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ABSTRACT 

We present results from new tsunami inundation and current-speed modeling for a magnitude 
9.0 Cascadia subduction zone earthquake scenario for the Chehalis, Hoquiam, Willapa, and 
Wishkah Rivers in southwest Washington. This tsunami modeling is a continuation of previous 
modeling published in 2018 by the Washington Geological Survey for areas surrounding 
Willapa Bay and Grays Harbor. That modeling needed to be expanded as it did not cover 
upriver areas. This new study uses the same earthquake scenario as the 2018 publication, with 
an updated Digital Elevation Model (DEM) to better understand how far up rivers the tsunami 
inundation would reach. The seismic scenario used here generates subsidence that will affect 
all coastal elevations in this study area as a result of earthquake-induced land deformation. The 
impact of subsidence on the first tsunami-driven wave arrival is significant in this study area, 
as it generally masks the leading trough-phase of the tsunami observed in other parts of the 
Washington coastline (such as the Salish Sea). The initial tsunami arrives quickly—
within 20 minutes at all river mouths modeled in this study area, leaving limited time for 
official tsunami alerts. Maximum changes in tsunami water heights following the earthquake 
exceed ~10 feet (~3 meters) at all river mouths, with the highest height of ~15 feet (~4.5 
meters) impacting the Willapa River. The tsunami also travels a minimum of ~8 river miles (13 
kilometers) upriver in all four river valleys. The farthest modeled upriver flooding extent is up 
the Chehalis River, where the tsunami travels ~13 miles (21 kilometers) upriver. Although the 
majority of tsunami inundation in this study area is confined to mapped floodplains, inundation 
impacting roadways may isolate communities upriver. This study is limited in that modeling 
does not account for variable tide stage, tidal currents, riverine flow, 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 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 environ-
ment. This modeling can be used as a tool to assist with emergency preparations and evacua-
tion planning prior to a Cascadia subduction zone event or to determine locations where a 
tsunami vertical evacuation refuge may be appropriate.

INTRODUCTION

The Cascadia subduction zone (CSZ) stretches for about 775 miles (1,250 kilometers) along 
the Pacific Ocean from Cape Mendocino, California to just north of Vancouver Island, Canada. 
The CSZ is the interface where the Juan de Fuca, Explorer, and Gorda oceanic plates slide 
beneath the North American continental plate. This subduction process periodically generates 
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 along the 
Pacific Ocean. Research over the last few decades illustrates 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). Physical evidence demonstrates that these 
events have happened many times in the geologic record, with an average recurrence of every 
220 to 540 years, and the most recent event taking place in the year 1700 (Atwater and 
Hemphill-Haley, 1997; Witter and others, 2011; Goldfinger and others, 2012).
 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 
along river valleys in southwest Washington from the Cascadia L1 earthquake scenario 
(Witter and others, 2011). This tsunamigenic earthquake scenario is estimated to encompass 95 
percent of the maximum inundation modeled in a suite of hypothetical CSZ tsunami scenarios 
(Witter and others, 2011) and closely approximates a ~2,500-year recurrence event, which is 
unlikely to be exceeded in the next CSZ earthquake. Results presented here specifically expand 
on the previous tsunami inundation modeling for the surrounding areas of Grays Harbor and 
Willapa Bay from Eungard and others (2018) by simulating the continuation of tsunami 
propagation along the Chehalis, Hoquiam, Willapa, and Wishkah Rivers. In comparison to the 
earlier publication, the map sheet and discussion presented here does not provide as detailed a 
review of the earthquake source, modeling methods, and modeling assumptions. To read more 
about these components of the modeling, we refer you to Eungard and others (2018).

METHODS AND MODELING

The digital elevation model (DEM) data used in the existing tsunami inundation modeling in 
southwest Washington (Eungard and others, 2018) were incomplete and did not extend up 
major river valleys. As a result, inundation for these important areas could not be modeled. In 
this publication, we incorporated new lidar data (USGS, 2019a,b) for previously missing areas 
of the DEM (NOAA NGDC, 2012) to produce new tsunami inundation maps for southwest 
Washington rivers. To better characterize each river, we also incorporated river depth measure-
ments (soundings) published in NOAA hydrographic surveys and nautical charts 
(Office of Coast Survey, 2023) where available. These datasets were converted to Mean High 
Water (MHW) and then merged into the DEM to complete tsunami modeling. Upstream of the 
soundings, where no depth measurements are available, the river elevations are hydroflattened.
 The tsunami modeling results presented in this study use the GeoClaw numerical 
modeling software package, an open-source code (part of the Clawpack software) that was 
initiated at the University of Washington (UW) and is still being developed by the UW tsunami 
modeling group in collaboration with other contributors (Clawpack Development Team, 2023). 
GeoClaw solves the nonlinear shallow water equations that simulate tsunami generation, 
propagation, and inundation given specific earthquake and bathymetry inputs. This is executed 
through using a finite volume method and an adaptive mesh refinement (AMR) strategy to 
calculate water surface elevations and velocities on a fine grid covering the region of interest 
and record the maximum values over the full simulation time (George, 2006, 2008; George and 
LeVeque, 2006; Berger and others, 2011; LeVeque and others, 2011; Mandli and others, 2016).
 The modeling for the 2018 publication that this map builds on was developed using 
the Method of Splitting Tsunami (MOST) software package (Eungard and others, 2018; refer to 
previous publication for details and documentation about the MOST software). Both GeoClaw 
and the previously used MOST model 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; González 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), which produced close agreement between model results.

RESULTS

Maps and figures on this map sheet provide model results showing tsunami inundation 
distances, maximum onshore tsunami flooding depths, tsunami wave arrival times, and 
maximum current speeds using the CSZ L1 scenario for four main river valleys emptying into 
Grays Harbor and Willapa Bay. From north to south, these are the Hoquiam and Wishkah 
Rivers (Map 1), the Chehalis River (Map 2), and the Willapa River (Map 3). An overview of 
these three map areas is shown in Figure 1. An overview of tsunami current speeds for both 
Grays Harbor, Willapa Bay, and their surrounding river valleys is shown in Map 4.

Subsidence

All of the coastal areas included within this study are located close to the subduction zone, 
which means that land elevation drops during a modeled L1 earthquake scenario. This drop, 
known as subsidence, may cause local flooding prior to the onset of tsunami flooding that may 
impact the shoreline. It could also lead to a relative rise in sea level compared to the pre-earth-
quake shoreline once the tsunami event is over (Fig. 2). Coastal subsided lands falling below 
the high tide water level would effectively be lost land for potentially decades to centuries.
 The modeled land surface deformation caused by the L1 scenario indicates that the 
most significant drop in elevations within this study area occur at the mouths of each river 
(where the rivers enter the bay), highlighted on Figure 2. Each river mouth subsides approxi-
mately 9–10 feet (~3 meters) in this model. This deformation pattern also indicates that 
subsidence values tend to decrease in both east and west directions from these locations, 
causing non-uniform, sloping subsidence over the region. Although this modeling did not 
include natural riverine flow or dynamic tides, it is possible that this subsidence pattern could 
also impact typical flow directions along the east–west flowing Chehalis and Willapa Rivers, 
depending on the tide stage at the time of the earthquake shaking. This all ensues while the 
temporary new sea level (which drops suddenly along with the land surface when the earth-
quake happens) also begins to dynamically recover back to the pre-earthquake level over a 
period of several hours (in our tsunami model, this level is the regional MHW datum). This 
recovery may also coalesce with the arrival of the first tsunami wave, potentially engulfing any 
initial trough phase (receding wave) of the tsunami, and instead amplify water heights. 
 In the tsunami model, synthetic tide gauges were placed at the mouths of the Chehalis, 
Hoquiam, Willapa, and Wishkah Rivers to record water level variations over the course of the 
simulated tsunami (Fig. 1). The tide gauges for the Chehalis, Hoquiam, and Willapa Rivers 
captured the recovery phenomenon described above as the initial trough phase of the tsunami 
arrival was absent (Figs. 3–5, respectively). The only river mouth to record any sign of falling 
water levels following the earthquake was the Wishkah River (Fig. 6), which is far enough east 
of the simulated earthquake rupture area to capture the leading tsunami trough phase expected 
in locations farther from the CSZ rupture, like Washington’s inner waterways (Dolcimascolo 
and others, 2021). Other tide gauges placed farther upriver also record the leading trough of the 
simulated tsunami (see Map 2, Central Park gauge; and Map 3, Raymond gauge).
 The modeled subsidence presented here is considered conservative in the sense that it 
uses values greater than the greatest known paleoseismic subsidence observation recorded on 
land in Washington, which is ~6 ft (1.76 m) near Cosmopolis (Atwater, 1988; Leonard and 
others, 2010). At this location, the L1 scenario returned a subsidence value that is greater than 
what was measured on land, between 8–9 feet (~2.5 meters). In a real earthquake event, actual 
subsidence values are dependent on the earthquake rupture geometry and are likely to be 
different from the L1 scenario presented here. 

Figure 2. Modeled subsidence from the Cascadia subduction zone L1 earthquake scenario. Subsidence contours 
represent 1-foot elevation intervals. The orange line represents the pre-earthquake (before subsidence) MHW shoreline. 
The light blue areas within this line represent modeled land loss to the sea from daily tides following the L1 earthquake 
event 

Wave Arrivals

Tsunami waves generated from the L1 scenario start to impact the river valleys that feed into 
Grays Harbor and Willapa Bay within 5–20 minutes after the earthquake. Although any visual 
evidence of receding water is a natural warning sign of an imminent tsunami, this situation is 
unlikely within Grays Harbor and Willapa Bay. Based on the simulated tsunami, any sign of an 
initial receding wave in the study area was overshadowed by a rather quick transition to a 
rising wave due to proximity to the earthquake rupture location. Table 1 reports select wave 
arrival information at the mouths of the Chehalis, Hoquiam, Willapa, and Wishkah River 
channels. 
 In this publication, we define the initial arrival time of the tsunami as the first 1-inch 
(2.5 centimeter) fluctuation (rise or fall) in surface water level following the earthquake. This 
definition is generally consistent with the National Tsunami Warning Center’s definition that 
determines tsunami arrival at the inflection point of a detided marigram (Summer Ohlendorf, 
National Tsunami Warning Center, oral commun., 2023). In both cases, this timing may include 
flooding driven by coseismic subsidence or other local tsunami impacts. Tsunami arrival times 
reported in earlier Washington Geological Survey tsunami publications defined tsunami arrival 
by “the moment the water first rises above high tide (mean high water)”; this definition was 
further expanded to include the first rise in water level above 3 feet as reported on revised Map 
Sheets 5 and 6 of the 2018 publication for southwest Washington (Eungard and others, 2018). 
This expanded definition is reflected in Table 1 and Maps 1–3, where we report the 3-foot 
modeled wave arrival time. The 3-foot wave arrival times listed in this publication and in 
Eungard and others (2018) are similar, though not exactly the same due to differences in the 
tsunami model software used. 
 The arrival time of the highest water height recorded at each river mouth following 
the earthquake is listed in Table 1. Note that this timing does not represent the arrival of the 
largest wave; the largest wave is the one with the most dramatic change from the previous peak 
or trough. In all four modeled rivers, the first tsunami wave is the largest, yielding changes in 
water heights between 7 and 12 feet (~2 and ~3.5 meters) at the entrance of each river valley 
approximately 1–1.5 hours after the earthquake.

Table 1. Estimated time of tsunami wave arrival (rounded to 5-minute intervals). Initial arrival time represents a ±1 
inch (2.5 centimeter) change in water height following the earthquake. The 3-foot wave arrival time is provided here 
for comparison with Map Sheets 5 and 6 of Eungard and others (2018). The highest water height arrival time is defined 
as the amount of time it takes for the water level to be at its highest recorded level for the entire tsunami simulation.

 

Figures 3–6. Modeled tsunami wave variations over 12 hours of simulated time at the mouths of the Chehalis (Fig. 3), 
Hoquiam (Fig. 4), Willapa (Fig. 5), and Wishkah (Fig. 6) Rivers. Coseismic subsidence causes the land and sea surface 
elevation to drop from the mean high water model datum simultaneously. Thus, there is no change in water height right 
after the earthquake, relative to an observer on land. Although the first modeled wave often represents the largest 
change in water height, the highest overall water height occurs much later. This height includes both tsunami 
inundation from the earthquake-generated wave and the amount of sea-surface recovery following subsidence. This 
recovery represents the subsided sea surface level eventually rebounding back to pre-subsidence conditions during the 
simulation time.

Upriver Flooding Extent

Upriver flooding impacts are greatest within the Willapa River (Map 3). Here, overall inunda-
tion travels as far as 12 river miles (19.3 kilometers) upriver from the Willapa Harbor Airport 
to the town of Willapa. For the first time, this modeling identifies the city of Raymond as being 
located within the tsunami inundation zone. Here, the tsunami floods nearly the entire city, 
with average inundation depths between 5–8 feet (1.5–2.4 meters), except for the high-
ground “island” on the eastern city limit (Map 3). The tsunami also travels extensively up the 
Chehalis, Hoquiam, and Wishkah Rivers. For instance, the tsunami inundates approximately 
8 river miles (12.9 kilometers) up both the Hoquiam (west and east forks) and Wishkah Rivers 
(Map 1). On the west fork of the Hoquiam, multiple sections of US-101 are inundated with 
4–8 feet (1.3–2.4 meters) of flooding. This presumably isolates the communities to the north, 
such as New London. Similarly, along the Wishkah River, the modeled tsunami inundation 
may isolate the Aberdeen Gardens community as well with similar flooding depths. Tsunami 
inundation travels the farthest up the Chehalis River, flooding the low-lying areas of the river 
valley and reaching the area just east of Montesano near Schafer Boom Road approximately 
13 river miles (21 kilometers) from the US-101 Bridge. Sections of the Puget Sound and 
Pacific railroad grade sit within the modeled inundation zone near Central Park and could face 
flooding depths as deep as 8 feet (2.4 meters).

Current Speed

Map 4 shows four ranges of tsunami current speeds 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 approxi-
mate 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).
 In general, modeled current speeds tend to decrease farther upriver and away from 
Grays Harbor and Willapa Bay. The fastest current speeds in the newly modeled areas within 
the Hoquiam and Wishkah Rivers are less than 3 knots, falling into the lowest damage catego-
rization. In the Chehalis River, only the westernmost edge of the new model data shows current 
speeds in the 3–6 knot range, where minor to moderate damage is possible. However, in the 
stretch of the Willapa River downstream of Raymond, small areas of currents in the 6–9 knot 
range were captured in the tsunami simulation. The tsunami may entrain debris from infrastruc-
ture downstream.

LIMITATIONS OF THE MODEL

The rupture patterns of earthquakes on a given subduction zone often vary significantly from 
one earthquake sequence to the next. In addition, because there have been no direct observa-
tions of previous coseismic slip produced in a large CSZ earthquake, there is substantial 
uncertainty in the resultant pattern of seafloor deformation (uplift and subsidence) in the next 
event. The L1 scenario used in this study is deterministic and has a simplified regional slip 
distribution along a splay fault 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 (see the University of Washington M9 project; https://hazards.uw.edu/geolo-
gy/m9/), inelastic behavior, horizontal slip components, extensional faults within the subduc-
tion zone, induced submarine landslides, or dynamic coseismic deformation. The next earth-
quake may have a more complex slip distribution and rupturing geometry than the modeled 
scenario.
 The tsunami modeling presented here was simulated using the MHW vertical 
reference datum and does not include the influences of changes in tides. The diurnal range (the 
difference in height between mean higher high water and mean lower low water) is 9.14 ft 
(2.79 m) at Westport, Washington (NOAA, 2020) and overall tsunami inundation is tied to the 
tide stage. The results included in this study are conservative when compared to tsunami 
models that use a lower static tide stage. Modeled upriver tsunami propagation does not 

include natural riverine flow either. Both interactions with tidal 
currents and riverine flow can be additive if in the same direction or 
steepen the tsunami wave front, causing a breaking wave if in an 
opposing direction (Zhang and others, 2011). Additionally, the 
GeoClaw software has limitations when simulating interactions 
between an ebbing wave and a subsequent flooding wave.
 Furthermore, this modeling incorporates high-resolution 
elevation data from a bare-earth DEM, meaning that it does not 
include engineered structures, buildings, or trees. Not including 
these features leads our models to generally produce greater inunda-
tion and a more conservative model result compared to if they were 
included. However, simulating a model that assumes bare-earth 
topography may neglect possible localized effects that vegetation 
and structures can have on the path and flow of the tsunami. For 
example, higher fluid velocities, greater turbulence, and different 
trajectories may exist in regions where a neighboring building or 
vegetation could channelize flow. This may lead to locally faster 
current speeds in actuality. A more realistic assessment of tsunami 
impacts would require additional site-specific modeling using an 
all-returns topographic model (incorporating buildings, vegetation, 
and infrastructure).
 These model results do not account for the possibility of 
seismically induced seiches or tsunamigenic landslides resulting 
from the earthquake. Seiches are a series of standing waves that may 
occur in fully or partially enclosed bodies of water when earthquake 
waves pass through. Additionally, the modeling does not include any 
foreshocks or aftershocks, which may also cause slope failures that 
could generate tsunamis. The contributions of projected sea-level 
rise to tsunami inundation were also not explored in this study. 
 Despite some limitations to our model, meaning that the 
model does not provide an exact representation of a tsunami generat-
ed 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 communities of southwest Washington.
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