
9. Discussion: Resolvable Issues
Through Future Research

9.1 Tsunami Earthquakes

A
lthough not included as part of this study, it is important to note

the possibility of tsunami earthquakes (Kanamori, 1972; Kanamori
and Kikuchi, 1993; Polet and Kanamori, 2000). These earthquakes

typically rupture the shallowest part of the interplate thrust near the trench and
characteristically have a slow rupture velocity. Although we know of subduction
zones where they have occurred (Aleutian, Kuril, Japan, Peru, Nicaragua), it
is unclear how ubiquitous they are or whether or not their downdip rupture
extent overlaps with that of typical subduction zone earthquakes. It is espe-
cially difficult to assign average return times for these earthquakes, though a
minimum return time can be estimated from the characteristic amount of slip
during a tsunami earthquake and the relative plate convergence velocity.

One possible scenario for tsunami earthquakes for the Cascadia Subduc-
tion Zone is that they occur by rupture on a shallow splay fault near the
deformation front (Geist and Yoshioka, 1996; Priest et al., 1997; Satake et al.,
2003). The possibility of rupture propagation onto splay faults is an area of
active research (for example, Kame et al., 2003). For now, it is difficult to
quantify how likely this scenario is.

9.2 Smaller Cascadia Subduction Zone
Earthquakes

Inclusion of earthquakes that have a magnitude smaller than the idealized
characteristic earthquake magnitude will likely affect the results of the proba-
bilistic calculations. Much of the recent paleoseismic research suggests that not
all of the subduction zone earthquakes preceeding the 1700 event ruptured the
entire length of the subduction zone. However, we have neither sufficient infor-
mation for the paleoseismic record nor information from recorded seismicity
to determine what the distribution of earthquake magnitudes is for Cascadia.
One of the main questions we addressed during the beginning of this study
was “Do we model earthquakes of M < 9 and alternative rupture models in
addition to characteristic M = 9 earthquakes?” Depending on the exact form
of the frequency-magnitude distribution, the inclusion of smaller earthquakes
will tend to increase the tsunami hazard for the 0.01 yr−1 recurrence rate
and decrease the tsunami hazard for the 0.002 yr−1 rate (Geist and Parsons,
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Figure 33: Sample logic tree to include the effects of epistemic uncertainties for local
subduction zone earthquakes. The ellipses indicate replication of the branches from
the top level.

2005). It is important to emphasize, however, that it is currently quite difficult
to get reliable recurrence rates for the smaller Cascadia earthquakes from
paleoseismic studies to build such a distribution, thus adding a significant
amount of uncertainty to the calculations. Instead, we have focused on sources
of uncertainty that we can quantify with some degree of confidence: influence
of tides (Appendix E) and natural variability in slip distribution.

9.3 Other Sources of Epistemic Uncertainty

In any probabilistic study, the distinction between epistemic and aleatory un-
certainties is made because they are handled in different ways in the probabil-
ity calculations. Epistemic uncertainties are typically incorporated using logic
trees, whereas aleatory uncertainties, such as the tidal stage at tsunami arrival
and slip distribution at the source, are handled through direct integration in
the rate calculations (Appendix E). Variation in parameters such as rupture
width and whether or not splay faults are ruptured also has a demonstrated
effect on local tsunami runup (Priest et al., 1997). A sample logic tree that
includes many of the sources of epistemic uncertainty is given in Fig. 33. As
displayed, this would involve a total of 20 branches. The total number of
model runs would be dependent on both the number of branches and the
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sample size for the G-R distribution branch—in any case, the number would
be excessive. Even just considering the characteristic distribution branch, if
12 model runs are needed to capture the uncertainty from slip distribution
patterns, then a total of 10 × 12 = 120 model runs would be needed according to
the scheme above. Clearly, some judicious choices need to be made to reduce
this computational load. As possible options for future studies, one can reduce
the number of branches (for example, just considering two rupture widths) or
randomly sample the different branches of a more complete logic tree.





10. Recommendations

T
his pilot study was motivated by the previous finding (Chowdhury et al.,

2005) that the current methodology for including tsunami information
on Federal Insurance Rate Maps is inadequate, because it does not

include advances of the last few decades in tsunami science and tsunami
hazard assessment. The study has integrated advances of the last few decades
in the scientific understanding, tools, and methods available for geophysical
and tsunami hazard assessment to develop a Probabilistic Tsunami Hazard
Assessment (PTHA) methodology, and has applied this methodology to the
community of Seaside, Oregon. The resulting products, including 100- and
500-yr tsunami hazard maps and a comprehensive GIS database, represent a
major advance in tsunami hazard assessment methodology.

The PTHA must now be applied to other Cascadia Subduction Zone com-
munities, and refined and adapted to other tsunami regimes as part of a formal
FEMA/NOAA/USGS partnership in a systematic, cost-effective, national effort
to upgrade the FEMA series of Federal Insurance Rate Maps. To this end, we
make the following recommendations:

10.1 Scientific/Technical Recommendations

• Include all reasonable epistemic and aleatory sources of uncertainty in
each Probabilistic Tsunami Hazard Assessment, using the best available
science.

• Utilize tsunami hydrodynamic models that meet NOAA standards, to
ensure consistency of Federal agency products.

• Test all earthquake and tsunami models by extensive field studies to
gather and exploit all possible paleogeography and paleotsunami data,
historical tsunami measurements, eyewitness reports, and other types of
field observations.

• Develop and maintain a comprehensive GIS database of all field data,
model results, and a comprehensive site- and source-specific tsunami/
earthquake bibliography for the region as an essential and invaluable
analysis and product development tool.

• Publish a report for each PTHA project that documents procedures, data
sources, and results, that includes a bibliography, and that is reviewed for
consistency with FEMA standards.

• Publish PTHA results either as a separate Federal Insurance Rate Map, or
include PTHA information as separate, tsunami-specific items on FIRMs.
In either case, include: (a) the 100-year and 500-year events, (b) tsunami-
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specific V -zones, (c) measurements available for the worst case historical
and/or paleo-tsunami events, and (d) the “Credible Worst-Case Scenario”
event.

10.2 Policy/Programmatic Recommendations

• Establish a formal FEMA/NOAA/USGS partnership to address national
needs for tsunami hazard assessment products in a federally consistent
and cost-effective manner.

• Apply PTHA to additional Cascadia Subduction Zone communities as
NOAA inundation models are completed.

• Conduct pilot studies to adapt PTHA to other tsunami regimes in the
Pacific, Caribbean, Atlantic, and Gulf, using a preliminary assessment of
uncertainty.

• Apply PTHA to additional Pacific, Caribbean, Atlantic, and Gulf commu-
nities as the corresponding pilot studies and NOAA inundation models
are completed.

• Establish a systematic maintenance and improvement program to inte-
grate scientific and technical advances into the PTHA methodology.

11. Acknowledgments

T
he authors of this report gratefully acknowledge the thorough reviews

and constructive comments by Frederic Raichlen and Robert Dean.
High-resolution fault geometry for the Cascadia interplate thrust was

generously provided by Kelin Wang. NOAA/PMEL contribution number 2975.



12. References
Abe, K., 1979, Size of great earthquake of 1837–1974 inferred from tsunami data.

Journal of Geophysical Research, 84, 1561–1568.
Anderson, J.G., and J.N. Brune, 1999, Probabilistic seismic hazard analysis without the

ergodic assumption. Seismological Research Letters, 70, 19–28.
Atwater, B.F., and E. Hemphill-Haley, 1997, Recurrence intervals for great earthquakes

of the past 3,500 years at northeastern Willapa Bay, Washington. U.S. Geological
Survey, Professional Paper 1576, 108 pp.

Atwater, B.F., M.P. Tuttle, E.S. Schweig, C.M. Rubin, D.K. Yamaguchi, and E. Hemphill-
Haley, 2004, Earthquake recurrence inferred from paleoseismology. Developments
in Quaternary Science, 1, 331–350.

Barrientos, S.E., and S.N. Ward, 1990, The 1960 Chile earthquake: Inversion for slip
distribution from surface deformation. Geophysical Journal International, 104,
589–598.

Bourgeois, J., C. Petroff, H. Yeh, V. Titov, C.E. Synolakis, B. Benson, J. Kuroiwa, J.
Lander, and E. Norabuena, 1999, Geologic setting, field survey and modeling of
the Chimbote, northern Peru, tsunami of 21 February 1996. Pure and Applied
Geophysics, 154(3/4), 513–540.

Carrier, G.F., T.T. Wu, and H. Yeh, 2003, Tsunami runup and drawdown on a plane
beach. Journal of Fluid Mechanics, 475, 79–99.

Chowdhury, S., E. Geist, F. González, R. MacArthur, and C. Synolakis, 2005, Tsunami
Hazards. FEMA Coastal Flood Hazard Analysis and Mapping Guidelines Focused
Study Report, February 2005, 42 pp.

Cifuentes, I.L., 1989, The 1960 Chilean earthquakes. Journal of Geophysical Research,
94, 665–680.

Cifuentes, I.L., and P.G. Silver, 1989, Low-frequency source characteristics of the Great
1960 Chilean earthquake. Journal of Geophysical Research, 94, 643–663.

Combellick, R.A., 1992, Paleoseismicity of the upper Cook Inlet region, Alaska. In
Wadati Conference on Great Subduction Earthquakes, Fairbanks, Alaska, 97–98.

Cornell, C.A., 1968, Engineering seismic risk analysis. Bulletin of the Seismological
Society of America, 58, 1583–1606.

Cross, R.H., 1967, Tsunami surge forces. Journal of the Waterways and Harbors
Division, A.C.E., 93, 201–231.

Darienzo, M.E., and C.D. Peterson, 1995, Magnitude and frequency of subduction
zone earthquake along the northern Oregon coast in the past 3,000 years. Oregon
Geology, 57, 3–12.

Darienzo, M.E., C.D. Peterson, and C. Clough, 1994, Stratigraphic evidence for great
subduction-zone earthquake at four estuaries in northern Oregon. Journal of
Coastal Research, 10, 850–876.

Dean, R.G., and D.R.F. Harleman, 1966, Interaction of structures and waves. In Estuary
and Coastline Hydrodynamics, Ippen, A.T. (ed.), McGraw-Hill Book Co., 341–403.

Downes, G.L., and M.W. Stirling, 2001, Groundwork for development of a probabilistic
tsunami hazard model for New Zealand. In International Tsunami Symposium
2001, Seattle, Washington, 293–301.

Fiedorowicz, B.K., 1997, Geologic evidence of historic and prehistoric tsunami inunda-
tion at Seaside, Oregon. M.S. Thesis, Portland State University, 197 pp.

89



90 Tsunami Pilot Study Working Group—Seaside, Oregon Tsunami Pilot Study

Fiedorowicz, B.K., and C.D. Peterson, 2002, Tsunami deposit mapping at Seaside,
Oregon, USA. In Geoenvironmental mapping: Methods, theory, and practice, Bo-
browski, P.T. (ed.), Lisse, The Netherlands, A.A. Balkema Publishers, 629–648.

Flück, P., R.D. Hyndman, and K. Wang, 1997, Three-dimensional dislocation model
for great earthquakes of the Cascadia subduction zone. Journal of Geophysical
Research, 102, 20,539–20,550.

Frankel, A.D., C.S. Mueller, T. Barnhard, D.M. Perkins, E.V. Leyendecker, N. Dickman,
S. Hanson, and M. Hopper, 1996, National seismic-hazard maps. Documentation,
June 1996: U.S. Geological Survey, Open-File Report 96-532, 41 pp.

Frankel, A.D., M.D. Petersen, C.S. Mueller, K.M. Haller, R.L. Wheeler, E.V. Leyendecker,
R.L. Wesson, S.C. Harmsen, C.H. Cramer, D.M. Perkins, and K.S. Rukstales, 2002,
Documentation for the 2002 Update of the National Seismic Hazard Maps: U.S.
Geological Survey, Open-File Report 02-420, 33 pp.

Garcia, A.W., and J.R. Houston, 1975, Type 16 Flood Insurance Study: Tsunami
Predictions for Monterey and San Francisco Bays and Puget Sound. U.S. Army
Engineer Waterways Experiment Station, Technical Report H-75-17, 263 pp.

Geist, E.L., 2002, Complex earthquake rupture and local tsunamis. Journal of Geophys-
ical Research, 107, doi: 10.1029/2000JB000139.

Geist, E.L., 2005, Local Tsunami Hazards in the Pacific Northwest from Cascadia
Subduction Zone Earthquakes. U.S. Geological Survey Professional Paper 1661B,
17 pp.

Geist, E.L., and R. Dmowska, 1999, Local tsunamis and distributed slip at the source.
Pure and Applied Geophysics, 154, 485–512.

Geist, E.L., and T. Parsons, 2005, Probabilistic analysis of tsunami hazards. Natural
Hazards, 37(3), 277–314.

Geist, E.L., and S. Yoshioka, 1996, Source parameters controlling the generation and
propagation of potential local tsunamis along the Cascadia margin. Natural
Hazards, 13, 151–177.

Gelfenbaum, G., and B.E. Jaffe, 2003, Erosion and sedimentation from the 17 July 1998
Papua New Guinea tsunami. Pure and Applied Geophysics, 60, 1969–1999.

Gilpin, L.M., and G. Carver, 1992, Paleoseismicity of the SW extent of the 1964 Alaskan
earthquake rupture zone, Kodiak Islands, Alaska. In Wadati Conference on Great
Subduction Earthquakes, Fairbanks, Alaska, 99–100.

González, F.I., K. Satake, E.F. Boss, and H.O. Mofjeld, 1995, Edge wave and non-
trapped modes of the 25 April 1992 Cape Mendocino tsunami. Pure and Applied
Geophysics, 144, 409–426.

González, F.I., V.V. Titov, H.O. Mofjeld, A.J. Venturato, S. Simmons, R. Hansen, R.A.
Combellick, R.K. Eisner, D. Hoirup, B. Yanagi, S. Yong, M. Darienzo, G.R. Priest,
G. Crawford, and T. Walsh, 2005, Progress in NTHMP hazard assessment. Natural
Hazards, 35, 89–110.

Herrero, A., and P. Bernard, 1994, A kinematic self-similar rupture process for earth-
quakes. Bulletin of the Seismological Society of America, 84, 1216–1228.

Houston, J.R., 1980, Joint occurrences in coastal flooding-discussion. J. Waterw. Port
Coast. Ocean Div. ASCE, 106(1), 138–139.

Houston, J.R., and A.W. Garcia, 1974, Type 16 Flood Insurance Study: Tsunami
Predictions for Pacific Coastal Communities. U.S. Army Engineer Waterways
Experiment Station, Technical Report H-74-3.

Houston, J.R., and A.W. Garcia, 1978, Type 16 Flood Insurance Study: Tsunami
Predictions for the West Coast of the Continental United States. U.S. Army
Engineer Waterways Experiment Station, Technical Report H-78-26.

Hughes, S.A., 2004, Estimation of wave run-up on smooth, impermeable slopes using
the wave momentum flux parameter. Coastal Engineering, 51, 1085–1104.

Ippen, A.T., 1966, Estuary and Coastline Hydrodynamics. McGraw-Hill Book Co.,
744 pp.



Section 12. References 91

Jaffe, B.E., and G. Gelfenbaum, 2002, Using tsunami deposits to improve assessment of
tsunami risk. In Solutions to Coastal Disasters ’02, ASCE, 836–847.

Jaffe, B.E., G. Gelfenbaum, D. Rubin, R. Peters, R. Anima, M. Swensson, D. Olcese,
L. Bernales, J. Gomez, and P. Riega, 2003, Tsunami deposits: Identification and
interpretation of tsunami deposits from the June 23, 2001 Peru tsunami. In
International Conference on Coastal Sediments 2003, World Scientific Publishing
Corp., 13 pp.

Johnson, J.M., and K. Satake, 1999, Asperity distribution of the 1952 Great Kamchatka
earthquake and its relation to future earthquake potential in Kamchatka. Pure and
Applied Geophysics, 154, 541–553.

Johnson, J.M., K. Satake, S.R. Holdahl, and J. Sauber, 1996, The 1964 Prince William
Sound earthquake: Joint inversion of tsunami and geodetic data. Journal of
Geophysical Research, 101, 523–532.

Kame, N., J.R. Rice, and R. Dmowska, 2003, Effects of prestress state and rupture
velocity on dynamic fault branching. Journal of Geophysical Research, 108(B5) ESE
13-11–13-21.

Kanamori, H., 1972, Mechanism of tsunami earthquakes. Physics of the Earth and
Planetary Interiors, 6, 346–359.

Kanamori, H., and M. Kikuchi, 1993, The 1992 Nicaragua earthquake: A slow earth-
quake associated with subducted sediments. Nature, 361, 714–716.

Kelsey, H.M., R.C. Witter, and E. Hemphill-Haley, 2002, Plate-boundary earthquakes
and tsunamis of the past 5500 years, Sixes River estuary, southern Oregon. Geolog-
ical Society of America Bulletin, 114, 298–314.

Kobayashi, N., A.K. Otta, and I. Roy, 1987, Wave reflection and runup on rough slopes.
ASCE, J. Waterways, Port, Coastal and Ocean Engineering, 113(3), 282–298.

Leendertse, J.J., 1967, Aspects of Computational Model for Long-Period Water Wave
Propagation. The Rand Corp. RM-5294-PR, 179 pp.

Leonard, L.J., R.D. Hyndman, and S. Mazzotti, 2004, Coseismic subsidence in the 1700
great Cascadia earthquake: Coastal estimates versus elastic dislocation models.
Geological Society of America Bulletin, 116, 655–670.

Lin, I., and C.C. Tung, 1982, A preliminary investigation of tsunami hazard. Bulletin of
the Seismological Society of America, 72, 2323–2337.

Linde, A.T., and P.G. Silver, 1989, Elevation changes and the Great 1960 Chilean
earthquake: Support for aseismic slip. Geophysical Research Letters, 16, 1305–1308.

Liu, P.L.F., Y.S. Cho, S.B. Yoon, and S.N. Seo, 1995, Numerical simulations of the
1960 Chilean tsunami propagation and inundation at Hilo, Hawaii. In Tsunami:
Progress in Prediction, Disaster Prevention and Warning, Tsuchiya, Y., and N. Shuto,
(eds.), Kluwer Academic Publishers, 99–115.

Longuet-Higgins, M.S., and R.W. Stewart, 1964, Radiation stress in water waves: A
physical discussion, with applications. Deep-Sea Research, 11, 529–552.

Matthews, M.V., W.L. Ellsworth, and P.A. Reasenberg, 2002, A Brownian model for
recurrent earthquakes. Bulletin of the Seismological Society of America, 92, 2233–
2250.

Mofjeld, H.O., F.I. González, E.N. Bernard, and J.C. Newman (2000): Forecasting the
heights of later waves in Pacific-wide tsunamis. Natural Hazards, 22, 71–89.

Mofjeld, H.O., F.I. González, V.V. Titov, A.J. Venturato, and J.C. Newman, in press, Effects
of tides on maximum tsunami wave heights: Probability distributions. Journal of
Atmospheric and Oceanic Technology.

Mofjeld, H.O., F.I. González, V.V. Titov, A.J. Venturato, and J.C. Newman (2006): Effects
of tides on maximum tsunami wave heights: Probability distributions. Journal of
Atmospheric and Oceanic Technology (in press).

Mofjeld, H.O., A.J. Venturato, F.I. González, and V.V. Titov, 2004, Background tides
and sea level variations at Seaside, Oregon. NOAA, Technical Memorandum OAR
PMEL-126, 15 pp.



92 Tsunami Pilot Study Working Group—Seaside, Oregon Tsunami Pilot Study

Morton, R., G. Gelfenbaum, and B.E. Jaffe (2006): Physical criteria for distinguishing
sandy tsunami and storm deposits using modern examples, Journal of Sedimen-
tary Geology, Special Issue on Tsunami Deposits (in press).

Nanayama, F., K. Satake, R. Furukawa, K. Shimokawa, B.F. Atwater, K. Shigeno, and S.
Yamaki, 2003, Unusually large earthquakes inferred from tsunami deposits along
the Kuril trench. Nature, 424, 660–663.

National Research Council (NRC), 2000, Risk Analysis and Uncertainty in Flood Dam-
age Reduction Studies. Washington, DC, National Academy Press, 202 pp.

Natural Disaster Research, I., 2001, Probabilistic Tsunami Hazard Analysis: Aguadilla,
Puerto Rico. Sea Grant College Program, University of Puerto Rico, Project R-122-
1-97, 28 pp.

Nishenko, S.P., 1991, Circum-Pacific seismic potential: 1989–1999. Pure and Applied
Geophysics, 135, 169–259.

Ogata, Y., 1999, Estimating the hazard of rupture using uncertain occurrence times of
paleoearthquakes. Journal of Geophysical Research, 104, 17,995–18,014.

Parsons, T., 2004, Recalculated probability of M ≥ 7 earthquakes beneath the Sea of
Marmara, Turkey. Journal of Geophysical Research, 109, B05304, doi: 10.1029/
2003JB002667.

Parsons, T., submitted, Significance of stress transfer in time-dependent earthquake
probability calculations.

Peregrine, D.H., 1966, Calculation of the development of an undular bore. Journal of
Fluid Mechanics, 22(2), 321–330.

Peters, B., B.E. Jaffe, G. Gelfenbaum, and C. Peterson, 2003, Cascadia tsunami deposit
database. U.S. Geological Survey, Open-File Report 03-13, 19 pp.

Petersen, M.D., C.H. Cramer, and A.D. Frankel, 2002, Simulations of seismic hazard for
the Pacific Northwest of the United States from earthquakes associated with the
Cascadia subduction zone. Pure and Applied Geophysics, 159, 2147–2168.

Peterson, C.D., 1993, Field trip guide to Cascadia paleoseismic evidence along the
northern Oregon coast: Evidence of subduction zone seismicity in the central
Cascadia margin. Oregon Geology, 55, 99–114.

Peterson, C.D., B.E. Jaffe, and B. Peters, 2004, Estimating uncertainty and frequency
of high-velocity paleotsunami inundation from geologic records in back barrier
settings, test locality Cannon Beach, Oregon (abs.). Eos, Transactions American
Geophysical Union, 85(47), Supplement, F1038.

Pinegina, T.K., J. Bourgeois, L. Bazanova, I.V. Melekestsev, and O.A. Braitseva, 2003,
A millennial-scale record of Holocene tsunamis on the Kronotskiy Bay coast,
Kamchatka, Russia. Quaternary Research, 59, 36–47.

Polet, J., and H. Kanamori, 2000, Shallow subduction zone earthquakes and their
tsunamigenic potential. Geophysical Journal International, 142, 684–702.

Priest, G.R., E. Myers, A.M. Baptista, P. Fleuck, K. Wang, R.A. Kamphaus, and C.D.
Peterson, 1997, Cascadia subduction zone tsunamis: Hazard mapping at Yaquina
Bay, Oregon. State of Oregon, Department of Geology and Mineral Industries,
Open-File Report O-97-34, 144 pp.

Ramsden, J.D., 1993, Tsunamis: Forces on a vertical wall caused by long waves, bores,
and surges on a dry bed. Pasadena, California, California Institute of Technology,
Ph.D. Thesis, 279 pp.

Ramsden, J.D., and F. Raichlen, 1990, Forces on vertical wall caused by incident bores.
Journal of Waterway, Port, Coastal, and Ocean Engineering, 116, 592–613.

Rikitake, T., and I. Aida, 1988, Tsunami hazard probability in Japan. Bulletin of the
Seismological Society of America, 78, 1268–1278.

Ruff, L.J., and H. Kanamori, 1983, The rupture process and asperity distribution of
three great earthquakes from long-period diffracted P-waves. Physics of the Earth
and Planetary Interiors, 31, 202–230.



Section 12. References 93

Salgado, I., A. Eipert, B.F. Atwater, M. Shishikura, and M. Cisternas, 2003, Recurrence of
giant earthquakes inferred from tsunami sand sheets and subsided soils in south-
central Chile (abs.). Geological Society of America Abstracts with Programs, 35(6),
584.

Satake, K., K. Wang, and B.F. Atwater, 2003, Fault slip and seismic moment of the
1700 Cascadia earthquake inferred from Japanese tsunami descriptions. Journal
of Geophysical Research, 108(B11), ESE 7-1–7-17.

Scholz, C.H., 1990, The mechanics of earthquakes and faulting. Cambridge, Cambridge
University Press, 439 pp.

Schwartz, S.Y., 1999, Noncharacteristic behavior and complex recurrence of large
subduction zone earthquakes. Journal of Geophysical Research, 104, 23,111–23,125.

Senior Seismic Hazard Analysis Committee (SSHAC), 1997, Recommendations for
Probabilistic Seismic Hazard Analysis: Guidance on Uncertainty and Use of Ex-
perts. U.S. Nuclear Regulatory Commission, Main Report NUREG/CR-6372 UCRL-
ID-122160 Vol. 1, 256 pp.

Soloviev, S.L., 1970, Recurrence of tsunamis in the Pacific. In Tsunamis in the Pacific
Ocean, Adams, W.M. (ed.), Honolulu, East-West Center Press, 149–163.

Sornette, D., L. Knopoff, Y.Y. Kagan, and C. Vanneste, 1996, Rank-ordering statistic of
extreme events: Application to the distribution of large earthquakes. Journal of
Geophysical Research, 101, 13,883–13,893.

Synolakis, C.E., 1987, The runup of solitary waves. Journal of Fluid Mechanics, 185,
523–545.

Synolakis C.E., and E.N. Bernard, 2006, Tsunami science before and beyond Boxing
Day 2004. Phil. Trans. Roy. Soc. A, 364(1845), doi: 10.1098/rsta.20, 2231–2265.

Takahashi, T., 1996, Benchmark Problem 4. The 1993 Okushiri tsunami—Data, Con-
ditions and Phenomena. In Long wave runup models, Yeh, H., P. Liu, and C.
Synolakis (eds.), World Scientific Publishing Co. Pte. Ltd., Singapore, 384–403.

Tanioka, Y., and F.I. González, 1998, The Aleutian earthquake of June 10, 1996 (Mw 7.9)
ruptured parts of both the Andreanof and Delarof segments. Geophysical Research
Letters, 25, 2245–2248.

Tetra Tech Inc., 1981, Coastal Flooding Storm Surge Model. Federal Emergency
Management Agency, Part 1: Methodology.

Titov, V.V., and F.I. González, 1997, Implementation and testing of the Method of
Splitting Tsunami (MOST) model. NOAA Tech Memo. ERL PMEL-112, 11 pp.

Titov, V.V., F.I. González, E.N. Bernard, M.C. Eble, H.O. Mofjeld, J.C. Newman, and
A.J. Venturato, 2005, Real-time tsunami forecasting: Challenges and solutions.
In Developing Tsunami-Resilient Communities, The National Tsunami Hazard
Mitigation Program, E. Bernard (ed.), Nat. Haz., 35(1), 40–58.

Titov, V.V., H.O. Mofjeld, F.I. González, and J.C. Newman, 1999, Offshore forecasting
of Alaska-Aleutian subduction zone tsunamis in Hawaii. NOAA Tech. Memo. ERL
PMEL-114, 22 pp.

Titov, V.V., and Synolakis, C.E., 1995, Modeling of breaking and nonbreaking long wave
evolution and runup using VTCS-2. Journal of Waterways, Ports, Coastal and
Ocean Engineering, 121(6), 308–316.

Titov, V.V., and C.E. Synolakis, 1996, Numerical modeling of 3-D long wave runup using
VTCS-3. In Long wave runup models, World Scientific Publishing Co. Pte. Ltd.,
Singapore, pp. 242–248.

Titov, V.V., and C.E. Synolakis, 1997, Extreme inundation flows during the Hokkaido-
Nansei-Oki tsunami. Geophysical Research Letters, 24, 11, 1315–1318.

Titov, V.V., and C.E. Synolakis, 1998, Numerical modeling of tidal wave runup. Journal
of Waterways, Ports, Coastal and Ocean Engineering, 124(4), 157–171.

Tsunami Focused Study Team, 2005, Tsunami Hazards—FEMA Coastal Flood Hazard
Analysis and Mapping Guidelines Focused Study Report, 42 pp. (PDF at http:
//www.fema.gov/plan/prevent/fhm/frm_cfsumrpt.shtm)



94 Tsunami Pilot Study Working Group—Seaside, Oregon Tsunami Pilot Study

Van Dorn, W.G. 1984, Some tsunami characteristics deducible from tide records.
Journal of Physical Oceanography, 14(2), 353–363.

Venturato, A.J., 2005, A digital elevation model for Seaside, Oregon: Procedures, data
sources, and analyses. NOAA Tech. Memo. OAR PMEL-129, 21 pp.

Ward, S.N., 1982, Earthquake mechanisms and tsunami generation: The Kurile Islands
event of 13 October 1963. Bulletin of the Seismological Society of America, 72, 759–
777.

Ward, S.N., 1994, A multidisciplinary approach to seismic hazard in southern Califor-
nia. Bulletin of the Seismological Society of America, 84, 1293–1309.

Ward, S.N., 2001, Landslide tsunami. Journal of Geophysical Research, 106, 11,201–
11,215.

Wesson, R.L., A.D. Frankel, C.S. Mueller, and S.C. Harmsen, 1999, Probabilistic Seismic
Hazard Maps of Alaska. U.S. Geological Survey, Open-File Report 99-36, 20 pp.

Witter, R.C., H.M. Kelsey, and E. Hemphill-Haley, 2003, Great Cascadia earthquakes
and tsunamis of the past 6700 years, Coquille River estuary, southern coastal
Oregon. Geological Society of America Bulletin, 115, 1289–1306.

Wong, F.L., A.J. Venturato, and E.L. Geist (2006): Seaside, Oregon, Tsunami Pilot
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