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Subcommittee 3 has recommended that this draft technical report be submitted
to all concerned agencies with the request that they test its implementation
through use in planning, design, coutract administration, and quality control,
either on a trial or real basis during 1985 and 1986. Following the trial
implementation, the Subcommittee 3 plans to review the draft report, revise it
as necessary, and then recommend its adoption by the Interagency Committee as
a manual of standard practice for use in developing design and construction
standards against tsunami, seiche, and flood wave threats. Comments on this
draft are welcomed and should be forwarded to the Chairman, Walter W. Hays.
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ABSTRACT

This report describes the tsunami threat in the United States and its
territories and possessions and the kinds of physical effects that a tsunami
can have on facilities. The report is intended for use by engineers who
require the forcing function produced by these hydrodynamic phenomena for
structural design purposes and by emergency managers and planners who desire
to reduce the potential risk that these phenomena present to life and
property. Chapter 1 presents an account of the historical tsunami hazard in
the United States and describes important physical characteristics of
tsunamis. Numerical and hydraulic scale model methods are discussed in the
context of their use to simulate tsunami generation, deep—ocean propagation,
interaction with islands or continental coastlines, and land inundation, and,
most importantly, to evaluate the tsunami hazard in the United States.

Tsunami hazard maps for the United States are included in Chapter 1.

Chapter 2 describes the effects of tsunamis oan structures and facilities in
the nearshore region. The water level depicted in the hazard maps of

Chapter 1 can be used with force formulas presented in Chapter 2 to determine
tsunami forces on structures. Examples are included to illustrate the

concepts.



1. TSUNAMI HAZARD

1.1 Tsunegii

Cox (ref. 1) defined a tsunami as "a train of progressive long waves genervated
in the ocean by an impulsive disturbance." His definition of tsunami includes
waves generated by abrupt bottom diplacement (caused, for example, by
earthquakes), submarine or shoreline landslides, and volcanic or auclear

explosions.

Tsunamis can produce great destruction and loss of life. For example, the
great Hoei Tokaido-Nankaido tsunami of Japan killed 30,000 people in 1707. 1In
1868, the great Peru tsunami caused 25,000 deaths, The great Meiji Sanriku
tsunami of 1896 killed 27,122 persons in Japan and washed away over 10,000

houses (ref. 1).

Tsunamis have taken many lives in the United States, with more people having
died since the end of World War LI as a result of tsunamis than as a result of
the direct effects of earthquakes. For example, the great Aleutian tsunami of
1946 killed 173 people in Hawaii and produced $26 million in property damage
in the city of Hilo, Hawaii. The 1960 Chilean tsunami killed 61 people in
Hawaii and caused $23 million in property damage (ref. 2). The most recent
major tsunami to affect the United States, the 1964 Alaskan tsunami, killed
107 people in Alaska, 4 in Oregon, and 11 in Crescent City, California, and
caused over $100 million in damage on the west coast of North America

(ref. 3).



A major difference in the destructive characteristics of earthquakes and
tsunamis is that earthquakes are locally destructive; whereas, tsunamis are
destructive locally as well as at locations distant from the area of tsunami
generation. For example, the 1960 Chilean earthquake caused destruction in
Chile, but was unnoticed in the United States except for the recordings of
seismographs. However, the tsunami generated off the coast of Chile by this
earthquake not only killed more than 300 people in Chile and caused widespread
devastation, but it also killed 61 people in Hawaii and produced widespread
destruction in distant Japan where 199 people were killed, 5000 structures

wrecked or washed away, and more than 7500 boats wrecked or lost (ref. 1).

Tsunamis are principally generated by undersea tectonic displacements produced
by earthquakes of magnitudes greater than 6.5 on the Richter scale. The
typical height of a tsunami in the deep ocean is less than a foot, and the
wave period is 5 minutes to several hours. Tsunamis travel at the shallow-
water wave velocity equal to the square root of the acceleration due to
gravity times the water depth even in the deepest oceans because of their very
long wavelengths. This speed of propagation can be in excess of 500 mph in

the deep ocean.

When tsunamis approach a coastal region where the water depth decreases
rapidly, wave refraction, shoaling, and bay or harbor resonance may result in
significantly increased wave heights. The great period and wavelength of
tsunami waves preclude their dissipating energy as a breaking surf; instead,
they are apt to appear as rapidly rising water levels and only occasionally as

bores.



l.1.1 Historical Tsunami Hazard in the United States

l.1.1.1 Atlantic and Gulf Coasts

The seismic activity of the Atlantic Ocean region is relatively low. In
general, coasts bordering the Atlantic Ocean are not paralleled by lines of
tectonic, seismic, or volcanic activity. They are rarely associated with
structural discontinuities like those along the circum-Pacific seismic belt
where about 80 percent of the world's earthquakes occur. Only about 10

percent of all reported tsunamis have originated in the Atlantic Ocean region.

The probability of significant water level elevations on the Atlantic or Gulf
Coast of the United States produced by distantly generated tsunamis is thought
to be very small. With the exception of the Portugal-Morocco region, the
eartern Atlantic has a very low level of seismic activity. For example, the
largest known shock for a thousand years in the area of Great Britain occurred
in the North Sea in 1931 and had a magnitude of only 5-1/2 (4). The Atlantic
Coast of France and all of the eastern coast of Africa south of Morocco have a
similar low level of seismic activity. Large earthquakes do occur in certain
areas of the midoceanic ridges. However, earthquakes that occur on crests of
the mid-Atlantic ridge not associated with known fracture zones show either
aormal faulting (the tension axis being horizontal and perpendicular to the
local strike of the ridge) or strike-slip motion of transform faulting.
Earthquakes on the fracture zones of the mid-Atlantic ridge also are
characterized by a predominance of strike-slip motion (ref. 5). Large
tsunamis, however, are generated by vertical ground motion (ref. 6), and only

small amounts of vertical motion may accompany strike-slip motion or normal



faulting with a horizontal tension axis. Consequently, although there have
been many local tsunamis in the Azores Islands of the mid-Atlantic ridge,
earthquakes there and elsewhere along the mid-Atlantic ridge have never

produced a tsunami reported on any Atlantic coastline.

Large earthquakes have occurred in the Portugal-Morocco region (1356, 1531,
1597, 1722, 1755, 1761, 1773, 1926, 1960). The largest known Atlantic
earthquake, and indeed one of the largest known earthquakes of historical
times, occurred off the coast of Portugal on November 1, 1755. This
earthquake generated the most destructive tsunami ever reported in the
Atlantic. Tsunamis generated by this earthquake were reported in the West
Indies. The sea rose 12 ft several times at Antigua, and every 5 minutes
afterwards for 3 hours it rose 5 feet. The sea retired so far at St. Martin
Island that a sloop riding at anchor in 15 feet of water was laid dry on her
broadside. On the island of Saba, the sea rose 21 feet. At Martinique and
most of the French Islands, the sea overflowed the lowland, returning quickly
to its former limits (ref. 7). Reid (ref. 8), however, reported that there is
little evidence that tsunamis generated by the 1755 earthquake were noticed on
the coasts of the United States. The orientation of the fault along which
this earthquake occurred is such that waves generated by a seismic event would
be directed toward the West Indies and not the United States. Furthermore,
the great continental shelf off the Atlantic and Gulf Coasts of the United
States is likely to dissipate much of the energy of a tsunami. Part of the
eastern coastline of Florida has a narrow continental shelf and is relatively
close to the West Indies. However, the shelf off the Bahamas Islands probably

shelters this area.



In the western Atlantic, the main tsunamigenic region is the subduction zone
along the arc of the West Indies Islands. The many intense earthquakes of
this area have had relatively short fault lengths and, therefore, small source
areas for tsunami generation. There have been no reports of tsunamis
generated in this area producing significant runup on any distant coast. The
largest tsunami known to have been recorded on the Atlantic Coast of the
United States was generated by an earthquake off the Burin Peninsula of
Newfoundland on November 18, 1929. A tsunami from this Grand Banks earthquake
moved up several inlets and obtained a maximum height of 50 feet. Several
villiages were destroyed. Tide gages on the coast of New Jersey recorded the

tsunami with a 1 feet elevation at Atlantic City, New Jersey.

The possibility of significant locally generated tsunamis on the Atlantic or
the Gulf Coast of the United States appears to be remote. These coastlines do
not have structural discontinuities associated with seismic activity. Crustal
structures have been followed by geophysical and geological methods and appear
to dip far under the ocean bottom without any break (10). Only one large
earthquake has occurred on this coast in historical times. The Charleston,
South Carolina, earthquake of 1886, which had an estimated magnitude of 7.5
was one of the largest earthquakes in the United States. There has been no
earthquake in the Atlantic coastal plain of the United States having the same
magnitude, before or since (ref. 9). Despite the large size of the Charleston
earthquake, no tsunami was generated. McKinley (ref. 11) reported that
"Except in the rivers the wave motion was not observed to have communicated to
the water'". Thus, the Charleston earthquake probably exhibited little of the
vertical motion required to generate a significant tsunami. The complete lack

of tsunamigenic activity on the eastern coast of the United States is probably



a result of not only a low level of seismic activity but also the lack of

vertical motion.

The tsunami threat from both locally and distantly generated tsunamis is very
small on the Atlantic and Gulf Coasts of the United States and, undoubtedly,
less than the threat from hurricane or storms surges. However, this possible
threat cannot be neglected when hazards are investigated for critical
facilities such as nuclear power plants. For such a case, the effects of a
tsunami, such as that generated in Portugal in 1755 or the occurrence of a
locally generated tsunami such as the 1929 tsunami generated off the Burin

Peninsula of Newfoundland, must be considered.
1.1.1.2 Puerto Rico and the Virgin Islands

Puerto Rico and the Virgin Islands lie along the subduction zone of the Lesser
Antilles that forms the eastern boundary of the Caribbean tectonic plate.
Earthquakes along this subduction zone generate important local tsunamis.
Tsunamis were generated near the Virgin Islands in 1867 and 1868 (9). The
1867 tsunami swept the harbors of St. Thomas and St. Croix. A wall of water
20 feet high entered these harbors and broke over the lower parts of the
towns. ‘At St. Thomas, the water moved inland a distance of 250 feet. The
tsunami also was large on adjacent islands and the east coast of Puerto

Rico. The Alcalde of Yabucoa (southeastern Puerto Rico) reported that the sea
retreated about 150 yards, then returned, and advanced an equal distance
inland. The wave was noted as far as Fajardo (which is 20 miles to the
northeast from the Alcalde of Yabucoa) and as far as 40 to 60 miles along the

southern shore from the Alcalde of Yabucoa (ref. 12).



An earthquake and resulting tsunami in November 1918 killed 116 people in
Puerto Rico and produced damage reported in excess of $4 million. During the
tsunami, the ocean first withdrew exposing reefs and stretches of sea bottom
that had not been visible before during the lowest tides. The water then
returned reaching heights that were greatest near the northwest corner of
Puerto Rico. At Point Borinquen, the tsunami reached an elevation of 15 feet,
Near Point Agujereada, several hundred palm trees were uprooted by waves from
18 to 20 feet high. At Aguadilla, waves with heights from 8 to 11 feet were
reported. The Columbus Monument, about 2-1/2 miles southwest of Aguadilla,
was thrown down by waves at least 13 feet in height, and rectangular blocks of
limestone weighing over a ton were washed inland distances as great as 250
feet. Heights of 4 feet were reported at Mayaguez, and heights of 3 feet at
El Boqueron. The tsunami was noticeable at Ponce, Isabela, and Arecibo, but
not at San Juan. Elevations of 13 feet were reported on the west coast of

Mona Island (ref. 13).

The hazard in Puerto Rico and the Virgin Islands from distantly generated
tsunamis is likely to be less than the hazard from locally generated tsunamis
or hurricane surges. Houston et al. (ref. 14) demonstrated that a very large
earthquake in the Portugal area similar to that of the 1755 earthquake will
not produce a water level elevation in Puerto Rico greater than the elevations

expected from locally generated tsunamis or hurricane surges.



1.1.1.3 Hawaiian Islands

As a result of their central location in the Pacific Ocean (where
approximately 90 percent of all recorded tsunamis have occurred), the Hawaiian
Islands have a history of destructive tsunamis. The earliest recorded tsunami
in the Hawaiian Islands was the 1819 tsunami that was generated in Chile.

Over 100 tsunamis have been recorded in the Hawaiian Islands, and 16 of these
tsunamis have produced significant damage. Pararas~Carayannis (ref. 2)
compiled a detailed catalog of historical observations of tsunamis in the
Hawaiian Islands. Several corrections to the descriptive data and reported
events in this catalog have been noted by Cox and Morgan (ref. 15). The
distantly generated tsunamis that have produced destruction in the Hawaiian
Islands have originated from the Aleutian Islands, Chile, the Kamchatka
Peninsula of the Soviet Union, and Japan. More than one-half of all recorded
tsunamis in the Hawaiian Islands were generated in the Kuril-Kamchatka-
Aleutian regions of the north and northwestern Pacific, and one fourth were
generated along the western coast of South America. Tsunamis generated in the
Philippines, Indonesia, the New Hebrides, and the Tonga-Kermadec island arcs

have been recorded in the Hawaiian Islands, but they have not been damaging.

Locally generated tsunamis also have produced destruction in the Hawaiian
Islands. The 1868 tsunami that was generated on the southeastern coast of the
big island of Hawaii produced severe destruction on the coast, Runup
elevations perhaps as great as 60 feet were reported during this tsunami., A
tsunami generated on November 29, 1975, along the same southeastern coast of
the island of Hawaii, produced runup elevations as great as 45 feet. Loomis

(ref. 16) presented a detailed description of the 1975 tsunami. Cox and



Morgan (ref. 15) compiled a detailed description of locally generated tsunamis

in the Hawaiian Islands.

The tsunami hazard in the Hawaiian Islands is not uniform. For example,
elevations are generally greater on the northern side of these islands as a
result of the many tsunamis generated in the Kuril-Aleutian region. Runup
elevations on a single island during a tsunami also may be large at one
location and small at another, even at locations that are separated by short
distances., Sometimes the reasons for these variations are known. For
example, the extensive reefs in Kaneohe Bay on the island of Oahu protect the
bay from tsunamis by strongly reflecting or dissipating energy. Often the
reasons for these variations are not apparent as a result of the complex
interactions that occur. Houston et al. (ref. 17) made predictions of
elevations based upon historical data and numerical model calculations for the

Hawaiian Islands, These predictions are discussed in Chapter 1IV.

1.1.1.4 Alaska

The Pacific and North American tectonic plates collide along the subduction
zone of the Aleutian-Alaskan Trench. Boundaries between tectonic plates are
highly seismic with almost 99 percent of all earthquakes occurring along these
boundaries (ref. 18). The great seismicity of the region and vertical motions
associated with the subduction zone make the Aleutian~-Alaskan region highly
tsunamigenic. The earliest recorded tsunami in this region occurred in

1788. Four major tsunamis have been generated since 1946. The 1946 tsunami

was generated in the eastern Aleutian Islands, the 1957 tsunami in the central
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Aleutian Islands, the 1964 tsunami in the Gulf of Alaska, and the 1965 tsunami

in the western Aleutian Islands.

Figure 1 shows a map of Alaskan localities that have experienced tsunamis.
These locations are concentrated along the boundary of the Pacific and North
American plates. The remainder of Alaska has not had a reported tsunami.
However, this region has a very low population density, and reporting may be
quite poor. Cox and Pararas-Carayannis (ref. 19) published a catalog of

reported tsunamis in Alaska. Locally generated tsunamis dominate the catalog.

The 1964 Alaskan tsunami demonstrated the tremendous destructive power of
major locally generated tsunamis in Alaska. This tsunami produced over $80
million in damage and killed 107 people (ref. 3). 1In addition to the waves
generated by the large-scale tectonic displacement, large waves were generated
in many areas by submarine slides of thick sediments. The 1964 Alaskan
tsunami is discussed in great detail in a report prepared by the National

Academy of Sciences (ref. 20).

l.1.1.5 West Coast of the Continental United States

The hazard on the west coast of the United States due to distantly generated
tsunamis has been demonstrated by tsunami activity since the end of World War
II. For example, the 1946 Aleutian tsunami produced elevations (combined
tsunami and astronomical tide) as great as 15 feet above mean lower low water
(mllw) at Half Moon Bay, California; 13.4 feet above mllw at Muir Beach,
California; 14 feet above mllw at Arena Cove, California; and 12.4 feet above

mllw at Santa Cruz, California. One person in Santa Cruz was killed by this

11



tsunami. The 1960 Chilean tsunami produced a trough to crest height of 12
feet at Crescent City, California, and produced $30,000 in damage to the dock
area and streets {ref. 21). The 1964 Alaskan tsunami produced elevations
above mean high water (mhw) as great as 14.9 feet at Wreck Creek, 9.7 feet at
Ocean Shores, and 12.5 feet at Seaview in the state of Washington. Elevations
from 10 to 15 feet above mhw were produced along much of the coast of Oregon,
and four people were killed. This tsunami reached an elevation of 20.7 feet
above mllw at Crescent City, California. Crescent City sustained widespread

destruction with $7.5 million in damage and 11 deaths (ref. 3).

Tsunamis generated in South America and the Aleutian-Alaskan region pose the
greatest hazard (from distantly generated tsunamis) to the west coast of the
United States. Historical records of tsunami occurrence in the Hawaiian
Islands indicate that tsunamis generated in the Philippines, Indonesia, the
New Hebrides, and the Tonga-Kermadec island arcs do not generate tsunamis that
are significant at transoceanic distances. Tsunamis, such as the 1896 Great
Meiji Sanriku tsunami and the 1933 Great Shorva Sanriku tsunami that were
generated off the coast of Japan, have produced no significant elevations on
the west coast of the United States. Kamchatkan tsunamis, such as the ones in
1923 and 1952 (which were the greatest from Kamchatka since at least 1837),
did not cause damage on the west coast. The west coast of Canada lies along a
strike-slip fault that has not historically produced tsunamis on the west
coast of the United States. Tsunamis off the Pacific coast of Mexico have
produced large local water level elevations, but they are generated by
earthquakes covering areas that are apparently too small to cause significant

elevations on the west coast of the United States.
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The West Coast of the United States lies along the boundary of the Pacific and
North American tectonic plates. However, this boundary is not a subduction
zone. The Pacific and North American plates have a horizontal relative motion
along this boundary, and earthquakes in the region exhibit strike-slip motion,
which is not an efficient generator of tsunamis. For example, the great 1906
San Francisco earthquake (8.3 magnitude on Richter scale) produced waves with

heights no greater thaan 2 inches (ref. 1).

The hazard of locally generated tsunamis on the west coast of the United
States is probably much less than the hazard from distantly generated
tsunamis. However, there have been reports of significant locally generated
tsunamis on the west coast. For example, a recent publication of the
California Division of Mines and Geology (ref. 22) mentions that Wood and Heck
(ref. 23) reported that runup heights of a tsunami generated by the 1812 Santa
Barbara earthquake reached 50 feet at Gaviota, 30-35 feet at Santa Barbara,
and 15 feet or more at Ventura in Califorunia. However, an exhaustive study
(ref. 24) of this event that included an investigation of the unpublished
notes (cited by Wood and Heck) of the late Professor G. D. Louderback,
University of California, Berkeley, has shown that the runup heights for this
tsunami probably were not more than 10-12 feet at Gaviota and correspondingly
lower at the other locations. A report of a tsunmami at Santa Cruz,
California, in 1840 also has been shown to be erroneous (ref. 24). The
largest authenticated locally generated tsunami on the west coast was
generated by the 1927 Point Arguello earthquake and produced runup elevations
as great as 6 feet in the immediate vicinity. Although there is no solid
evidence that locally generated tsunamis pose a great hazard on the west

coast, the possibility of significant locally generated tsunamis cannot be
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neglected when considering hazards to critical facilities such as nuclear
power plants. There also is the possibility that locally generated tsunamis
may produce greater runup elevations in areas protected from distantly
generated tsunamis (Puget Sound, Washington, and parts of southern California)

than are produced by distantly generated tsunamis.

1.1.1.6 Pacific Ocean island territories and possessions

Many of the island territories and possessions of the United States are parts
of seamounts that rise abruptly from the ocean floor. As a result of the very
short transition distance (relative to typical tsunami wavelengths in the deep
ocean) from oceanic depths to the shoreline of these islands, distantly
generated tsunamis do not produce large elevations on these islands. The
maximum elevation produced on such Islands by distant tsunamis is on the order
of 6 feet (elevation recorded at Johnston Island during the 1960 Chilean
tsunami (ref. 25). Islands in this category include Wake Island, the Marshall
Islands, Johnston Island, the Caroline Islands, the Mariana Islands, Howland
Island, Baker Island, and Palmyra Island. The possibility of elevations on
these islands greater than 6 feet being produced by distantly generated
tsunamis cannot be neglected if the hazard to critical facilities is being
considered. Detailed investigations of the response of different types of
islands to tsunamis have not been performed. It is known that 20-foot
elevations were recorded on Easter Island as a result of the 1960 Chilean
tsunami (generated approximately 2000 miles away). This island is small and

the surrounding seamount is fairly small. The exact transition between
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seamounts too small to amplify tsunamis and those large enough to cause
significant amplication is not known. Numerical models discussed in Chapter

III can be used to determine the interaction of tsunamis with islands.

The Samoa Islands are subject to tsunami flooding. The 1960 Chilean tsunami
had a trough to crest height of 15 to 16 feet at the head of Pago Pago harbor
(crest elevation of 9.5 feet) in American Samoa (ref. 26). Property damage of
$50,000 occurred in Pago Pago village during this tsunami. Local tsunamis
also are destructive in the Samoa Islands. A destructive earthquake and 40-
foot tsunami have been reported to have occurred in 1917 (ref. 9). Whether
this elevation occurred on American Samoa or one of the other Samoan Islands
is not known. However, the tsunami was destructive at Pago Pago, American
Samoa. A catalog of tsunamis in the Samoan Island is presented in Reference

26.

1.1.2 Tsunami Characteristics

1.1.2.1 Generation and deep-ocean propagation

Most tsunamis are generated along the subduction zones bordering the Pacific
Ocean., These zones are highly seislmic and earthquakes occurrig within these
subduction zones often exhibit the vertical dip-slip motion that is required
to produce significant tsunami elevations. Berg et al. (ref. 27) demounstrated
that horizontal or strike-slip motion is a very inefficient menchanism for the

generation of tsumanis.
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Large tsunamis are associated with elliptically shaped generation areas that
radiate energy preferentially in a direction perpendicular to the major

axis. The major axis of the tsunami is approximately parallel to the oceanic
trench or island arc that is the boundary between colliding tectonic plates.
Momoi (ref. 28) developed a relationship between the tsunsmi wave height H_ in
the direction of the major axis of a source of length a to the wave height Hy
in the direction of the minor axis of length b for an instantaneously and
uniformly elevated ellipitic source. This relationship is expressed by the
equation Hb/Ha = a/b. Takahasi and Hatori (ref. 29) demonstrated that this
equation was valid by performing laboratory tests using an elliptically shaped
membrane. Hatori (ref. 30) showed that data from historical tsunamis

indicated that this equation was reasonable.

The directional radiation of energy from the region of generation of a
tsunamis is quite important. The ratio of the length of the major axis to the
minor axis for large earthquakes, such as the 1964 Alaskan or the 1960 Chilean
earthquake, can be approximately 4 to 6; thus, the waves radiated in the
direction of the minor axis can be greater than those radiated in the
direction of the major axis by a similar ratio. Therefore, the orientation of
a tsunami source region relative to a distant area of interest is very
important, and the runup at a distant site due to the generation of a tsunami
at one location along a trench cannot be considered as being representative of
all possible placements of the tsunami source along the trench region. For
example, the 1957 Aleutian tsunami produced significant elevations in the
Hawaiian Islands, but was fairly small on most of the west coast of the
continental United States; whereas, the 1964 Alaskan tsunami was fairly small

in the Hawaiian Islands and fairly large on the northern half of the west
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coast. An earthquake generating a tsunami in an area southwest of the 1964
Alaskan tsunami will beam energy toward the southern half of the west coast of

the United States.

The ground motion generating a large tsunami occurs over such a short time
relative to the period of the tsunami that the motion can be considered to be
instantaneous. Typical rise times (time from initiation of ground motion to
attainment of permanent vertical displacement) are in the range of tens of
seconds for earthquakes; whereas, tsunami periods are in the range of tens of
minutes. Higher frequency oscillations superimposed upon the movement to a
permanent displacement have periods in seconds. The time for the ground
rupture to move the eutire length of the source is a few minutes, Hammack
(ref. 31) showed that for a large tsunami, such as the 1964 Alaskan tsunami,
the actual time-displacement history of the ground motion is not important in
determining far-field characteristics of the resulting tsunami. All time-
diplacement histories reaching the same permanent vertical ground displacement
will produce the same tsunami in the far field, Hammack (ref. 31) also showed
that small-scale features of the permanent ground deformation produce waves
that are not significant far from the source region. Thus, distantly
generated tsunamis can be studied knowing only major features of the permanent

ground displacement.

Tsunamis are generated along continental margins or island arcs and then
propagate out into the deep ocean. The depth transition from the relatively
shallow region of generation to the deep ocean occurs over a very short
distance relative to typical tsunami wavelengths in the deep ocean that are in

the order of hundreds of miles. 1In the deep ocean, tsunami wave heights are a
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few feet at most., The wave steepness (ratio of wave height to wave length) is
so small for tsunamis that they go unnoticed by ships in the deep ocean.
Hammack and Segur (ref. 32) demonstrated that the propagation over
transoceanic distances of the leading wave (or waves, since leading waves
reflected off land areas may arrive at a distant location after the primary
leading wave) of a large tsunami of consequence to distant areas is governed
by the linear longwave equations. Hammack and Segur (ref., 32) also showed
that eventually nonlinear and dispersive effects will become important in the
propagation of a tsunami in the deep ocean, but that the propagation distance
necessary for these effects to become significant for the leading wave of a
large tsunami (such as the 1964 Alaskan tsunami) is large compared with the
extent of the Pacific Ocean. The later smaller waves of a tsunami wave train

have been shown to be [ipso facto] frequency dispersive (ref. 32).

1l.1.2.2 Nearshore effects

When tsunamis approach a coastal region where the water depth decreases
rapidly, wave refraction, shoaling, bay or harbor resonance, and other effects
may result in significantly increased wave heights. The dramatic increase in
heights of tsunamis often occurs over fairly short distances. For example,
during the 1960 tsunami at Hilo, Hawaii, waves could be seen breaking over the
water—-front area of Hilo from a ship approximately 1 mile offshore, yet the
personnel on the ship could not notice any disturbance passing by the ship.
Tsunamis also can be quite large at one location and small at nearby locations
(e.g., they may be large within a harbor as a result of resonance effects and

small on the open coast.)
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As tsunamis enter shallower water, their heights increase and their
wavelengths decrease; therefore, nonlinear and frequency dispersion effect.
become more significant. However, Hammack and Segur (ref. 32) and Goring
(ref. 33) showed that the linear long-wave equations are adequate to describe
the propagation of a large tsunami, such as the 1964 Alaskan tsunami, from the

deep ocean up onto the continental shelf.

Tsunamis usually appear at the shoreline in the form of rapidly rising water
levels, but they occur occasionally in the form of bores. When they appear as
bores, vertical accelerations are important in the region of the face of the
bore and vertically integrated long-wave equations are not adequate to
describe flow in this region. However, beyond the face of the bore the water
surface has been described as being almost flat in appearance (ref. 34).
Long-wave equations may adequately describe flows in this broad-crested region

that probably governs the ultimate land inundation.

Even when a tsunami appears as a rapidly rising water level, there are many
small-scale effects that develop that are highly nonlinear for which vertical
accelerations are significant (e.g., small bores forming at the tsunami front
during propagation over flatland and strong turbulence during flow past
obstacles and areas of great roughness). However, there is substantial
evidence that the main features of the extent of land inundation are governed
by simple physical processes. Quite often the runup elevation (elevation of
maximum inundation) is the same as the elevation near the shoreline and at
other locations within the zone of inundation. Therefore, the water surface
of the tsunami is fairly flat during flooding. For example, Magoon (ref. 21)

reported flooding to about the 20-foot contour above mllw and elevations at
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the shoreline of about 20 foot for the 1964 Alaskan tsunami at Crescent City,
California. Wilson and Torum (ref. 3) report that the 20-foot (mllw) runup at
Valdez, Alaska, for the 1964 tsunami checked "well for consistency with water-
level measurements made on numerous buildings throughout the town". Similar
comments were made by Brown (ref. 35) in reference to survey measurements of
30-foot (mllw) runup at Seward, Alaska, for the 1964 Alaskan tsunami. Runup
elevations and elevations at the shoreline and in the inundation zone were
similar at nine locations in Japan as recorded by Nasu (ref. 36) in surveys
following the 1933 Sanriku tsunami. This tsunami had a short period (12
minutes) and reached an elevation as great as 90 feet at one survey

location. The runup elevation and the elevation near the shoreline also were
similar at Hilo, Hawaii, for the 1960 tsunami (borelike waves) (ref. 37).
Differences are apparent, however, at locations where Eaton et al. (ref. 37)
demonstrated that flow divergence is significant. Flow divergence and
convergence, frictional effects, and time-dependent effects (that can limit
the time available for complete flooding) are probably the major effects

causing differences between runup elevations and elevations near shoreline.

1.2 Tsunami Modeling

1.2.1 Introduction

The scarcity of historical data of tsunami activity often makes it necessary

to use hydraulic scale models, analytical methods, or numerical methods to

model tsunamis in order to determine quantitatively the tsunami hazard. Even

at locations with ample historical data, changes in land elevations and

vegetation (thus changes in land roughness) as a result of development and the
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building of protective structures may modify the tsunami hazard. Scale
models, analytical methods, or numerical methods are required to determine the

magnitude of this modification.

1.2.2 Hydraulic Scale Models

Although it would not be practical to use hydraulic scale models (with
reasonable scales) to model tsunami propagation across transoceanic distances,
these models have found some application in simulating tsunami propagation in
nearshore regions and interaction with land areas. For example, hydraulic
models have been used to study tsunami interaction with single islands that
are reaslistically shaped and surrounded by variable bathymetry. Van Dorn
(ref. 38) studied tsunami interaction with Wake Island using a 1:57,000
undistorted scale model. Jordaan and Adams (ref. 39) studied tsunami
interaction with the island of Oahu in the Hawaiian Islands using a 1:20,000
distorted scale model. They found poor agreement between historical
measurements of tsunami runup and the hydraulic model data. Scale effects
(e.g. viscous effects) and the effects of the arbitrary boundaries that
confine the hydraulic model probably account for the poor agreement., It is
also difficult to measure tsunami elevations in such small-scale models.
Jordaan and Adams (ref. 39) modeled the tsunami to a vertical scale of
1:2,000; thus, the waves had heights ten times the normal proportion. Even
with this distortion, waves had heights of only a fraction of an inch in the
model. The great expense required to build a hydraulic model of even a small
island at a reasonable scale makes hydraulic models unattractive relative to

numerical models as a means for modeling tsunamis.
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Hydraulic models are sometimes useful in modeling complex tsunami propagation
in small regions. For example, the 1960 tsunami at Hilo, Hawaii, formed a
borelike wave in Hilo Bay. In addition, a phenomenon analogous to the Mach-
reflection in acoustics may have developed along the cliffs north of the city
(ref. 40). A Mach-stem wave may have entered Hilo and superposed upon an
incident wave that came over and around the Hilo breakwater. Hydraulic models
have been successfully used to model complex phenomena such as Mach-stem waves
that developed during the 1960 tsunami in Hilo Bay (refs. 41, 42). Mach-stem

waves also have been modeled numerically (ref. 43).

In general, hydraulic models are not suitable for modeling two-dimensional
tsunami propagation even within small regions. Typical tsunami wavelengths
(except perhaps when borelike waves are formed) are so long that wave makers
in a hydraulic model are only a small fraction of a wavelength from the region
to be studied. Thus, waves reflected by land are almost immediately reflected
off the wave makers and back into the basin. Wave absorber screens in front
of the wave makers are not very helpful because it is very difficult to absorb
very long waves. The wave makers can be moved a few wavelengths from the
region of interest by reducing the scale of the model; however, scale effects
then become very significant. Hydraulic model tests by Grace (ref. 42)
suffered the problem of trapping wave energy between the wave makers and the

shoreline.

Hydraulic models have been used very successfully to study one-dimensional
tsunami propagation. Hammack (ref. 31) studied tsunami generation and
propagation using a hydraulic model and Goring (ref. 33) studied tsunami

propagation up the continental slope to the nearshore region,
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1.2.3 Analytical Methods

Analytical solutions have been used for a long time to study tsunamis. They
are useful for simplified conditions (e.g., linear bottom slopes) rather than
for general and arbitrary conditions. Analytical solutions for tsunami
interactions with simple bathymetries are often used to verify numerical model
solutions. For example, Omer and Hall's solution (ref. 44) for the
diffraction pattern for long-wave scattering off a circular cylinder in water
of constant depth can be used to verify a numerical model that calculates the
interaction of tsunamis with an island in a constant depth ocean. Hom-ma's
solution (ref. 45) for the diffraction pattern for long-wave scattering off a
circular cylinder surrounded by a parabolic bathymetry can be used to verify a
numerical model that calculates the interaction of tsunamis with an island in
an ocean of variable depth. Analytical solutions also can provide insight
into the important processes determining tsunami propagation. For example,
Hammack and Segur (ref. 32) used analytical solutions to provide criteria for
the modeling of tsunami propagation. Kajiura (ref. 46) described the
propagation of the leading wave of a tsunami and Longuet~Higgins (ref. 47)

considered the trapping of wave energy around islands.

Analytical solutions are often used in engineering practice to determine
tsunami modification during propagation over simple bathymetric variations or
interaction with simple shoreline configurations. Camfield (ref. 48)
presented a description of many of the analytical solutions that have been
used in engineering practice. These solutions are useful when time or cost

constraints rule out the application of more general numerical models.
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There are problems associated with use of analytical solutions to determine
tsunami propagation for actual arbitrary conditions. Different phenomena,
such as refraction, shoaling, reflection, and runup usually must all be solved
separately if analytical solutions are used. Many techniques are used to
solve each of these processes. The techniques often utilize different
simplifying assumptions and, therefore, provide different answers. For
example, Camfield (ref. 48) discussed several formulas that have been used to
calculate tsunami runup. Some traditional techniques, such as simple
refraction methods, also have been shown to be inadequate for most tsunami

propagation problems (ref. 49).

1.2.4 Numerical Models

1.2.4.1 Generation and deep ocean propagation

Numerical models have been developed to generate tsunamis and to propagate
them across the deep ocean (refs. 50, 51, 52). These models use finite
difference methods to solve the linear long-wave equations on a spherical
coordinate grid. One of the models (50) solves a nonlinear continuity
equation, since the total water depth including the tsunami height is used.
However, the tsunami height is so small compared with the water depth that
this nonlinearity is inconsequential (and requires additional computational
time). These models employ grids covering large sections of the Pacific
Ocean. Transmission boundary conditions are used on open boundaries to allow
waves to escape from the grid instead of reflecting back into the region of

computation. Two of the models (refs. 51, 52) solve the equations of motion
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with an explicit formulation. The model of Hwang et al. (ref. 50) uses an
implicit - explicit formulation developed by Leendertse (ref. 53). A
transmission boundary conditions is used in the model that requires the time
step employed in the calculations to be limited by the stability coustraint
for explicit formulations. However, the implicit-explicit formulation
requires more computational time than required by explicit formulations when

the time step is limited by the same stability constraint.

These generation and deep-ocean propagation models use an initial condition
that an uplift of water surface in the source region is identical to the
permanent vertical ground displacement produced by the tsunamigenic
earthquake. Hammack (ref. 31) demonstrated that it is this permanent vertical
ground displacement, and not the transient motions that occur during the
earthquake, that determines the far—~field characteristics of the resulting
tsunami. In addition, Hammack (ref. 31) showed that the small-scale details
of the permanent ground deformation produce waves that are not significant far
from the source region. Thus, distantly generated tsunamis can be studied

when only the major features of the permanent ground deformation are known.

Hwang, et al. (ref. 50) used data of the permanent vertical ground
displacement of the 1964 Alaskan tsunami collected by Plafker {(ref. 54) in a
simulation of the 1964 tsunami. Good agreement was demonstrated by Hwang et
al. (ref. 50) between a recording of the 1964 tsunami (ref. 38) in relatively
deep water off the coast of Wake Island and a simulation of this tsunami using
a numerical model. Houston (ref. 55) used the model of Hwang et al. (ref. 50)
and the model of Garcia (ref. 52) to generate the 1964 Alaskan and the 1960

Chilean tsunami, respectively. The data of the permanent vertical ground
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displacement of the 1964 and 1960 earthquakes collected by Plafker (ref. 54)
and Plafker and Savage (ref. 56) were used as initial conditions in these
models. The deep-water wave forms calculated by these models were used by
Houston (ref. 55) as input to a nearshore numerical model covering the
Hawaiian Islands. Good agreement was shown between tide gage recordings of
these tsunamis in the Hawaiian Islands and the numerical model calculations.
Houston and Garcia (ref. 51) showed similar comparisons between tide gage
recordings of the 1964 Alaskan tsunami on the west coast of the United States

and numerical model calculations.

1.2.4.2 Tsunami interaction with islands

Tsunami destruction in the Hawaiian Islands has directed interest toward the
development of numerical models to simulate the interaction of tsunamis with
islands. Several numerical models have been developed in recent years. All
of these models solve the linear long-wave equations, but different techniques

are used in the solutions; therefore, the models have different capabilities.

Vastano and Reid (ref. 58) developed a numerical model to study the problem of
determining the interaction of monochromatic plane waves of a tsunami period
with a single island. A transformation of coordinates allowed a mapping of
the arbitrary shoreline of an island into a circle in the image plane. The
finite difference solution employed a grid that allowed greater resolution in
the vicinity of the island than in the deep ocean. Such a variable grid is
important since islands are usually small and surrounded by a very rapidly
varying bathymetry. This numerical model can be applied only to a single

island and not a multiple-island system.
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Vastano and Bernard (ref. 59) extended the techniques developed by Vastano and
Reid (ref. 58) to multiple~island systems. However, the transformation of
coordinates technique allows high resolution only in the vicinity of one
island of a multiple-island system. Thus, when Vastano and Bernard (ref. 59)
applied their model to the three-island system of Kauai, Oahu, and Niihau in
the Hawaiian Islands, the two islands of Oahu and Niihau had to be represented
by cylinders with vertical walls whose cross sections were truncated wedges.
Kauai was represented by a circular cylinder with the surrounding bathymetry
increasing linearly in depth with distance radially from the island until a
constant depth was attained. A single Gaussian-shaped plane wave composed of
a broad band of wave frequencies was used as input to the model. No
comparisons were made with historical tsunami data for the three islands. The
model does allow the approximate effects of neighboring islands on a primary

island of interest to be included in the calculations.

A finite difference model employing a grid covering the Hawaiian Island chain
was used by Bernard and Vastano (ref. 60) to study the interaction of a plane
Gaussian pulse with the Islands. The square grid cells were 3.3 miles on a
side and close to the minimum feasible size for a constant-cell finite
difference grid covering the major islands of Hawaii. However, historical
data indicate that significant variations of tsunami elevations occur over
distances much less than 3,3 km. The islands of Hawaii are relatively small
and not well represented by a 3.3-mile grid. For example, Oahu has a diameter
of only approximately 18 miles, and the land-water boundary of the island has
characteristic direction changes that occur over distances of much less than

3.3 miles. The offshore bathymetry of the islands also varies rapidly with
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depth changes of more than 4700 feet frequently occurring over distances of
3.3 miles. Furthermore, if a resolution of eight grid cells per wavelength is
maintained for tsunami periods as low as 15 min, a 3.3-mile grid cannot be
used for depths much below 950 feet. However, the processes that cause
significant modifications and rapid variations of elevations along the
coastlines, which are known to occur during historical tsunamis, probably
occur in this region extending from water at a depth of 950 feet to the
shoreline., This model allows all the islands of a multiple-island system to
be included in the calculations and can determine the interaction of an

arbitrary tsunami with the island system.

Lautenbacher (ref. 61) developed a numerical model that solved an integral
equation. He applied it to an island with sloping sides surrounded by a
constant depth ocean. An advantage of the model is that a wall or '"no flow"
condition is not required at the shoreline. However, the computational
requirements of the model are extremely large since the matrix to be inverted
is full. Thus, it is not feasible to apply the model to determine the
interaction of tsunamis with actual islands surrounded by complex
bathymetries. In addition, Mei (ref. 62) demonstrated that the integral
equation method can have eigen solutions at certain frequencies and lead to

ill-conditioned matrices.

A finite element numerical model based upon a model developed by Chen and Mei
(ref. 63) for harbor oscillation studies was used by Houston {(ref, 55) to
calculate the interaction of tsunamis with the Hawaiian Islands. The model
employed a finite element grid that telescoped from a large cell size in the

deep ocean to a very small size in shallow coastal waters. The grid covered a
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region that included the eight major islands of the Hawaiian Islands.
Although time periodic motion was assumed in the solution, the interaction of
an arbitrary tsunami waveform with the islands was easily determined within
the framework of a linear theory by superposition. Houston (ref. 55) also
demonstrated good agreement (major waves) between tide gage recordings of the
1960 Chilean and 1964 Alaskan tsunamis in the Hawaiian Islands and the
numerical model simulations of these tsunamis. A generation and deep-ocean
propagation numercial model was used to determine deep-ocean waveforms for
these two tsunamis. These waveforms were used as input to the finite element
numerical model. The advantages of this model include the flexibility of the
finite element method that allows a telescoping grid so that extremely small
elements can be placed in the nearshore region and the very small
computational time required by the model as a result of the very tight
bandedness of the matrix that is inverted. The model cannot be used to

calculate the effects of local tsunamis generated within the Hawaiian Islands.

A time-stepping finite element numerical model developed by Sklarz et al.
(ref. 64) has been used to investigate locally generated tsunamis near the big
island of Hawaii. Large, locally generated tsunamis occurred on the southeast
side of the island of Hawaii in 1868 and 1975. Sklarz et al. (ref. 64)
attempted to simulate the 1975 tsunami by using a 5-foot uplift of the water
surface in an elliptical area off the coast of the island of Hawaii as an
initial condition in their numerical model. The finite element model solves
the linear longwave equations. Reasonable general agreement was demonstrated
between the numerical model calculations multiplied by a factor of 4 and
measurements of runup for the 1975 tsunami. Sklarz et al. (ref. 64) also

claimed that a factor of 4 will account for the difference between the
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infinite wall at the shoreline used in their model and the amplification of a
tsunami as it moves from the shoreline to the level of ultimate runup. The
advantage of this model is that the flexibility of the finite element grid
allows the shape of a land mass and a complex offshore bathymetry to be well
represented. It is unlikely that it would be practical to include all of the
Hawaiian Islands in detail in a grid used by this numerical model because a
large matrix must be inverted at each time step. Thus, the cost of running
the model for a large grid would be prohibitive. However, locally generated
tsunamis have historically been important only on the single island nearest
the uplift that generated the tsunami; thus, a grid containing a single island
can be used to provide the information of practical concern for locally

generated tsunamis.

1.2.4.3 Tsunami interaction with coastlines

Numerical models have been developed to calculate tsunami interaction with
continental {or large islands such as the Japanese Islands) coastlines. Many
of these models solve long-wave equations. Some of the models solve long-wave
equations that include nonlinear advective and dissipative terms, and other
solve the linear long-wave equations. According to Hammack and Segur (ref.
32), Goring (ref. 33), and Tuck (ref. 65), the propagation of large (long-
period) tsunamis (at least the initial major waves), such as the 1964 Alaskan
tsunami, from the deep ocean up onto the continental shelf is governed by the
linear long-wave equations. Nounlinear and frequency dispersive effects are
not important during this propagation since the transition from the deep ocean
to the continental shelf occurs over such a short distance that there is not

sufficient time for these effects to become significant. However, these terms
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may become important during propagation from the edge of the continental shelf
to the shoreline. The linear long-wave equations may govern tsunami
interactions with islands (neglecting effects of reefs and occasional
formation of bores) as a result of the very short shelf region of small

islands in the Pacific Ocean.

One-dimensional numerical models that solve nonlinear equations and include
frequency dispersion effects have been developed. Heitner and Housner (ref.
66) developed a one-dimensional finite element model that was used to
calculate the runup of a solitary wave propagating up a linear slope. Mader
(ref. 67) used a one-dimensional model to calculate the propagation of
solitary waves and sinusoidal wave trains up linear slopes and past submerged
barriers. Garcia (ref. 68) used a one-dimensional model to study short-period
tsunamis that might be generated by horizontal motions of the Mendocino
Escarpment off the western coast of the United States. These one-dimensional
models are useful since they provide insight into the interaction of tsunamis
with simple wmodels of continental slopes. However, two-dimensional models are
necessary to calculate tsunami propagation over realistic bathymetries and

interaction with complex coastlines.

Aida (ref. 69) developed a two-dimensional finite difference numerical model
with an explicit formulation to study tsunamis generated just off the coast of
Japan. Various permanent vertical ground displacements for the 1964 Niigata
and the 1968 Tokachi-oki tsunamis were used as initial conditions for this
model that solved the linear long-wave equations. More recently Aida (ref.
70) applied a similar model to investigate tsunami generation and propagation

for five tsunamis generated off the coast of Japan. A telescoping finite
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difference grid was used so that grid cells could be made smaller in selected
bays where there were historical measurements of these tsunamis. The tsunami
source used in the calculations was a vertical displacement of the sea bottom
derived from a seismic fault model for each earthquake, A crude general
agreement was shown between the numerical model calculations and the
historical tide gage recordings of the simulated tsunamis. Differences
between the recorded and measured tsunamis are probably largely due to
inaccuracies in the seismic fault model used to determine the vertical

displacement of the sea bottom.

Houston and Garcia (ref. 71) employed a two-dimensional finite difference
numerical -model based upon the original formulation of a tidal hydraulic
numerical model by Leendertse (ref. 53) to study tsunami interaction with the
west coast of the United States. This model solves long-wave equations that
include nonlinear and bottom friction terms. Leendertse's implicit-explicit
multioperational method is employed in solving these equations. To verify the
model, a generation and deep-ocean propagation numerical model (ref. 50) was
used to generate the 1964 Alaskan tsunami and propagate it to the west coast
of the United States, The resulting wave form was used as input to this
nearshore numerical model that propagated the tsunami to the shoreline. Good
agreement was shown between tide gage recordings of the 1964 Alaskan tsunami
at Crescent City and Avila Beach, California, and the numerical model
calculations. This numerical model does not employ a telescoping grid.
However, the time step used by the model is not restricted by the stability
critera for an explicit model, Therefore, it is practical to use fine grid
cells and a grid covering a large area since a fairly large time step can be

employed. Houston (ref. 72) employed a two-dimensional signal implicit finite
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difference numerical model that used a uniformly varying computational grid to
study tsunamis in Southern California. Comparisons of historical data and

numerical computations were made of seven tide gage locations.

A time-stepping, two-dimensional finite element numerical model has been
recently developed by Kawahara et al. (ref, 73). Unlike most finite element
models that are implicit and require costly matrix inversions at each time
step, this model uses a two-step explicit formulation. Thus, the
computational time requirements of the model are modest and would compare
favorably with explicit finite difference models., Although the finite
difference formulation used by Houston and Garcia (ref. 71) allows a much
larger time step than that permitted by this model, the flexibility of the
finite element grid allows a region to be covered by fewer cells (as a result
of the telescoping properties of the grid) and permits the shape of coastlines
to be well represented. The model solves the linear long-wave equations in
deep water and the long=-wave equations including nonlinear advective terms in
shallower water. A simulation of the 1968 Tokachi-oki tsunami is also
performed by Kawahara et al. (ref, 73). A crude general agreement between
tide gage recordings of this tsunami and the numerical model calculations are
shown (with differences probably attributable to lack of knowledge concerning
the ground displacement that generated the tsunami). Gray (ref. 74)
demonstrated that the method used by Kawahara et al. (ref. 73) provides
excessively dumped solutions that do not converge as the numerical time step

is reduced.

Chen et al. (ref. 75) developed a two-dimensional finite difference model that

solves Boussinesq-type equations. These higher order equations include the
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effects of the nonlinear advective terms and frequency dispersion.
Furthermore, Chen et al. (ref. 75) found that the third-order term accounting
for frequency dispersion produced spurious high-frequency components that
caused numerical difficulties. Thus, numerical filtering had to be used to
suppress these components. The model was used to simulate a nearshore tsunami
off the coast of Diablo Canyon, California. Chen et al. (ref. 75), also
showed that a numerical model solving long-wave equations including nonlinear
terms calculated a tsunami wave form almost identical (slightly greater
amplitudes) to the waveform calculated by the model that solved the Boussinesq
equations. Thus, frequency dispersion did not produce any significant
effects, and Boussinesq equations were not found to be superior to long-wave
equations. The slightly lower amplitudes calculated by the model that solved
Boussinesq equations may have been caused by the numerical filtering which

would tend to reduce amplitudes.

1.2.4.4 Tsunami inundation

The final phase of tsunami propagation involves the inundation of previously
dry land. As discussed earlier, inundation patterns are often fairly
simple. The tsunami appears as a rapidly rising water level, and inland
flooding reaches an elevation similar to the tsunami elevation at the
shoreline. However, flow divergence and convergence resulting from two-
dimensional variations in topography (e.g., a narrowing canyon), frictional
effects, and time-dependent effects (that can limit the time available for
complete flooding) can change this simple pattern of inundation. Numerical
models are required to determine inundation lines for actual tsunami

propagation over complex topography.
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Bretschneider and Wybro (ref. 76) developed a one~dimensional model to
calculate tsunami inundation. Frictional effects, but not time-dependent
effects, were included in the model calculations. Calculations can be
performed for a series of constant ground slopes. This model is easy to apply
and very economical. The main limitations of this approach are the one-
dimensional and time-independent properties of the solution in addition to an
assumption that the height of the tsunami decreases with the square of the
velocity of the tsunami. This last assumption appears to contradict

laboratory experiments performed by Cross (ref. 77).

Houston and Butler (ref. 78) described a two-dimensional and time-dependent
numerical model that calculates land inundation of a tsunami. The model
solves long-wave equations that include bottom friction terms. A coordinate
transformation was used to allow the model to employ a smoothly varying grid
that permits cells to be small in the inundation region and large in the
ocean., The transformation is a piecewise reversible transformation that is
used independently in the x and y directions to map the variable grid into a
uniform grid for the computational space. A variable grid in real space is
necessary since the extent of inundation has a spatial scale much smaller than
a tsunami wavelength. An implicit formulation developed by Butler (ref. 79)
is used in the finite difference wodel. The model was verified by simulating
the 1964 Alaskan tsunami at Crescent City, California. This tsunami was very
large at Crescent City (20 feet above mllw), and the Crescent City area is
very complex. For example, the Crescent City harbor is protected by
breakwaters, some of which were overtopped and others which were not. There

is a developed city area, mud flats, and an extensive riverine floodplain.

35



Inland flooding was widespread in the floodplain area and extended as much as
a mile inland. Sand dunes and elevated roads played a prominent role in

limiting flooding in certain areas. Good agreement was demonstrated between
historical measurements (ref. 21) and numerical model calculations for high-
water marks, contours of tsunami elevations above the land during propagation

over previously dry land, and the extent of inundation.

1.3 Tsunami Elevation Predictions

1.3.1 Predictions Based Upon Historical Data

A number of locations in the United States, such as Hilo, Hawaii, have
sufficient historical data of tsunami activity to allow reasonable tsunami
elevation predictions to be made based upon the available historical data.

For such locations, the historical data can be ranked from the largest to the
smallest recorded elevation (largest elevation with a rank equal to 1 and the
second largest with a rank of 2). By dividing the rank by the total number of
years of record plus one year, the frequency of occurrence of elevations
equaling or exceeding a recorded elevation (mean exceedance frequency) can be

defined.

Cox (ref. 80) found that the logarithm of the tsunami mean exceedance
frequency was linearly related to tsunami elevations for the ten largest
tsunamis occurring from 1837 to 1964 in Hilo, Hawaii. Earthquake intensity
and the mean exceedance frequency have been similarly related by Gutenburg and
Richter (ref. 4). Furthermore, Wiegel (ref. 81) found the same relatiomnship

between tsunami frequency of occurrence and measured elevations for tsunamis
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at Hilo, Hawaii; San Francisco, California; and Crescent City, California; and
Adauns (ref. 82), for tsunamis at Kahuku Point, Oahu. Rascon and Villarreal
(ref. 83) demonstrated that a linear relationahip between the logarithm of the
mean exceedance frequency and recorded elevations held for historical tsunamis
on the west coast of Mexico (data from 1732) and on the Pacific West Coast of
America, excluding Mexico. Cox (ref. 80) showed that this linear relationship
between the logarithm of the mean exceedance frequency and tsunami elevations
at Hilo was valid for mean exceedance frequencies as high as approximately 0.1
per year (l-in-10-year tsunami) and that the relationship between mean
exceedance frequency and elevation followed a power law for higher
frequencies. Thus, the logarithmic distribution may not hold for small
tsunamis. This distribution also must be invalid at some large tsunami
elevations, since earthquakes reach certain maximum elevations as a result of
the upper limit to the strain that can be supported by rock before fracture
(ref. 4). Thus, tsunamis can be expected to have similar upper limits of
intensity. The logarithmic distribution should be adequate (provided there is
a sufficient length of historical record) to determine tsunami hazards at
locations other than the sites of critical facilities such as nuclear power
plants. At the site of a critical facility, the Probable Maximum Tsunami
(ref. 84) must be predicted by deterministic and not probabilitic methods.

Houston et al. (ref. 13) demonstrate this type of deterministic method.

Other mean exceedance frequency distributions can be applied to historical
data of tsunami elevations. For example, the Gumbel distribution has been
used in the past to study annual stream-flow extremes (ref. 85). Borgman and
Resio (86) illustrated the use of this distribution to determine frequency

curves for nonannual events in wave climatology. If the approach of Borgman
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and Resio (ref. 86) is applied to the historical data of tsunami activity in
Hilo, Hawaii (as compiled by Cox, (ref. 80)), a l-in-100-year elevatioun of
28.8 ft is obtained. This compares with a l-in-100-year elevation of 27.3 ft
obtained using a logarithmic distribution. The frequency distribution
governing tsunami activity at a location is not known a priori, and there is

not sufficient historical data to determine a posteriori the governing

distribution. However, the logarithmic distribution has been shown to provide
a reasonable fit of historical data at several locations in the Pacific Ocean

region,

Historical data of tsunami activity in the United States are available from
several published sources. Iida et al. (ref. 1) and Soloviev and Go (ref. 87)
presented catalogs of tsunami activity in the Pacific Ocean, Heck (ref. 9)
listed the worldwide tsunamis covering the period from 479 BC to 1946 AD.
Beringhausen (ref. 88) compiled a catalog of tsunamis in the Atlantic Ocean
and also a separate catalog (ref. 89) of tsunamis reported from the west coast
of South America (tsunamis generated in this region are of concern to areas in
the western United States). Pararas—Carayannis (ref. 2) published a catalog
of tsunami activity in Hawail, and Cox and Pararas-Carayannis (ref. 19) a
catalog of tsunami activity in Alaska. Cox and Morgan (ref. 15) described
locally generated tsunamis in the Hawaiian Islands. A catalog of tsunamis in

the Samoan Islands is presented in the report of Houston (ref. 26).

Detailed accounts of several major tsunamis in the United States are
available. For Hawaii, Shepard et al. (ref. 90), described the 1946 tsunami;
MacDonald and Wentworth (ref. 91), the 1952 tsunami; Fraser et al. (ref. 92),

the 1957 tsunami; Eaton et al. (ref. 37) and USAE District, Honolulu (ref.
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93), the 1960 tsunami; and loomis (ref. 16), the 1975 tsunami. Wilson and
Torum (ref. 3), Brown (ref. 35), Berg et al, (ref. 27), and a report by the
National Academy of Sciences (ref. 20) discussed the 1964 Alaskan tsunami.
Magoon (ref. 21) presented the effects of the 1960 and 1964 tsunamis in
northern California. Reid and Taber (refs. 12, 13) discussed the 1868 tsunami
in the Virgin Island and the 1918 tsunami in Puerto Rico. Keys (ref. 94)
described the 1960 tsunami in American Samoa. Symons and Zetler (ref. 25) and
Spaeth and Berkman (ref. 94) presented tide gage recordings in the Pacific
Ocean region of the 1960 and 1964 tsunamis. Tide gage records of several
historical tsunamis in the Pacific Ocean are available from the World Data
Center A for Solid Earth Geophysics, National Oceanographic and Atmospheric

Administration, Boulder, Colorado.

1.3.2 Predictions Based Upon Historical Data and Numerical Models

Most of the coastlines of the United States have little or no data of tsunami
activity. For example, most of the west coast of the United States has no
quantitative data of tsunami elevations. Only a very few locations have data
for tsunamis other than the 1964 Alaskan tsunami. The Hawaiian Islands have
substantial data of tsunami elevations for tsunamis since 1946. However, the
historical observations since 1946 are at discrete locations; therefore,
elevations are not known along many stretches of coastline. Data of tsunami
activity since 1837 is available in the Hawaiian Islands; however, historical

observations prior to 1946 are concentrated in Hilo, Hawaii.

In addition to the general scarcity of historical data, those data that are

available are for recent years when tsunami activity has apparently been
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greater than the long-term trend. For example, in Hilo, Hawaii, the two
largest and four of the ten largest tsunamis striking Hilo from 1837 through
1981 occurred during the l5-year period from 1946 through 1960. Two of the
tsunamis from 1946 through 1960 originated in the Aleutian Islands, one in
Kamchatka, and one in Chile. However, six of the ten largest tsunamis
occurred during the 109-year period from 1837 through 1945 with three
originating in Chile, two in Kamchatka, and one in Hawaii. Therefore, both
the frequency of occurrence and the place of origin of tsunamis have been
remarkably variable. The exceptionally frequent occurrence of major tsunamis
in Hilo, Hawaii, during the period from 1946 to 1960 is a property of the
unusual activity of tsunami generation areas and not of special properties of
Hilo. Thus, any analysis of tsunami activity that only uses a short time span
including the period from 1946 through 1960 will predict a significantly more
frequent occurrence of large tsunamis than is warranted by historical data

from 1837 through 1981.

From an analysis of tsunami data for Hilo, Hawaii, the errors introduced in
frequency=-of-occurrence calculations by consideration of a short-time period
that includes the unrepresentative years from 1946 through 1960 are

apparent. A l-in-100-year elevation for Hilo, based upon data compiled by Cox
(ref. 80) for the 10 largest tsunamis in Hilo from 1837 through 1976 and
assuming a logarithmic distribution, is 27.3 ft. The 1-in-100-year elevation
that is based just upon the large tsunamis druing the period of accurate
survey measurements in Hilo from 1946 through 1976 is 44.2 ft. Since the
largest elevation in Cox's data for the 140-year period from 1837 through 1976
was 28 ft (1960 Chilean tsunami), the 44.2-ft elevation for a l=-in-100-year

tsunami is probably much too large. The choice of frequency distributions
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does not change this conclusion. For example, use of a Gumbel distribution
yields a l-in-100-year elevation of 42.5 ft if the analysis is based only upon
data for 1946. Of course, the quantitative accuracy of the data for tsunamis
in Hilo from 1837 through 1945 may be somewhat questionable. However, there
is little doubt that the recorded occurrence of large tsunamis is accurate
(i.e., tsunamis noted as being significant were indeed so, and major tsunamis
did not occur and go unrecorded), 1In addition, errors introduced by
consideration of a short period that includes the years from 1946 through 1960
are greater than the errors resulting from possible obsevational inaccuracies
of the 19th century in Hilo. For example, increasing by 50 percent the
reported elevations for the five largest tsunamis recorded in Hilo during the
19th century (these five are included in the ten largest tsunamis recorded in
Hilo) yields a 1-in-100-year elevation of 30.4 ft. This elevation is similar
to the 27.3-ft elevation obtained using the reported elevations for the five

largest tsunamis recorded during the 19th century.

The lack of historical data of tsunami activity in the United States covering
reasonable periods of time makes it necessary to use various methods to expand
the data base. For example, Rascon and Villarreal (ref. 83) predicted
elevations at a site in Mexico by using historical data collected for the
entire west coast of Mexico. A frequency distribution based upon data
recorded at Hilo, Hawaii, and a Bayes estimation procedure are used to improve
the estimate based upon the data for the west coast of Mexico. Such an
approach is questionable since tsunamis at Hilo are primarily generated
locally, in Kamchatka, in Chile, and in Alaska; whereas the tsunamis recorded
on the west coast of Mexico are primarily locally generated. Therefore, there

is no reason that the frequency distribution in Hilo should be related to the
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distribution for the west coast of Mexico. In addition, elevation predictions
for the specific site in Mexico are not based upon local effects that may
amplify the tsunami. The following two sections describe studies that employ
various techniques, including the use of numerical models to expand the data
base, and thus allow elevation predictions at arbitrary locations within the

study region.

1.3.2.1 Predictions for the Hawaiian Islands

Houston et al. (ref. 17) described in detail methods used to make tsunami
elevation frequency of occurrence predictions for the Hawaiian Islands. In
order to make these predictions it was necessary to use data of tsunami
activity in Hilo, Hawaii, and to expand the data base at locations having
recorded data of tsunami activity since 1946. 1In addition, Houston et al.
used a numerical model to aid in developing predictions at locations not
having complete data for tsunamis since 1946 or not having any data of tsunami

activity.

To reconstruct elevations prior to 1946 at locations having historical data
since 1946, Houston et al. (ref. 17) noted that tsunamis originatng near the
the Aleutian Islands, Kamchatka, and Chile were recorded in the Hawaiian
Islands from 1946 to 1964. Therefore, the response is known of many areas in
the Hawaiian Islands to tsunamis originating in the three main locations where
tsunamis of destructive power in these islands have historically been
generated. They assumed that tsunamis generated in a single source region
(Kamchatka or Chile, but not the Aleutians) approach the islands from

approximately the same direction and have energy lying in the same band of
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wave periods. The difference in wave elevations at the shoreline in the
Hawaiian Islands produced by tsunamis generated at different times in the same
region was attributed mainly to differences in deepwater wave amplitudes. For
example, the 1841 tsunami from Kamchatka produced a wave elevation in Hilo,
Hawaii, that was approximately 25 percent greater than that of the 1952
tsunami from Kamchatka. The same relative magnitudes of the two tsunamis were
used for all of the islands to determine the elevations that must have
occurred in 1841 at some locations, knowing the elevation occurred in 1952.
Therefore, knowing the elevations of tsunamis from 1946 to 1960 at a location
and the response of Hilo to tsunamis from 1837 to 1960 allowed a
reconstruction of the elevations that occurred prior to 1946 at the location,
but were not recorded (for tsunamis from Chile and Kamchatka). Data from 1837
at Hilo were used instead of data from 1837 at Honolulu (Hilo and Honolulu are
the only two locations with substantial data since 1837) since data do not
exist at Honolulu for the 1868 and 1877 tsunamis, and the 1837 and 1841
elevations given by Pararas-Carayannis (ref. 2) represented drops in the water

level and not runup elevations.

The assumption that tsunamis generated in Kamchatka and Chile approach the
Hawaiian Islands from nearly the same direction was justified by Houston et
al, (ref. 17) by the small spatial extent of the known generation areas in
Kamchatka and a study of tsunami propagation from Chile by Garcia (ref. 52)
that indicated that directional effects for tsunamis originating along the
Chilean coast are small in the Hawaiian Islands (probably because the
generation areas in Chile subtend a relatively small angle with respect to the
Hawaiian Islands). The position of the Aleutian-Alaskan Trench relative to

the Hawaiian Islands does introduce important directional effects for tsunamis
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generated in the Aleutian Alaskan area. However, these effects are known from
historical observations for tsunamis generated in the western Aleutians (1957

tsunami), central Aleutians (1946), and eastern Alaskan area (1964).

Historical observations of tsunamis in Hawaii support the approach by Houston
et al, (ref. 17) that estimates the elevations produced by tsunamis from Chile
or Kamchatka prior to 1946 based upon data for tsunamis from these
tsunamigenic regions recorded during the years of accurate survey measurements
since 1946. Eaton et al. (ref. 37) noted that in the Hawaiian Islands
"Tsunamis of diverse geographic origin are remarkably similar". Wybro (ref.
95) showed that even the distributions of normalized elevations (elevations
normalized by the largest recorded elevation) produced in the Hawaiian Islands
by different Aleutian-Alaskan tsunamis are nearly the same yet quite different
from the distributions for tsunamis of other origins. Therefore, it is a
reasonable assumption that tsunamis from the same geographic origin produce
similar runup patterns in the Hawaiian Islands. Thus, the elevation of a pre-
1946 tsunami at a location that has a recorded elevation for a post-1946
tsunami from the same geographic origin can be estimated using the ratio of

recorded elevations of both tsunamis at Hilo, Hawaii.

There are many locations in the Hawaiian Islands that either do not have
recordings of tsunami elevations since 1946 or only have recordings of some of
these tsunamis. To reconstruct elevations at these locations, Houston et al.
(ref. 17) used a finite element numerical model covering all of the Hawaiian
Islands to simulate tsunami interactions with these islands. The numerical
model calculations were then used to interpolate between recorded elevations

and predict elevations at locations lacking historical observations. The
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finite element model and the verification simulations of actual historical
tsunamis in the Hawaiian Islands are described by Houston (ref. 55). The
numerical model calculations allow predictions of tsunamis since 1946 to be
made at any location in the Hawaiian Islands. The historical record at Hilo,
Hawaii, can then be used to reconstruct elevations for tsunamis prior to

1946. Thus, a record of tsunami activity dating back to 1837 (beginning of
Hilo record) can be reconstructed at any location and frequency of occurrence
curves determined. Houston et al. (ref. 17) presented frequency of occurrence

curves for all of the coastline of the Hawaiian Islands.

1.3.2.2 Predictions for the west coast of the United States

Unlike the Hawaiian islands, the west coast of the continental United States
lacks sufficient data to allow tsunami elevation predictions to be made based
upon local historical records of tsunami activity. Virtually all of the west
coast is completely without data of tsunami occurrence, even for the prominent
tsunami of 1964. Only a few locations have historical data for tsunamis other

than the 1964 tsunami.

The lack of historical data of tsunami activity on the west coast of the
United States necessitates the use of numerical models to predict runup
elevations. Brandsma et al. (ref. 96) used a deep~ocean numerical model to
predict probable maximum tsunami wave forms in water depths of 600 ft off the
west coast of the United States. Houston and Garcia (ref. 97) used a

numerical model to predict tsunami elevations in Puget Sound, San Francisco
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Bay, and Monterey Bay; and Houston and Garcia (ref. 71), numerical models to
predict tsunami elevations on all of the west coast of the United States

outside of these regions.

In order to predict tsunami elevations on the west coast of the United States,
it is necessary to base the analysis on historical data of tsunami generation
in the tsunamigenic regions of the Pacific Ocean of concern to the west

coast. Houston and Garcia (ref. 97) showed that the Aleutian-Alaskan area and
the west coast of South America are the tsunamigenic regions that are of
concern to the west coast. These regions have sufficient data on the
generation of major tsunamis to allow a statistical investigation of tsunami
generation. It is necessary to use historical data of tsunami occurrence in
generation regions to determine occurrence probabilities of tsunamis rather
than using data of earthquake occurrence to predict tsunami occurrence.
Earthquake occurrence statistics are of little value since a satisfactory
correlation between earthquake magnitude and tsunami intensity has never been
demonstrated. Not all large earthquakes occurring in the ocean generate
noticeable tsunamis. Furthermore, earthquake parameters of importance to
tsunami generation, such as focal depth, rise time, and vertical ground

motion, have only been determined in recent years for earthquakes.

Houston and Garcia (ref. 71) used the most recent and complete catalog (ref.
87) of tsunami occurrence in the Pacific Ocean to determine relationships
between tsunami intensity and frequency of occurrence for the Aleutian-Alaskan
and South American regions. The tsunami intensity scale used in the analysis
is a modification by Soloviev and Go (ref. 87) of the standard Imamura-Iida

tsunami intensity. Intensity is defined as
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i=1log (2 Havg) (»
This definition in terms of an average runup Havg (in meters) over a coast
instead of a maximum runup elevation at a single location (used for the
standard Imamura-Iida scale) tends to eliminate any spurious intensity
magnitudes caused by anomalous responses (due, for example, to local
resonances) of single isolated locations. Houston and Garcia (ref. 71)
assumed that the logarithm of the tsunami frequency of occurrence was linearly
related to the tsunami intensity and used linear regression of the historical
data to determine the probability distributions of tsunami generation for

these two tsunamigenic regious.

To relate the probability distributions of different intensity tsunamis to
source characteristics, Houston and Garcia (ref. 71) assumed that the ratio of
the source uplift heights producing two tsunamis of different intensities {as
defined earlier) was equal to the ratio of the average runup heights produced
on the coasts near these tsunami sources. This ratio is equal to Z(il—iZ) for

two tsunamis having intensities i; and i,.

The directional radiation of energy from tsunami source regions was described
in an earlier section. The strong directional radiation from large tsunami
sources makes the orientation of a tsunami source relative to a distant site
where runup is to be determined very important. Thus, the runup at a distant
site due to the generation of a tsunami at one location along a trench cannot
be considered as being representative of all possible placements of the

tsunami source in the entire region. In order to account for the effects of
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directional radiation, Houston and Garcia (ref. 71) segmented the Aleutian and
Peru~Chile Trenches and used a deep-ocean propagation model to generate
tsunamis in each of the segments. The Aleutian Trench was segmented into 12
sections and the PeruChile Trench into 3 sections. The Aleutian Trench was
segmented much finer than the Peru~Chile Treuch since the Aleutian Trench is
oriented relative to the west coast such that elevations produced on the west
coast are very sensitive to the exact location of a source along the Treach.
For example, the 1946 and 1957 Aleutian tsunamis did not produce large
elevations on the west coast, whereas the 1964 Alaskan tsunami radiated waves
toward the northern part of this coast where large elevations were recorded.
Uplifts along the Peru-Chile Trench do not radiate energy directly toward the
west coast regardless of their position along the trench. The Peru and Chile
sections of the Peru-Chile Trench also have constant orientations relative to
the west coast of the United States; therefore, elevations on the west coast
of the United States are relatively insensitive to source location within

these sections.

Houston and Garcia (ref. 71) used deep—ocean propagation numerical models to
generate tsunamis haviang intensities from 2 to 5 in steps of one-half
intensity increments in each of the segments of the two trench regioas.
Tsunamis with intensities less than 2 are too small to produce significant
runup on the west coast. An upper limit of 5 was chosen because the greatest
tsunami intensity ever reported was less than 5 (ref. 87). Perkins and McGarr
(ref. 100) demonstrated that future earthquakes cannot have seismic moments (a
measure of earthquake magnitude for great earthquakes) much larger than those
of earthquakes that have occurred in recorded history. Since earthquakes only

reach certain maximum magnitudes, tsunamis can be expected to have similar
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upper limits to intensity. The tsunamis generated in the trench regions were

propagated across the deep ocean using the deep-ocean propagation models.

As tsunamis approach the west coast of the United States their wavelengths
decrease as a result of the decreasing water depths. The numerical grids used
by Houston and Garcia (ref. 71) for deep-ocean propagation have too large a
grid cell spacing to properly simulate tsunami propagation over the
continental shelf of the west coast. Houston and Garcia (ref. 97) used an
analytic solution to propagate tsunamis over the continental shelf to the
shoreline. Houston and Garcia (ref. 71) used a numerical model that solved
long-wave equations, including nonlinear and dissipative terms, and employed a
very fine grid to prcpagate tsunamis over the continental shelf to the
shoreline, Waveforms propagated to the west coast by the deep-ocean
propagation models were the input to this nearshore numerical model. Each
waveform was propagated from a water depth of 1570 feet to shore using the
nearshore model. Numerical simulations of the 1964 tsunami at Crescent City
and Avila Beach, California, were used to verify the numerical model. At each
numerical grid location on the west coast, a group of 106 waveforms were
determined by Houston and Garcia (ref. 71l)--seven waveforms (for intensities
from 2 to 5 in one~half intensity increments) for each segment of the Aleutian
and Peru-Chile Trenches. Each of these waveforms had an associated
probability equal to the probability that a certain intensity tsunami would be
generated in a particular segment of a trench region.

The maximum "

still-water" elevation produced during tsunami activity is the
result of a superposition of tsunamis and tides. Therefore, the statistical

effect of the astronomical tides on total tsunami runup must be included in a
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predictive scheme. Houston and Garcia (ref. 97) used an analytical solution
to determine combined tsunami and astronomical tide cumulative probability
distributions. Houston and Garcia (ref. 71) also employed a direct numerical
solution similar to that used by Petrauskas and Borgman (ref. 101) to
determine combined tsunami and astronomical tide cumulative probability
distributions. It was necessary to employ a numerical solution since the
tsunami waveforms calculated by Houston and Garcia (ref. 66) using a nearshore
numerical shore did not have a simple form (e.g., sinusoidal). Houston et al.
(ref. 17) did not need to consider the effect of the astronomical tides in
their elevation predictions for the Hawaiian Islands since the tidal range is
quite small for these islands and the local historical data implicitly

contained the effects of the astronomical tides.

In order to perform a convolution of tsunami and astronomical tides, Houston
and Garcia (ref. 71) calculated tidal elevations for a year at locations all
along the west coast using harmonic analysis methods (ref, 102). The year was
then divided into 15-minute segments, and 24-hour tsunami waveforms were
allowed to arrive at the beginning of each of these 15-minute segments and
then superposed upon the astronomical tide for the 24~hour period. The
maximum combined tsunami and astronomical tide elevation over the 24-hour
period was determined for tsunamis arriving at each of these l5-minute
starting times during a year. All of the maximum elevations had an associated
probability equal to the probability that a certain intensity tsunami would be
generated in a particular segment of the two trench regions and arrive during
a particular 15-minute period of a year. These maximum elevations with
associated probabilities were used by Houston and Garcia (ref. 71) to

.determine cumulative probability distributions of combined tsunami and
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astronomical tide elevations. The 100~ and 500-year elevations were

determined for locations along the west coast of the United States using these
cumulative probability distributions. Elevations for arbitrary return periods
can be obtained by assuming that the 100- and 500-year elevation determined by

Houston and Garcia (ref. 71) follow a logarithmic distribution.

1.3.2.3 Risk Calculation

The average frequency of occurrence F calculated by Houston et al. (ref. 17)
and Houston and Garcia (ref. 71) is a mean exceedance frequency, i.e., an
average frequency per year of tsunamis occurring and producing an equal or
greater elevation. It also is possible to calculate the chance of a given
elevation being exceeded during a particular period of time. Such a

calculation is a risk calculation.

Tsunamis are usually caused by earthquakes, and earthquakes are often
idealized as a generalized Poisson process (ref. 103). Many investigators
have assumed that tsunamis also follow a stochastic process (refs. 81, 83).
The probability that a tsunami with an average frequency of occurrence of F is
exceeded in D years, assuming that tsunamis follow a Poisson process, is given

by the following equation:

P=1-¢P (2)
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For example, the probability that a 1-in-100-year elevation will occur in a

50-year period is

p =1 - o=(0.01)(50)

L1 - 0.5
= 0.39

1.3.2.4 Tsunami Hazard Maps

Figure 1 is the general tsunami hazard map for the United States, and

Figures 2 through 10 are the detailed maps (refs. 17, 71, 97, 98). Houston et
al. (ref. 17) presented frequency curves of tsunami elevations for the
Hawaiian Islands, and Houston and Garcia (refs. 71, 97), Garcia and Houston
(ref. 98), and Houston (ref. 72) predicted 100~ and 500-year elevations for
the west coast of the continental United States. A tsunami elevation with a
90 percent probability of not being exceeded in 50 years represents a 475-year
elevation. This is easily calculated from the previous section by setting

D =50 and P = 0.1 (10 percent probability of being exceeded) and solving for

1/F.
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2. Effects on Facilities

The effect of a tsunami on structures and other facilities will depend on the
wave period, the height of the tsunami at the shoreline and subsequent runup,
and the current velocity associated with the tsunami. The height of the
tsunami will determine the buoyant force on structures and materials, and will
also determine the magnitude of the current velocities. The height and period
of the waves will determine the extent of flooding, and the current velocity
will determine the magnitude of the hydrodynamic forces acting against
structures and the velocity of material carried forward by the movement of the

water,

The tsunami height and period may be determined using the methods described in
chapter 1, "Tsunami Hazard." A maximum value of the current velocity for
shoreline flooding can be obtained using the equation suggested by Keulegan

(ref 1), which is given as

1
u = 2(gh)”2 (3)
(1)
where u = the current velocity,
h = the tsunami height at any point on the shoreline,
g = the gravitation.al acceleration.

78



Approximate values of current velocities associated with tsunamis approaching
the shoreline are discussed in the following section 2.1.4., "Impact forces

and overtopping".

2.1 Shore Protection Structures

Breakwaters and seawalls may provide protection to coastal areas from
tsunamis. Breakwaters may decrease the volume of water flowing into a harbor
and onto the coastline when a tsunami occurs. Proper placement of breakwaters
may also decrease wave heights by changing the natural period of an inlet. A
sufficiently high seawall along a coastline may prevent flooding of the
backshore areas. However, breakwaters may also affect the resonant period of
a harbor so that wave heights are increased, and seawalls may reflect waves
within a harbor. Also a tsunami may damage shore protection structures,

Therefore, care must be exercised in the design of the structures.

A tsunami may damage shore protection structures by movement of stone or armor
units, erosion at the base of the structure or erosion of backfill,
overturning of the structure, or impact forces on the structure. In addition,
water may overtop a structure, flooding the area the structure is designed to

protect, and debris may be carried over the structure.

2.1.1 Movement of stone

There have been numerous instances of tsunamis damaging or destroying
protective structures. The 1946 tsunami in Hawaii overtopped and breached the

breakwater at Hilo, on the Island of Hawaii removing 8-foot stones to a depth
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3 feet below the water surface along 9 sections of the breakwater crest with a
total length of over 6,000 feet (ref. 2). Eaton, Richter, and Ault (ref. 3)
found that the 1960 tsunami in Hawaii carried inland large rocks from a
seawall, weighing up to 22 toms. Hydraulic model studies are required to
determine tsunami effects on individual rubble structures, i.e., to determine
if stone and armor units will be moved by tsunamis. An example of this type
of study was carried out by Kamel (ref. 4) to study the repair of the

breakwater at Hilo, Hawaii, after the breakwater was damaged by a tsunami.

2.1.2 Erosion

A number of examples can be found of damage caused by erosion. Matuo (ref. 5)
refers to the case of an earthern embankment at Yosihama on the northeast
coast of Honshu, Japan which had been constructed to protect a section of
coastline. The 1933 Sanriku tsunami overtopped the embankment, and it was

swept away flush with the original ground level.

Iwasaki and Horikawa (ref. 6) investigated areas along the northeast coast of
the Island of Honshu, Japan. They indicate that a sea dike located on
Kesennuma Bay, Japan failed during the 1960 tsunami because the water from the
incident waves which had overtopped the dike caused extensive erosion receding
at a gap in the dike. The receding water gradually widened the gap. They
also note that a quay wall at Ofunato failed because of scouring of the
backfilling and that a quay wall constructed of reinforced concrete sheet
piles at Hachinohe collapsed due to a lack of interlocking strength after

backfilling was washed away.
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Iwasaki and Horikawa also indicate that receding water may seriously scour the
seaward base of a revetment or seawall. The combination of this scouring, and
the increased hydrostatic pressure from initial overtopping, may cause
failure. The concrete seawall along a highway between Hadenya and Mitobe on

Shizukawa Bay, Japan collapsed seaward.

Similar failures occurred along a highway on Onagawa Bay and a quay wall at
Kamaishi, Japan. Magoon (ref. 7) noted that 6 to 7 feet of sand was scoured
at the seaward toe of a steel pile retaining wall at Crescent City, California
in 1960, contributing to its partial failure. Also, a wood pile mooring
dolphin was destroyed as a result of the loss of sand at its base. Matuo
(ref. 5) mentions a concrete retaining wall which was overturned seaward by

the 1933 Sanriku tsunami.

The erosive force of a tsunami can be seen from the fact that the 1960 tsunami
in Hawaii washed out concrete seawalls 3 feet high. Also a gully 10 feet deep
and 90 feet wide was washed into a highway along the shoreline at Hilo,
extending inland 60 feet. Shepard, et al., (ref. 8) mentions a case where

water overtopping sand dunes cut a channel 100 feet wide and 15 feet deep.

Protection must be provided against scour damage at structures. The ground
surface behind seawalls or revetments, and the ground surface adjace to
buildings, may be protected by paving or vegetation. The U.S. Army Engineer
Division, Pacific Ocean (ref. 9) lists trees, shrubs, and ground covers which
are found in Hawaii, and which are suitable for protection against tsunamis.
Similar types of landscaping can be used in other locations where favorable

climatic conditions exist..
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A tsunami may produce large forces against a structure which cause overturning
of the structure. Matuo (ref. 5) reports on a dynamometer located on a
breakwater at Hatinohe Harbor, Japan during the 1933 Sanriku tsunami. The
dynamometer was located 2.4 feet below the level of water surface at the time

of arrival of the tsunami. The recorded maximum pressure was 800 1bs/foot?2

for a wave with a height of about 10 feet and a period of 6 minutes. As noted

in Section 2.1.2, "Erosion,” these forces may also combine with erosion to

cause failure of a structure.

Nasu (ref. 10) developed some empirical criteria for the stability of
breakwaters based on the geometric shape of the breakwater. For a breakwater

with a seaward slope of 1:2.5 and a landward slooe of 1:2, he gives

u2 ¢ h, + 0.89b (2)

0.0358

where u = the current velocity in meters/second,

hv = the height in meters of the vertical segment of the face of the
breakwater against which the current acts,
b = the top width of the breakwater in meters,

for the condition of geometric stability.
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2.1.4 Impact forces and overtopping

Impact forces against a shore protection structure may result either from
debris in the water, or storm waves riding on top of the longer period
tsunami. Water and debris may be carried over the structure either by runup
and overtopping of the structure, or by the flow of water resulting from a

tsunami having a higher height than the structure.

As a tsunami acts as a shallow water wave, the maximum current velocity, u,
associated with the tsunami for a non-breaking (non-bore) type tsunami,

treated as a small amplitude wave, is

wo= %* v/g_-d (3)

where a = the amplitude of the tsunami above the still water level,

d = the still water depth

as noted by Camfield (ref. 11). Where the tsunami forms a surge approaching
the shoreline through shallow water (not over a dry bed), the surge velocity,

c, can be taken from Keulegan (ref. 1) as

(4)
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The current velocity, u, associated with the surge is

u=c<1_i___) (5)
d + a

Equations 3 and 5 describe the velocity at which debris might be carried

forward into the structure. The momentum, My» Of a piece of debris hitting

the structure is given as
M = um (6)
where m = the mass of the plece of debris.

Impact of storm waves hitting a structure is given by the U.S. Army, Coastal
Engineering Research Center (ref. 12). For a wave breaking against a vertical

wall, the force, F, is given as

2
H d
F = 100y 2 s (D + ds) (7)
3LD D .
where = the unit weight of the water,

Hp = the breaker height

D = the depth one wavelength in front of the wall,
LD = the wavelength in water of depth
ds = the depth at the toe of the wall (including the added depth

resulting from the tsunami).
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The force, ¥, given by equation 7 is assumed to act at the waterline. In
addition to this force, there is a hydrostatic force including that from the

increased water level due to the tsunami plus the breaking wave (that is, a

total water level against the face of the wall of ds + 0.5 Hp) e

For a broken wave hitting the all the force, F, is given as

F=0.39 v dgHy (8)

and is assumed to act at a distance 0.39Hb above the waterline. The

hydrostatic force assumes a total water level against the face of the wall of

d + 0.781 , where d again includes the tsunami height. A further, detailed
s b s
discussion of wave forces is given by the U.S. Army, Coastal Engineering

Research Center (ref. 12).

The volume of water overtopping a wall is discussed by Wiegel (ref. 13).

Wiegel gives the following empirical equation for overtopping volume, V, in

cubic meter length of wall

t 3/2
vV =0.28 2 |4 2mt h
0] 7 j‘t (z hS cos T - w) dt (2.9)
1

where hg the total wave height in meters (crest to trough) of the wave at

the shoreline,

= the wave period

1 = the point in time where overtopping begins,

t2 = the time when overtopping ends.
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As the wall height, h , in meters is measured from the sea level at the time
W

the tsunami occurs, it varies, but would have its lowest value (that is, the

greatest overtopping would occur) when the sea level is at the highest tidal

stage. Values for overtopping are shown in Figure 1l1.

2.2 Other Structures Located at the Shoreline

In addition to the effects on shore protection structures, tsunamis may damage
other structures located at the shoreline, or along river and navigation
channels near the shoreline which are affected by the tsunami. These
structures may include docks and bridges. Failure of the structures may
result from scouring at the foundations, or from hydrodynamic forces on the

structure leading to direct structural failure.

2.2.1 Scouring at foundations

Scouring at structure foundations was discussed in the previous report section
2.1.3, "Erosion.” An example of this effect on bridges is shown by Iwasaki
and Horikawa for a bridge support at Mangoku, Japan. The bridge support

slumped 2.38 feet due to heavy scouring of the channel bottom.

The current velocities associated with the tsunami are given in equations 3
and 5. For a tsunami, the horizontal current velocities are assumed to be

uniform from the water surface to the channel bottom or sea bottom. An
investigation of the material near the foundations is required for individual

structures to determine the susceptibility to erosion.
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2.2.2 Structural Failure

Examples of structural failure caused by a tsunami are illustrated in Shepard,
et al. (ref. 8). The 1964 tsunami, which originated in Alaska, caused a
tsunami surge at Seaside, Oregon that destroyed a bridge over the Necanicum

River and a railroad trestle over Neawanna Creek.

For a tsunami flowing past a structure, the velocity will be slowly varying,
and the force can be taken as a drag force, that is, acceleration is assumed
to be negligible and inertia forces are neglected. The drag force, F , is

D

defined as

2
Fp =CcD A u (10)

2

where = the density of seawater,
CD = a coefficient of drag, depending on the structure, given in Table
2.1,
A = the projected area of the structure normal to the direction of
flow,
u = the current velocity of the water.

Tabulated values of drag coefficients are generally not available for free

surface flow at high Reynolds numbers. It is therefore necessary to use

existing tables of drag coefficients, and establish maximum coefficients to

ensure safe design. Table 1 gives examples of drag coefficients.
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Hallermeier (ref. 14) discusses the importance of the parameter, u2/(gd),
where d is the projected horizontal dimension of the structure transverse to
the direction of flow, Where this parameter approaches unity there are strong
unidirectional free-surface flow effects. 1In that case, it would be expected
that the coefficients of drag, Cp» given in Table 1 may be too low.

Individual model tests would be required to determine a more exact interaction

between the tsunami and the structure.

For cases where flow does not overtop a structure, and where there is no
underflow, the flow may be treated as flow around an "infinitely long"
structure where the ground and the free surface define the boundaries of a
layer of fluid. For example, flow around a vertical cylindrical column would
be treated as flow around an infinitely long cylinder in order to obtain a

drag coefficient.
In cases where there is overtopping and underflow, a determination should be

made of the ratio of length to width for the structure. This ratio should

then be used for determining the coefficient of drag.
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TABLE 1
Drag Coefficients

Object 1 /d Pevnalds Mumher CD
Civcular Cylinder 1 105 0.63
5 10° 0.74

N 5
_ (::::> ) - 10 1.20

% o >5 x 105 0.33

Square Cylinder

; - 3.5 % 10° 2.0
————e 3
¥
—
: - 10" to 10° 1.6
e e D «
!
A
Rectancular Fiat Plate 1 >103 1.1
(totally submerged)
5 103 1.2
20 >10° 1.5
w >10° 2.0
L = The height of a submerged cylinder, or the length of the flat plate
d = The projected dimension shown, or the width of the flat plate
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For a situation in which there is either overflow or underflow, the

coefficient of drag can be determined by making use of an approximation.
Assume that the depth of flow around the structure is twice the actual depth,
and that the height of the structure is twice the actual depth, and that the
height of the structure is equal to twice the wetted height. Then obtain a
coefficient of drag as if there was both underflow and overflow (see

Fig. 12). An example of this type of calculation follows:

FRFHEIRTIATRTTRRTFRTIFRTTATRTERLXEXAMPLE PROBLEM 1 ®dddkideddddolddodlh ik d

GIVEN: A Flat sided structure is 14 meters (45.9 feet) wide, and is normal to
the direction of flow. The structure is 3.5 meters (11.5 feet) high, but is
supported on columns so that there is a 1.5 meter (4.9 feet) high open space
under the base of the structure. The tsunami surge has depth of 2.5 meters
(8.2 feet), giving a wetted height on the structure equal to 1.0 meters (3.3

feet).
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Flow Direction

Tsunami surge flowing past elevated structure

h = surge height

hyw = wetted height on structure

L = length measured perpendicular to the
sections shown above and below

L/d = L/ {2hy)

_______________________ —2hy———— 2h

Flow Direction

Equivalent body used for determining coefficient of Drag Cj
Flow is assumed symmetrical about the dashline

Figure 12. Determination of C when flow passes under a structure.
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(a) the coefficient of drag of the structure; and
(b) the coefficient of drag of a similar structure located at level with

no underflow.

Tsunami surge flowing past elevated structure

h = surge height

hy = wetted height on structure

L = length measured perpendicular to the sections shown above and below
L/d = L/(2hy)

Equivalent body used for determining coefficient of Drag C
D

Flow is assumed symmetrical about the dashline

SOLUTION:

(a) It can be assumed, for purposes of determining the coefficient of drag,
that the structure is equivalent to a structure 14 meters wide and 2.0 meters
high with both underflow and overflow (see Figure 2.6). From Table 1, for a
flat plate normal to the flow direction where L/d = 7, the coefficient of drag

CD 1.25.

(b) The structure is higher than the depth of flow so that, in this case,

there would be neither underflow or overflow. This corresponds to an

infinitely high structure where L/d = . From Table 1 D, = 2.0.
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The following example problem illustrates the calculation of forces on

structural colummns.

KARRKIRKKRRKAKAARKKA KKK A AR KRXXRXXEXAMPLE PROBLEM 2% **kkkkkkkAkkAkkkkAhhhhrkkAx%

GIVEN: A structure, 3 meters (9.84 feet) above a channel bottom, is supported
by square columns having 14 cm x 14 cm (5.5 inch x 5.5 inch) cross sections.
The still water depth is 1 meter (3.24 feet). A tsunami creates a surge
giving a water depth of 2.44 meters (8 feet) under the platform. The surge

acts normal to the sides of the columns, which are rigidly fixed at ground

level.

FIND: The moment of the surge force about the base of a column.

SOLUTION: To determine the coefficient of drag, the columns may be considered

as infinitely long columns, and from Table 1, we have that C = 2.0. From
D

equations 4 and 5.

u=¢g‘d[si,2:dr_a_ (dZa +l>:l’/z(l__a_d_a_)

L
u=-\/9.81xl[———2-é—44—— (2.44+1)] 2 (1- 1 )
2.44
u = 3.79 meters/sec (12.42 ft/sec)
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The drag force on a column is given by Equation 2.10 as

2 2
o =0 O A% = 1026(2) (2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>