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RESULTS
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(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

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
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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.

subsidence values are dependent on the earthquake rupture geometry and are likely to be

- ) Disclaimer: This product is provided ‘as is’ without
different from the L1 scenario presented here.

warranty of any kind, either expressed or implied,
including, but not limited to, the implied warranties of
merchantability and fitness for a particular use. The
Washington Department of Natural Resources and the
authors of this product will not be liable to the user of
this product for any activity involving the product with
respect to the following: (a) lost profits, lost savings, or
any other consequential damages; (b) fitness of the
product for a particular purpose; or (c) use of the
product or results obtained from use of the product.
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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.

WILLAPAY

. SIMULATED,

QX TIDE{GAUGE
N\

ACKNOWLEDGMENTS

We acknowledge the previous tsunami modeling within Grays
Harbor and Willapa Bay completed by NOAA PMEL, which
provided a basis for the new modeling presented in this publication.
Additionally, we thank the WGS Publications Group for their efforts
in editing and producing the tsunami inundation and current speed

N30 2I410Vd

,(.

Suggested citation: Dolcimascolo, Alexander; Eungard

~-
%
o) D. W.; Allen, Corina, 2023, Tsunami hazard maps of

[ Upriver Flooding Extent map figures, specifically Danie.l Coe. Wo also would like to ' the Chehalis, Hoquiam, Willapa, and Wishkah
% Upriver flooding impacts are greatest within the Willapa River (Map 3). Here, overall inunda- acknowledge 'Guy McWethy, lear Spemahst with thf’ WGS Lidar Rivers—Model results from an L1 Mw 9.0 Cascadia
< tion travels as far as 12 river miles (19.3 kilometers) upriver from the Willapa Harbor Airport Program, for incorporating new lidar data into the existing DEM subduction zone megathrust earthquake scenario:

Washington Geological Survey Map Series 2023-02, 1

used in tsunami modeling. This modeling would not be possible
sheet, scale 1:48,000 and 1:166,000. [https://for-

to the town of Willapa. For the first time, this modeling identifies the city of Raymond as being ! i ]
without the seminal work of Witter and others (2011), who devel-

located within the tsunami inundation zone. Here, the tsunami floods nearly the entire city,

WS

SO

. East Hoqulam"‘d
U BroadwaylAyre.

o g 2 4 3
s FEA STﬁFORKrHOQUIAM‘RIVER CONFLUENCE'
o @ LSIM UUATED)TIDE! GAUGE» ]
> X

7 LIMITOL, @ 4 !‘ "
. <— BROADWAY: AVE E
T -

= ﬂf’

X - ¥ Elementary‘SchooI
~7 feet : |~8 feet? - L B Pp
=y ¢ A N

Map 1. Modeled tsunaml |nundat|on for the Hoqulam and W|shkah Rivers, north of Hoquiam and Aberdeen. Simulated tlde gauge shows sub5|dence whlch is the sudden drop in land and water durlng

earthquake shaking.

entral Pa"rk‘TDrf.d 7 )
~8 feet South Mam St
Puget'Sound & PaC|f|c Rallroad Devonshlre Rd] g ' '
i 3'hot nggms Arland|Rd| Intersectlon
~7 feet * Y & Slough

CENTRAL

PARK

SIMULATED

TIDE/GAUGE

Preachers
Blue Slough
Slough

AHROAD

UNDINGS

<&
;v
O\ wisHK

[ 8 !_.J - ) L‘
) Ale/tcdl]‘c;' |
PR Slo@ ij ‘
B Zaed

Central Park

INUNDATION MAP SYMBOLS (MAPS 1-3)

Point inundation (flooding)
Modeled depth
inundation
depth (feet) Wave arrival time
Simulated tide gauge

Shoreline where
inundation is inferred
but not quantified

Stream
US or state highway
Pre- — Road

earthquake

open water Non-motorized route

Railway

Previous publication
boundary

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
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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

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

oped the Cascadia subduction zone earthquake source model.
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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

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

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), which produced close agreement between model results.

Figure 3. Chehalis simulated tide gauge
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Map 4. Modeled tsunami current speeds for the Willapa Bay and Grays Harbor reglons Gray boxes |nd|cate newly modeled uprlver areas.



