Tsunami Scenario Simulation
Irene Watts"
Harry Yeh?

Research Experience for Undergraduates
Oregon State University
Corvallis, OR
June-August 2004

'B.S. Candidate, Ocean Engineering, University of Rhode Island, Kingston, RI
%Civil, Construction and Environmental Engineering Dept. Oregon State University,
Corvallis, OR

Abstract:

The potential for atsunami event represents a clear and present danger to the
community inhabiting the west coast of the United States, specifically the coast of
Oregon. While this is not acommon wave event for the area, that does not diminish the
destructive potential of atsunami attack. A community located on the Oregon coast was
investigated in terms of hydrodynamic interest, environmental impact, as well as coastal
hazard mitigation. Lincoln City, Oregon is a coasta community frequented by tourists
during the summer months. It was determined through wave ray tracing that persons on
the beach areas would have less than 30 minutes to evacuate the area from the time of
tsunami generation. The expected amplitude of the tsunami could be as high as five
meters with a tsunami source displacement as little as one meter. Improvements must be
made to Lincoln City in terms of clearly marked evacuation routesto the nearest high
ground and increase the number of public access points which are visible from the
shoreline. Precautionary measures must be taken to reduce casualties make the
community more prepared for atsunami attack.

Introduction:

A tsunami isasingular wave train or a series of waves generated by an impulsive
disturbance which vertically displaces the water column. (US Army Corps of Engineers,
2002) This vertical change is normally caused by seismic events, an underwater landslide
or acombination of the two. Tsunamis are characterized as shallow water waves with
long periods and wavelengths. Thisis due to the fact that the water depth of the ocean is
shallow in comparison with the wavelength. The depths in the ocean are a few kilometers
at most whereas the wavelength of atsunami is on the order of hundreds of kilometers.
This behavior indicates that the wave celerity is equal to the square root of the product of
the acceleration due to gravity and water depth. A shallow water wave is defined as the
ratio between the water depth and wavelength becomes very small. (Dean, 1984) Dueto
the fact that the rate at which awave loses its energy isinversely related to its
wavelength, tsunamis propagate at high speeds and are able to travel great distances with
alimited amount of energy loss. As a tsunami approaches land, the wave transforms and
the speed decreases. (Physics of Tsunamis)The decrease in speed is due to the decrease in
depth as the wave moves closer to shore and consequently the height of the wave
increases. The tsunami’ s energy flux remains nearly constant along the path of the
tsunami propagation and is dependent on wave speed and wave height. When the tsunami



finally reaches the shoreline, the wave beginsto loose its energy and part of the wave is
reflected offshore. Energy losses occur from bottom friction and turbulence induced by
the breaking. A tsunami can cause a tremendous amount of damage and loss of life. The
wave has massive erosion potential and the ability to inundate or flood a coastal area
hundreds of meters inland. The inundation of a tsunami on the shoreline results in fast
moving water that can easily crush coastal structures, entrain large objects in the water
flow and ultimately cause loss of life. (National Tsunami Hazard Mitigation Program)

While tsunamis are known to occur in Japan and Hawaii, they are possible any
where on the boundaries of the Pacific Ocean commonly referred to asthe Ring of Fire.
The Ring of Fire is composed of the west coast of North America including Hawaii and
Alaska, Japan, Indonesia, Papua New Guinea, as well asthe west coast of South
America. (NOAA, 2004) While communities such as Japan and Hawaii are aware and in
various stages of preparedness for the possibility of atsunami, other areas are not as
prepared. The communities that inhabit the coasts of California, Oregon and Washington
are not as readily aware of the danger of a potential tsunami. While atsunami is not a
common occurrence on the west coast of the United States, that does not diminish the
impact of this event. The purpose of this project is to examine a specific community on
the Oregon coast in the path of a potential tsunami generated from the Cascadia
Subduction Zone. The project is organized in three main components which are as
follows; determine the estimated time of arrival and amplification of a potential tsunami,
and describe the Lincoln City, Oregon area as atest case for avirtual coastal community
which will be used for the integrated tsunami scenario simulations. This project isa small
piece in alarger scope project which is designed to develop a “virtual community” tool
for tsunami simulations which can be used by policy makers and community planners to
determine the danger for their own specific community. The smaller scope project
represents afirst step in what is necessary to sudy a specific site in relation to the
potential of atsunami event.

Study Area and Site Description: Lincoln City, OR

Offshore Geology

Upon investigation of the region offshore the study area, it was found that thereis
complex bathymetry within the Cascadian subduction zone as seen in figure 1. This
active subduction zone is shown in adiagram in figure 1. This complex bathymetry
makes modeling and other calculations regarding wave refraction and diffraction
difficult. Most models assume that the seafloor is mildly varying but in this instance that
is hardly the case. The complex bathymetry is aresult of several mechanisms at work in
the study area. Geologic evidence indicates that large seismic eventsin this area normally
occur every 300 years. The last major event which generated a tsunami occurred in the
1700 s which implies that another major seismic event may occur in the next 100 years.
Due to the nature of the subduction zone, a seismic event in this area has the ability to
produce atsunami.



Figure 1. Cascadian Subduction Diagram (Center for Coastal and Land-Margin
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Lincoln City and Sletz Bay
The study area including Lincoln City and Siletz Bay is located on the pacific coast of
Oregon. A site survey was conducted on July 23, 2004 in order to first hand observe the
study area and the surrounding community. The possible generation of a tsunami stems
from the presence of the active Cascadian Subduction zone which is shown in figure 1.
Lincoln City is apopular summer attraction whose population swells annually due to
tourists. The most prominent appeal in this coastal community is the beach as
diagrammed in figure 2. This poses a significant problem to coastal hazard mitigation of
the potential danger of tsunamis. Creating awareness regarding the potential of a tsunami
event to not only residents but to visitors as well. Several distinct items pose a particular
problem to tourists attempting to head towards higher ground in a tsunami event.

Figure 2: Maps of Study Area
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Figure 3: Beach area and Cliff, Photographs taken on July 23'%, 2004

The beach area of Lincoln City is a sandy beach bounded on the western side by the
Pacific Ocean and on the eastern side by rocky sandstone cliffs approximately 20 m high
and shown in figure 3. The cliffs are not navigable to the average person without the aid
of an access structure such as the public access stairwell shown in figure 4.

Figure 4. 44™ Street Beach Public Beach Access, Lincoln City, OR. Photograph
taken on July 23", 2004

Figure5: Map of Public Beach Access Points on near Siletz Bay, Oregon (GIS)

The concrete constructed public access points as shown in figure 4 would be the only

reliable escape route. These access points are spread throughout the area as mapped in
figure 5 but cannot be readily seen from the edge of the beach and are very difficult to



find. Each stairwell is marked with a street number/name in order to identify where it
leads. In order to actually use the stairwell, a person would have to know to move beyond
the sand dunes present on the beach. Since they cannot be seen easily from the beach it is
unlikely that a person who is attempting to evacuate the beach in response to either an
alarm or the sight of an impending tsunami would be able to use it. Private beach access
points are also distributed throughout the study area but are normally constructed of
wood and will likely be destroyed by the strong ground shake prior to atsunami attack.
Asseeninfigure 6 the beach is littered with massive amounts of driftwood. Pieces range
from moderate to massive and all can become a projectile during a tsunami event. During
atsunami event, the current created by the inundation of the water is intense and can
easily carry both humans and large objects and their interaction is often deadly.

Figures 6: Salishan Spit, Siletz Bay, Lingoln City Beach. Photographstaken on July
23'“, 2004

An escape route from the beach is not clearly marked. Panic is a common occurrence
during an emergency and it is easier to follow awell marked escape route rather than an
individual or group to be able to determine which is the most effective way to higher
ground. As seeninfigure 7, the most effective way for people to escape from the beach
areawould be to follow the path indicated by the red arrow. It isunlikely that people will
come to this conclusion since it would not be widely known that the elevation in that area
would be high enough to avoid the deluge. The phrase “head for higher ground” would
indicate that a person should move inland but from this location that is not the wisest
choice of action since the elevation does not immediately increase directly inland.
Another escape route issue is present for those individuals residing on Salishan Spit. Only
one road provides access off and on the spit. Thisroad is very narrow and challenging to
navigate. During atsunami event, it is unlikely a complete and effective evacuation of the
spit can occur. In general, is most likely that an individual will attempt to “head to higher
ground” and escape a tsunami attack by following the path in which they arrived to the
beach. This path indicated in figure 7, asthe dashed arrow moves farther inland but not to
asufficient elevation to avoid the oncoming tsunami.



Figure 7: Escape Route Options (Lincoln City)

A wastewater treatment plant is also visible in figure 7, located in the low-lying area
which could be in danger of the tsunami inundation. This could giverise to
environmental concerns due to its destruction by flooding. However, due to the
comparative importance to effectively evacuating persons in low-lying areas, intensive
study into environmental concerns related to tsunami flooding has not been examined for
this paper.

M ethods:

Wave Ray Tracing

Ray Tracing is away to visually represent the incoming wave rays from a generation
point. For the purpose of this project, the tracing was performed in order to gain ageneral
idea of how a hypothetical tsunami event would propagate towards the shore. The major
barrier of confidence in this procedure for this situation is the lack of knowledge
regarding the size of an underwater feature in relation to atsunami wave in order for the
tsunami to react to this feature. This procedure applies Snell’ s law of refraction at each
contour interval for incoming incident wave rays. Ray tracing can either be done by hand
calculations or by computer programs. The bathymetry of the study area was gathered
from bathymetry maps. A smoothing procedure was performed to remove sharp changes
in direction of the contour lines. In addition to the bathymetry, the initial water-surface
displacement, orientation and amplitude must be known. For these studies, only one wave
was assumed to propagate towards the shore. This wave was repeated several times over
the study area in order to predict where the tsunami would intersect the shoreline from a
variety of generation points. Contour intervals were constructed to give an accurate
representation of the major bathymetric features such as seamounts and canyons. The
interval spacing in contours was decreased close to the shoreline in order to give
sufficient detail in the nearshore zone. Wave celerity was calculated at each contour
which represents a known depth. An orthogonal ray was drawn from the wave crest
offshore to the first intersection with a contour in which the wave will always feel the
bottom. In the case of atsunami, the wave is a shallow water wave and will always
experience the bottom during its entire propagation. A tangent was constructed at the
point of intersection to assume a locally straight contour. An orthogonal to this line yields
the angle of incidence with respect to the contour line. A ray was then extended to the
following contour and thus the process is repeated until intersection with the shoreline
occurs. A template was utilized in order to increase accuracy of the hand calculations.
This device was obtained from the Shore Protection Manual. (1973)



Determination of Estimated Time of Arrival and Amplification Factors
The wave celerity was determined over the contour intervals using the shallow water
wave equation and a value of 9.81 m/s’ for the gravitational acceleration constant (g) and
the known depth in meters. The wave celerity isrequired in order to perform the wave
ray diagram. In order to determine the estimated time of arrival of atsunami (ETA) from
its origination point, the distance traveled must be measured from the wave ray tracing.
With this known, the ETA can be calculated from the following equation.

d=Ct
d represents the distance traveled by the wave, C isthe wave celerity and t isthe time
elapsed over the interval. In order to determine the amplification effects, the conservation
of energy flux was used knowing that there is no energy flux across the wave rays.
Therefore, the energy flux across by is the same across b; and b,. (Dean, 1984)

(EC)lbl = (EC)z b2
Where C isthe wave celerity and b isthe interval between the wave rays. The b interval
is measured on the wave ray tracing. E is the energy density defined by the following
relationship. For long waves, the group speed and celerity are the same.

E== rgH 2
Consequently, the wave height can be solved with the following equation.

R

Since the wave period of the tsunami is assumed to be constant during propagation, the
following relationships can be used.

H2 = HOKSKI’
Where K;is the shoaling coefficient and K, is the refraction coefficient.
The shoaling coefficient is determined using the following relationship from Green’'s

Law.
}/
(=
S h2
The refraction coefficient (K;) is determined by measuring the breadth of the adjacent
wave rays and can be calculated from the following equation.

K, =%

r b2
Geographical Information Systems (GI1S)
This suite of programs was utilized in order to generate maps of the study area in order to
investigate the area in three distinct ways; in terms of hydrodynamics, environmental
impact, coastal hazard mitigation. Efforts were concentrated with ArcMap and data was
obtained through public sources available viathe Internet. Combined bathymetry and
topography data was obtained for the study site through the National Geophysical Data
Center (NGDC) available through the NOAA website.



(http://www.ngdc.noaa.gov/mga/gdas/ad_designagrid.html) State wide layers of roads,
highways, rivers and the current tsunami inundation estimates were gathered from a state
website repository for GIS data. (http://www.qgis.state.or.us/data/alphalist.html)

Results:
Table 1: Tsunami Estimated Arrival Time and Amplification Factors




Figure 8: Wave Ray Tracing
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Analysis: Asshown intable 1, the estimated arrival time (ETA) is between 26 and 28
minutes. A/A, column represents the amplification factors of the tsunami as is moves
from its generation point to the shoreline. The final amplification differs widely from ray
toray. The smallest is at avalue of 3.6 for the third wave ray and the largest at 5.5 for the
first wave ray. It should be noted however, that these are amplification factors and do not
represent the final amplification or height of the tsunami when it reaches shore. The final
amplification of the tsunami is dependent upon the vertical change that generatesthe
tsunami. The expected amplitude of the tsunami could be as high as five meters with a
tsunami source displacement as little as one meter. If the vertical displacement of the
seafloor was two meters, then the amplitude could be as high as 11 meters and so forth.
Sources of error for the ETA determination stem from the nature of the procedure used.
Wave ray tracing involves repetitive hand calculations where one error of measurement
can have massive repercussions later on. The procedure is also subjective to the person
performing the tracing and exact results differ from person to person. In order to improve
the confidence of the ETA and amplification determinations a tracing model should be
used in order to compare computer results to hand calculations. This was not performed
during the project due to time constraints.

Conclusions and Recommendations:

The community of Lincoln City is unprepared for atsunami event. The most efficient
evacuation routes off the beach areas are not clearly marked, massive amounts of
driftwood combined with the lack of structurally sound public access points give cause
for concern. Since Lincoln City and the surrounding communities have a large annual
tourist population, evacuation routes must be clearly marked and a general awareness of
the potential of a tsunami event must be raised. The average time for atsunami to
propagate from its generation point to intersect with the shoreline is between 26 and 28
minutes which is a small amount of time to inform and evacuate a large amount of
people. |mmediate improvements must be made to the ability of persons using the beach
to locate a public access point, availability of public beach access, aswell asaclearly
designated escape route. Improvements must also be made to the ability of the residents
of the Salishan Spit to evacuate the area. Improvements must also be made concerning
the construction of tsunami shelters. The following items have been completed for the



Lincoln City area; development of basic GIS maps, estimation of the tsunami arrival
times and amplifications based on the Cascadia rupture, and observations of local detail.
Future tasks include the following; perform realistic numerical simulation of the tsunami
propagation and runup, incorporate the results of the numerical simulation with GIS maps
and visualization techniques as well as incorporate detailed conditions and features
within the inundation zone into GI S figures.
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