenario, could last 3—5
minutes (Megawati and Pan, 2009). This earthquake shaking
serves as a warning that a tsunami may be imminent. The first
modeled tsunami wave reaches offshore at La Push and Waatch as
soon as 10 and 15 minutes, respectively, following the initiation
of the earthquake. Other locations along the Pacific Ocean within
this study area should expect the first offshore wave arrival within
20 minutes following the beginning of the earthquake shaking.
Communities inside the Strait of Juan de Fuca such as Clallam
Bay and Port Angeles should expect the first offshore wave
arrival at 30 minutes and 1 hour, respectively. The estimated
wave arrival times listed throughout this report correspond to
the first sign of water levels rising above a reference point. For
offshore locations, this is the mean high water (MHW) tidal
datum, and for onshore locations is the local ground elevation
(Table 2). Map Sheets 1 through 7 depict maximum modeled
tsunami inundation and Map Sheets 8 through 14 depict maximum
modeled current speed (refer to index map on page iv).

Inundation

Tsunami inundation from the Extended L1 scenario causes
extensive flooding along the shorelines of the Olympic Peninsula
in northwest Washington. Inundation depths are dependent on
surrounding topography, and exceed 60 ft (18 m) along many
of the Pacific coastline beaches, campgrounds, and within
populated communities throughout this study area (Map Sheets
1-4). Communities that should expect inundation of 60 ft or
more include the Hoh Indian Reservation, Queets, Taholah on
the Quinault Indian Reservation, Moclips, Pacific Beach, Iron
Springs, Copalis Beach, and Ocean City. The greatest amount
of inundation occurs near the mouth of the Hoh River and
Yellow Banks Beach where flooding depths reach 100 ft (30
m). Other communities along the Pacific coast that experience
inundation of 40 ft (6 m) include Waatch on the Makah Indian
Reservation, the Ozette Indian Reservation, and La Push, among
others. Inundation depths inside the Strait of Juan de Fuca are
less severe than on the Pacific coast, though still significant with
inundation depths of at least 20 ft (6 m) along the majority of the
shoreline (Map Sheets 4—7). Additionally, the tsunami causes
some roadways to be impassable, creating intermittent “islands”
of land between waves or for many hours until the inundation
drains out of the area (we do not model the post-tsunami water
drainage). Impassable sections of road occur in some parts of
State Route 112 and US Highway 101 south of Discovery Bay.
Despite these large depths of flooding, the model results estimate
that tsunami inundation is significantly less substantial in the
inland and higher elevation areas in proximity to many of these
communities (refer to Map Sheets 1-7 for these locations and
more detailed inundation values). The Extended L1 scenario also
causes significant flooding up rivers and along the tributaries and
floodplains of the Quillayute, Dickey, Hoh, Queets, Quinault,
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Table 2. Tsunami impacts from the CSZ Extended L1 scenario at key locations within the Olympic Peninsula (see "Map sheet number" column on
far right of table). Maximum inundation depths and onshore current speeds refer to the entire simulation time. Inundation depth will vary based on
local topographic changes. Approximate wave arrivals refer to onshore locations and correspond to the first sign of water levels rising above the
local ground elevation reference point. Refer to all map sheets for additional inundation points, current speeds, and wave arrival times.

Approximate maximum

Maximum onshore current

Approximate wave

General location and county inundation depth (ft) speed (kn) arrival (onshore) Map sheet number
Griffiths-Priday State .
Park, Grays Harbor 53 9+ 20 minutes 1,8
Taholah School District, 43 9+ 25 minutes 1.8
Grays Harbor
Kalaloch Campground, 35 9+ 30 minutes 2.9
Jefferson
Lower Hoh Tribal .
Center, Jefferson 43 9+ 25 minutes 2,9
Quileute Tribal .
School, Clallam 31 9+ 15 minutes 3,10
Yellow Banks Beach, Clallam 100 9+ 10 minutes 3,10
Makah Food Bank, Clallam 35 6-9 20 minutes 4,11
Neah Bay High .
School, Clallam 20 9+ 25 minutes 4,11
Pillar Point Recreation 2 6-9 40 minutes 5.12
Area, Clallam
Twin Beach, Clallam 19 3-6 45 minutes 5,12
Lower El.wha Tribal 9 3-6 1 hour 5 minutes 6,13
Community, Clallam
US Coast Guard Air Station .
Port Angeles, Clallam 15 6-9 1 hour 5 minutes 6,13
New Dungeness .
Lighthouse, Clallam 5 3-6 1 hour 20 minutes 7,14
Highway 20 and US 101 33 9+ I hour 40 minutes 7, 14

Bus Stop ID: 125, Clallam

Moclips, and Copalis Rivers on the Pacific coast. Tsunami impacts
also continue up the Sekiu, Hoko, Pysht, Lyre, Twin, and Elwha
Rivers in addition to other creeks in the Strait of Juan de Fuca.
In the event of a tsunami, all tributaries and creeks connected
to the coast would be intermittently flooded. The modeled study
area may not encompass the entirety of all drainage basins, and
the extent of flooding from the next tsunami could continue
along these river channels and creeks, exceeding the boundaries
shown in the modeled map sheets.

Current Speed

The modeled current speed maps (Map Sheets 8—14) show four
ranges of water speed in knots (a knot is equal to 1 nautical mile/
hr or ~1.15 land mi/hr): 0-3 knots, 3—6 knots, 6—9 knots, and >9
knots. These binned ranges follow the port damage categorization
of Lynett and others (2014). The ranges approximate hazard to
ships and docking facilities representing: no expected damage
(0-3 knots), minor/moderate damage possible (3—6 knots), major
damage possible (6—9 knots), and extreme damage possible
(>9 knots). Modeled current speeds locally exceed 9 knots, the
maximum categorization, along the entire Pacific coastline.
Local modeled current speeds exceeding 9 knots are not as
widespread in the Strait of Juan de Fuca and mainly occur

in Clallam Bay, Port Angeles, Dungeness, Sequim, and the
communities along Discovery Bay. Narrower waterway channels
and nearshore locations where the tsunami-tide interactions
are likely to be most significant should experience the highest
speeds but these areas are not explicitly modeled here. Certain
topographic features also produce strong currents with potential
for the formation of vortices; examples of these features include
entrances into harbors and around small islands or land spits
with narrow passageways. On Map Sheets 8—14, the regions
that show high-speed vortices may be much more widespread
than currently shown. This is due to the sensitivity of current
speeds in the tsunami modeling—small tweaks in the model
setup cause these vortices to take slightly different paths. As a
result, the spatial extents of these vortices are only estimates.

Timing of Tsunami Arrival and
Initial Water Disturbance

Estimated wave arrival times for a given location correspond to
the time elapsed from the beginning of earthquake shaking to
when water first rises above a reference point (MHW tidal datum
for offshore and local ground elevation for onshore). This timing
may also reflect localized flooding from subsidence prior to the
first tsunami-generated wave for shoreline locations (as discussed
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with Lake Ozette), and does not account for falling water levels
that precede the first incoming rising wave for offshore locations.
For example, an estimated offshore wave arrival of 15 minutes
means the first rising wave above MHW would arrive at that
location 15 minutes after the earthquake begins. However, in
a real event, the actual flooding onset also depends on the tide
stage when the wave impinges on the shoreline. The arrival times
shown on all map sheets are the arrival times of the first wave,
which may not necessarily be the largest wave. Several minutes
or even hours may pass between first wave arrival and another
wave that brings maximum current speed, inundation depth, or
inundation extent. Strong earthquake shaking may persist for
as much as 5 minutes in this scenario, reducing the available
time to evacuate. In the event of a large Cascadia earthquake,
the tsunami wave initiates at the uplift of a splay fault and then
travels to the Pacific coast and into the Strait of Juan de Fuca
very rapidly. Figure 7 shows a series of simulated synthetic
tide gauge records for selected locations along the Pacific coast
and within the Strait of Juan de Fuca. In this study area, the
first modeled wave arrives at La Push within approximately 10
minutes (Fig. 7B).

Simulated tide gauges estimate the approximate timing of
the initial water disturbance. A tsunami either arrives as a trough
(pulling water out and away from shore) or a crest (rapidly rising
flood of water toward shore). This is a function of distance and
position to the subduction zone. Tsunamis with leading troughs
generally cause larger flooding depths than tsunamis with leading
crests (Tadepalli and Synolakis, 1994). In the case of the CSZ,
an initial trough occurs along Washington’s shorelines prior to
a wave crest.

For all locations in this study area, the Extended L1 scenario
earthquake model instantaneously deforms the ocean and land
topography relative to pre-earthquake conditions, creating both
coseismic subsidence and coseismic uplift. Along the Pacific coast,
an initial drop in elevation due to earthquake subsidence leads to
rapid, localized flooding of low-lying areas within minutes of the
earthquake (Fig 8). When local land and sea levels drop during
the earthquake, global sea level does not, so water rushes back
inland to correct the sudden imbalance. Due to this localized
flooding, the leading trough of the tsunami may not be noticeable
prior to the rising wave that arrives along the Pacific coast within
10-20 minutes of the start of the earthquake. The rising wave
continues to increase in amplitude, reaching crests in excess of
~30 ft (9 m), though locally approaching 70 ft along the Pacific
coast and nearly 20 ft (6 m) at Neah Bay within approximately
30 and 40 minutes, respectively (Fig. 7).

Tsunami waves in locations farther into the Strait of Juan
de Fuca would arrive later. Later wave arrival times allow for
more noticeable troughs to occur before the first rising wave.
However, leading troughs would still follow any initial localized
flooding due to subsidence associated with the earthquake.
Locations inside the Strait of Juan de Fuca are close enough to
the subduction zone to experience coseismic subsidence, but are
far enough away for the local sea level to marginally recover
before the leading trough of the tsunami arrives. For example,
at Port Angeles the land and water levels suddenly drop ~2 ft
during the shaking of the earthquake, rise slightly in an effort
to recreate a balance between local and global sea levels, and

then draw out approximately 15 minutes later with the arrival
of the tsunami trough (Fig 7G; Fig 8). After the initial trough
in Port Angeles, the modeled wave begins to rise above MHW
around 1 hour after the start of the earthquake. An ~20 ft wave
crest then follows 30 minutes later.

DISCUSSION

Hypothetically, if the next CSZ earthquake is only a partial
rupture and does not occur directly offshore Washington (not the
Extended L1 scenario), coseismic subsidence could be minimal
and rapid, and local flooding may be absent in some locations
prior to the first tsunami wave. Due to the orientation of the CSZ
relative to the Olympic Peninsula, a southern partial-rupture with
negligible subsidence along Washington’s coast could cause the
first tsunami wave to have a more appreciable trough prior to
the first rising wave arrival. This phenomenon of water receding
from the shore provides visual evidence, in addition to shaking,
that a tsunami is approaching.

At inundation depths greater than 6 feet, survival is unlikely
for persons out in the open or within or on most conventional
structures. Fortunately, survival remains highly likely within or
on a reinforced and specially designed building, such as a vertical
evacuation structure. For places where inundation depths are less
than 6 feet, survivability is still unlikely for persons caught in the
open. However, chances can be improved if proper steps are taken
to avoid the direct force of a wave. For example, if high ground
is unreachable, entering an upper story of a sturdy building,
climbing onto the roof of a sturdy building, or climbing a strong
tree could be an effective last resort (Atwater and others, 1999).
These measures can greatly increase survivability if the wave
is less than head-high. For waves that are less than knee-high,
and if high ground is unavailable, standing on the leeward side
of an obstacle (tree or power pole) could also be an effective last
resort to avoid direct impact of objects that are carried in the
water, which may cause significant injury. Lastly, if swept up
by a tsunami, climbing onto something that floats could serve
as a life raft (Atwater and others, 1999).

Modeled wave crests larger than 10 ft continue to bombard
all of the Olympic Peninsula’s shorelines within this study
until about 4 hours after the earthquake. We anticipate that
significant wave activity could also continue for 8 or more hours
following the earthquake based on historical events. Minor
inundation and strong currents may pose a hazard to rescue
and recovery operations and may continue for 24 or more hours
after the earthquake. For comparison, the March 27, 1964 Mw
9.2 earthquake near Anchorage, Alaska affected local wave
currents offshore Alaska for days. That event also produced
its most noticeable wave in Washington (near Raymond and
South Bend in Willapa Bay) about 12 hours after the first wave
reached Washington’s Pacific coast (Walsh and others, 2000).
In addition, the January 26, 1700 earthquake along the CSZ
produced a tsunami that may have lasted as many as 20 hours
in Japan (Satake and others, 2003; Atwater and others, 2005).

LIMITATIONS OF THE MODEL

The rupture patterns of earthquakes on a given subduction zone
often vary significantly from one earthquake sequence to the
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Figure 7. Modeled tsunami wave variations over time (light blue lines) for eight simulated tide gauges in A. Makah Bay, B. La Push (East of James
Island), C. Hoh, D. Moclips, E. Neah Bay, F. Clallam Bay, G. Port Angeles, and H. Discovery Bay. Subfigures A-D are for the Pacific Coast and
subfigures E—H are for the Strait of Juan de Fuca.Gray horizontal lines indicate static mean high water elevation at simulated tide gauges. Refer to
Fig. 5 and Map Sheets 1-7, respectively for locations.
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Figure 8. Schematic diagram of

shoreline

chronologic events following a
CSZ earthquake and tsunami for
the Pacific coast. (1) Modern-day
pre-earthquake topography. (2)
Large earthquake on the CSZ
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the earthquake. Note that within
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leading wave trough of the
tsunami still occurs following
any local flooding prior to arrival
of the first tsunami wave crest.
Submarine landslides triggered
by seismic shaking are also
possible, which could result
in locally generated tsunamis
with leading rising waves. (3)

Tsunami waves begin to arrive.

tsunami waves arrive
carrying debris and sediment

These powerful waves carry
sediment and debris onshore
and to higher elevations. The
wave inundation may continue
for atleast 8 hours locally, posing
a hazard to search, rescue, and
recovery efforts. Once tsunami
inundation floodwaters recede,
a new shoreline is established
many feet higher in elevation
than before.

next. In addition, because there have been no direct observations
of previous coseismic slip produced in a large CSZ earthquake,
researchers do not have a strong understanding of the resultant
pattern of seafloor deformation. The Extended L1 scenario
used in this study is deterministic and has a simplified regional
slip distribution that only takes into account the static, vertical
component of seafloor displacement for tsunami generation
(Witter and others, 2011). This scenario ruptures instantaneously
in our modeling along the CSZ margin, and does not include other
potential components that could alter the tsunami generation
(such as material heterogeneity in the subduction zone, inelastic
behavior, horizontal slip components, extensional faults within
the subduction zone, or dynamic coseismic deformation). The
largest source of uncertainty in this modeling is therefore the
input earthquake deformation. The earthquake scenario used in
this model consists of a surface-rupturing splay fault that was
estimated to approximate the 2 percent probability of exceedance
in 50 years, but the next earthquake may have a more complex slip
distribution and rupturing geometry than the modeled scenario.
For example, other megathrust earthquake scenarios that do
not rupture an active splay fault (which in turn have their own
uncertainty)(Wang and Tréhu, 2016) or that have along-strike
heterogeneity (see M9 project: https://hazards.uw.edu/geology/
m9/) are possible too.

The tsunami modeling packages do not include the
influences of changes in tides or projected sea-level rise. The
tide stage can amplify or reduce the impact of a tsunami on
a specific community. For example, the diurnal range (the
difference in height between mean higher high water and mean

lower low water) is 7.96 ft (2.43 m), 8.52 ft (2.60 m), and 7.06 ft
(2.15 m) at the Neah Bay, La Push, and Port Angeles tide gauge
stations in Clallam County, respectively (NOAA, 2021a,b,c). The
model does not include riverine flow nor interaction with tidal
currents. Tidal currents can be additive if in the same direction
or steepen the tsunami wave front and cause a breaking wave if
in an opposing direction (Zhang and others, 2011). The model
also does not include interactions between an ebbing wave and
a subsequent flooding wave.

The bathymetry and topography data used to make the
elevation grid limits the resolution of the modeling. A variety
of data sources contributed to the elevation grid, with grid cells
of ~3 ft (1 m) for the topographic grid and ~16-3,937 ft (5-1,200
m) for the bathymetric grid. Coarse grids do not capture small
topographic features that can influence the tsunami locally.
Coarse grids generally lead to greater modeled inundation than
would be produced by finer grids, except in narrow or constricted
channels or along steep topographic features.

These model results do not account for the possibility of
seismically induced seiches or landslides resulting from the
earthquake. Seiches are a series of standing waves that may
occur in fully or partially enclosed bodies of water, such as Lake
Ozette, when earthquake waves pass through. This could lead to
greater flooding along lake shorelines than shown in the model
results. These results also do not include potential tsunamis
from coseismic landslides, which may be triggered by a CSZ
earthquake. Additionally, the modeling does not include any
foreshocks or aftershocks, which may also cause slope failures
that could generate tsunamis in inland waters (including lakes).
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Local slope failures have the potential to generate tsunamis
that arrive even earlier than the times estimated within this
publication. This modeling does not incorporate localized
topographic changes caused by sediment erosion or liquefaction,
such as settlement or sand blows. All of these effects are beyond
the scope of this study.

CONCLUSION

The new modeling presented here provides estimates of tsunami
inundation distance, maximum inundation depths, maximum
current speeds, and first wave arrival times for the Olympic
Peninsula. The Extended L1 scenario is estimated to encompass
95 percent of the variability in tsunami sources, and produces a
tsunami that is unlikely, though not impossible, to be exceeded.
Modeling results show that certain locations would experience
inundation depths in excess of 60 feet (18 m) along the Pacific
coast and 20 feet (6 m) within the Strait of Juan de Fuca. Many
waterways would experience current speeds in excess of 9 knots
throughout the entirety of the study area. The first tsunami waves
generated from the earthquake would reach La Push on the Pacific
coast within approximately 10 minutes and Neah Bay at the
entrance of the Strait of Juan de Fuca within about 20 minutes,
though local flooding from coseismic subsidence prior to the first
tsunami wave arrival could occur within minutes after the start
of the earthquake. Additionally, any coseismic subsidence will
establish a new shoreline once the earthquake is over.

Despite some limitations to our model, meaning that the
model does not provide an exact representation of a tsunami
generated by an earthquake on the Cascadia subduction zone,
the results presented here are valuable for regional awareness
and hazard planning. We emphasize that planning for tsunami
hazards also includes planning for earthquake hazards. We hope
this information will be used to increase community resilience
to tsunamis and earthquakes in the Olympic Peninsula.
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Appendix A. Tsunami Source Evidence and Models

Applying evidence of past tsunamis is the best way to prepare for
future tsunamis. One important piece of geologic evidence for
past tsunamis is the deposits they leave behind. Tsunami deposits
are typically preserved in tidal-marsh stratigraphy and consist of
normally graded sand beds that may contain marine microfossils
(Morton and others, 2007). There are many locations containing
tsunami deposits within Washington, mostly preserved along the
Pacific coast, which suggests a nearby source like the Cascadia
subduction zone (CSZ; Peters and others, 2003). Researchers
have also found tsunami deposits within Washington’s inner
waterways that correlate to the same approximate timing as
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the outer coast deposits, indicating that the CSZ is capable of
producing powerful tsunamis that penetrate into the Salish
Sea. These locations include the Strait of Juan de Fuca at Salt
Creek (Hutchinson and others, 2013), Discovery Bay (near Port
Townsend; Williams and others, 2005), the west shore of Whidbey
Island (Fig. 2; Williams and Hutchison, 2000), and as far south
as Lynch Cove at the terminus of Hood Canal (Discovery Bay
stratigraphy interpreted in Fig. Al; Garrison-Laney, 2017).
This appendix reviews past evidence for earthquakes and
their resultant tsunamis that have impacted Washington’s inner
and outer coastlines. This includes a discussion of evidence

Figure A1. Tsunami deposits at Discovery Bay, Washington. The characteristics of Discovery Bay, including its tapering shape, tidal marsh at the
head of the bay, and slow tidal currents, create a setting that has preserved at least nine deposits in the last 2,500 years (Williams and others,
2005). A. A gouge core with tsunami deposits (lighter colored layers) interbedded with tidal marsh peat. The tsunami deposits are sand and silt
layers that were deposited on top of the tidal marsh, eventually to be covered by new tidal marsh plants. Tsunami deposits numbered 1-4 are
presumed to be from Cascadia earthquake-generated tsunamis, although other sources are possible. Deposit 1 is presumed to be from the most
recent Cascadia earthquake in 1700 CE. Near the top of the core is a thinner deposit that may be from the 1964 Alaskan tsunami. The tidal marsh
and a nearby residence were flooded by the 1964 tsunami. The age of each layer is shown in yr BP, or “years before present,” and were obtained
from radiocarbon dating of plant remains (Williams and others, 2005; Garrison-Laney and Miller, 2017). B. A pit dug into the surface of the tidal
marsh near the location of the core in A shows the same stratigraphy. The red and white stick is 1 meter (3 feet) long, painted in 10 cm increments.

Photos taken by Carrie Garrison-Laney, Washington Sea Grant.
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Figure A2. Schematic showing the formation of ghost forests over time as described in Atwater and Yamaguchi (1991), Atwater (1992), and Atwater
and others (1995; 2005). Trees that were once above sea level may subside to below the tidal level following an earthquake. These trees die by
saltwater intrusion, leaving behind distinctive cedar snags seen in coastal and tidal areas (spruce stumps shown here are exaggerated and are not
typically seen protruding through tidal mud). Dendrochronology techniques can reveal when the sudden subsidence occurred. Between earthquake
events, the land level slowly rebounds to elevations similar to pre-earthquake conditions (the land may not recover all elastic deformation) and a
forest once again grows. This cycle then repeats itself following the next earthquake event.

from the geologic record that was used to calculate recurrence
intervals for the CSZ (the frequency of how often earthquakes
occur). Recurrence intervals and the characterization of past
tsunamis come from many lines of evidence, including coastal
earthquake subsidence, tsunami deposits, deep-sea sediment
cores, marine microfossils (diatoms), and oral and written
histories. All of this evidence points to numerous earthquakes
and tsunamis that originated from the CSZ, and researchers
believe that Washington has experienced both moderate to large
tsunamis in the past.

REVIEW OF EVIDENCE
Coastal Earthquake Subsidence

Great subduction zone earthquakes commonly cause coincident
land-level changes, known as coseismic subsidence and uplift
(Plafker, 1969; Plafker and Savage, 1970). Coastal subsidence
during great earthquakes causes sudden sea-level rise and drops
salt marshes and uplands into lower intertidal environments; the
sudden submergence is recorded geologically by stratigraphic
sequences that show sharp contacts between buried marsh peat
or upland soil and overlying estuarine mud (Atwater, 1992).
Some coastal regions such as the banks of the Copalis River
in southwest Washington also contain “ghost forests,” or dead
standing trees and other vegetation that were suddenly submerged
in seawater (Fig. A2; Atwater, 1992). Dendrochronology and
radiocarbon dating techniques reveal when these submergence
events occurred and allow for reconstructions of past great
earthquake events (Jacoby and others, 1997; Yamaguchi and
others, 1997). Atwater and Hemphill-Haley (1997) reported six
sudden submergence events in Willapa Bay over the last 3,500
years. Their data imply an average recurrence interval of about
520 years for earthquakes on the CSZ. However, individual

intervals for each earthquake have varied between ~100 and
~1,300 years (Atwater and Hemphill-Haley, 1997).

Tsunami Deposits

Researchers working in Oregon have found a somewhat different
record farther south. Using marsh stratigraphy and inferred
tsunami deposits, Kelsey and others (2002) found a 5,500-
year record of 11 earthquake events at Sixes River in southern
Oregon. These records also include an abrupt subsidence event
not observed on the southern Washington coast. Kelsey and
others (2005) examined Bradley Lake on the southern Oregon
coast near Bandon and found that it included probable tsunami
deposits with an average recurrence interval of ~390 years. The
shorter recurrence interval in southern Oregon implies that some
earthquakes on the CSZ did not produce abrupt subsidence in
southern Washington. A possible explanation is that the CSZ
earthquakes recorded in Oregon did not rupture the entire length
of the subduction zone, resulting in a spatially heterogeneous
response in the geologic record. Nelson and others (2006)
examined the degree of overlap and amount of abrupt subsidence
at eight sites along the Oregon and Washington coasts. They
concluded that rupture area (and therefore earthquake magnitudes)
varied—ruptures along the northern CSZ are generally longer,
whereas ruptures along the southern CSZ are more variable in
both length and recurrence interval.

Deep-Sea Sediment Cores

Another approach to inferring recurrence intervals is the
correlation of turbidites—deposits of sediment gravity flows,
or turbidity currents—out on the abyssal plain (Griggs and
Kulm, 1970). Adams (1990) inferred that great earthquakes
triggered turbidity currents in Cascadia Channel and Astoria
Canyon (Fig. A3). Oregon State University researchers logged
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Figure A3. Two alternative schematic views of turbidity currents descending submarine canyons. A. Turbidity current flows produced by seismic
shaking (modified from Adams; 1990). Extensive shaking enables turbidity currents to descend different submarine channels at the same time
and merge. B. Turbidity current flows influenced more by differences in sediment supply than by seismic shaking (modified from Atwater and
others; 2014). Turbidite stratigraphy at a specific core site at one submarine canyon may suggest that accumulation occurs by way of latitudinal
spillover from other submarine canyons with differing sediment supply to canyon heads. In this case, shaking from the upper canyon shown may
also have limited sediment supply and produce few, if any turbidity currents before merging where the tributaries meet. These contrasting views
require future research focused on sediment supply, flow initiations, and downstream pathways.

Table A1. Estimates of earthquake recurrence on the Cascadia subduction zone.

Events over time interval

Average recurrence interval
in years; range if given

6 submergence events in 3,500 years

11 submergence events in 5,500 years

13 tsunami deposits, 17 disturbances in 7,000 years

13 turbidites post Mazama ash (6,845 years
BP [calibrated to ~7,700 cal yr BP])

19 or 20 full-margin turbidites in 10,000
years; 22 turbidites restricted to the south

20 full-margin turbidites in 10,000 years; 3
turbidites on a segment running from northern
California to Juan de Fuca Channel; 1 turbidite

off Washington and British Columbia only

500-540 average,
100-300 to 1,300

510

390 average for local tsunamis
entering Bradley Lake; ~500
year average for ruptures
along the southern margin

590 £170

500-530 average for full-
margin rupture, ~240 full-
margin plus southern only

500-530 average for full-
margin rupture; ~434 full-
margin plus shorter ruptures
adjacent to Washington

Section of CSZ Reference Major evidence
Atwater and
northern Hemphill- submergence events
Haley (1997)
Kelsey and marsh stratlgraphy
southern and tsunami
others (2002) d .
eposits
marine incursions
southern Kelsey and and disturbance
others (2005) events in
Bradley Lake
turbidites in
northern Adams (1990) Astoria Canyon and
Cascadia Channel
. Goldfinger and turbidites along
whole and partial others (2012) Cascadia margin
. Goldfinger and turbidites along
whole and partial others (2017) Cascadia margin

13 turbidites in both Cascadia Channel and Astoria Canyon from
multiple deep-sea cores, suggesting 13 CSZ ruptures (Griggs,
1968; Adams, 1990). All 13 turbidite deposits were located
stratigraphically above the Mazama ash (erupted from Mount
Mazama volcano), implying that they are younger than the
Mazama ash. Radiometric dating of the Mazama ash suggests an
age of 6,845 +50 radiocarbon years before present (BP; Adams,
1990). These findings indicate that earthquakes on the CSZ
have an average recurrence interval of 590 £170 years (Table
Al; Adams, 1990).

Goldfinger and others (2012) supplemented Griggs’ (1968)
turbidite data that Adams (1990) correlated to the CSZ by
collecting numerous additional cores in the seafloor along
the Cascadia continental margin. From this updated record,
Goldfinger and others (2012) concluded that the CSZ is capable
of both full-length and partial ruptures of different sizes. They
proposed that full-length ruptures offshore of northern California
to British Columbia have a recurrence interval of 500 to 530
years, similar to the previous estimates of Adams (1990), Atwater
(1992), and Atwater and Hemphill-Haley (1997).
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Goldfinger and others (2012) additionally estimated a
recurrence interval of ~240 years for partial ruptures, which
include earthquakes offshore of Oregon and northern California.

Earthquakes that rupture only the northern part of the CSZ
(including Washington) are also a possibility. Goldfinger and
others (2017) selected additional sites for coring and seismic
assessment offshore of the Washington continental shelf. Results
from these new sites suggested a slight revision of their CSZ
rupture model, extending several rupture boundaries from
central Oregon farther north to include southwest Washington.
They also inferred an additional event offshore of Washington
and southern British Columbia only, although their revision
may still require further data collection. As a result, these
findings led to minor variations in their interpretation on CSZ
recurrence intervals. In their updated interpretation, recurrence
for most of the Washington coast decreased to 434 years, with
the exception of the northernmost section (possible recurrence
interval of 430500 years) where turbidites of recent millennia
are inconspicuous or absent (Goldfinger and others, 2017). This
proposed change in interpretation suggests that there is a 10—17
percent chance that Washington experiences a CSZ earthquake
within the next 50 years (probability estimate based off Gaussian
and log-normal time-dependent distributions; Goldfinger and
others, 2017). However, Atwater and others (2014) argued that
the absence of core data and turbidites along the northern CSZ
does not necessarily disprove ground shaking. Differences in
sediment supply and flow paths down tributary channels may
prohibit turbidites in this section of the CSZ (Fig. A3). Atwater
and others (2014) further questioned the rupture lengths proposed
by Goldfinger and others (2012). These rupture lengths were
determined based on age correlations of widely spaced core sites,
but the ages of each core site could not always be adequately
determined.

Diatoms

Further studies on Discovery Bay, located on the northeast part of
the Olympic Peninsula, detected nine muddy sand beds bearing
marine microfossils (diatoms) that interrupt a 2,500-year-old
sequence of peat deposits beneath a tidal marsh (Williams
and others, 2005). Diatoms can assist in characterizing past
earthquake events and are a useful proxy for land level and
sea level change over time. This is because different species of
diatoms occupy diverse environmental niches, and researchers
can use any changes in diatom assemblages over time to infer
changes in the coastal environment. The ages of four of these
beds, more precisely determined by Garrison-Laney and Miller
(2017), overlap with inferred late-Holocene tsunamis generated
by full-length ruptures of the CSZ (Goldfinger and others, 2012).
Diatoms found in peat deposits bracketing these four beds do
not indicate a concurrent change in sea level and elevation at
Discovery Bay. This suggests that CSZ-associated coseismic
subsidence has been negligible as far east as Discovery Bay.
Other sand sheets in the sequence may represent tsunamis
generated by partial ruptures of the CSZ, by upper plate fault
earthquakes, or by landslides (Garrison-Laney and Miller, 2017),
none of which triggered turbidity currents. This implies either
that some CSZ earthquakes do not leave turbidite deposits in
Cascadia Channel (Atwater and others, 2014), or that other events

such as local earthquakes or landslides generated some tsunami
deposits, both of which are plausible.

Oral and Written Histories

Subduction zone earthquakes can generate tsunamis that are
capable of crossing oceans. A key historical component of
documenting the timing of the last CSZ-induced tsunami comes
from historical reports in Japan. According to the Japanese
record, accounts of unusual seas, flooded fields, damaged
property, and damaged freight were reported on January 27
and 28, 1700. Although there was abnormal flooding in Japan’s
coastal areas, some writers and diarists were resistant to call it a
tsunami because they did not feel earthquake shaking. Instead,
the Mayor of Tanabe had reported on “unusual seas” and the
scribe for the town of Otsuchi called it a “high tide” (Atwater
and others, 2005; Henderson, 2014). Abnormal flooding events
had occurred many other times in Japan, though researchers
were able to attribute them to other locations of known distant
earthquakes, such as South America. Uniquely, the event in
1700 later became known as the “orphan tsunami” (Atwater and
others, 2005) because it lacked an apparent earthquake source.
On the other side of the Pacific Ocean, histories passed down
through native oral storytelling also mention powerful waves
and shaking throughout the Pacific Northwest around this time
(Ludwin, 2002). For example, Heaton and Snavely (1985) reported
that Makah Tribal histories describe what could be a tsunami
flowing through Waatch Prairie near Cape Flattery (Fig. 2).

EARTHQUAKE SLIP DISTRIBUTIONS
AND TSUNAMI MODELS

1700 Earthquake

Nearly 300 years passed before researchers attributed the flooding
that occurred in 1700 in Japan to possible fault activity within
the CSZ (Satake and others, 1996). Satake and others (2003)
tested various possible rupture dimensions and slip amounts to
match the observed tsunami wave heights recorded in Japan.
They assumed that this event ruptured the full 684 mi (~1,100
km; Fliick and others, 1997) length of the CSZ and inferred 62
ft (19 m) of uniform, coseismic slip within the full-slip zone.
The average slip over the whole subduction zone, including the
full-slip and down-dip partial slip zone, equaled 46 ft (14 m),
suggesting a magnitude of 8.7 to 9.2 (Satake and others, 2003).
They inferred that the most likely magnitude was 9.0 based on
the correlation between estimates of coseismic subsidence from
paleoseismic studies and the subsidence predicted by their models.

While these early rupture models assumed a uniform slip
distribution along the megathrust, all instrumentally recorded
subduction zone earthquakes ruptured heterogeneously (for
example, 2004 Sumatra, 2010 Chile, and 2011 Japan). Wang and
others (2013) developed a heterogeneous earthquake deformation
scenario for the 1700 CSZ earthquake. Their models allow
slip to vary both along strike and in the dip direction, which
correlates with the more precise estimates of subsidence and uplift
constrained by detailed tidal microfossil studies than the uniform
slip models. Better estimates of paleoseismic deformation are
useful for delineating future earthquake and tsunami behavior,



TSUNAMI HAZARD MAPS OF THE OLYMPIC PENINSULA 21

but a heterogeneous slip distribution is challenging to predict
and model.

Pre-1700 Earthquakes
PARTIAL-LENGTH RUPTURE MODELS

The magnitudes and slip distributions of earlier CSZ earthquakes
are not as well constrained. Inferences of shorter ruptures that
affect only the southern part of the CSZ generally imply smaller
magnitude earthquakes. Priest and others (2014) modeled tsunamis
from several postulated shorter ruptures limited to the southern
part of the CSZ and concluded that the tsunamis they generated
were significantly smaller in Washington than those generated by
full-length ruptures. A partial CSZ rupture restricted to the north
was suggested by Goldfinger and others (2013) and Peterson and
others (2013). Goldfinger and others (2017) later substantiated
this northern rupture, but there is insufficient paleoseismic data
to generate a tsunami model (see figs. 9 and 18 in Goldfinger
and others, 2017). Therefore, the study presented here does not
consider these smaller events.

FULL-LENGTH RUPTURE MODELS

Witter and others (2012) hypothesized that the earthquakes
generated by the CSZ over the last 10,000 years have been highly
variable, with some larger than the last one in the year 1700.
This deduction comes from synthesizing multiple data including:
(1) the turbidite data from Goldfinger and others (2012); (2) the
correlation of inferred tsunami deposits with turbidites in Bradley
Lake, Oregon (Witter and others, 2012); and (3) interpretation of
tsunami deposits in the Coquille River estuary at Bandon, Oregon
that extend as much as 6.2 mi (10 km) farther inland than the
tsunami deposits from the 1700 event (Witter and others, 2003).
Previously, Witter and others (2011) constructed 15 scenarios
of full-length ruptures where they adjusted vertical seafloor
deformation to simulate tsunami differences in inundation at
Bandon, Oregon. These rupture scenarios included slip partitioned
to a splay fault in the accretionary wedge as well as scenarios
that varied the up-dip limit of slip on a buried megathrust
fault. In tsunami modeling, the water column moves as an
incompressible fluid, suggesting that any seafloor deformation
will directly influence tsunami generation (Berger and others,
2011). Since splay fault ruptures breach the seafloor directly, they
consequently could generate larger tsunamis than other types of
earthquakes buried on the megathrust that do not and only cause
seafloor deformation through elastic deformation of the upper
plate. Thus, modeling a splay fault rupture effectively boosts
tsunami generation. However, researchers have not decisively
confirmed the existence of a splay fault in the CSZ, although
some indirect structural evidence hints at this possibility on parts
of the margin (Wang and Tréhu, 2016). To assess these rupture
scenarios, Witter and others (2011, 2012) performed numerical
tsunami simulations for Bradley Lake and Bandon. They used
a logic tree approach to rank model consistency by comparing
the results of each simulation with geophysical and geological
data from the distribution of inferred tsunami deposits. Witter
and others (2011) found that the observational tsunami data were
broadly compatible with their larger scenarios.

Of the 15 CSZ scenarios modeled by Witter and others
(2011), scenario L1—a splay fault model with a maximum slip
of 88.6 ft (27 m) and an average slip of 42.6 ft (13 m)—produced
a tsunami that encompassed 95 percent of the variability in
their simulations. In other words, the L1 scenario produces
tsunami inundation as extensive as, or more extensive than
most (95 percent) other models along the Oregon coast. We have
inferred these model results to be the same for the Puget Sound
(disregarding potential tsunamis from crustal fault or landslide
sources). Witter and others (2011) tied the assumed rate of plate
convergence to the existing turbidite paleoseismic records
(Goldfinger and others, 2012). They did this to estimate the size of
the earthquakes that generated the turbidites, which were assigned
to 19 stratigraphic units. However, Goldfinger and others (2012)
debatably correlated these units among widely separated cores
along the full length of the CSZ margin. These earthquake sizes
were further constrained from tsunami simulations at Bradley
Lake, Oregon (Witter and others, 2013). They concluded that
three earthquakes in the last ~10,000 years were probably similar
to scenario ‘L’ and only one was larger (table 1 in Witter and
others, 2011). The intervals between the inferred ‘L’ and larger
earthquakes are ~1,800 to ~4,600 years apart. Another way to
estimate recurrence frequency is that if four earthquakes in the
last 10,000 years are ‘L or larger, then these types of events have
an average recurrence interval between 2,500 and 5,000 years.

Witter and others (2011) recommended considering the L1
scenario for land-use planning and revisions to coastal building
codes. If the L1 scenario represents 95 percent of the hazard
over a 10,000-year period, then scenario ‘L’ earthquakes have
a long recurrence interval with a probability of occurrence
that is on the same order as the International Building Code
(seismic standard of 2 percent probability of exceedance in 50
years; International Code Council, 2015). Much of the geological
evidence presented in this publication that justifies the use of
the (Extended) L1 scenario, such as the turbidite record and
tsunami deposits, have also been included in efforts to create
the United States Geological Survey (USGS) national seismic
hazard maps (Petersen and others, 2014).
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