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Tsunami Inundation Model Study of Eureka and
Crescent City, California

E.N. Bernard!, C. Mader?, G. Curtis®, and K. Satake?

1. INTRODUCTION

On April 25, 1992, a series of strong earthquakes occurred near Cape Mendocino, California.
The sequence began with an M-7.1 tremor at 11:06 a.m. (local time) on April 25. Strong aftershocks
with 6.6 and 6.7 magnitudes occurred on April 26 at 00:41 a.m. and 4:18 a.m., respectively. These
three earthquakes and more than 2,000 recorded aftershocks illuminated the configuration of the
Mendocino Triple Junction, where the Pacific, North America, and southernmost Gorda plates meet.
The M,-7.1 earthquake generated a small tsunami that was recorded by tide gauges from Oregon to
southern California. After detailed study of this earthquake, Oppenheimer ez al. (1993) concluded
that

“The Cape Mendocino earthquake sequence provided seismological evidence that the
relative motion between the North America and Gorda plates results in significant thrust
earthquakes. In addition to the large ground motions generated by such shocks, they can
trigger equally hazardous aftershock sequences offshore in the Gorda plate and on the
Gorda-Pacific plate boundary. This sequence illustrates how a shallow thrust event, such as
the one of moment magnitude (M, ) 8.5 that is forecast for the entire Cascadia subduction
zone, could generate a tsunami of greater amplitude than the Cape Mendocino main shock.
Not only would this tsunami inundate communities along much of the Pacific Northwest
coast within minutes of the main shock, but it could persist for 8 hours at some locales.”

On May 9, 1992, the Federal Emergency Management Agency (FEMA) hosted an after-action
discussion meeting with the scientific community at the Presidio of San Francisco, California. From
these discussions, eight recommendations were formulated, including one to produce tsunami
inundation maps for northern California. The tsunami inundation study was ranked number two of
the eight and was identified as time-sensitive. NOAA responded to this recommendation by offering
to cost-share the study with FEMA and transmitted a proposal to FEMA on August 24, 1992. On
December 22, 1992, FEMA decided to fund the project, and funds were delivered to NOAA on
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May 5, 1993. The project was completed on May 4, 1994, with this report representing a summary
of the study.-

FEMA also funded the California Office of Emergency Services to examine other effects of a
larger Cascadia Subduction Zone earthquake—such as ground shaking, liquefaction, and landslides.
A report entitled “Planning Scenario in Humboldt and Del Norte Counties for a Great Earthquake
on the Cascadia Subduction Zone” by Toppozada er @l. includes hazards maps for emergency
planning purposes. This tsunami study was coordinated with the earthquake study through
discussions and meetings between Eddie Bernard and Tousson Toppozada of the California Division
of Mines and Geology. The tsunami effects described in the Toppozada er al. report were based on
the tsunami inundation maps described in this report.

The summary report consists of a project overview with appendixes to document the
scientific/technical details of each phase of the project. This format was chosen (o provide an
overview for the nonspecialist while supplying scientific/technical details for the specialist. In this
way, we hope to reach a wide audience of readers interested in the tsunami hazard and illustrate the
use of some technical tools for emergency preparedness. E.N. Bernard (NOAA) prepared the
summafy report while C.L. Mader (University of Hawaii) wrote the technical appendixes on
inundation modeling and K. Satake (University of Michigan) authored the technical appendixes on
earthquakes and regional modeling. George Curtis (University of Hawaii) wrote the appendix on an
engineering model.

2. TECHNICAL BACKGROUND

The propagation of a tsunami from its source to a coastal area and the resultant flooding can be
mathematically depicted with reasonable accuracy by sets of coupled, partial-differential equations.
Analytical solutions of these equations are usually unattainable éxcept in certain simplified cases.
However, solutions can be closely approximated, even in very difficult cases, by means of a number
of techniques well suited to use by computers. These solution schemes, referred to as numerical
models, can provide great insight into the nature of the process under study. Two such numerical
models, one a regional propagation model and the other an inundation model, have been applied to
the problem of examining the impact that a large, locally generated tsunami could have on
California. The models are described in detail in Appendixes A and B. A third model, developed by
George Curtis (University of Hawaii), termed an engineering model, is presenteﬁ in Appendix C.
The engineering model was used as an independent check on the Mader inundation model.
Redundancy such as the engineering model is desirable in studies for emergency preparedness.
Although the details of these models are described in Appendixes A, B, and C, two major items of
information needed to implement the models should be understood.

In the first place, if a model is to describe realistically the evolution of a tsunami from its source
to its termination, it must be provided with an accurate rendition of the shape of both the seafloor
over which the wave travels and the shape of the ground it potentially floods. This is accomplished



by compiling the bottom depths and land elevations of the area of interest. (See Appendixes A and
B for details.) For mathematical reasons, the model cannot use a continuously varying depiction of
topography but must deal with discrete depths and elevations that have been averaged over a certain,
finite area. In the case of the regional model, the topography is provided on a model grid made up
of grid squares measuring 1.6 km on a side. For the inundation models, Crescent City is represented
by a 25-m grid while Humboldt Bay is modeled using a 100-m grid. '

Knowledge of the nature of the numerical grid used in the model is the key to understanding the
results. Any topographic data point in the model represents the average depth/elevation over the
appropriate grid box. Quantities calculated by the model likewise represent average quantities over
the same areas, A calculated wave elevation of, say, 3.1 m above sea level does not mean that the
water everywhere in the appropriate grid would be uniformly 3.1 m above sea level. Rather, it means
that the water depth on that particular grid block averages roughly 3.1 m. In the same sense, if
flooding is indicated by the model in a grid block that contains both high and low elevations, this
does not necessarily imply flooding at the highest elevations. The point is that simulation results
must not be taken too literally but should be interpreted with a measure of common sense.

The second type of information needed to conduct tsunami simulations concerns the nature of
the waves approaching the threatened area. For this study, the regional model is first used to
generate the tsunami at the source and propagate the tsunami to the input boundary of the inundation
model, which can then perform the flooding computations.

Tsunami generation in the regional model is not a trivial matter and involves the depiction of
seafloor deformation by a major thrust earthquake. Based on our present understanding of tsunami
generation, however, vertical seafloor deformation (both uplift and subsidence) defines the initial
amplitude of the tsunami. Several different models exist that can calculate deformation patterns
based on assumptions about the slip, depth, length, width, and dip angle of the earthquake fault
plane. The problem becomes one of making intelligent estimates of these parameters. To assist in
this process, Bernard and Satake attended a meeting of specialists to discuss the nature of
earthquakes in the Cascadia Subduction Zone on April 8, 1993, at the California Division of Mines
and Geology in Sacramento, California (see Appendix I). As a result of this meeting, four
earthquake scenarios were developed along with their corresponding fault-plane parameter sets
(Appendix I).

3. VALIDATION OF TSUNAMI MODELS

The models used in this study have been tested extensively and have been applied to a variety
of cases published in the scientific literature (see Appendix A, B, and C). However, because of the
complexity of these models, it is always appropriate to compare simulations with observed data to
avoid errors. For this study, we used a combination of model results/data comparisons, and we used
independent computations with a third model for redundancy. Our principal data set was the 1992



Cape Mendocino earthquake/tsunami. The details of the comparison experiments are described in
Appendixes D and E. .

The regional model (1.6-km grid) used by Satake produced good agreement with eight tide
gauges that recorded this tsunami. He used the fault-plane parameters estimated by Oppenheimer
et al. (1993) to compute seafloor deformation and tsunami generation, and this produced a 30-cm
wave with period of about 30 min in an area offshore of Humboldt Bay (see Appendix D). As a
check, Mader used a 1-kin grid regional model with a slightly different generatihg mechanism and
obtained similar results offshore of Humboldt Bay (see Appendix E). The 30-cm wave with 30-min
period was then used as input for the inundation model. Good agreement was found between the tide
gauge record within Humboldt Bay at North Spit and the computed wave form (see Fig. E-3). We
were encouraged by these results since the model simulation produced both the amplitude and the
time sequence observed at the tide gauge. Inundation computations could not be checked because
this tsunami arrived at low tide and did not flood any areas. Furthermore, to our knowledge, no
tsunami inundation data exist for Humboldt Bay.

However, inundation data are available for the extensive flooding of Crescent City by the 1964
Alaska tsunami. These data were used to check an inundation model of Crescent City. The
numerical experiment is described in Mader and Bernard (1993), and the data/model comparison
is shown in Fig. 3 of that study (Appendix F).

In summary, the regional model was checked against the 1992 Cape Mendocino event and an
independent model run. The Humboldt Bay inundation model was checked against the 1992 tsunami
record at North Spit, and the Crescent City inundation model was checked against the 1964 Alaska
tsunami flooding survey.

4. SCENARIOS OF POSSIBLE TSUNAMIS

We originally envisioned a straightforward approach to the development of earthquake
fault-plane estimates that would be used in regional models to provide tsunami input for the
inundation models. This worked well for the simulation of the 1992 Cape Mendocino earthquake
and was accepted practice in August 1992 (when the proposal for this study was submitted). We met
with specialists on the Cascadia Subduction Zone to define the type of earthquake that might be
expected from this area. These specialists are part of a different FEMA study to examine other
earthquake effects in this region such as ground shaking, liquefaction, and landslides. The results
of a 1-day meeting on possible earthquake scenarios from the Cascadia Subduction Zone are
described in Appendix I where the expected earthquake would be a magnitude M,, 8.4 affecting an
area of 240 km x 80 km with a vertical deformation of 100—400 cm. Based on follow-up discussions
with these specialists, Satake refined the possible fault ruptures into four cases for a 240-km-long
earthquake. The details of his investigation are presented in Appendix G.

He then used these four cases to generate four different tsunamis that are presented in
Appendix G. Based on his study, the 240-km-long earthquakes would produce tsunamis of



maximum amplitudes of about 280 c¢m in 50 m water depth offshore of Humboldt Bay and
maximum amplitudes of about 250 cm offshore of Crescent City. Based on the fault plane solution
technique, the range of incident tsunami waves for the inundation models would be 2.9 m for the
240-km-long earthquake.

Our original plans were modified by new field observations related to tsunami generation
dynamics. Three large tsunamis were generated in Nicaragua (September 1992), Indonesia
(December 1992), and Japan (July 1993) by M, -7.7-7.8 earthquakes. These tsunamis were
surprisingly large when viewed in the context of a single fault-plane model seafloor displacement
pattern. The Nicaragua tsunami was generated by a very slow earthquake that produced 10-m runup
along the coastline. The fault plane solution given by the earthquake parameters yielded a vertical
deformation of only 37 cm over an area of 200 km x 100 km (Imamura et al., 1993). Using this
uplift as initial conditions for a regional tsunami model produced tsunami heights that were too low,
by a factor of 5.6 to 10, to explain the observed 10-m runup values on the coast (Abe et al., 1993).
A similar problem was reported by Yeh ef al. (1993) in the case of the Indonesia tsunami. The fault-
~ plane solution for the M, -7.8 Indonesia earthquake yielded a maximum vertical displacement of
125 cm—much too small to produce tsunami wave amplitudes responsible for the observed 26-m
runup values. Most recently, the M, -7.8 earthquake in July 1993 in the Sea of Japan was initially
described by a fault-plane solution that produced a vertical displacement of about 200 cm, Again,
regional tsunami model simulations produced waves too low to account for the 20-30-m runup
values that were observed (personal communication, Nobuo Shuto). The Indonesia event was
estimated to deform an area 100 km x 50 km (Yeh et al., 1993), and the Sea of Japan earthquake
was computed to be 150 km x 50 km (Somerville, 1993). Focal mechanisms of these earthquakes
were both thrust fault type.

One hypothesis to explain the surprisingly large tsunamis generated by these earthquakes is that
the earthquakes triggered underwater slumps (Yeh ez al,, 1993). It also has been pointed out
(Gonzilez et al., 1993) that the fault-plane solutions only provide average displacements over the
deformation zone without detailing the roughness characterizing the deformation; i.e., some areas
could deform vertically more than 10 m, but could be compensated by other areas that suffer little
or no displacement in such a way that the average over the entire area remains only 1-2 m.

The important point here is that we can expect that, in many cases, fsunami wave amplitudes will
be much higher than a fault-plane generating mechanism might indicate. Not only may a fault-plane
solution underestimate vertical seafloor displacement, it also fails to replicate all
carthquake/slumping dynamics that could contribute to tsunami generation. For example, offshore
slumping is a significant portion of the overall tsunami threat to California (McCarthy et al., 1993).

Therefore, our tsunami hazard assessment must take into account the potential inadequacy of the
fault-plane formalism to provide realistic estimates of offshore tsunami amplitudes. To do this, we
examined two well-studied earthquakes that generated tsunamis. One case was the 1993 Hokkaido
tsunami, which was generated by a smaller earthquake than the scenario considered in this study.



The second case was the 1964 Alaska tsunami, which was generated by a larger earthquake than this
scenario study. We reasoned that these two events would bracket the scenario event and guide us
in estimating the scenario tsunami empirically.

The 1964 Alaska tsunami was generated by an M, -9.2 magnitude earthquake that deformed an
area 700 km x 150 km with some areas of vertical deformation in excess of 17 m. Numerous slumps
and landslides generated local tsunamis that ran up as high as 55 m in fjord-like embayments. Runup
values of 25-30 m were measured throughout Prince William Sound (Cox, 1972). Extensive studies
of the earthquake and resultant tsunami have led researchers to infer that the incident waves in the
generation area were 10~15 m (Cox, 1972).

For the more recent 1993 Hokkaido tsunami, the M, -7.8 earthquake deformed an area of 100 km
% 50 km, roughly half the size of the scenario earthquake. The resultant tsunami ran up 20-30 m
near the source. Using numerical models, Shuto estimated that the incident wave had to be about
8 m in 50-m depth of water (personal communication). '

Using these two cases as a guide, we concluded that a 10-m incident wave as input for the
inundation model was a reasonable estimate. That is, it fell between the estimated values of incident
waves for the 1993 Hokkaido earthquake (8 m) and the 1964 Alaska earthquake (10-15 m). We
selected a period of 30 min for the 10-m amplitude based on observations from the 1992
Cape Mendocino tsunami. It should be noted that in a similar study to produce inundation maps for
Valparaiso, Chile (Bernard et al., 1988), the incident wave for the inundation model was 10 m
(Hebenstreit, 1984). ,

The results of using a 10-m incident wave for the Humboldt Bay and Crescent City inundation
model are presented in Appendix H. The results have been compared with computations using the
JIMAR Tsunami Research Effort engineering model as a check on the accuracy. Favorable
comparisons give us the confidence that the models are functioning properly. The results from these
inundation model runs are considered to be the most reasonable estimates of an M, -8.4 scenario and
have been transferred to 1:24,000-scale maps that are located in the envelope on the back cover of
this report.

5. TSUNAMI HAZARD IMPLICATIONS

This study illustrates two approaches to estimating the potential flooding of tsunamis along a -
seismically active coastline. The first is to seek seismic/geological expertise to define the earthquake
as accurately as possible and use fault-plane modeling for tsunami generation that then provides an
* estimate of offshore tsunami amplitude. Present knowledge of the Cascadia Subduction Zone is very
limited, but, as of May 1994, we feel our estimate of 3 m offshore tsunami amplitude based on
scenario earthquake represents state of the art. A second approach is to base estimates of the
offshore tsunami amplitude on case studies of appropriate historical events. At this stage in our
research on tsunami generation dynamics, this leads to a 10 m offshore tsunami amplitude estimates
and is therefore a more conservative approach. A key element in either approach is cross-checking



the tsunami models. For this study, two regional tsunami models were run for redundancy, and the
inundation model was cross-checked with an engineering model. In this way, we feel we have
guarded against some gross error in numerical modeling. Finally, it should be emphasized that this
study represents the first attempt at integrating seismology and oceanography in an interdisciplinary
project to study locally generated tsunamis. We hope future attempts will improve upon this
procedure, but we also hope that future investigators appreciate the effort required to conduct
interdisciplinary research. :

In using. the results of this study, we recommend that a series of meetings be held with the
scientists who produced the earthquake/tsunami scenarios and the users of the information. In
dealing with this much uncertainty, knowledge of the process is critical for public policy
formulation. We hope this study provides a framework to deal with tsunami hazard mitigation along
the U.S. west coast in an informed, rational way.

6. CAUTIONARY NOTE

The results of this study are intended for emergency planning purposes. Appropriate use would
include the identification of evacuation zones. This study should NOT be used for flood insurance
purposes, because it is not based on a frequency analysis.
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Appendix A: Model Regional Descriptions
Kenji Satake

Al. Regional Modeling

Tsunamis can be approximated as linear long-waves as long as their amplitudes are much less
than the water depth. Previous studies show that the tsunami waveforms recorded on tide gauges,
particularly the first few cycles, can be modeled as linear long-waves. The linear theory is
inadequate for prediction of tsunami runup, in which the amplitude becomes larger while the water
depth becomes smaller and eventually becomes zero. An accurate prediction of tsunami runup must
include nonlinear effects and also requires very finely spaced and accurate topographical data as
well as bathymetry data. The linearity of our computation carries with it one major advantage. Since
the slip amount on the fault and the crustal deformation are linearly related, the tsunami amplitude
is also linearly related to the slip amount. Therefore, once we compute tsunamis for a certain amount
of slip, tsunami amplitude for different slip amount can be easily estimated by multiplication of the
appropriate factor. |

Studies of recent earthquake tsunamis showed that the runup heights are generally several times
larger than the linearly predicted amplitudes. The amplification factor (the ratio of maximum runup
height to linearly predicted amplitude) is 2 to 5 for the 1992 Nicaragua earthquake and about 4
around Okushiri Island for the 1993 Hokkaido earthquake. It may also be possible to use an
empirical relationship to estimate the possible tsunami runup heights.

Al.l. Method of Regional Tsunami Modeling

For long-waves, the initial condition on the water surface is the same as the vertical crustal
deformation pattern on the bottom. The bottom deformation can be computed if the fault parameters
are known, as we discuss later. Once the initial condition is established, linear, long-wave theory
is used to simulate tsunami propagation on a regional scale. The equations of motion and continuity
are

aQ

= —odVh (A1)
ot g
and -
— = =¥ A2
Py o (A2)

where Q is the flux vector, or vertically integrated horizontal velocity, g is the gravitational
acceleration, d is the water depth, and h is the water height above still sea level. In the spherical
coordinate system (longitude ¥ and colatitude &), these can be written as
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where R is the radius of the Earth. Equations (A3) and (A4) are solved by a finite difference method.
The time step of computation is determined to satisfy the stability condition of finite difference
computation. In this particular case, it is set at 5 s from the grid size (1 min) arid the maximuin water
depth (4,700 m).

At the open boundaries of the outer ocean, the radiation condition, in which the waves are
assumed to leave the region without changing shape, is used. At the land boundaries, total reflection
is assumed. We store and output the waveforms at grid points corresponding to tide gauge stations
and pointsr offshore of Eureka and Crescent City. ‘

Al.2. Regional Model Bathymetry Data

We use bathymetry data with a grid size of 1 min (about 1.6 km, varies with latitude). The
computational area extends from 37°N to 49°N and 128°W to 122°W. The total number of grid
points is 259,200 (720 x 360). The bathymetry data were compiled in the following way.

We started from ETOPOS, a public domain bathymetry/topography data base with a grid size
of 5 min. Figure A-1la shows the original ETOPQOS data in our computation area. The ETOPOS
bathymetry data are reasonably accurate in the deep (>500 m) ocean but are known to be inaccurate
in coastal water. Further, coastal shape cannot be accurately represented by 5-min grids. We first
interpolated the ETOPOS data to generate a 1-min-grid bathymetry database (Fig. A-1b). Obviously
the accuracy of these data is determined by that of the original ETOPOS data. For limited areas
within the U.S. Exclusive Economic Zone, gridded data with a ¥4-min interval are available from
National Ocean Service (NOS) on a CD-ROM. We averaged the %-min data for each minute and
merged these to our interpolated data (Fig. A-1c). The NOS-EEZ data are compiled from multibeam
sounding data, and the coverage is shown in the boxed area in the figure. Within the boxed area, the
shallowest depth covered by the multibeam data is about 100 m. We then applied smoothing to the
merged data. As can be seen in Fig. A-lc, the NOS-EEZ data show some irregularity, Tsunami
propagation is sensitive to the long wavelength bathymetry feature. Figure A-1d shows the smoothed
data. Finally, we manually updated the bathymetry data using NOAA bathymetry charts. The
manual editing was done from the coastline to the depth where the bathymetry charts and the

10



smoothed data are in reasonable agreement. This depth is about 100 m where we have NOS-EEZ
data, but as deep as 1000 m where no NOS-EEZ data are available. The final bathymetry data we
use for our computation are shown in Fig. A-le,

11
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Fig. A-1. Bathymetry data for the Pacific Northwest (see text for detail). (a) the original ETOPOS5 data. (b) ETOPOS5 data interpolated at 1-min interval. (c) NOS-EEZ
data merged to (b) where they exist (shown as boxes). (d) smoothing applied to (c). (¢) manually revised for the coastal region.
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Appendix B: Inundation Model Description
Charles L. Mader

B1. Method of Inundation Modeling

~ Tsunami waves and their interaction with various topographies are numerically modeled using

the SWAN code. The SWAN code solves the incompressible, shallow-water, long-wave equations.

It is described in detail in the monograph Numerical Modeling of Water Waves (Mader, 1988).
The incompressible, shallow-water, long-wave equations solved by the SWAN code are

2 2 {2
aU" + UxaU‘ + UyaU’ + gi{ = FUy + F® _ g UI(U" N U”y, (A5}

ot ox oy ox Cz(D + H— R)

3 U \ 2+ 2ff
= U, % U—+ g - ~FU, + F¥-g A UYY’ (A6)

ot " ox dy oy - CZ(D + H— R)

e b + H-RU, oD + H-R)U
o . LR (a7
ot dx dy ot

where U, is velocity in x direction, U, is velocity in y direction, g is gravitational acceleration, 7 is
time, H is wave height above mean water level, R is bottom motion, F is Coriolis parameter, C is
coefficient of DeChezy for bottom friction, F* and F* are forcing functions of wind stress in x and
y direction, and D is depth.

Flooding is described using positive values for depths below normal water level and negative
values for elevations above normal water level. Only positive values of the (D + H) terms in the
above equations were permitted. This method results in both flooding and receding surfaces being
described by the SWAN code.

- The SWAN code has been used to study the interaction of tsunami waves with continental slopes
and shelves, as described in Mader (1975). Comparison with two-dimensional Navier-Stokes
calculations of the same problems showed similar results, except for short wavelength tsunamis.

The SWAN code was used to model the effects of tides on the Musi-Upang estuaries, South
Sumatra, Indonesia, by Hadi (1985). The computed tide and water discharge were in gopd agreement
with experimental data.

The SWAN code was used to model the large waves that were observed to occur inside Waianae
Harbor under high surf conditions (Mader and Lukas, 1985). These waves have broken moorings
of boats and sent waves up the boat-loading ramps into the parking lot. The numerical model was
able to reproduce actual wave measurements. The SWAN code was used to evaluate various
proposals for decreasing the amplitude of the waves inside the Harbor. From the calculated results,
it was determined that a significant decrease of the waves inside the Harbor could be achieved by
decreasing the harbor entrance depth.

15



The effect of the shape of a Harbor cut through a reef on mitigating waves from the deep ocean
was studied using the SWAN code (Mader et al., 1986). It was concluded that a significant amount
of the wave energy is dissipated over the reef regardless of the design of the Harbor. The reef
decreased the wave height by a factor of 3. The wave height at the shore can be further decreased
by another factor of 2 by a “V”-shaped or parabolic bottom design.

Other examples of applications of the SWAN code are presented in Mader and Lukas (1985).
They include the wave motion resulting from tsunami waves interacting with a circular and
triangular island surrounded by a 1/15 continental slope and from surface deformations in the ocean
surface near the island, The effects of a surface deformation in the Sea of J apan similar to that of
the May 1983 tsunami was modeled. |

The SWAN code was used to model the effect of wind and tsunami waves on Maunalua Bay,
Oahu, as described by the Staie Department of Transportation (1988). The model reproduced the
observed wave behavior at various locations in the bay for a 1.2-m south swell with a 15-s period.
The code was used to model the interaction with Maunalua Bay of waves outside the Bay having
periods of 15, 30, and 60 seconds and a tsunami wave with a 15-min period. Wave amplitudes of
0.3 to 1.8 m were considered with tides from mean lower low water to high tide (a 0.55-m range).
The 15-min period tsunami wave doubled in amplitude as it passed over the bay and was highest at
high tide. Severe flooding in the regions near the shore line was predicted. The calculated wave
behavior at any location in the Bay was a strong function of the entire Bay with a complicated and
time varying pattern of wave reflections and interactions.

The interaction of a tsunami wave with a site of well documented topography on the South
Kohala Coast of the Island of Hawaii was described by Mader (1990a). The tsunami wave was
calculated to flood the land to the 3-m level and inundate the land between 90 and 120 m from the
shoreline. These results agree with the results obtained using the procedures developed and applied
for flood insurance purposes by the U.S. Army Corps of Engineers and the recent study by JIMAR
at the University of Hawaii of tsunami evacuation zones for the region (Curtis and Smaalders, 1989).

The effect of tsunami wave period, amplitude, bottom slope angle, and friction on tsunami
shoaling and flooding has been investigated using the SWAN code, and a Navier-Stokes model was
reported by Mader (1990b).

The study shows higher wave shoaling and flooding for waves interacting with steeper slopes,
for waves with longer periods, and for waves from deeper water. The shallow-water waves shoal
higher, steeper, and faster than the Navier-Stokes waves. The differences increase as the periods
become shorter and slopes less steep with large difference for periods less than 500 s and slopes less
than 2 percent.

The interaction of the reflected first wave with the later waves often results in the second or third
runup being much different than the first runup. The magnitude and direction of the effect depends
upon both the slope and the wave period. For higher period waves, the second wave is as much as
a third larger than the first wave. The 1987-88 Alaskan Bight tsunamis were modeled by Gonzélez
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et al. (1990) using the SWAN code. The deep-sea pressure gauge measurements for those tsunamis
could be described using realistic source models for the tsunamis.

An extensive numerical modeling study was performed by Mader and Curtis (1991a and b) of
the generation, propagation, and flooding of tsunami waves with Hilo, Hawaii. The flooding of Hilo,
Hawaii, by the tsunamis of April 1, 1946, May 23, 1960, and March 28, 1964, were numerically
modeled using the nonlinear shallow water code SWAN including the Coriolis and friction effects.
The modeling of each tsunami generation and propagation across the Pacific Ocean to the Hawaiian
Island chain was performed using a 20-min grid of ocean depths. This furnished a realistic input
direction and profile for the modeling of the tsunami interaction with the Hawaiian Islands on a
5-min grid. The resultant wave profile and direction arriving outside Hilo Bay was used to model
the tsunami wave inferaction with the bay, harbor and town on a 100-m grid. Each element of the
grid was described by its height above or below sea level and by a DeChezy friction coefficient
determined from the nature of the topography.

The 1946 and 1964 tsunamis were generated by earthquakes in Alaska. The 7.5-magnitude 1946
tsunami flooding of Hilo was much greater than the 8.4-magnitude 1964 tsunami. This was
reproduced by the numerical model. The directionality of the tsunami from its source was the
primary cause for the smaller earthquake resulting'in greater flooding of Hilo. The 1960 tsunami was
generated by an earthquake in Chile. The observed largest wave was the third bore-like wave. The
numerical model reproduced this behavior. The observed levels of flooding for each event was
reproduced by the numerical model with the largest differences occurring in the Reeds Bay area
where the local topography is poorly described by a 100-m grid. The observed levels of flooding at
individual locations were not well described by the 100-m grid, so a 10-m grid of Hilo was
developed to resolve the flooding at individual locations and around large buildings.

The high-resolution, 10-m grid of Hilo was used to model the flooding around Hilo Theater by
the 1960 tsunami wave. Hilo Theater was located near the shore, in flat and unobstructed terrain
2.7 m above sea level. The tsunami flooded level reached 8.5 m at the seaward side and 6.7 m at the
rear of Hilo Theater. The third bore-like wave arriving at the harbor entrance in the 100-m grid
model was used as the tsunami source for the high-resolution study of flooding around Hilo Theater.
The maximum level of flooding observed at Hilo Theater was reproduced by the high-resolution
numerical model. The 10-m Hilo model now includes the major buildings in the city of Hilo and is
used to evaluate the effects of previous and potential tsunamis on the current topography, including
buildings.

The flooding of Crescent City, California, by the tsunami of March 28, 1964, has been
numerically modeled using the nonlinear shallow water code SWAN including the Coriolis and
friction effects. The results of the study are described in Appendix C (Mader and Bernard, 1993).
The modeling of the tsunami generation and propagation across the Pacific Ocean to the U.S. west
coast followed by modeling of the tsunami interaction with the west coast on a finer grid and then
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modeling the tsunami wave interaction with Crescent City harbor and town using a high-resolution
grid that reproduce the observed inundation limits.

The 1946 and 1964 tsunamis were generated by earthquakes in Alaska. The 7.5-magnitude 1946
tsunami flooding of Hilo was much greater than the 8.4-magnitude 1964 tsunami while the reverse
was observed for Crescent City, California. This was reproduced by the numerical model. The
directionality of the tsunami from its source was the primary cause for the smaller 1946 earthquake
resulting in greater flooding of Hilo than the large 1964 earthquake. The directionality of the
tsunami was also the primary cause for the extensive flooding of Crescent City by the 1964 event.

The tsunami wave generation, propagation, and runup modeling was performed using the SWAN
code and the techniques that successfully reproduced the 1946, 1960, and 1964 tsunami inundation
of Hilo, Hawaii, described by Mader and Curtis (1991a and b) and of Crescent City in Appendix C
(Mader and Bernard, 1993).

B2. Inundation Model Bathymetry and Topography

The numerical modeling of tsunami wave flooding requires detailed topographies of the region
of interest. The generation of the topography grids consists of first collecting all the data available
for the area of interest, which are generally U.S. Geological Survey (USGS) topographic and NOAA
bathymetry charts. The data are digitized using a Sumagraphic device. The grid resolution needed
for the numerical model is chosen, and the SURFER software package generates the required grid
from the digitized map data. The Krigging method was found to be the best SURFER option for
preserving the important features of the digitized data. The details (e.g., coastal, river) that were lost
in the Krigging process are edited by hand into the data files, The grids are tested in the SWAN
code, and necessary corrections are again edited by hand into the data files. The topographic profiles
for the Humboldt Bay and Eel River region, the Crescent City Bay and Harbor region, and the west

" coast are included in this appendix as contour plots and picture plots.

The Humboldt Bay and Eel River grid was generated using the USGS 7.5-min topo quads,
1:24,000, 1959, of Arcata North, Arcata South, Cannibal Island, Eureka, Fields Landing, Tyee City,
and the NOAA Nautical Bathymetry chart of Humboldt Bay, 1:25,000, 1983. The resolution of the
grid was 100 m in the X and Y directions. The SURFER software package Krigging method was
used for interpolation, The data represent the condition at approximately mean high tide.

The Crescent City grid was generated using the USGS topographic maps Crescent City,
California, 1:24,000, 1966, and the Sister Rocks, California, 1:24,000, 1966 maps. The resolution
of the grid was 25 m in the X and Y directions. The SURFER software package Krigging method
was used for interpolation. The data files represent the high tide elevations and depths. The mean
range of the tide is approximately 2 m in the Crescent City region.

The west coast from Humboldt County, California, to Florence, Oregon, grid was generated
using the topographic maps of Western United States; Crescent City, 1:250,000, 1958, and Western
United States; Eureka, 1:250,0600, 1958, and the ETOPO data file 5-min gnd
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Also used was Coos Bay, Oregon, 1:250,000, USGS 1958, Revised 1973; United States; Oregon- _
Washington (Cape Blanco-Cape Flattery) 1:736,560, NOAA chart and the United States West Coast;
California-Oregon (Monterey Bay-Coos Bay) 1:811,980, NOAA chart.

The resolution of the grid was 1 km in the X and Y directions. The SURFER software package
Krigging method was used for interpolation. The data represent the condition at approximately mean
high tide.
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Appendix C: The JIMAR Tsunami Research Effort Engineering Model
for Tsunami Inundation
George D. Curtis

Tsunami waves and their interaction with various topographies and the resultant inundation from
known wave heights have been determined at JIMAR (Joint Institute for Marine and Atmospheric
Research) for all of the coastlines in the State of Hawaii using the engineering technique described
by Curtis and Smaalders (1989) and Curtis (1991a and b). The JIMAR Tsunami Research Effort
(JTRE) engineering tsunami inundation and evacuation method was applied to Humboldt Bay, Eel
River, and Crescent City. The method was developed for coastlines along the ocean. The method
is less reliable or tested for enclosed bays such as Humboldt Bay and complex areas such as
Crescent City Harbor.

The current set of tsunami evacuation maps for the State of Hawaii was generated at JTRE and
approved on January 31, 1991. The evacuation maps are published in the front of the telephone
books for each of the islands and used by Civil Defense and local authorities.

The analytical method of Bretschneider and Wybro (1976) is used to estimate the inundation
from waves with assumed constant heights and infinite periods at the shore line. Various cross
sections are taken of the topography from the shoreline and the limit of inundation for each cross
section is determined. The friction along the cross section is described using Manning’s friction

coefficient.
The original formula was
2 1
{F— + 1} Ax
2

n Zg F2h -1

h, = h,—|tan6 +
(1.486)

and had been rearranged for routine use as

2
SHE
Ax = 173
n’g F* h,
tan § + _g___‘i____
(1.486)*
where
h = wave height Ax and Ah = incremental
x = horizontal distance distance and height
h, = average depth n = Manning’s friction coefficient
F = Froude number g = gravity

tan @= ground slope
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The runup height and inundation limit are calculated for each cross section and assumed wave
height at shoreline. The runup height is defined as the elevation of the ground above mean sea level
that the water will reach. This is usually not equal to the wave height, or inundation depth, at the
shore line. The inundation limit is the inland limit of wetting, measured horizontally from the mean
sea level line. The inundation limits are defined by connecting the limit points calculated for each
cross section along the appropriate topographic contours.

The JTRE model was applied to determine the tsunami inundation of Crescent City by a 10-,
5-, and 2-m wave and of the Humboldt Bay-Eel River area by a 10- and a 2-m wave. Five cross
sections were modeled for Crescent City (see Fig. H-3). Cross sections perpendicular to the town
of Eureka, perpendicular to Fields Landing, and paralle] to the Eel River were modeled for
Humboldt Bay and Eel River (see Fig. H-1). The friction was described using Manning’s friction
coefficients, which were equivalent to the DeChezy friction coefficients used in the numerical
models. The JTRE model and the numerical model gave similar inundation limits for Crescent City,
Humboldt Bay, and Eel River. This increases our confidence in our ability to model the inundation
limits and the reliability of our models for determining the inundation limits for the scenario
tsunani.
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Appendix D: Regional Model Verification
Kenji Satake

D1. Regional Model Calibration: The 1992 Petrolia Earthquake Tsunami

To test the regional tsunami model described in Appendix A, we computed tsunamis from the
1992 Petrolia earthquake. We used fault parameters estimated from seismological and geodetic
analyses (Oppenheimer ef al., 1993). Figure D-1 shows these parameters and the computed crustal .
- deformation, which predict the coast line uplift of 60 cm. This uplift was confirmed by field survey
(Oppenheimer et al., 1993).

We saved the computed tsunami waveforms at eight tide locations corresponding to existing
tide gauge stations. Figure D-2 shows comparisons of the observed and computed tsunami
waveforms (the tide has been removed from the observed records). One of the interesting features
of the observed tsunami waveforms is that they consist of two wave packets. This can be clearly
seen on the records at Crescent City, Point Reyes, or Monterey. More importantly, the maximum
height was registered by the second packet at more than a few hours after the first arrival of the
tsunami. The computed waveforms approximately reproduced these features. The amplitude and
waveforms do not exactly match at each station, but the overall agreement is quite good.

The numerical computation also shows the possible cause of the second packet. Figure D-3 -
shows the water height distribution at 1-h intervals after the origin time of the earthquake. It is seen
in the figures that the amplitudes are large along the coast for more than a few hours. At 1 h, the
largest peak (about 15 cm) is just outside the Eureka Bay entrance (40°40". At 2 h, the largest peak
is at 41°. If this movement of the peak represents a propagating wave, the apparent velocity is about
50 km/h. This corresponds to the velocity of a gravity wave for a depth of 20 m. Hence, this may
represent an edge wave, a kind of wave whose energy is trapped on the edge of the coast. The
observed late and large tsunamis are likely to be edge waves (Gonzalez et al., 1992).
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Appendix E: Modeling of the April 1992 Eureka Tsunami
Charles L. Mader

The tsunami of April 25, 1992, was caused by an earthquake centered south of Humboldt Bay
at Cape Mendocino with a magnitude of 6.9. The earthquake description used in the modeling was
developed by Frank Gonzalez of Pacific Marine Environmental Laboratory. The earthquake fault
parameters he used were 21.5-km long, 16-km wide, 6.3-km depth, 12-deg dip, 350-deg strike, and
94-deg rake. These parameters give the earthquake surface displacement shown in Fig. E-1. The axis
scale is 1 km. '

A 1-km grid along the Northern California coast was used to model the tsunami resulting from
the earthquake displacement. The 1-km grid was 256 cells in the east-west direction and 221 cells
in the north-south direction for a total of 56,576 cells. The propagation of the tsunami from its
source is shown in Fig. E-2. Outside of Humboldt Bay, the tsunami wave had a complicated wave
train with a maximum height of 0.3 m. It was approximated as a sine wave with a height of 0.3 m,
a period of 1800 s, and an initially negative displacement. Outside of Crescent City, the tsunami
wave was a complicated wave train with a maximum height of 0.1 m and a period of 1,600 s. The
initial displacement was positive.

The interaction of a 0.3-m-high, 1,800-s-period tsunami wave outside of Humboldt Bay with
Humboldt Bay was modeled using a 100-m grid of Humboldt Bay (see Fig. H-1). The grid was
192 cells in the east-west direction and 2355 cells in the north-south direction. The calculated wave
profile near the North Spit tide gauge and the smoothed gauge record are shown in Fig. E-3.

The interaction of a 0.1-m-high, 1,600-s-period tsunami wave outside of Crescent City was
modeled using a 25-m grid (see Fig. H-3). The grid was 160 cells in the east-west direction and
240 cells in the north-south direction. The observed tide gauge record at Crescent City was higher
than the North Spit tide gauge and had a train of waves with a peak amplitude three times higher
than the maximum North Spit tide gauge amplitude and arrived 2 h after the first tsunami wave.
Only the arrival time of the first wave at Crescent City was reproduced by the numerical model. The
effects of tides were included in the calculations, but they did not significantly change the results.
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Appendix F: Verification of Crescent City Inundation Model
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MODELING TSUNAMI FLOODING OF CRESCENT CITY

Charles L. Mader
Senior Fellow, JTRE - JIMAR Tsunami Research Effort
University of Hawaii, Honolulu, HI., U.S.A.

E. N. Bernard
Director, Pacific Marine Environmental Laboratory
Seattle, WA., U.S.A.

ABSTRACT

The generation, propagation and interaction of tsunami waves with Crescent City,
California is being numerically modeled for specific historical events. The modeling is
performed using the SWAN code which solves the nonlinear long wave equations.

The March 28, 1964 tsunami was caused by an Alaskan earthquake. The tsunami
generation and propagation across the Pacific was modeled using a 20 minute grid for the
North Pacific. The wave arriving in the region of the U.S. west coast was modeled using a
5 minute grid. The wave arriving outside of Crescent City harbor was then modeled using
a 25 meter grid of the harbor and town. The model gives approximately the observed
maximum area of flooding of Crescent City. The large amount of flooding of Hilo, Hawaii
from the 7.6 magnitude 1946 Alaskan earthquake and small amount of flooding from the
8.4 magnitude 1964 Alaskan earthquake at Hilo while extensively flooding Crescent City
was reproduced by the numerical model. The effect of the tide was modeled and found to
be small.
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MODELING

The flooding of Crescent City, California by the tsunami of 1964 was modeled using the
SWAN non-linear shallow water code which includes Coriolis and frictional effects. The
SWAN code is described in Reference 1. Most of the calculations were performed on an
IBM PS/2 model 95 with 16 megabytes of memory. The 20 and 5 minute topography
was obtained from the NOAA ETOPO 5 minute grid of the earth. The 25 meter grid
topography was obtained using available USGS and other topographic maps, photographs
and reports. The extent of flooding for the event is well documented.

The following calculations performed similar to the study of tsunami wave inundation
of Hilo, Hawaii described in references references 2 and 3.

First - A 20 minute grid calculation of the North Pacific was performed to model the
tsunami generation and propagation to the region of the West Coast of the United States.
The 20 minute North Pacific grid was from 120 E to 110 W and 10 N to 65 N and 390
by 165 cells. The wave profile arriving in the region of West Coast was used to select a
realistic input direction and profile for the second step.

Second - A 5 minute grid calculation of the tsunami wave from the first step interacting
with the West Coast was performed. The 5 minute West Coast grid was from 10 N to 60
N and 240 by 480 cells. The wave direction and profile arriving in the region of Crescent
City harbor was used to select a realistic input direction and profile for the third step.

Third - A 25 meter grid calculation of the tsunami wave from the second step interacting -
with Crescent City harbor and town, and the resulting flooding was performed using the
input wave direction and profile from the second step. The 25 square meter Crescent City
grid was 160 by 240 cells. ‘

The results of the calculations were compared with the available Crescent City flooding
levels for the 1964 tsunami. '

The tsunami of March 28, 1964 was caused by an earthquake of 8.4 magnitude in Alaska
near Prince William sound at 61 N, 147.5 W, 13:36 GMT.

The modeling of the tsunami wave formed by the earthquake and its interaction with
Hilo, Hawaii was described in references 2 and 3. A summary of the results follows. The
tsunami arrived at Hilo at about 17:30 HST. The second wave of the tsunami wave train
was the largest. Using the first measurable half-wave period, the period was determined
from the Hilo tide gage to be 50 minutes. The modeling of the tsunami wave formed by
the earthquake and its interaction with Hilo, Hawaii was described in references 2 and 3.
The earthquake source was studied in detail by Plafker (Ref. 5.). The source was 300 km
wide and 800 km long aligned along a SW-NE direction. The source was 7 cells wide. The
initial amplitudes from ocean to land had heights of +5.0, +9.0, +10.0, +9.0, +5.0, +1.0,
-2.0 meters. This source resulted in a wave at Wake Island similar to that observed by
Van Dorn (Ref. 4) as shown in references 2 and 3. The wave observed at Wake Island was
15 em high with a 50 minute period.

The wave arriving north of the Hawaiian Islands was a half-wave with a period of 4000
sec, followed by a 0.1 meter high half-wave with a period of 2000 sec, then by a 0.25 meter
high full wave with a period of 1750 sec.

The tsunami wave interacted with the Hawaiian Islands and refracted around the island
of Hawaii such that the tsunami arrived from the North-East on the Hilo side of the island.
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The wave arriving outside Hilo Bay had an initial positive amplitude of 1.0 meters, 4000
second period half-wave, followed by a 1.0 meter 2000 second period half wave, then by
a 1.0 meter, 1750 period full wave. . This wave was used as the source for the Hilo Bay
calculation. |

The calculated and observed inundation limits were much smaller than for the April
1, 1946 tsunami. Both the 1946 and 1964 tsunamis were generated by earthquakes in
Alaska. The 7.5 magnitude 1946 tsunami flooding of Hilo was much greater than the 8.4
magnitude 1964 tsunami. This was reproduced by the numerical model. The directionality
of the tsunami from its source was the primary cause for the smaller earthquake resulting in
greater flooding of Hilo. The 1946 tsunami wave peak energy was directed toward Hawaii
while the 1964 tsunami wave peak energy was directed east of Hawaii toward the Pacific
coast of North America as shown in Figure 1.

At the northern end of the West Coast of the United States the tsunami wave shown in
Figure 1 has a period of 1500 seconds and a half-wave amplitude of about 2.0 meters shown
as Location 7 in Figure 1. In the deep ocean the wave is coming from the North-West. It
refracts as it travels down the coast and is coming from the West as it interacts with the
region of Crescent city with heights of 4 meters as shown in Figure 2, Locations 6 and 7.

Figure 3 shows the calculated and observed inundation limit for Crescent City. The
observed inundation limit was described in reference 6. The tsunami wave outside of the
harbor had a height of 4.0 meters and a period of 1500 seconds. A constant DeChezy
friction coefficient of 30 was used. The 1964 tsunami arrived just after high tide which
contributed to the level of flooding. The tide was included in the model and the ebbing
tide decreased the maximum water levels by less than 10 percent.

CONCLUSIONS

The flooding of Crescent City, California by the tsunami of March 28, 1964 has been
numerically modeled using the non-linear shallow water code SWAN including the Coriolis
and friction effects. The modeling of the tsunami generation and propagation across the
Pacific Ocean to the U. S. West Coast followed by modeling of the tsunami interaction
with the West Coast on a finer grid and then modeling the tsunami wave interaction with
Crescent City harbor and town using a high resolution grid results in inundation limits
that reproduce the observed inundation limits.

The 1946 and 1964 tsunamis were generated by earthquakes in Alaska. The 7.5
magnitude 1946 tsunami flooding of Hilo was much greater than the 8.4 magnitude 1964
tsunami while the reverse was observed for Crescent City, California. This was reproduced
by the numerical model. The directionality of the tsunami from its source was the primary
cause for the smaller 1946 earthquake resulting in greater flooding of Hilo than the large
1964 earthquake. The directionality of the tsunami was also the primary cause for the
extensive flooding of Crescent City by the 1964 event.
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Appendix G: Earthquake Scenario Study with Regional Tsunami Model
Kenji Satake

G1. Earthquakes

Testing the regional model by simulating the 1992 Petrolia earthquake/tsunami gave us the
confidence to model other earthquakes that might generate larger tsunamis. Using the regional
model, we generated four magnitude-8.4 earthquakes in the southern Cascadia Subduction Zone
(CSZ) and computed the propagation of the resultant tsunamis over a wide area of the U.S. west
coast. We computed crustal deformation from realistic fault parameters and used it as an initial
condition for linear, long-wave propagation. The objectives of the regional computation were (1)
to model the generation and propagation of tsunamis on a regional scale and (2) to provide accurate
boundary conditions for local nonlinear inundation computations such as those presented in
Appendix B.

G1.1. Seismological and Geological Estimates of Fault Parameters

Figure G-1 defines the fault parameters. The vertical crustal deformation pattern can be
computed from these fault parameters using ¢lastic dislocation theory (e.g., Okada, 1985) .

Gl1.1.1. Fault Length. The Cascadia Subduction Zone (CSZ) extends from the Mendocino
Fracture Zone on the south all the way to Queen Charlotte Fault, north of Vancouver Island (Fig.
G-2). The length of the entire CSZ is 1200 km. The length of the southern segment, south of Blanco
Fracture Zone, where Gorda plate is subducting beneath the North American plate, is 240 km. Thus,
earthquakes occurring within the southern segment of CSZ have a maximum fault length of 240 km
(_Clarke and Carver, 1992). If the rupture extends to the north, the fault may be longer, and the
earthquake may be as large as M=9. In southwestern Japan, a tectonically similar subduction zone
to CSZ (Heaton and Hartzell, 1987) exists where earthquakes with M=8 occurred periodically (Fig.
G-2).

G1.1.2. Fault Width and Depth. Clarke and Carver (1992) hypothesized the fault width of the
Southern Cascadian event was 70 to 80 km. They assumed that the rupture extended seaward to the
western limit of strong coupling (seismic front or structural discontinuity), which is about 20 km
east of the CSZ (deformation front). The landward limit (aseismic front) is estimated to be where
the dip of the downgoing plate increases from ~11° to 25°. This area also corresponds to the shallow
crustal seismicity. For tsunami generation, however, we also considered slips in shallower
extensions between the seismic front and CSZ. Studies of tsunamis in other places show that fault
slips generally extend all the way to the ocean bottom (e.g., 1946 Nankaido earthquake or 1992
Nicaragua earthquake). The slip on the shallower part may be passive, or caused by the deeper slip,
but may affect the tsunami generation. We therefore considered two different fault widths: 80 km
and 100 km. The wider fault (100 km) extends to the ocean bottom at CSZ, while the narrower fault
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extends only to the seismic front. Figure G-3 shows the cross sections of crustal deformation for
narrow and wide faults for the average slip of 8 m, |

G1.1.3. Fault Dip. The dip of seismicity is 10-20° in the northern CSZ (Crosson and Owen,
1987) and about 6° in the southern CSZ (Oppenheimer, personal communication, 1993). We
assumed that the dip angle is 10° and constant down to the aseismic front. Then the depth of the
seismic front or the upper edge of the narrower fault is about 5 km beneath sea level and the depth
of the aseismic front, or the deeper end of the fault, is about 20 km.

- Gl.14. Average Slip on the Fault. The average slip is assumed to be 8 m on the main fault.
The convergence rate between the Gorda and North American plates is 3040 mm/yr, and the
recurrence interval is 300 yr or longer (Heaton and Kanamori, 1984). There is no information on
what percentage of the slip is released seismically. One extreme is that the slip is aseismic; in this
case, there will be no large subduction earthquake. The other extreme is that the CSZ is completely
locked and there is no aseismic slip. Our estimate of 8 m is close to this case, assuming that an
earthquake of similar size occurred 300 years ago.

It is not critical that the slip estimate be exactly correct. As stated in Appendix A, tsunami
amplitude is linearly related to the average slip on the fault as long as we use linear, long-wave
computaﬁon. Therefore, it is trivial to estimate tsunami amplitudes for different slip amounts.

G1.2. Slip Partitioning to Subsidiary Faults

Clarke and Carver (1992) put forward evidence of coseismic slip of the Little Salmon Fault
in Eurcka Bay associated with the megathrust event, The Little Salmon Fault is part of a fault system
continuing out to sea in the accretionary prism. We therefore considered a case that the fault slip is
partitioned on these subsidiary faults.

Similar slip partitioning was observed for the 1964 Alaskan earthquake. The slip partitioning
onto a fault in shallow sediments has been proposed as a mechanism of a “tsunami” earthquake,
which produces tsunamis considerably larger than would be expected from seismic wave data
(Kanamori, 1972; Fukao, 1979).

Figure G-3 (bottom) shows the cross sections of crustal deformation for the slip partitioning
case. The 8-m slip is partitioned onto a subsidiary fault with a larger dip angle as well as onto the
extension of the main fault. The deformation pattern and amount is different from the above cases
and the tsunami excitation is expected to be different.

G1.3. Four Scenario Earthquakes

We modeled four different scenario earthquakes. They are tabulated in Table G-1. Parameters
and computed crustal deformation are shown in Fig. G-4.

The model SW represents a rupture on wide (100 km) fault. The model SN represents a rupture
on a narrow (80 km) fault. The average slip on these faults is 8 m. The seismic moments are
4.6 x 10%® dyne cm (10* Nm) for the SN model and 5.8 x 10% dyne cm (10*! Nm) for the
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Table G-1. Fault parameters of four scenario earthquakes.

Fault Length

Case Main Subsidiary Fault Width Top Depth Average Slip

SW (Wide 240 km n/a 100 km 0 km 8m

SN (Narrow) ) 240 km nfa 80 km 4 km 8m

SP 1 (Slip partitioning 1) 240 km 235 km 100 km 0km 8m
‘ {partitioned)

SP 2 (Slip partitioning 2) 240 km 85 km 100 km O km gm
(partitioned)

SW model, assuming the rigidity is 3 x 10" dyne/cm®. The moment magnitude, M, for both cases
is 8.4. '

The models SP1 and SP2 represent the slip-partitioned cases. In model SP1, the slip is
partitioned onto the Little Salmon fault and its offshore extension, whereas in model SP2 the slip
partitioning occurs only on the Little Salmon fault. As can be seen in Fig. G-5 (¢ and d), the slip
partitioning gives very different crustal deformation in the Eureka area. The seismic moment is 5.2 x
10 dyne cm for the SP1 model and 5.5 x 10* dyne cm for the SP2 model. Both give M, = 8.4.

G2. Results of Regional Computations
G2.1. Eureka Area

The tsunami waveforms in the Eureka area from four earthquakes are shown in Fig. G-7 (see
Fig. G-6 for the locations). Among the four models, the tsunami amplitudes are largest from the case
SN at output points 1, 2, and 3, while those from the models'SP1 and SP2 become largest at output
points 4, 5, and 6. This local variation is due to the fact that the initial condition varies locally (see
Fig. G-5). In fact, some of the largest amplitudes are associated with the crustal deformation; an
instantaneous uplift of the ocean bottom lifts the water mass above it. The predominant period of
tsunami is 50-60 min for all the cases, and the largest amplitude is 2.8 m (from SN) at 50-m depth.
At the North Spit tide gauge station, the maximum amplitude is 4 m {from the model SN at about 3 h
after the earthquake. However, this amplitude is close to the water depth, and the nonlinear effect,
which was ignored in the computation, should become important to accurately evaluate the
amplitudes of such large tsunamis. Because this station is right above the Little Salmon Fault, the
coseismic deformation is larger than tsunamis for the models SP1 and SP2.

G2.2. Crescent City Area

The tsunami waveforms in the Crescent City area are shown in Fig. G-9 (see Fig. G-8 for
locations). The tsunami waveforms from the four models are similar; three large waves arrive at
about 15 min, 90 min, and 160 mins after the earthquake with similar amplitudes. The predominant

48



Case SW (Wide Fault)

megathrust extends to the ocean bottom

depth to the top edge=0 km
- / W =100 km

L=150km

strike N10°W
dip 10°

slip 8 m
(pure dip-slip)

40°58'N
124° 54'W

slip 8 m

L =90 km (pure dip-slip)

strike N20°W
dip 10°

40°11'N
124°30'W T
depth to the top edge= 0 km

Fig. G-4. Fault parameters for the four scenario earthquakes. See Figure G-1 for the definitions of the parameters,
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Case SN (Narrow Fault)

slip on seismogenic zone on megathrust

depth to the top edge= 4 km
l W=80km

strike N10°W (pure dip-slip)
dip 10°
41°N
124°40'W
| ~ slip 8 m
L=290 km \ (pure dip-slip)
strike N20°W
dip 10°
40°15'N W= 80 km
124°17'W

depth to the top edge= 4 km

Fig. G-4. (continued}.
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Case SP1

case SN plus slip partitioning
on Little Salmon Fault and its offshore extension

£ :150 km
W:70 km
strike: NT1O°W
dip: 10°
depth: 5 km
L:150 km slip: 8 m
W: 30 km
strike: N10O°W
dip: 10° t-V 11'20 kkm
) : m
d‘;—fp”: 0 km strike:  N10°W
4 m ) .
Shp:. 41°01'N dip: 30
124° 33'W depth: O km
slip: 4 m
’ /
40°S8'N ‘ L=85 km
124° 54'W W=10 km
strike N5O°W
dip 20°
L: 90 km deF)th 0 km
W: 30 km slip 4 m
strike: N20°W 40°30.5'N
dip: 10° 123° 54'W
depth: O km L:90 km
slip: 4 m W: 70 km
40°11'N ox oy strike: N 20°W
124°30'W fg 4";' ON,W dip: 10°
’ depth: S km
slip: 8 m

Fig. G-4. (continued).
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Case SP2

case SN plus slip partitioning
only on Little Salmon Fault

L:150 km

W: 100 km
strike: N1O°W
dip: 10°
depth: O km
slip: 8 m

40°58'N L=85 km
124° 54'W W =10 km
strike NSO°W
dip 20°
L: 80 km depth O km
W: 30 km slip 4 m
s'Frike: N2O°W 40°30.5'N
dip: 10° 123° 54'W
depth: 0 km L : 90 km
slip: 4 m W:70 km
40°11'N strike: N 20°W
o 40°17'N dip: 10°
124°30'W o P
124°10'W depth: S km
slip: 8 m

Fig. G-4. (continued).
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period of 6080 min and the amplitude is about 2.5 m at 50-m depth. At the Crescent City tide gauge
location, the maximum tsunami height is about 5 m from all the models, and it occurs about 160 min
after the earthquake. Again, the estimates of tsunami heights at tide gauge station is not very
accurate, because of the nonlinearity. Further, our computation for the 1992 Petrolia earthquake
(Fig. D-2) underestimated the tsunami height at this tide gauge station.

G3. Conclusion

The regional tsunami modeling was made for four M -8.4 earthquakes and tsunami waveforms
are computed at 50-m depth offshore Eureka and Crescent City. The worst-case
tsunami has an amplitude of 2.9 m and a period of 50—60 min offshore Eureka, 2.5-m amplitude, and
60-80-min period offshore Crescent City. These provide realistic boundary conditions for mode-
detailed inundation modeling for both areas.
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Appendix H: Tsunami Inundation
Charles L. Mader and George Curtis

Hl. Eureka

The interaction of a tsunami wave similar in maximum amplitude to the April 1992 Eureka

tsunami and a 10-m incident tsunami with Humboldt Bay and Eel River was modeled. The

| topographic grid was 100 m square, and the friction was described with a DeChezy coefficient. The
areas normally under water had a coefficient of 40, while most of the land areas had a coefficient
of 30. Populated areas with buildings had a coefficient of 10 as did regions with heavy timber. The
model had 192 cells in the east-west direction and 375 cells in the north-south direction for a total
of 72,000 ceils. The calculations were performed on 50-MHz, 486 personal computers using the
OS/2 operating system and the SWAN computer code with MCGRAPH graphics.

‘The tsunami wave similar to the April 1992 event was described by a 2-m-high tsunami wave
in 50 m of water with a period of 33.3 min. The southern end of the Humboldt spit was flooded. The
Eel River region was flooded inland as much as 2.5 km. Only the region across from the Bay
entrance was flooded inside the Bay.

The Cascadia Subduction Zone earthquake was modeled using a 10-m-high tsunami wave in
50 m of water with a 33.3-min period. All the Humboldt spit was flooded. The inundation levels
inside the harbor reached 3 m at some locations and extended inland over 5.0 km in the Eel River
region.

The inundation area for the 10-m tsunami is shown in Fig. H-1 with the X and Y axis being
the grid number or 100 m. The lines labeled A, B, and C are the one-dimensional engineering model
locations used to cross check the inundation model. Favorable comparisons led to the conclusion
that the inundation model was performing properly.

H2. Crescent City

The interaction of a tsunami wave similar to the April 1964 event and a 10-m incident tsunami
with Crescent City harbor and town was modeled. The topographic grid was 25-m square, and the
friction was described with a DeChezy coefficient of 30, which is appropriate for most of the
flooded area. The model had 160 cells in the east-west direction and 240 cells in the north-south
direction for a total of 38,400 cells. The calculations were performed on 50-MHz, 486 persohal
computers using the OS/2 operating system and the SWAN computer code with MCGRAPH
graphics. '

The tsunami wave similar to the April 1964 event was described by a 5-m-high tsunami wave
in 50 m of water with a period of 33.3 min. All the land below 2-m elevation was flooded, and the
inundation levels inside the harbor reached 4 m at some locations and ¢xtended inland over 600 m.

The Cascadia Subduction Zone earthquake was described by a 10-m-high tsunami wave in
50 m of water with a 33.3-min period. All the land below 4 m elevation was flooded and the
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Fig. H-1. The Humboldt Bay and the Eel River region inundation areas for a 10-m, 33.3-min-period high tsunami. Lines
labeled A, B, and C represent the locations of the engineering model used to cross check the inundation model
calculations. The length of the line represents the extent of flooding estimated by the engineering model.
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inundation levels inside the harbor reached 6 m at some locations and extended inland over 1.3 km.
The wave heights as a function of time at seven locations are shown in Fig. H-2. The locations are
shown as dots with their location numbers. The depths at the various locations are, in order, 22.6 m,
7.9 m, and 6.4 m below high tide and 3.1 m, 0.2 m, 3.0 m, and 2.7 m above high tide. The maximum
water level over land was 8 m for locations 4, 5, and 6.

The inundation area for the 10-m tsunami is shown in Fig. H-3 with the X and Y axis being
the grid number or 25.0 m. The lines labeled A through E correspond to the locations of the one-
dimensional engineering model used to cross check the inundation model performance.
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Fig. H-2. The wave heights as a function of time at various Crescent City locations for a 10-m-high tsunami wave in
50 m of water with a 33.3-min period.
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Fig. H-3. The Crescent City inundation areas for a 10-m, 33.3-min-period high tsunami. Lines labeled A, B, C, D, and
E represent the locations of the engineering model used to cross check the inundation model calculations. The
length of the line represents the extent of flooding estimated by the engineering model.
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Appendix I: Cascadia Subduction Zone Earthquake Scenario Meeting

Attendees at Cascadia Subduction Zone Scenario Earthquake Meeting

Held April 8, 1993, at California Division of Mines and Geology, Sacramento, California

U.S. Geological Survey
David Oppenheimer
Samuel H. Clarke

Federal Emergency Management Agency
Jim Buika—Region 9
Christine Jonientz-Trisler—Region 10

National Oceanic and Atmospheric Administration
Eddie Bernard—Pacific Marine Environmental Laboratory

California Division of Mines and Geology
James Davis '
Tousson Toppozada
Michael Reichle
Glenn Bornhardt

~ California Office of Emergency Services
Ed Bortugno
Paula Schulz

California Seismic Safety Commission
Richard McCarthy

University of California at Berkeley
Robert Olson

Humboldt State University
Gary Carver

University of Michigan
Kenji Satake

Woodward-Clyde Consultants
Ivan Wong
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STATE OF CALIFORNIA—THE RESOURCES AGENCY PETE WILSON, Governor

DEPARTMENT OF CONSERVATION

DIVISION OF MINES AND GEOLOGY

GEOLOGIC HAZARDS ASSESSMENT PROGRAM
801 K STREET, MS 12-31

SACRAMENTO, CA 958143531

Phone (918) 324-7299

April 23, 1993

Dr. E. Bernard

Pacific Marine Env. Lab.

7600 San Point Way NE Bldg. 3
Seattle, WA 981150-0700

Dear Colleague:
This is a follow-up to the meeting of 8 April regarding the scenario earthquake on

the Cascadia subduction zone (CSZ) in northern California. The fault parameters
agreed upon were as follows:

Length 240 km
Width 80-100 km
M 8%
Displacement 8m

Dip of CSZ 10°

Waestern extent of rupture on CSZ - 20 km E of CSZ trace
Depth of western limit of CSZ seismic rupture 6 - 7 km
{water depth is 0.5 to 1 km)

Southern extent of CSZ near April 1992 epicenter
Duration ~ 1 minute {>0.05g and > 2Hz).

The attached map shows the geometry of the fault planes. The coordinates of
the points are listed, so that different modelers can use the same geometry. The
points are listed in order, clockwise from Petrolia (P}.
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The area (PABCDEF) is about 19,000 km?, leading to M, 8.4 using Wyss (1979).

Gary Carver suggested that the 8 m displacement on the CSZ be partitioned, with
4 m going to the Little Salmon fault (LSF), which dips about 20°, In that case,

d =8 m on CSZ between points D and A, and d =4 m between A and P, and d=4
on LSF between A and G. We are not yet sure how to model the shakmg
intensities from a combined CSZ-LSF event.

| would appreciate any comments you may have on the fault parameters or
geometry. Thank you very much for your cooperation.

, TRT:vw

attachment

Sincerely,

/W\f
T.R., Toppozad

Senior Seismologist



State of California
The Resource Agency

Memorandum

To: Kenji Satake, Mark Murray, David Oppenheimer Date: May 4, 1993
Tousson R. Toppozada

From: Department of Conservation .
Division of Mines and Geology f l

801 K Street, MS 12-31
Sacramento 95814-3531

Subject:  Cascadia Fault Parameters

I have received e-mail from David and Kenji at COMG @andreas.wr.usgs.gov, regarding my
letter and map of April 23rd. | will address my comments to the question numbers used by

them.
1. What is the geometry of the Little Salmon Fault? Kenji has answered David’s question.

2. 'To what depth does the LSF go? | assume that the LSF extends downward to meet the
surface of CSZ. | think David’s e-mail of 29th alsb indicates that. Does Kenji's last
sentence referring to the "mainfault” give a different interpretation?

Regarding Keniji's remark that LSF should be "narrow" to have uplift at LSF and

subsidence nearby at Freshwaster syncline, could dip and depth also affect this?

3. Could the fault be treated as a rectangular fault instead of the wavy line shown in the
map? | thought David was still referring to LSF. But Keniji is referring to CSZ.
Keniji, it is ok to ignore line EF, and to measure 80 km east of points D, C, B, A, and P, to

have a uniform width of the seismogenic segment of the CSZ.

4. What is the boundary between 4 and 8 meter slip region of the CSZ? Point A to where?
(keep latitude of 41 degrees?) David’s question of where the EW boundaries intersect line EF
is addressed in the previous paragraph. | | |

In addition to the two cases mentioned by Kenji, there is a third case that Sam Clarke
and Gary Carver indicate was discussed in the April 8 meeting:

4 m on AP, 4 m on AG, which is the same as Kenji's case (2) south of A. Then north
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from A, 4 m on ABCD, and 4 mon A’‘B‘C’D’, where A’ is on CS5Z map trace, 20 km W of
A, and so on for B’C* and D’. This third case is the only one that has surface rupture {4m)
branching up on a steep splay to the ocean bottom at the western edge of the seisomgenic
zone at ABCD. Cases 1 and 2 have the 8m rupture propagating from ABCD aseismically up-
dip at ~ 10° to the ocean bottom surface at A‘B‘C’'D".

This third possible case has no effect on the intensities on land.

5. What is the strike of the "two" CSZ faults and the rake of all "three" faults? 'Kenji
addresses this question adequately. | would like to note that BP is a straight line, so that
the strikes of BA and AP are equal. A is just the projected intersection of LSF with BP.

A pure dip-slip rake of 90° is reasonable. Clarke also ﬁoted the length of 230 km for
DCBAP, and indicated that it could be extended to 240 km by moving point P some 10 km
due S (or 10 km ESE along BAP), '

6. What is the elevation datum for the region of interest (i.e., the seafloor)? s a single flat

surface layer sufficient? | have no comment on the datum.

cc: Eddie Bernard
Gary Carver
Sam Clarke

Ivan Wong
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