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ABSTRACT

The purpose of this study is to evaluate the tsunami of Good Friday
1964, The evaluation is directed to an engineering view of the causes,
effects, and future protective measures. A secondary purpose is to
evaluate the oceanographic and geophysical nature of tsunami generation.
Based on the literature of earlier investigators and on field inVesti-
gation by the authors, the study gives a picture of what occurred.
Analyses by the authors also suggest an explanation of how it occurred.

Started nearly two years after the event, the study had the advan-
tage of collecting data from a great number of sources - sources that
would not have been available much closer to the event. A disadvantage
was that vital engineering evidence concerning structural damage was lost
during cleanup and reconstruction.

Nature of the earth dislocation is described and related to the
generaticn, propagation, and dispersion of the main tsunami waves. It
is inferred that this earthquake (as perhaps many great earthquakes) was
triggered by the lunisolar forces on the earth's crust at syzygy and by
the moment-arm forces of local spring tide differentials. The complex
tectonic movements may, for simplification, be imagined as a gigant'c
wvave-paddle that pushed an initial wave 10 to 20 meters high along a
front of 650 kilometers. Propagation of this enormous wave is followed
to Canada, Washington, Oregon, and California, to Hawaii, Russia, Japan,
and New Zealand, even to Tierra del Fuego and Antarctica.

Detailed studies of the main tsunami and local seismic sea waves
are given for damaged areas in Alaska, especially those in Prince William
Sound. Similar studies are presented for a'cas in Canada, Washingtcn,
Oregon and California. In addition to the wuve analysis for each place,
an engineering evaluation is presented for severely damaged areas.
Included are marigrams of component waves and oscillations for many
places reached by the tsunami, based on a subjective analysis cf tide
gage records, These analyses relate the tsunami waves to local bay and
shelf oscillations, and to the local tides.

For convenience, the study is summarized in Section VII, and con-
clusions are presented in Sections VIII and IX.

FOREWORD

Although large tsunamis are relatively rare occurrences, they cause
major damage when they do occur. The Alaskan tsunami of March 1964 gene-
rated a great deal of interest in the scientific community as a whole, and
in various Federal agencies concerned with tsunami warning and protection,
including the U. S. Army Corps of Engineers which is particularly involved
in the planning and design of protective structures to prevent or mitigate
damage in harbors and along shores. This general scientific interest was
also stimulated by the establishment of a National Academy of Sciences
Committee on the Alaska Earthquake. Two panels of that Committee, the
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Panel on Engineering and the Panel on Oceanography, were particularly
interested in the tsunami aspects of the earthquake. Their interest,
together with that of the Corps of Engineers, resulted in the U. S. Army
Coastal Engineering Research Center initiating a contract with Science
Engineering Associates to make an engineering study of the effects of this
tsunami, and from these to derive conclusions as to engineering applica-
tions and approaches for preventing or mitigating tsunami damage. This
contract was sponsored by the Coastal Engineering Research Center, and
administered through its Research Division.

This report is a final report on this study, and was prepared by Dr.
Basil W. Wilson (Director of Engineering Oceanography, Science Engineering
Associates) and Mr. Alf Térum, then with Science Engineering Associates,
but now returned to his former affiliation with the River and Harbor
Research Laboratory at the Technical University of Norway, Trondheim.

The authors would like to express their appreciation for the help of
Messrs. Takashi Umehara and George Zwior who, in addition to much of the
drafting work, undertook much painstaking research and detailed measurements
from photographs and other sources in the compilation of the damage maps
of Kodiak, Seward, and Valdez. The authors also have greatly appreciated
the personal interest and encouragement of Dr. George Housner (Chairman of
the Panel on Engineering of the NAS Committee on the Alacka Earthquake),
Mr. Doak Cox (Chairman of the Panel on Oceanography of that Committee) and
the members of their respective panels, as also of Dr. Konrad Krauskopf and
Mr. William Petrie, respectively Chairman and Executive Secretary of that
Committee: also the personal interest and help of Thorndike Saville, Jr.,
Chief, Research Division and Richard H. Allen, Chief, Publications Branch,
both of the Coastal Engineering Research Center. The authors state their
recognition that it is impossible to make individual acknowledgment to
all of the many people, authors, and agencies that have contributed either
verbal information or written and photographic material; however, as far as
possible, their contributions have been acknowledged in the text or in the
figures. The authors have greatly appreciated the cooperation of all of
these.

At the time of publication Joseph M. Caldwell was Acting Director of
the Coastal Engineering Research Center. s

NOTE: Comments on this publication are invited. Discussion will be
published in the next issue of the CERC Bulletin.

This report is published under authority of Public Law 166, T9th
Congress, approved July 31, 1945, as supplemented by Public Law 172, 88th
Congress, approved November T, 1963.
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Section I. INTRODUCTION

At 9:30 p.m. local time on Good Friday, March 27, 196k, Alaska was
rocked by a great earthquake with an estimated magnitude M = 8.4 to 8.6
on the Kichter Scale. The strain energy released was more than half as
much again as that released by the earthquake of 1906 at San Francisco
(M - 8.3) or a quarter more than that released by the Chile earthquake
of 1960 (M = 8.L),

The epicenter of the Alaskan earthquake occurred apparently in the
remote Chugach Mountains at latitude 61.1° N., longitude 1L47.7° W., *15
kilometers (Hansen, et al, 1966), but, according to this definition, i%
‘ould have occurred as easily in Unakwik Inlet, or on tributary arms of
Unukwir Inlet, or the neighboring College Fjord to the west of Prince
Willium Cound (Figure 1). Main particulars of the epicenter lccation of
the earthquake focal depth, magnitude, and orientation are contained in
Table 1, from which it is evident that estimates of longitude reported by
various authorities vary from 1L47.5° to 1L47.8°, a difference latitudinally
of about 9 nautical miles.

The focal depth of the earthquake appears to have been comparatively
shallow (20-50 kilometers) and for the earthquake magnitude this conforms
to the statistical trend reported by Gutenberg and Kichter (195L), and as
summarized by Wilson, et al (1962). The hypocenter has evidence of being
at or near the elbow point of an almost right-angled faulting system that
charucterizes the geological structure of the Alaskan landmass. An immense
movement of the land, horizontally and vertically, resulted, covering a
large extent of south central Alaska and the Continental Shelf offshore.

The impact of this movement on the sea was registered in many ways.
The total movement along a front of about 800 kilometers, within the short
time of L or 9 minutes, triggered a train of tsunami waves that swept to
the far reaches of the Pacific Ocean. Locally, in Prince William Sound
and in the complex fjord-like indentations of the coast, seiches were set
in motion by the tilting of the sea bed, and devastating waves were gene-
rated by submarine slumping of unstable glacial deltas and by landslides
from the steep sides of the fjords into the sounds.

inside Prince William Sound the violent local commotion of water in
the maze of gulfs and bays that encompass the Sound in an almost land-
locked circuit completely razed the waterfronts of Valdez and Whittier
and virtually wiped out the Indian village of Chenaga. Cordova on the
couthenst side of the Sound was spared a far worse fate by the uplifting
of the land.

Outside Prince William Sound the tsunami assailed Seward on the
southwest side of the Kenai Peninsula and destroyed part of Kodiak City
and its residential environs. The great waves raced on to the west coast
of Canada and the United States and demolished parts of Port Alberni,
Canada, and Crescent City, California. They reached the Hawaiian Islands
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and went on to be recorded at the Argentine Islands on the west side of
the Palmer Peninsula of Antarctica, on the east coasts of New Zealand and
Australia, on the eastern seaboard of Japan and even on Sakhalin Island
in the Sea of Okhotsk.

Mercifully, the earthquake occurred at a period of low tide; also
in most of Prince William Sound the land was raised 4 to 10 feet in
elevation and mitigated the full damage potential of the first waves.
Fortunately too, Alaska's indented coastline is sparsely populated so
that the dissipation of wave energy occurred with far less loss of life
and property than would have occurred on a well-populated coastline.
Nevertheless, Valdez, Whittier, Seward, and Kodiak were tragically inun-
dated and suffered severe damage (Life Magazine, April 10, 196L; National
Geographic Magazine, July 196k4; Grantz, Plafker and Kachadoorian, 196l;
U. S. Coast and Geodetic Survey, 196L4; Brown, 1964).

The earthquake also stimulated remote seiche and wave effects in
the Gulf of Mexico and various parts of the United States. These effects
were completed dissociated from the Pacific Ocean tsunamis, yet in their
own right may be logically called seismic sea waves or seismic seiches.

This study is an attempt to assemble and assimilate the work of
many investigators who in one way or another have been concerned with
the task of recording what happened, specifically as regards the effects
f the tsunami. More importantly it seeks to reconstruct the mechanisms
whereby the tsunamis were generated, to identify the nature and propaga-
tion of the waves, and to determine the damage they caused. We shall
take the liberty of injecting some new ideas and considerations that may
or may not be in agreement with the explanations advanced by others.

Section II. THE NATURE OF EARTH DISLOCATION AND MOVEMENT

1. The Geological Character of Faults in Alaska

The geological structure of Alaska has been discussed in detail
in the now voluminous literature dealing with the Alaskan Earthquake
(cf. Wood, et al, 1966; Hansen, et al, 1966; Marlette, et al, 1965) so
that we shall dwell only on those feetures pertinent to our theme.

The State of Alaska may be broadly divided into four physiographic
regions which band the area in a approximate east-west direction (Figure
2a). In the south, the Pacific Mountain system forms an arcuate belt
of rugged terrain and encompasses the system of faults within which the
earthquake epicenter was located. The region is typified by a serration
of geanticlines and geosynclines which roughly parallel the coast and
penetrate laterally into the next northerly region of intermontane
plateaus and beyond. North of this is another mountainous region, a
continuation of the continental Rocky Mountain System. Still further
north is a comparatively narrow Arctic Coastal Plain.
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The earthquake had its main effects in the Pacific Mountain region
in the south central area and the spread of perceptible effects from the
source throughout Alaska is illustrated in Figure 2b (cf. Townshend and
Cloud, 1964). The substructure of the coastel area mainly affected is
underlain by cretaceous sediments of graywacke which have been folded and
varped into the system of geanticlines and geosynclines already mentioned.
Within this system lies a series of arcuate faults which parallel the
structural features of the region, as also the coast and the well-known
Aleutian Trench (Figure 3). Of the faults shown, only the Chugach-

St. Elias fault appears to comprise a boundary between radically dif-
ferent rock types. The dip and sense of movement along the faults is

not yet well established. (Wood, et al, 1966), nor are all the faults
fully recognized or located. As we shall see, the seismic evidence sug-
gests that the fault planes giving rise to the Alaskan earthquake are
apparently buried and have no intersections with the free surface.
Certain localized faults, however, notably the Hanning Bay and Patton

Bay faults on Montague Island, became visible during the earthqueke, but
these apparently have only secondary connection with the submerged raults
already mentioned (Plafker, 1965).

2. Historical Distribution of Earthquakes in Alaska

The South Alaskan seaboard is one of the most active seismic re-
gions in the world. It forms part of the circum-Pacific belt of seismicity
that gives a well-defined geographical distribution to the occurrence of
earthquakes and volcanic eruptions in the Pacific Arena.

The positions of the epicenters of major Alaskan earthquakes occur-
ring in the interval from 1898 to 1961 are shown in Figure 3 (from Hansen,
et al, 1966). These epicenters are scattered along the island arc of the
Aleutian Islands and concentrated in Cook Inlet, on Kenai Peninsula, and
st the head of Prince William Sound. A corresponding distribution for
strain-energy release covering the period 1904-196L4 and incorporating the
1964 earthquake (Berg, 1964), is shown by the contours in Figure U, which
indicate that Prince William Sound has now become one of the focal areas
of high energy concentration.

A detailed listing of earthquakes in the Alaskan region from 1786 to
1964 has been compiled by Wood, et al (1966). From data such as these,
Berg (196L) has plotted the frequency of occurrence of Alaskan earthquakes
versus their magnitude M. Compared with Japanese and World data (Figure 5),
the trend is found to be similar and the mean annual number of earthgquakes
Ng for Alaska is somevhat higher than for Japan. According to this, an
earthquake of magnitude M = 8.5, as that of March 1964, has about a 1-in-
30 year frequency of occurrence within the Alaskan Aleutian arc region. .
An empirical equation relating N, and M, of the form used by Gutenberg
and Richter (195k4), is

logyg Ng = 0.99(8-M) - 1.0 (1)

and is essentially that given by Berg (196k).

Text resumes on page 9
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The reason for the active seismicity of the circum-Pacific belt is
still not clearly understocd but the area may be considered a zone of
structural veakness resulting from some tremendous upheaval of the earth
in the remote past. The deeper-focus earthquakes of the Alaskan region
have a tendency to occur beneath or behind the island arc or the coast;
the shallower-focus earthquakes towards the Aleutian Trench (Figure 3)
(see also Tobin and Sykes, 1966). This accords with similar trends else-
where in the circum-Pacific seismic belt. Milne and Lee (1939) held that
this was manifestation of a vast inclined fault plane extending downward
from the ocean trenches’into the mantle below the island or continental
land masses. An example of this zone of weakness in the Kurile-Kamchatka
segment of the circum-Pacific arc is illustrated in Figure 6, Benioff
(1964), however, notes that deep earthquakes are essentially missing from
the Aleutian segment in this type of formation.

Besides compressional thrusting in a vertical sense along this fault
zone, there is rotational movement counter-clockwise of the entire area
within the circum-Pacific belt (Marlette, et al, 1965). Worth noting is
a long-term secular trend of land emergence from sea level in evidence
for much of the Alaskan coastline and probably attributable, at least in
part, to deglaciation (Twenhofel, 1952; Plafker, 1965; Hicks and Shofnos,
1965). This emergence would also signify some of the forces at work in
building up strain within the earth crust in that region.

3. Vertical Earth Movement during the Alaskan Earthquake

Perhaps the most notable aspect of the Alaskan earthquake was the
great extent and amount of the changes in land level that accompanied it.
From the epicenter in northern Prince William Sound, the zone of surface
deformation (Figure 7) extends for 500 miles roughly parallel to the
trends of the Aleutian volcanic arc and trench and the coast of the Gulf
of Alaska. As shown in Figure T, and in greater detail in Figure 8, an
uplift of the land and sea bed has occurred on the seaward side of a
hinge line paralleling the Aleutian volcanic arc and passing through the
epicenter of the earthquake. On the northwest or landward side of this
hingeline the land level has dropped. Thus most of Prince William Sound
has been raised above its former level while much of the Kenai Peninsula
and the Kodiak Island group has sunk below the former level.

This picture of continental change has now been widely reported by
Grantz, et al (196L4), Plafker, et al (196L4), Bruder (1964), Plafker (1965),
U. S. Coast and Geodetic Survey (1964, 1965), and others. The vertical
tectonic movement in Prince William Sound was determined by the U. S.
Geological Survey, mainly by making more than 800 measurements of dis-
placement of intertidal sessile marine organisms along the long intricate
embayed coast. These measurements were supplemented at the tidal bench
marks by coupled pre- and post-earthquake tide-gage readings made by
U. S. Coast and Geodetic Survey and by numerous estimates of relative
chenges in tide levels by local residents. The amount and distribution
of the vertical tectonic movement inland from the coastwere defined along
the highways connecting the cities of Seward, Anchorage, Valdez and

Text resumes on page 13
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Fairbanks by releveling the previously surveyed first order level lines
tied to tidal bench marks at Seward, Anchorage, and Valdez (Plafker, 1965;
Small, 1966). This work was done by the U. S. Coast and Geodetic Survey.
The result of an initial survey of a U. S. Geological Survey team is illus-
trated in Figure 9 and shows that Montague Island, at the mouth of Prince
William Sound, experienced the greatest uplift on land (about 33 feet).

The interpretation of Figure 9 (from Plafker and Mayo, 1965; Plafker, 1965)
differs only in minor detail from that of the U. S. Coast and Geodetic
Survey (1966), Figure 10, which relied heavily on the original isobase
contouring and measurements provided by Plafker (see also Plafker, 1967).

The only visible faulting that occurred anywhere during the earth-
quake, other than local fissures and grabens, was on Montague Island,
Figure 11. Here vertical displacements of 12 to 17 feet mark the
Hanning Bay and Patton Bay faults (see inset cross-sections, Figure 11).

Although the U. S. Coast and Geodetic Survey has been engaged on a
massive program of resurveying the marine areas affected by the earthquake
(ef. U. S. Coast and Geodetic Survey, 1965; Wood, et al, 1966), the only
positive results available to us at this time (apart from numerous chart-
lets that have been issued as revisions to U. S. Coast and Geodetic Survey
hydrographic charts) are those reported by Malloy (196L, 1965, 1966) and
by Malloy and Merrill (19€7) mainly for the area southwest of Montague
Island. The essence of these is shown in Figure 10 and in greater detail
in Figure 12 which shows that several localized areas have sustained up-
lifts in excess of 50 feet. Comparison here is made between hydrographic
data collected in 1927 and fathograms recorded in 1964, The equipment
used in 1927 for making the soundings was a submarine sonic fathaometer
which had been adequately checked against lead-line soundings. The data
are therefore unusually good. Also, this area is free from sediments,
which indicates that the measured differences are not affected by scour-
ing or sedimentation. Figure 13 shows typical vertical cross-sections
along the lines A, B, C, ... H, I (Figure 12); all exhibit a remarkable
consistency of general profile, which alone suggests reliable data.

The hinge line of zero movement was established from known movements
along the coastline (see Figure 8). The hinge line runs from Sitkinak
Island along the southeast coast of Kodiak Island to the mouth of
Resurrection Bay and further on toward the epicenter, thence bending
ecastward toward Valdez. The general nature of land-level change is
illustrated in Figure 14 (Plafker, 1965). Here the individual profiles
AA', BB' and CC' should be referenced to their locations in Figure 8.
Maximum subsidence of the land is seen to be about T feet on the Kenai
Peninsula. It is not known whether uplift in the deeper water over the
shelf between Montague Island and Kodiak Island has occurred of a mag-
nitude comparable with, or greater than, the 50 feet measured in the
proximity of Montague Island (cf. Malloy, 1966), but when the evidence
for tsunami generation is considered, the inference must be that there
probably has been uplift of comparable magnitude.

Text resumes on page 20
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i, Horizontal Earth Movement during the Alaskan Earthquake

In addition to subsidence and uplift, substantial horizontal
movement of the land in the earthquake area has been reported (cf.
Parkim, 1966). The U. S. Coast and Geodetic Survey has undertaken an
extensive postquake triangulation survey encompassing a large area of
south central Alaska. The Survey has compared these measurements with
prequake triangulations on the assumption that station FISHHOOK, about
45 miles northeast of Anchorage near Palmer (Figure 1), suffered no hori-
zontal displacements. This base of reference appears justified because
results show the station to be on an axis of zero horizontal movement,
roughly in line with the Knik Arm of Cook Inlet, north of which displace-
ments were tending to the northwest, and south of which displacements
wvere to the south-southeast.

The essential outcome of the triangulation is given in Figure 15
(Parkin, 1966) from which contours of horizontal movement and streamlines
of flow have been developed in Figure 16 for purposes of this study. A
reading for Middleton Island, near the edge of the Continental Shelf,
permits a useful degree of extrapolation over the shelf southwest of
Montague Island. This extrapolation suggests that horizontal movements
as great as 80 feet may have developed in a narrow area approximately
along the axis of maximum uplift and that here the thrust was directed
south-southwest. Montague Island shifted horizontally a distance of L0
to 50 feet. The contours on Figure 16 show that whereas the northwest
side of Montague Island displaced horizontally through 50 feet, La Touche
Island to the northwest (Figure 11) moved from 60 to 70 feet, thus narrow-
ing the straits by some 10 to 20 feet. A comparison of surveys made in
1933 and 1964 shows the straits to have become shorter by 15 to 20 feet
(Parkin, 1966). A typical cross-section AA (Figure 16) normal to the
hinge'line for vertical movement shows the vectors of hLorizontal displace-
ment, and suggests that a dilatation of the crust occurred on the north-
wvest side of the hinge line and acompression on the southeast side,

Parkin (1966) has pointed out that most of the triangulation stations
occupied in the survey were on peaks at elevations of 1,500 to 3,000 feet
above cea level. Because of this and the possibilities of earth tilt, the
apparent horizontal displacements may not be entirely meaningful since a
tilt of one degree in a block of the earth's crust containing a peak could
yield a differential horizontal movement of 50 feet between peak and sea
level. However, since the crustal tilt over most of the area surveyed
would fevor sea level displacements in excess of those found, we must
conclude that the recorded horizontal movements are minimal.

Assuming a conservative figure for maximum horizontal ground move-
ment of say £ = TO feet and a maximum value of vertical movement of
L = 50 feet, the resultant maximum ground displacement AM=VET + ¢2) is
found to be 86 feet or 26 meters. Plotted against earthquake magnitude
M in Figure 17, this value suggests that the statistical relationship
between 4 and M needs some revision from that formerly given by Wilson
(1964). The fact that data for other large earthquakes now underlie the

Text resumes on page 2L
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new trend is perhaps not surprising since previous data are probably
incomplete and do not incorporate, in particular, accurate information
on horizontal components of displacement.

5. Seismic Evidence for Fault-Plane Mechanism

The zone of aftershocks following the main quake of March 27 is
indicated in Figure 7 and in much greater detail in Figure 18. More than
7,500 aftershocks were detected instrumentally; they covered a belt about
800 kilometers long and 250 kilometers wide (Press, 1965). This shot-
scatter of aftershocks following a great earthquake provides significant
information on the general extent of the faulting, which usually runs
along the long axis of the approximately elliptical area covered by the
aftershocks. On this basis alone the fault can be prescribed as being
approximately 800 kilometers long (Press and Jackson, 1965).

The average focal depth for some 200 aftershocks for which determi-
nations were made was found to be about 20 kilometers (Press, 1965). The
deepest quake of these occurred at 60 kilometers. However, according to
Press, specially sensitive seismographs were subsequently installed in
Alaska and measured hundreds of aftershocks, some of which occurred to
depths as great as 200 kilometers.

Investigators, using some of the latest tools of seismology (cf.
Stauder, 1962; Hodgson and Stevens, 1964), have employed seismic P-wave
and S-wave data for the determination of the fault-plane mechanism.
Essentially, the methods determine two possible fault planes at right
angles to each other, one of which is auxiliary to the other. However,
which of the two planes is actually the fault plane is not uniquely de-
termined unless both P- and S-wave data are used in the analysis. Most
recording seismographs at suitable range were rendered inoperative after
arrival of the P-waves from the main shock of March 27, 196L4. As a result
there is a difference of opinions as to which of the two fault planes
found was responsible for the earthquake. Berg (196L4) and Algermissen
(1966), respectively, find one well-defined plane with a strike N 72° E
(N 61° E) and a dip of 89° NW (82° SE), which is close to being vertical
and in the general direction of the hinge axis of zero movement (Figure 7).

Press and Jackson (1965) and Press (1965) reported the results of ap-
plying dislocation theory, assuming the fault to be a vertical rectangular
dislocation sheet in a half-space. The vertical surface displacements
calculated for their three models are shown in Figure 19a, which plots
also measured vertical displacements across a section normal to the belt
of epicenters. These authors favor Model 3 (with a vertical dip slip
Au = 9m, fault length L = 800 kilometers, and a dislocation between depths
16 kilometers and 200 kilometers) as being in reasonable accord with the
measurements. This fault model is one without an intersection at the
surface.
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Plafker (1965), on the basis of field observation and qualitative
srguments, proposed a low-angle plane with predominantly thrust motion
45 accountable for the earthquake deformation (see Figure 1L). These
apparently conflicting results have been disrussed further by Savage and
Hastie (1966) and by Stauder and Bollinger (1966). The first pair of
authors apply the theory of Maruyama (196L) to determine the surface
deformation for a dislocation model of thrust faulting. The results of
their calculations for three such models are shown in Figure 19b. Model
1 tends to be comparable with that obtained by Press and Jackson (1965).
Jlodel 3, however, yields results much more akin to the actual surface
deformation shown in Figure 1k, Savage and Hastie therefore tend to the
view that thrust faulting was the more likely cause of the earthquake,

Ctauder and Bollinger proceed to show that fault-plane solutions
btarced on the main shock of the earthquake and numerous subsequent shocks
are consistent with both interpretations of thrust faulting and dip-slip
faulting. Their equal-area projection of the focal mechanism solution
based on seismic P-wave data is shown in Figure 20, and indicates a fault
vlane vwith a strike N €6° E and a dip 85° CE, in close agreement with
Berg (196L) and Algermissen (196€). Their fault plane solutions based on
various aftershocks in the Prince William Sound and Kodiak Island regions
are shown in Figure 21 a and b, Besides the dominant, almost vertical
plane lying along the axis of the epicenter belt, these autnors found
the second plane to have a strike bearing mainly to the northeast and a
dip between about 5° to 19° northwest. Such a plane woulé be consistent
with that envisioned by Plafker (1965), Figure 1k.

Ctauder and Bollinger then advanced the work of Savege and Hastie by
urplying the Maruyama theory to the second (thrust) fault plane on the
supposition that a differential slip occurs along it, s shown in Figure
2Jb.  Their computed vertical and horizontal deformations of the earth's
surfuce are in remarkably good accord with some of the latest measured
data provided by Plafker (Figure 22a). A refinement of their calculation,
allowing for some vertical thrusting at the locations corresponding to
the Hanning Bay and Patton Bay faults on Montague Island even simulates
the discontinuities of profile found there (Figure 22c¢). Stauder and
bollinger favor the thrust plane mechanism for the earthquake, so ably
arcued by Plafker (1965). The present writers concur with this view in
the main, particularly insofar as the thrust plane mechanism also cffers
an explanation for the horizontal displacements already noted in Figure 16.

However, the tendency of the flow lines of thrust to bear south and
southwest (Figure 16) suggests that a degree of strike-slip and dip-slip
may also have occurred on a near vertical fault plane and that the total
earthquake phenomenon may have beena compex combination of the mechanisms
envisioned by Press and Flafker.

It should be recorded that Furumoto (1965), using the "directivity
function" method of Ben-Menahem (196€1) and the data of the seismograph
cstation at Kipapa, Hawaii, arrived at a rupture length of 800 kilometers
for the Alaskan Eurthquake, a rupture velocity of 3 kilometers/second,
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and a direction of the line of rupture, S 30° W. This direction of
rupture he finds to be some 5° at variance from the hinge line of zero
deformation - a difference he considers to be within the limits of error.
Ben-Menahem and Toksoz previously had concluded on the same basis (see
Press, 1965) that the fault length was 650 kilometers and that the near
vertical fault-plane was uniquely determined.

It was shown by Benioff, Press, and Smith (1961), and by Press, Ben-
Menahem, and Toksoz (1961) that the main shock of an earthquake represents
the rupture that starts at the hypocenter and runs the length of the fault
at the rate of about 3 to 3.5 kilometers/second, the speed of shear waves
in crustal rock. Since most observers' estimates of the duration time
for the main Alaskan earthquake range from 2 1/2 to 8 minutes and average
about 5 minutes (cf. Chance, 1966), the fault length may be estimated on
this basis to have been as much as 900 kilometers. We favor the fault
length L = 800 kilometers proposed by Press and Jackson (1965); Press
(1965); and Furumoto (1965) over the shorter lengths of 600 and 650
kilometers proposed by some seismologists. Fault length data for the
Alaskan earthquake are found to be in reasonable accord with a statis-
tical relationship proposed by Tocher (1963), (see also Press and
Brace, 1966), connecting length L with earthquake magnitude M. This
relationship

M=6.6+log)y L (2)

(for L in kilometers) is shown in Figure 23. The data and curve fitting
of Iida (1959) included in Figure 23 yield a rather different relation-
ship, which clearly overestimates the fault length for large earthquake
magnitudes. Tocher's result must be considered to supersede a result
given by Wilson, et al (1962), Wilson (1964) which was based only on
Iida's data.

For convenience we summarize now in Table I some of the essential
characteristics of the earthquake as cited by various authorities.

6. Character of the Source Inferred from Tsunamj Waves

The Alaskan earthquake initiated trains of seismic sea waves
or tsunamis which lashed the shores adjacent to the generation area and
penetrated to every part of the Pacific Ocean. A discerning study of the
source mechanism of the tsunami has been made by Van Dorn (1964, 1969)
who reasoned that the entire vertical earth motions (Figure 8) occurred
within the time (2-6 minutes) of ground shaking during the main shock of
the earthquake. The essential dipole character of earth movement, revealed
in Figures 1b and 22, was recognized by Van Dorn as being responsible also
for an initial dipole surface disturbance of the sea and of the atmos-
phere; the latter was clearly registered as a pressure disturbance on a
microbarograph at La Jolla, California (Figure 2L). A similar trace was
recorded on a microbarograph at Rice University, Houston, Texas, soon
after the earthquake was registered there (Houston Chronicle, March 29,
1964 ), and other traces may have been recorded elsewhere,
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Van Dorn's interpretation of the tsunami-generation mechanism is
additionally based on the initial wave types arriving at recording
stations around the Gulf of Alaska and on a long-practiced Japanese
technique of establishing the tsunami source by refracting waves back-
ward irom the stations out to deeper water over travel times equivalent
to the intervals between the time of occurrence of the earthquake and
the arrivals of first waves at each station (Figure 25a). In Figure 25b
Van Dorn has reconstriucted possible initial wave fronts which accord with
the previous figure. He hypothesizes that the extent of surface uplift of
the seabed reached as far as the Aleutian Trench with a ridge of maximum
uplift along an arc extension of the uplift crest through Montague Island,
roughly parallel to the hinge line of zero ground elevation. This concept
is generally supported by Plafker and Mayo (1965), whose picturization
is shown in Figure 26a. Pararas-Carayannis (1965), in a wave refraction
study somewhat similar to Van Dorn's, arrives at the tsunami source region
shown in Figure 26b.

Figures 25 and 26 agree in the main, although Pararas-Carayannis'
initial wave front is a considerable distance landward of the Aleutian
Trench axis and thus differs from Van Dorn's interpretation. A possible
wveakness of both investigations lies in attempting to define the major
wave front on the open sea side from such obligue station data. Also, it
seems that no consideration has been given to the fact (largely because
it was not then known to the authors) that the entire Continental Shelf
suffered a horizontal thrust in a south and south-southwest direction
(Figures 15 and 16).

The initial velocity communicated to the water from this thrust
would help to throw a great deal more energy toward the southwest than
might otherwise be the case. It would also promote more rapid elevation
of the tsunami crest seaward of the ridge of maximum crustal uplift. It
would not otherwise affect the speed of tsunami propagation.

We have considerea it important and desirable to examine the propa-
gation of the tsunami across the entire Pacific Ocean and have therefore
prepared a plot of the continuous wave fronts at one-hour intervals from
their source to their destinations at tide gage stations throughout the
Pacific arena (Figure 27). In developing this chart on Mercator projec-
tion, the wave fronts have been drawn to be consistent with the arrival
times tabulated by Spaeth and Berkman (1968)(see Table B-1, Appendix B)
and the travel rates in different depth d of water at the velocity of
long waves c = /EE, g being the acceleration due to gravity. The dis-
torted scale of Mercator projection causes the map distance-intervals be-
tween wave fronts to appear larger at high latitudes than at low latitudes.
Nevertheless, a consistent picture is established which accomodates all
the observetional data and the varying velocity of travel with depth. In a
few cases station arrival times in parentheses have been used in preference
to those (unbracketed) given by Spaeth and Berkman. These adjustments are
based on careful examination of the tide gage records and will be reported
in the next section.

Text resumes on page 39

32



L-(km)

FAULT LENGTH,

10,000 ' /

JAPANESE DATA (1IDA) /
IMPERIAL VALLEY, 1940 /

DESERT HOT SPRINGS, 1948
KAMCHATKA , 1952 4
TURKEY, 1953
NEVADA, 1954

ALEUTIAN, 1957
v/ %

MONGOLIA, 1957 b
ALASKA, 1958

-0- MONTANA, 1959 /
A CHILE, 1960 L O

500 [HX—¥EALASKA, 1964 v
<~ RAT IS, ALEUTIANS, 1965

2000 H

1,000 H

a0 epPpq-oo

200

100

wm
o

20

55 60 65 7.0 75 80 85 9.0
EARTHQUAKE MAGNITUDE , M- ( RICHTER SCALE)

Figure 23 Relationship of Major Fault Length to Earthquake Magnitude
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Figure 25 (a) Projection of Imaginary Wavefronts from Observation Stations
back towards the Tsunami Source. The presumed source lies
within the region circumscribed by the heavy curves and
dotted line (from Van Dorn, 1965)
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Figure 25 (b) Hypothetical lModel of the Tsunami Source, Showing Negative
Wave Front Radiating towards Northwest, and Positive Front
Spreading out over Gulf of Alaska (from Van Dorn, 1965)
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Figure 27 tends to place the flanking wave at the origin almost
exactly along the line of the Aleutian Trench as found by Van Dorn. On
the other hand, it suggests a strong concentration of energy emanating
from vhat must be considered the end of the fault along the line of the
Aleutian Trench at a point approximately due southeast of the south-
wvestern tip of Kodiak Island neaer the Trinity Islands. 1In regard to
the southwestern extremity, this is in fair agreement with Pararas-
Carayannis (Figure 26b), and would suggest that the total fault length
L = 800 kilometers proposed by Press and Jackson, and Furumoto is not
unreasonable, assuming its p:netration as far as Valdez,

From Figures 25, 26, and 27 we infer that the tsunami source area
was roughly rectangular and about TOO kilometers long by 200 kilometers
wide. The corresponding source diameter S yielding the same area is
atout 425 kilometers. Plotted against earthquake magnitude in Figure 28,
this is found to be in reasonable accord with Japanese data of Iida (1958)
and of Watanabe (196L). An empirical relationship which would provide
a reasonable fit to these data is

log. S=(2/3) M-3 (3)
10

for S in kilometers and is similar to the relationship proposed by
Wilson, et 81, (1962).

7. Speculation on the Cause of the Earthquake and the Earthquake
Mechanism

In the Introduction we remarked that the earthquake occurred
"mercifully” at low tide and that this fact, together with the uplift of
the land over a vast area greatly mitigated the damage potential of the
tsunami. We shall now advance the concept that this interrelationship
necessarily had to occur as it did.

In all the literature about the Alaskan earthquake, we have found

nothing to suggest that it was remarkable that “he earthquake occurred on
Good Friday and at a time close to sunset. We shall suggest that these
facts also were part of the interlocked relationship. In advancing the
concepts that follow, the first author (Wilson) does so somewhat diffi-
dently, knowing that he trespasses in an area of uncertain knowledge.
If the ideas lack substance, he trusts that he will be forgiven for
letting a spirit of enquiry outrun the formal bounds of study. But,
if some element of truth is found, the implications could have value
in furthering the prediction of earthquakes and of tsunamis.

That the earthquake occurred on Good Friday, March 27, 196k,
establishes that the moon was at the full; that the earth, sun and moon
were in conjunction; that the oceanic tides were at the spring or greatest
range and that the earth tides were at their strongest. Moreover, the
earth had just passed the vernal equinox (March 20) on its orbital path
in the plane of the ecliptic (Figure 29). We are tempted to ask whether
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all this was merely coincidental or whether a reason for it can be found.

At once the question arises: Have other great earthquakes shown any
relationship to the phases of the moon and sun? The ansver appears to
be in the affirmative., Figure 29, which is a pictorial representation
of the plane of the ecliptic and the orbit of the earth around the sun,
shows the relative positions of earth, moon and sun on the occasion of
seven of the largest earthquakes the earth has known. In four of these
cases (Lisbon, November 1, 1755; Mino-Owari, Japan, October 28, 1.891;
San Francisco, April 18, 1906; Alaska, March 27, 1964), the moon was in
opposition, at syzygy (opposite side of the earth from the sun). Of
the remaining three (Assam, India, June 12, 1897; Chile, May 22, 1960;
Yakutat, Alaska, September 10, 1899), the first two were on occasions of
new moon with the moon in conjunction, at syzygy. Of the limited number
of cases thus examined the single exception to the syzygy position of the
moon at the time of earthquake was the occasion of Yakutat, Alaska,
September 10, 1899, but even here the moon is only about three days past
its syzygy position of conjunction. Moreover, this M = 8.6 earthquake
was preceded by one of magnitude M = 8.3 in almost the seame area, just
six days earlier on September L, 1899, when the moon would have been
about three days ahead of its syzygy position. One might suppose that
the approach to syzygy of the moon triggered the first quake and relieved
enough of the strain to delay the second and prevent what might otherwise
have been a monstrous earthquake when the moon was exactly in conjunction.

This sampling of cases implies that earth tides are indeed a factor
in the causation of earthquakes.* Zetler (1966) has briefly discussed this
question, and referred to the work of Allen (1936) and Knopoff (196L4).
Knopoff failed to find any significant correlation between times of earth-
quake occurrence in California and earth tidal potential. Allen, however,
had warned of the inefficacy of correlations of global events that paid
nc attention to the local nature of faults and earth stresses. Zetler
appears to concede that insufficient attention has really been given to
the horizontal component of the tide-producing force in work of this kind.

We ourselves (Wilson, et al, 1962), had drawn attention to an obser-
vation of the Japanese, as reported by Davison (1936), that the highest
frequencies of occurrence of aftershocks following the great earthquake
of Mino-Owari, in 1891, were timed at new and full moon, resulting in
notable recurrence periods of 24 hours, 14.8 days and 29.6 days. Davison
(1936) also remarked that a similar effect on aftershock activity had
followed the Calabrian earthquake of 1783, in Italy. Clearly in these
cases, lunisolar tide-generating forces must have been instrumental in
promoting strain-release in the aftershock adjustments.,

Recently, Ryall, Van Wormer and Jones (1967) have established a
definitive correlation between aftershock activity (following the
Truckee, California, earthquake of September 12, 1966), and earth tide
cycles of about 24 and 12 1/2 hours, so that the question of lunisolar
influence upon earthquakes no longer appears in doubt.

* See note on Figure 29, page lL2.
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at the Time of the Alaskan Earthquake of March 27, 196L.
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We return then to a consideration of the circumstances of the Alaskan
earthquake of March 27, 1964, In Figure 30 the lunisolar relationship is
shown in grester detail at the time(5:36 AST), close to sunset, when the
earthquake occurred. Because of the earth's position, just beyond the
vernal equinox, the earth's axis was almost coplanar with the great circle
normal to the line joining the sun and the moon. Consequently at 5:36
p.m. the hypocenter ¢ the earthquake moved into a position on this plane
where the crust became subject to the maximum vertical inward squeeze of
the earth tide that can result at any time from both the sun and moon,
acting in unison. Within the crust, this squeeze would have produced a
ring-type tangential compressive stress in an almost due north-south di-
rection, which presumably was a sufficient increment of stress in the
right direction to trigger the earthquake and cause a massive release
of rock strain.

It is worthy of note that besides the earth tide effect, there would
have occurred an additional triggering load from the oceanic tides. Figure
31 shows the tidal situation at the time of the earthquake. The tides in
Prince William Sound are in rhythmic opposition to the tides at the head
of Cook Inlet. At the moment of the earthquake, the tide in the Inlet
was at its highest (about +18 feet above MSL) and at its lowest in Prince
William Sound (about -7.5 feet below MSL).

The weight of water impounded above MSL in Cook Inlet was about
2.7 x 1010 short tons. On the opposite side of Kenai Peninsula, approxi-
mately 9.3 x 1010 tons of water had been drained (with reference to MSL)
from the roughly triangular area of Prince William Sound, out to the
boundaries of no vertical earthquake ground motion (Figure 31). The
centers of mass of these water bodies occur in the locations shown at a
moment-arm distance of about 131 miles. This moment arm is seen to be
approximately normel to the hinge axis of no vertical ground movement.
The tilting moment of the entire water mass, which thus favored vertical
ground motion in the manner in which it occurred, amounted to about
4 x 1016 foot-tons. It seems almost certasin that this mcment must have
been an additional factor in triggering the rupture that caused the
earthquake, It is of general interest that the centroid of negative
water load lies on the axis of highest uplift through Montague Island.

There remains one other remarkable feature of the Alaskan earthquake
which warrants attention. The earthquake caused many remote effects in
the form of seismic seiches and disturbances in lakes, ponds, canals, and
waterways over a large part of the United States (cf. Vorhis, 1967; McGarr
and Vorhis, 1967; Spaeth and Berkman, 1967). The maximum concentration
of these effects occurred along the U, S. Gulf of Mexico coastline,
Examples of the effects registered on the tide gages in the old Brazos
River channel at Freeport, Texas, and at Pensacola, Florida, are repro-
duced in Figure 32. What is remarkable in Figure 32 is that in addition
to the obvious disturbances triggered at Freeport and Pensacola about 25
minutes after the earthquake, there occurred also on the tide record at
Pensacola, similar type vibrations of the water surface at regular inter-
vals preceding by several hours the occurrence of the Alaskan earthquake
of March 27, 1964,
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Figure 32 Oscillations of Water Level in the Gulf of Mexico, related
to the Alaskan Earthquake; (a) Freeport, Texas (0ld Brazos
River Canal) (from McGarr, 1965); ({b) Pensacola, Florida

(from Spaeth and Berkmen, 1967)

45



The fact emerges (assuming the record itself to be accurate as to
time) that the vibrations start at intervals of about 50 minutes, with
the last and biggest group o: evanescent oscillations starting almost
exactly 25 minutes after the Alaskan earthquake. These oscillations
are so obviously unlike any that would be ascribed to normal wave action
(being of impulsive, evanescent type) that some association with the
imminent earthquake mechanism seems implied.

At Freeport, Texas, there is an equivalent interval of about 25 min-
utes between the time of occurrence of the earthquake and the development
of the water disturbance in the canal. Donn (1964) has remarked on this
case and indicated that the natural periods of transverse oscillation
across the channel are of the same order as the periods of Love (Q) and
Rayleigh (R) waves. McGarr (1965) has investigated this case more closely
and evolved a very suggestive mechanism for explaining the disturbances
by the transverse vibration of the channel bed at the frequency of the
Love and Rayleigh waves. dJeBremaecker (Donn, 1964) had pointed out that
the Rayleigh waves would have had a period of about 16 seconds and double
amplitude of 15 centimeters. Donn remarks that the arrival time of these
R-waves corresponded to the development of the channel water oscillation.
On close examination of the Freeport record we find, however, that there
is evidence for underlying 2.25, 1.75, and 1.5 minute oscillations of
impulsive type which are not fully accounted for in McGarr's otherwise
admirable analysis. The explanation for these longer oscillations, if
real, is not immediately apparent.

Even at Freeport there is a suggestion of an impulse at almost
exactly 50 minutes prior to these disturbances, or 25 minutes prior to
the earthquake. Though we have diligently searched other readily avail-
able records of seismic seiches, (cf. Spaeth and Berkman, 1967; McGarr
and Vorhis, 1967) no other similar antecedent effect can be detected.

The 25-minute interval between disturbances at Freeport, Texas and
Pensacola, Florida, and the curious occurrence of these oscillations
earlier than the earthquake suggests strongly that the earth was in its
second (football) mode of spheroidal oscillation (natural period 5k
minutes - Press, 1964) with respect to the lunisolar axis, forced by
the lunisolar earth tide of 12.4 hours, whose 15th harmonic would be
about 50 minutes. At the time (~01.30 GMT; March 28, 196L4) that the
water oscillations start at Pensacola, the position of Pensacola in
relation to such a spheroidal earth oscillation would have heen close to
the nodal circle on the moon side of the earth (Figure 30). Consequently,
if the spheroidal forced oscillation actually existed, the ocean water
in Pensacola Bay would have been subject to the r.aximum horizontal
accelerations across the node.

This raises the point, that, had the earth bteen in such a spheroidal
(football) mode of oscillation with respect to the lunisolar axic, then
at the time the earthquake occurred, the hypocenter, moving with the
rotation of the earth on its axis, would have just reached the antinodal
position of maximum vertical acceleration (Figure 3C). Further, since
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Pensacola lies on a small circle that would be nodal with respect to &au
antinode at the epicenter of the earthquake, in a second-mode (foothall)
free spheroidal oscillation engendered by the earthquake (Nowroozi, 1965;
Smith, 1966) it would be in a uniquely favorable position to record a
resonance effect of earth-shaking after the earthquake. It is suggested
that a mechanism of this type if within the bounds of credence, might
also possibly explain the high density of seismic seiches found by McGarr
and Vorhis (1967) in the region of the U. S. Gulf of Mexico coastline.
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Section IIT, GENERATION, PROPAGATION, AND DISPERSION
OF THE MAIN TSUNAMI

1. The Inferred Mechanism of Tsunami Generation

In Section 1I, paragraph 6, we considered some of the inferences
that could be drawn from tsunami evidence regarding the character of the
seabed disturbance resulting from the earthquake., Along with seismic
evidence and the measured horizontal and vertical displacements of land
in the meizoseismal area, the emergent picture is that of a skew thrust
in a south and southwesterly direction (see Figure 16), of the earth's
crust over a slightly dipping fault plane that probably intersects the
earth's surface deep in the Aleutian Trench. It is possible that the
skewness of the thrust was partly the result of a strike and dip slip
along & nearly vertical fault that has no intersection with the earth's
surface. The vertical ground deformations have been shown to be compatible
with both forms of faulting, although the evidence strongly favors thrust
faulting on a low angle plane as being the primary mechanism of the
earthquake.

The dipole character of the vertical ground movement led Van Dorn
(1964, 1965) to conclude that the corresponding initial form of sea-
surface disturbance must also have been of this form. This conclusion
may be substantiated slso on theoretical grounds (Wilson, et al, 1962;
Kajiura, 1963; Van Dorn, 1965) which show that the initial surface effect
from a sudden bottomn disturbance tends to be a smoothed representation
of the bed displacement. In this picture the new element, whose effect
has no background of mathematical exploration, is the horizontal dis-
placement of the seabed, occurring simultaneously with the vertical
uplift. Hinchinbrook Island, Montague Island, and the entire emerging
ridge to the southwest moved forward through 40O or more feet and thus
functioned as a gigantic wave-generating paddle (Figure 16). Further,
if the extrapolations of Figure 16 are correct to any degree, the tnrust
from this movement was increasingly skew toward the southwest, implying
that near the end of the fault, off Kodiak and the Trinity Islands, its
direction was almost entirely southwest.

2. The Heights of Tsunamis Near Their Source

Tide gage records of the seismic sea waves, outside the immediate
earthquake area on the Pacific Ocean side, show an initial rise of water
indicating a positive sea wave resulting from the upward (and forward)
motion of the seabed (Coast and Geodetic Survey, 1964; Brown, 196L;

Spaeth and Berkman, 1965). The initial water movement within the Gulf
of Alaska and along its coast is not so well known because no tide gages
were operating between Yakutat and Kodiak or in Prince William Sound.

In the region of uplift, immediate water withdrawals were reported
at Boswell Bay (Hinchinbrook Island), Cape St. Elias, and Middleton
Island (Van Dorn, 1964), and also at Cape Yakataga (Berg, et al, 196L;
Brown, 196L4; Chance, 1968); - see Figure 1 for locations.
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Middleton Island on the edge of the Continental Shelf (see Figure
33 for bathymetric details) occupies a unique position in relation to
the tsunami-generating area. According to Brown (196L), the initial
regression of the sea there was observed to last about 15 to 20 minutes,
and to drop about 2 to 3 feet (Chance, 1968). A wave arrived some 20
minutes after the quake but rose no higher than the tectonically ele-
vated higher high-water line (Chance, 1968). St. Amand's observation,
on the other hand, found swash marks at an elevation 10 feet above the
latter level (Brown, 196k4).

In Figure 34, we place these facts within a visual framework which
shows a cross-section of the Continental Shelf between Middleton Island
and Montague Island, normal to the hinge line of earth movement (section
AA' in Figures 8 and 33). The vertical uplift of the land and seabed in
this region, as inferred from Figures 8 to 11, is shown, together with an
estimated initial elevation of the sea surface, whose crest is displaced
somewhat to the right (southeast toward Middleton Island) because of the
horizontal thrust of the land during the earthquake. Although the water
would have risen at once about 1.7 meters (ab) at Middleton Island, the
greater uplift of abrut 2.5 meters (ac) of Middleton Island itself caused
the water actually to drain from around the Island. This regression
would have lasted about 20 minutes until the point f on the tsunami front
advanced to the elevation ¢ (Figure 34). Although St. Amand's observa-
tion e might suggest extremely high waves, it is probable that the swash
marks are the result of the runup in a concave embayment and thus re-
flect an amplification of the true wave height. Brown (196L) records
that two consecutive waves approached Middleton Island about an hour
after the earthquake; these were about three feet high and separated by
about half a mile of distance and one minute in time. Undoubtedly these
waves were secondary to the main tsunami and were probably parasitic.

Figure 34 suggests that the crest elevation (above normal sea level)
of the tsunami at its source near Montague Island, may have been about 5
meters (15-16 feet). This crest elevation implies a nominal wave height
of 30 feet. Southwest of Montague Island the larger vertical uplift
(>50 feet) and horizontal land thrust (>60 feet) probably would have
created waves about twice as high.

At Cape Yakataga, Charles Bilderback recorded the arrival of the
waves and noted their levels with reference to landmarks, and so was able
to assess their runup height (cf. Berg, et al, 196L4; Pararas-Carayannis,
1965; Chance, 1968). Figure 35, a plot of Bilderback's observations,
suggests that the underlying dominant wave had a period of about 1.5
hours and a height of about 8 meters (26 feet). This plot shows that in
the period range from 5 to 20 minutes, local oscillations increased the
height by almost 2 meters. As we shall see later, these and other wave
periods are a common feature of tide gage records of the tsunami.

At Puget Bay and Whidbey Bay on Kenai Peninsula (Ficure 1), close
to the hinge line of zero vertical earth movement, waves up to 35 feet
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in height (runup) rolled in about 18 to 20 minutes after the earthquake
(Chance, 1968). The lack of recession of the water here may be attrib-
uted to the probability that both land and water were uplifted about the
seme extent in the same time (see lefthand side of Figure 34)., Further
to the southwest, along the greatly indented southeast coast of Kenai
Peninsula, on the subsidence side of the hinge line, initial withdrawals
of water were reported for Rocky Bay and Nuka Bay (Van Dorn, 196L; Chance,
1968). These initial withdrawals were more probably produced by the
differential stretch of the land caused by the horizontal earth movement
in a southerly direction (see Figure 16) resulting in an immediate drop
of sea level, than by any relative effect of the subsidence of the land
itself (see Figure 36),

Seward, at the head of Resurrection Bay, experienced remarkable
effects referred to briefly here, but due for critical examination later
in this report. A massive horizontal shear of the seabed occurred along
the axis of Resurrection Bzy. This was intimated briefly to the authors
by Captain Watkins of the Coast & Geodetic Survey ship Hodgson and was
confirmed in a verbal communication from Rusnak of the U. S. Geological
Survey in 1967. The shear is almost presaged by the natural folding of
the contours along the flow lines of horizontal earth movement along the
axis of Resurrection Bay in the gross picture of Figure 16. Although
details of this bottom movement were not available to us and were ap-
parently unknown to Lemke (1967), we may speculate that the initial
counter-clockwise wave effects recorded at Seward (cf. Grantz, et al,
19643 Brown, 196kL; Berg, et al, 196kL; Plafker and Mayo, 1965; Chance,
1968; Lemke, 1967) were a direct consequence of this shear. The first
vave of the main tsunami, however, rolled in on Seward about 25 minutes
after the earthquake, according to Lemke (1967), and was estimated to be
30 to 40 feet high as it neared the bay-head. An antecedent withdrawal
of water probably occurred in this area (Figure 36a).

To the southwest, .n the Kodiak Island region (¥igure 1), initial
drawdown of the water table was reported for Port Williams, Afognak
Village, and Uzinki (Berg, et al, 196L4); drawdown occurred also at Homer,
on Kenai Peninsula within Cook Inlet (Berg, et al, 1964). No initial
regression of water seems to have occurred, on the other hand, along the
southeast coast of Kodiak Island at such places as Saltery Cove, 0Old
Harbor, and Kaguyak (Berg, et al, 196L)., An attempt to explain these
situations in terms of the inferred tectonic deformations taking place
over the Continental Shelf is shown in Figure 37.

A detailed account of wave sequence and wave height at Kodiak is
available, thanks to the log kept by Lt. C. R. Barney of the U. S. Fleet
Weather Central at the Naval Base, Womens Bay, some T miles southwest of
Kodiak City. Lt. Barney's log, recorded here in Appendix A, is now well
documented (cf. Brown, 1964; Berg, et al, 196L; Tudor, 196L; Chance, 1968;
Pararas-Carayannis, 1965; Plafker and Kachadoorian, 1966; Kachadoorian and
Plafker, 1967; Spaeth and Berkman, 1967). This log is the only such de-
tailed account for the earthquake area. Various plots of Barney's data have
been made, notably by brown (1964), Tudor (1964), Pararas-Carayannis (1965);
and Kachadoorian and Plafker (1967). These all tend to disagree on certain
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details, whenever different interpretations have been applied to parts

of the data that seem ambiguous. We have studied these interpretations
rather carefully, and evolved our own record of Barney's data in Figure
38, indicative of the postquake fluctuations of sea level in Womens Bay.

Figure 38 is based on the premise that mean lower low water (MLLW)
at Kodiak, as a tide level, referenced tc mean sea level (MSL), has re-
mained unaffected by the earthquake. The only way in which MLLW could
be affected would be through a complete chenge of tidal range in the area,
which by all accounts has not occurred. Since astronomical tide level is
presumed unaffected at the time of the earthquake, the record must show
the essential continuity of the tide in regard to mean water level at any
time. Barney's readings were referenced to a tide staeff zero, which from
later observation (Bryant, April 6, 196L4) is related to sea level as
indicated in Figure 38a.

Barney's data make no reference to any initial recession of the sea
from Womens Bay, yet at the time of the earthquake (5:36 p.m. AST, March
27) the land level is known to have dropped by 5.5 feet (Bryant, 1964).
Barney first noted the water rising rapidly at 6:20 p.m. AST, about L0
minutes after the cessation of the main shock, but since no relative
land-sea change had drawn his attention, sea level must have dropped with
the land through an approximately equal amount. Accordingly, Figure 38a
shows the sudden drop of sea level through 5.5 feet followed by a small
hypothetical recession, relative to land, of about 1.5 feet, before the
observed rapid rise at 6:20 p.m. AST.

Figure 38a has question-mark indicators wherever the water level
was not definitely established. However, one criterion binding on all
the data is that mean sea level at any time must lie at [or close to)
the level of predicted tide. By a subjective analysis, we have found it
possible to break down the complicated record of Figure 38a into separate
components considered to be: Figure 38b, the astronomical tide, Figure
38c, the main tsunami, and Figure 384, the local oscillations. A modu-
lated wave system evolves in Figure 38c with the fantastic wave period
of about 2.5 hours, upon which is superimposed another beat-system of
waves with a period of about 1.3 hours (Figure 384).

The first wave system mey be shown to correspond to the tsunami
envisioned in Figure 3Ta, which applies to the area under consideration.
From Figure 3Ta the half-length (A/2) of the water wave measures approxi-
mately 60 nautical miles and the average water depth d about 260 feet.
Using the Lagrangian equation for wave velocity

c= /gd ()

where g is the acceleration due to gravity, the period of the tsunami is
found to be
T = A/c = 2,22 hours (5)

which is in approximate agreement with Figure 38c.

Text resumes on page 59
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The nature of the modulated waves of the second wave system in
Figure 384 strongly suggests they represent a second mode oscillation
of the free oscillation of the Continental Shelf, forced initially by a
second harmonic of the main tsunami. The free oscillation of the Conti-
nental Shelf for the profile DD' of Figure 3T7a may be calculated by using
the impedance principle adopted by Neumann (1948) for investigating the
eigenfrequencies of coupled basins. The profile of section DD' is best
approximated by considering the shelf as comprising two coupled basins
with horizontal beds, one 17 nautical miles long and 450 feet deep, and
the second 50 nautical miles long and 260 feet deep. The shallow basin
is considered to be open at both ends and the deep basin to be closed at
one end. The calculation yields a2 fundamental mode oscillation of period
Ty = 300 minutes or 5 hours and a second mode of period Tp = 99.5 minutes.
These periods could reasonably be reduced somewhat because of the shorter
overall length of the shelf off Kodiak as compared with profile DD' of
Figure 37Ta.

The main tsunami in Figure 38c also reveals a much longer period
interference with wave crests 5 hours apart. It seems reasonable to
adduce that this represents the development of a fundamental shelf oscil-
lation, attaining maximum amplitude at the time the tsunami oscillation
attained its maximum amplitude in the beat.

The approximate parallel of Figures 38c and 38d with the theoretical
examples of impulsive weater upheaval calculated by Kranzer and Keller
(1959) - see Figure 39 - is notable and suggests that the mechanism
envisioned by Van Dorn (196L4) and further exemplified here in Figures
3, 36, and 37 is a likely representation of what occurred.

It appears to have been fortunate for the Naval Station at Womens
Bay, Kodiak, that the phasing of the primary and secondary wave systems
of Figure 38 was toward producing ultralow rather than ultrahigh water.
That Kodiak City was slightly less fortunate in this respect will be
shown later. We merely note here that while Womens Bay reported a highest
runup level of 18.8 feet above MLLW (Figure 38a), Kodiak City experienced
a maximum runup to 21 feet above MLLW.

At various places along the coast in the earthquake zone, accounts
have indicated runup heights of waves to 60 or 80 feet (58 feet west of
Narrow Cape, Kodiak; 80 feet Aialik Bay, Kenai Peninsula) (Berg, et al,
19€L; Chance, 1968). These accounts are not too well established, and
they may refer to swash marks left by slide-generated waves or later
seismic sea waves that occurred on the high tide. On Kodiak Island coast
between Cape Chiniak and Narrow Cape, however, it is fairly well docu-
mented (see Berg, et al, 196L4; Plafker and Mayo,1965; Chance, 1968;
Plafker and Kachadoorian, 1966) that waves reacked 30 to 4O feet above
the low tide level soon after the earthquake (Figure 4O). If we antici-
pate a conclusion to be presented later that the runup R of such long-
period tsunamis on the coast invoked orly a modest amplification factor
of about 1.5 on the wave height H, a nominal wave height near the coast
might be considered to be of the order of 26 feet (8 meters). At the
generation point we have already inferred wave heights of the order of
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10 to 20 meters (Figures 34, 36 and 37). The range of wave height H,
plotted against earthquake magnitude M in Figure L1, appears to accord
with the trend of Japanese data, and with an empirical relationship
established in earlier studies (Wilson, et al, 1962; Wilson, 1964),
This relationship is

log,y H = 0.75 M - 5.0 (6)

and may be expected to give a rough idea of tsunami heights expected
from an earthquake of given magnitude within a range of 500 miles of
a coastline.

3. Progression and Dispersion of the Tsunami Across the Pacific
Ocean

We may briefly enquire into the immediate development following
the upheaval of the water surface over the Continental Shelf (Figure L2a).
Under the effects of gravity, and with the energy communicated from the
uplift and thrust of the land, the positive wave will start to separate
in two as shown in Figure U42b.

Propagation landward of the negative wave will start a negative
reflection from the coast with some loss of energy from entrapment,
scattering, and absorption in the grecatly indented coastline, as well as
leakage into Cook Inlet and Prince William Sound (cf. discussion of this
subject by Munk, 1961). The positive wave propagating seaward over the
shelf into deep water loses some energy at once to a negative reflection
vhich propagates back toward the coast (cf. Lamb, 1932; Johnson, et al,
1951; LeMehaute, 1960; Dean, 196L4). The progress of these reflections
in the early moments of tsunami transmission is shown schematically in
Figure 42. In this process a little-understood mechanism of energy trans-
fer to higher frequencies takes place, and amplification results through
sympathetic resonance at the natural frequencies of shelf oscillation.

The interference of the coast and shelf-edge reflections with each other
probably accounts for the beat oscillation revealed in Figure 38c. The
oscillation is essentially of the "leaky" mode type discussed by Snodgrass,
Munk, and Miller (1962), and by Munk (1962), because the direction of
propagation of the reflections in the gross sense is normal to the coast
and to the shelf edge.

The main tsunami meanwhile emerges from the Continental Shelf and
spreads across the Pacific Ocean in the manner inferred from Figure 27.
Its energy will be supplemented by small additional amounts of energy
continuously transmitted to deep water from the shelf oscillation.

The tsunami was recorded at tide gage stations throughout the
Pacific arena and facsimile reproductions of marigrams, together with
arrival times, have been published by the U, S. Coast & Geodetic Survey
(c&GS, 196L4 ; Spaeth and Berkman, 1965, 1967). A selection from these are
reproduced here in diagrams (a) of Figures 43 to 66, which refer to sta-
tions encompassing most of the peripheral boundary of the Pacific Ocean.
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In general, these marigrams are characterized by large and sometimes
pseudo~regular, sometimes highly irregular oscillations, announcing the
arrival of the tsunami. The extraordinary variety of effects recorded
is eloquent testimony to the profound changes that a tsunami is subject
to when propagating from deep water to the shallow-water locations of
most gaging stations. One logically wonders what aspects there are in
common, if any, between records such as those, say, of Prince Rupert,
Canada (Figure 46a), San Francisco, California (Figure 50a), and Hilo,
Hawaii (Figure 59a). The resemblances appear to be small, and possibly
they might be explaineu away on the grounds that these three receiving
stations are very far wpart. However, when comparison is made between
Figures 58a and 59a for two stations close together in the Hawaiian
Islands, the differences are not so easily disregarded.

Wave energy spectra might be expected to reveal certain fundamental
resemblances between marigrams, but except in the case of the records for
Honolulu and Hilo, Hawaii (Loomis, 1966), few comparisons of wave spectra
for the Alaskan tsunami have come to our attention. Figures 6Ta and 67b
present the results of Loomis' analyses, but the frequency resolution at
low frequencies is rather poor so that the existence of any waves having
periods of the order of two hours is not revealed. The best that can be
said of the two spectra for the early stages of the tsunami (0 to 8.3
hours) is that periods around 33.3, 18.0 to 20.8, and 12.1 to 13.0
minutes are prominent in both records and that the dominance of the
periods changes with time at the two places and becomes different in
both,

Spectral analysis, however, has the limitation of requiring a
specified time sequence of record for its elaboration, and that in that
time sequence changes in the dispersive wave system are continually taking
place. It can therefore never give a completely true picture of the com-
position of a tsunami at any given time, even though in the very nature
of an impulsive wave system the particular wave dominant at any time is
actually the resultant of a spectrum of frequencies (cf. Wilson, et al,
1962; Van Dorn, 1965). The computed spectrum can reveal a prominent,
often broad, frequency band, but it cannot usually identify whether, or
how, frequencies in the band may be interfering to form beats. Moreover,
in the range of frequencies covered in Figure 67, the obvious prominences
are likely to be characteristic of the oscillating modes of the locality
rather than the fundamental nature of the tsunami (cf. Munk, et al, 1959).

To discover more about the tsunami itself, the first author (Wilson)
has applied the same kind of subjective analysis employed in Figure 38 to
the marigrams of Figures 43 to 66. This process is a matter of judgment
and experience; perhaps something of an art. At present (1967), a purely
objective mathematical treatment of the data to achieve comparable results
has not been developed. The subjective analyses given in Figures U3 to 66
are subject to the humsu errors of interpretation and of drafting, but the
overall consistency of results in identifying characteristic signatures
of the tsunami is most encouraging.

Text resumes on page 91
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Figure 50 Subjective Analysis of Marigram for San Francisco, California
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Figure 51 Subjective Analysis of Marigram for Rincon Island, California
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Figure 52 Subjective Analysis of Marigram for San Diego, California
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Figure 53 Subjective Analysis of Marigram for Talcahuano, Chile
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Figure 56 Subjective Analysis of Marigram for Argentine Island,
Palmer Peninsula, Antarctica
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Figure 59 Subjective Analysis of Marigram for Hilo, Hawaii
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Figure 60 Subjective Analysis of Marigram for Lyttelton, New Zealand
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Figure 61 Subjective Analysis of Marigram for Moen Island, Truk,
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The procedure, first used in an earlier work (Wilson, et al, 1962;
Wilson, 196k), depends on visually identifying the underlying wave sys-
tems, and on separating them from each other and the background of the
astronomical tide. As an example, Figure lLba, the marigram for Juneau,
may be separated into curves (b), (c), and (d), of which (b) may be
considered the characteristic signature of the tsunami and (d) a minor
oscillation related to the locality. The signature shows a beat system
of waves with periods close to 1.7 hours. The first beat has five waves,
the largest of which is a negative wave near the front of the beat.

Referring back to Figure 27, the main flanking attack of the tsunami
on the North American coastline took place between Yakutat and Crescent
City. Analyses covering stations along this coast (Figures 43 to L9)
show the first five waves in a rather pear-shaped beat with the largest
modulation near the front. The shape of the beat modulation undoubtedly
relates to the shape of the source, and generally confirms the interpre-
tations of seabed disturbance in Figures 19, 34, 36, and 37. Figure
27 shows that the waves striking Yakutat originated from a generating
area off Hinchinbrook Island, where the seabed deformation had the same
dumbbell shape as the beat of waves reaching Yakutat (Figurc 9),

The waves reaching Sitka came from the generating area just south-
west of Montague Island (Figure 27) where highest known uplift occurred
(Figure 12). TFigure 45c shows an apparently corresponding prominence of
the forefront of the beat of waves of about 1.7 hours period. The maximum
envelope height of waves for Sitka was 12 feet.

Further south, Prince Rupert, Canads, was hit by T-foot waves
(maximum envelope height), Figure 46c. Figure 27 shows that these waves
originated off the southern end of Kenai Peninsula (Figure 36b).

Port Alberni is of special interest. According to the analysis of
Figure 47c, which attempts to infer what the tide gage would have recorded
had it not failed during the first waves, the maximum envelope wave height
may have been as much as 27 feet. Port Alberni suffered severe damage
from the tsunemi (cf. Wigen and White, 196L; White, 1966; Abernethy, et
al, 1964), Water levels for the first three waves were established by
observation, thus permitting some definition of the wave system by inter-
polation between these observations and the later marigram (Figure L4Ta).
The waves approximate 1.T72 hours in period and clearly must have gained
their extraordinary height through some near-resonance local phenomenon
since the corresponding maximum waves at Victoria (Figure 48d), only a
short distance southeast along Vancouver Island, were only 3 feet high.

Port Alberni lies at the head of a long inlet, about 40 miles from
the mouth of Barkley Sound on the west coast of Vancouver Island.(Figure
68). The inlet, a narrow channel, varies in width from 1/2 to 1 mile
and in depth from about 100 fathoms at the mouth to less than 30 fathoms
at the head (White, 1966). The approximate natural period of oscillation
of such a canal may be calculated by assuming that the depth profile along
the length is parabolic. Thus from Lamb (1932) (see also Wilson, 1966),
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the fundamental period is:
T, = b4k L/ Vgd) (7)

in which L is the length of the channel from the mouth and d the depth
at the mouth. For L = 40 miles, 4, = 600 feet, T; is 1.85 hours, which
clearly suggests that pseudo-resonance occurred.

Assuming a uniformly sloping channel bed, which is stfll a fair
approximation, an estimate of the amount of amplification a of the waves
between the mouth and the head of Alberni Inlet may be obtained (Lamb,
1932), without consideration of friction.

i 2
e Ampl}tude at head = (1 + KL, (8)
Amplitude at mouth 2
in which K is a wave number defined by
K = 0°L/gd, (9)

and O is the angular frequency of the incident waves. For the 1.T-hour
waves of Figure LTc, a is about 10, suggesting that the tsunami waves
entering Barkley Sound (Figure 68) were about 2.7 feet high and therefore
of the same order as the waves reaching Victoria (Figure L8d).

We shall confine our attention here to what are considered the
essential tsunami signatures in Figures 43 to 66 and reserve comment on
secondary features (such as the wave systems (c) and (e) in Figure L8,
for example) for a later stage.

Analysis of the limited data for Crescent City suggests that the
second principal wave (Figure 49c), of 1.8 hours period and 13 feet
effective wave height, made the tide gage inoperative and caused the
great destruction and tragedy (Griffin, et al, 1964). This wave was
assisted by a local oscillation with an effective height of 17.5 feet
and a period of about 30 minutes exactly phased to occur on the crest
of the monster 1.8-hour wave. In addition, these waves rolled in on
the high spring tide Jjust as at Prince Rupert and Port Alberni, Canada.
(see Figures 46 and L4T).

The waves reaching Crescent City came from the southwest extremity
of the source region near Kodiak Island (Figure 27). A paper recently
received (von Huene, et al, 1967) indicates that this part of the source
region had the highest concentration of strain-energy release over the
period March 27 through May 1, 1964 of any area tectonically affected
by the earthguake. The wave rays of Figure 27 suggest that energy from
that region was spreading through overlapping wave systems, presumably
as a result of the vertical uplift and the horizontal thrust of the sea-
bed or from some other cause. The line of progression of the "caustic"
or intersection of the slightly oblique wave systems has the appearance
of bearing directly on Crescent City and might azcount for the large
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magnitude of the tsunami signature in Figure L9c. The degree of accuracy
of Figure 27 limits an explanation of this kind to little more than sug-
gestion, but one aspect that is possibly substantiative concerns what
happened on either side of Crescent City. Thus at Victoria, Canada
(Figure 48d) and at San Francisco, California (Figure 50c), the leading
modulation has been shortened by an interference effect, yielding a

short intermediate beat not found in the tsunami signatures north of
Victoria, nor even in the signatures south of Rincon Island, California
(ccmpare Figures 5lc and 53c¢).

Causes for the high waves at Crescent City have been scught by others,
notably Foley (196L4), Tudor (196L), Roberts and Chien (1965), Wiegel (1965),
Kent (1965) and Raudio (1965), but with no positive conclusions. Roberts
and Chien impute the concentration of wave energy on Crescent City to the
refractive effect of a édistant sea mount in deep water. We are not con-
vinced of this argument because of the small size of these topographical
features, relative to the great length and period of the tsunami. Never-
theless, the caustic formations envisioned by Roberts and Chien would at
least enhance any larger caustic accumulation of energy coming from the
source.

The possibility that continental-shelf resonance amplified the wave
effect at Crescent City will be discussed later. However, Crescent City
has been peculiarly subject to high wave effects from numerous great
tsunamis (Magoon, 1962; Wiegel, 1965; Raudio, 1965), though this tsunami
wvas the greatest of them all.

The wave rays of Figure 27 indicate that the energy distributed
along the South American coastline originated from a very small sector
of the southwest extremity of the source region. Nevertheless, Figure
53¢ for Talcahuano, Chile, shows waves 4 feet high of 1.75 hours period
in a fish-shaped beat; the largest amplitude is carried by the second
trough, and 8 waves occur in the beat. At Corral, Chile, about 180
nautical miles south, the primary waves were 2 feet high and about
1.9 hours in period; 9 waves are found in a similar fish-shaped beat
(Figure 5kc).

The effect of the East Pacific Rise on the tsunami is apparent in
Figure 27 by the refraction of the wave fronts and the focusing of wave
energy toward the scuthern tip of South America. At Ushuaia, Tierra del
Fuego, Argentina, the tsunami signature is still characteristicaily a
beat of long waves 1 foot high with a period of about 1.9 hours (Figure
55¢), but the highest waves are now further removed from the front.

The natural refractive process allows little wave energy leakage
through the Drake Passage, which forms a window to the South Atlantic
Ocean (Figure 27), while considerable spreading of energy also occurs
along most of the Antarctic continental boundary to the Pacific Ocean.
Despite this, enough energy reached Palmer Peninsula in Antarctica to
register the tsunami signature and a variety of superimposed oscillations
(Figure S6c).
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In the Pacific-Antarctic area near longitude 130° W, Figure 27
suggests a strong focusing of wave rays, and pronounced tsunami effects
probadbly resulted if the tsunami remained relatively unaffected by the
screen of islands in the Tuamotu Archipelago and nearby island clusters.
That the tsunami did breach the island barriers without sensible loss
of its identity is shown by the sequence of analyses in Figures 57
through 60.

For Midway Island; Mokuoloe Island, Oahu, and Hilo, Hawaii; repre-
sented by Figures 57 through 59, the primary signatures are similar and
comprise a leading beat of about five waves of 1.8 hours period with a
maximum beat-height at Hilo of 1.8 feet.

Lyttelton, New Zealand, has an elongated rocket-shaped beat of 10
waves with periods of 1.8 to 1.5 hours and a maximum heizht of 3.8 feet
(Figure 60). The waves reaching Lyttelton had to penetrate the Hawaiian
Islands, cross the Christmas Island Ridge, and then follow a ray parallel
to the Tonga Trench (Figure 27). Their emergence in such pure form and
high amplitude (Figure 60c), even after radial spreading caused Ly the
Tonga Trench bathymetry, indicates not only that the island barriers were
ineffective scatterers of the large waves, but that the signal strength
was significant to excite so large a response.

This raises the interesting question whether Lyttelton provided
appropriate conditions for nseudoresonance of the tsunami. Lyttelton
lies about half-wav :r a 16-mile long inlet (Port Lyttelton) on the east
coast of South I/ .. . Vew Zealand. This inlet (Figure 69) is about 1
mile wide along m~.. of its length and shelves almost uniformly from a
depth of about T fathoms at the mouth. We use the eigenperiod formulas
for a uniformly sloping rectangular open-mouthed basin (cf. Wilson, 1966).

(i) Ty = 5.236 L//gd;

(10)

(1i) T, = 0.435 T

where T, and T, are the first and second mode periods of free oscillation
of the inlet, L is its length and d; its depth at the mouth. For L = 16
miles, d) = 42 feet; T; is 3.35 and To is 1.46 hours. It is thus inferred
that the tsunami would have excited a near-resonant response from the
second mode of the free oscillation.

We now enquire into the amplification that could be expected of waves
entering the inlet with periods of 1.8 and 1.6 hours. We require the
generalized formula for wave height amplification a at a specified distance
x from the head of the inlet. This formula developed from Lamb (1932) and
akin to Equation (8) is:

Kx

2 2
as (1-597 a3 (11)

in which K, a wave number, has the same definition as given in Equation (9).
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Taking the Lyttelton position in the inlet as x = 8 miles, we derive the
results listed in Table II.

TABLE II

Computed Amplification Effects in Port Lyttelton, New Zealand

Observed Inferred
Period of Tsunami Amplification Wave Height Wave Height at
Excitation Factor at Lyttelton Mouth of Inlet
T a H Hl
(hours) (feet) (feet)
1.8 0.84 1.0 1.2
1.€ 6.3 3.8 0.6

The inference drawn from Table II is that the beat-shape of tsunami
waves entering Port Lyttelton was quite different from the rocket-shape
of Figure 60c. The later waves in the beat would have been less prominent
in relation to the leading waves, and the beat-shape at the mouth may have
been more in accord with Figure 6lc, applicable to Mcen Island, Truk, in
the Caroline Islands.

west of the Tonga Trench the tsunami had to filter through much
thicker island clusters whose strength in depth prevented much penetration
of energy into the Tasman Sea, despite a focusing tendency brought about
by wave refraction (Figure 27). The waves reaching Fort Denison and Camp
‘ove, Australia, were about 1.2 feet high (Spaeth and Berkman, 1967).

lhe analyses of Figures 62 to 66 relate to the tsunamis that emanated
from the extreme southwest end of the source region (Figure 27). 1In five
~uses covering a boundary spread from the Aleutian Islands to Japan, the
tsunami signal is still characteristically a long bullet-shaped beat com-
prising 6 to 8 waves with periods of about 1.9 hours. The complexity of
the records in most of these cases made their analysis a considerable
‘hallenge., For example, in the records for Japan, the presence of the
primary waves is not rcadily apparent (Figures 65 and 66). Nevertheless,
strong similarities found in primary wave systems for Poronaysk (Sakhalin
Island), Yuzhno, Kurilsk (Kuril Islands), Hanasaki and Ofunato, Japan,
indicate the same origin. {(Figures 63c, 6lc, 65c, 66¢)

Table TII summarizes some of the salient features evolved from the
analyses of the marigrams in Figures 43 through 66,
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L, Height Characteristics of the Main Tsunami

Table III lists maximum envelope heights H] and average periods
Ty of the first three waves in the leading beat of the primary wave
systems. It also gives heights and periods of secondary wave systems.
Travel times t are based on arrival times of the waves from Figures U43
through 66. In many cases these differ somewhat from the arrival times
of Spaeth and Berkman (1968), see Figure 27. For the first six stations
in the table the distance r is the length of the refracted wave ray
connecting the source and the station as evolved in Figure 27. For
all other stations, the distance r is the great circle distance of
wvave travel given by Spaeth and Berkman.

Equation (4) is invoked to calculate the mean depth along the total
distance to each station from the relationship

d=(r/t)° /g (12)
Relative distance is then the ratio r/d.

An assumed wave height H, at the source has been adopted according
to the arguments presented in Figures 34, 36, and 37. Because of the
finding of von Huene, et al (1967), that a very high center of strain
release existed near the southwest end of the inferred tsunami source
region, we have adopted Hy = 60 feet for all stations beyond the first
six. Figure 27 suggests that nearby stations received most of the wave
energy spread laterally from the source length, whereas the distant
stations received wave energy predominantly from the radial expansion
of the southwest end disturbance. These wave heights at the sources,
although speculative, provide a comparative basis for investigating
some properties of wave decay.

The inference seems clear that the tsunami that traversed the
Pacific Ocean comprised packets of extremely long waves with periods of
about 1.8 hours. At insular and continental shelves, some of the energy
of the waves was reflected and scattered and some transferred to high
frequencies so that the residual energy remaining to the fundamental
vaves, as represented in the héight H), has in many cases been much
depleted. Nevertheless, even the height Hj is nominally greater than
the height H the long waves would have at the shelf-edge, because of
the height enhancement from shoaling. Rating this enhancement as 50%
on average, the deepwater height ratio H/H, is taken as 2/3 (Hy/H.).

Values of H/Hp, have been plotted against relative distance r/d in
Figure T0. The range of values of r/d from all these data is limited
so that it is difficult to establish trends. However, if we assume that
for a value of r/d = 1, the ratio of H/Hg would have to be unity, we may
perhaps draw some conclusions. We are assuming that r/d = 1 effectively
represents the fringe of the initial wave at the source, at or near the
continental slope of the Aleutian Trench.

98



5 —

sassa Tueunsy Axemrad ay3 J0J 90uBISTP Y3Tm £BO3p y3Tayg () oIty

N,

P/3 - 3IONVLSIO 3AILYI3IN
000'001 & z 000'0I s 2 000!l s z 00l s 2 (o]} s 0l
/Anh WH
/ / D1419vd TYHIN3D ONV LS3IM NI SNOILVLIS @
NOILYBYdONd (2N419vd 3) SIAVM IWYNNSL 40 NOVLLY
TVNOISNIWIO OML ONIINY1S TVILEVd ONIAIZOIY SNOILVLS
(VIIH3INY N) SIAYM INYNNSL 40 NOVLLY .
/ ONINNY T4 193410 ONIAISO3H SNOILVLS +

VILLOHVLNY
i

"N3d ¥H3INTVd —X
1

aN3923n7

t

; I
¥V '093n4 130 VEYIIL 'VIVAHS) —N(

=i

1
2 'ONYNHYIIVL —X

N

*.

37K
_

_

#_hﬂ 'INN38TV LH0d

_quq._q 'UNLIS

—

1
4D "ALID LNIDS3IHD I/u

2

vHSY IV ._..__p_,m....__q_zl_.n*m

vAVNYD ‘L¥3dNy 3IDINIHG ~
UHSYIV "LVLNNVA

/]

A

NOILVOVdOMd TYNOISNIWNIO 3INO

sou-

-

1000
z
100 4
m
r
>
=
<
m
I
p
@
b o
-
!
xI
1o S
I
(=]

99



= ¢2 0T
W ge- T == === 6 L9 1+ L1o°0 9°1 09 otnE ogn2t SLE 0669 09°91 ATIW *Twix0)
L_e]% L1
q 00°TI~ §°0 -— S== 8 L T+ $10°0 TN 09 onee S182T 08t ong9 06°LT aTIY) ‘ouenywore]
= 26 0°t °ITINIITE)
M oL T 60 (I)T2e 50 S 09°'1+ $10°0 1 09 olat $996 OE€ sto2 01°9 ‘o®a1q weg
wIRIOITTR)
@ on + 2's  (L)e'n $°0 S L9° T+ 1€0°0 T°€ 09 08Tt 5996 0EE 0881 oL"s ‘paesI uUOIUTY
. . IR0 I Te)
= on - LS (3)0°n- 9°0 L-n €L T+ n€0°0 T°€ 09 016 olgot 0SE 0€9T 09°n ‘oosyounyy uweg
$IUIOFITeD
= 0ot - S°LT (i)oo't~ [ 1 (&) LL T+ sT°0 L2 4 09 069 ostet oLt 08t T SL°e £310 uadsal)
®2Z e 8°0
e gy - g2 0°2- (i)2°0 (4)$-1 L5 T+ $0°0 L2 149 0211 0969 092 ogel 09°n wpsuR) ‘91I030F4
wpeae) (@]
- === === I S FR ¢4 $0°0 0°L2 49 0501 0969 082 0021 €€y ‘jusaqry 304 m
wpeuw)
= == g 2~ 02 9 SL T+ Lteo 6'g SE 0£6 ST6€ o2 009 06°2 ¢3zadny adutag
.o ¢€ —— = < LT+ 210 g1t $9 00 (}4¢4 on2 one on't wseTyY ‘oMmis
aq o't 02 o' n- o't 4 L9°1+ 810 £'g ot 09LT SQET s2t oon 02°¢ wxseTY ‘nwaunp
Iq 01~ 02
= of 0°¢ 1°€- o't ()9 1971+ 91°0 (3] 9t 08t s62n oz oLz 02t wseTY ‘Jwnyex
(oye-1g) [38a]) [83q) (3993) %4 af (S3)  o(oH/H) _ (393)  (3993) P/3 (3933) (s3oux) (-1w'd)  (8dq) UO}13e30] 9%eD epIL
£r Ex 25 %H saampy I sdawy o13wy TH IUFIeH O aoamog aduwasiq P yidag ] a 3 auyy
potaad qitang potdad FIeH 0 € 18314 WPTIE  adoraauz 3w IGPIIH  IATINTIY TR £3700TIA 2ouUwISIq Taaway
joareddy cmmy Joareddy ‘X®) Jaqung pPoldad Say Iajeadaag wnmixwey Jawy catndy weay
TeAp peIndeus)  SeAWA [WNUNS]  SeAwn [mwunsy Ademidg _ pamnssy
rTeoo Lrwpuoaag

UBad0 J1ITIRd ‘SUOTINIS IPFL PIIIITIS WOIJ SWIDIIEN JO sasARUY 2AT303(qNS JO SITNSAY PaziIEENG

IIT TTEVL




tA13a1303dsax ‘aariwPau puvw Iay3isod seAa sawa Fuipway

ayl 3w uPray 3aeva zaj3eadaap Sy H aI9ya ‘G T = H/IH 19yl puw

*onTea 20 OT3WIAIAIAN] AY3 INOQE IQNOP SIWITPUT () YIem @OFIsend  °f

‘UAOUUM S] WaISAS IAWA JO JUOLZ IWYI S8SWOIIPUT uPIs Jo adsuasqe
sajwdipur sanyea poirad jo juoxy uy udys (=) snuim pue ulis (+) snyd 2

‘UOIIWIS Y} Jeau aFpa JTIYS [wIWIT[3uo)
IH @iy dnunx w 8y Ty 3943 siswq uo (O/TH) €/2 ST atay Uaal® CH/H o 1 :%230K

19

ay

B H A

2]

9t~
o2
00°T
on
ez
0s-
ot
- o
gt

ot

On
0t

3¢
o2

[ 8

LT -

o) tng
an=
0 1~

2s
ot

~-
-

O ot~
~ OO

-
oo

0°1

n°0

8°0

Lg " Te

N (L)EE"2e+

£9° 1+

08° e

L9° e

LL Te

08" Te

08° T+

LLTe

£g° T+

09° Te

LR T+

0°1 09
Lo 09
6°0 09
9°0 09
g0 09
9°0 09
gt 09
8°1 09
St 09
50 09
21 ° 09
g0 09

0901

osot

066

0STT

019

001t

0262

06L

00g

onl

008t

08t

0Tn91

02611

6$951

119:19 ¢

O0GET

sgoge

199°19

08.L8T

oL6LT

ogLlgtl

00SET

[e]624, 28

otn

(4]

0cn

ocn

06t

) ¢4

0en

o9n

osn

osn

06E

0o

slge

oLs2

onse

0562

S9ET

591

0259

onne

09¢e2

olLz2

S8

0LER

sL*9 uedep ‘ojwunyo

02°9 uedep ¢ Iyeswuwy

spUeTST Tiany
00°9 ‘xsT1any ‘ouyzng

PURTS] UITRUYeS
oco°L ¢ ysfwuoaog

SPUBIS] UPIINITY
05°E  °‘n3yy ‘Leg axdesswey

SPUIRIS] IUITOIN)
02°g ‘NaaL ‘puers] waon

PURTRIZ AdY
0$°61 ‘uojariak]
£€€°S T1eAH ‘OTIH
11eAwy ‘ngep

02°§ ‘puers] Ioronyon
TTeAey

06° % ‘puUeTS] AwApINW
L EYSEE, 11T

‘emsuinad Iamred
056°12 ‘puUeTs] IUTITIRIY

suyjuadxy ‘ofang
08°02 Taq vI33[1 ‘wyenysp

101



———

From the point (H/Hc> =1; r/d = 1) in Figure 70, lines have been
drawn vhich represent proportionalities, H &« r-B, for the values n = 1/3,
1/2, 2/3, 5/6, 1. Theoretical studies of decay of impulsively generated
wvaves have variously shown that one or another of these laws may be
involved. As summarized by Wilson, et al (1962), Wilson (196k4), one-
dimensional (x, horizontal) dispersive waves decay according to the law
x~1/2 in the body of the waves and as x~1/3 at the wave front. Kajuira
(1963) confirms the latter result for the leading wave of a tsunami
provided that

(b/a) (6 Ya7g /t)/3 <1 (13)

where b is the half-breadth of a rectangular source area and wave propaga-
tion is in the direction of the breadth (see also Van Dorn, 1965).

It must be assumed that, at least for the first six stations listed
in Table III, and possibly for the first twelve, the tsunami advanced on
the American seaboard with a one-dimensional propagation. We find that
the data points for stations along the Amer}cas show a certain disposition
to accord in the mean with the laws H « r~1/3 ang § « r~1/2, Further,
those that seem to accord with the first law represent data drawn largely
from high waves at the front of the beats for situations in which energy
lost to other frequency excitations was fairly low.

Of the data points that seem to accord better with the H « r-1/2 law,
there was considerable loss of energy to higher frequencies. Had this
loss not occurred, they would place higher in Figure TO. San Francisco
and Rincon Island, for example, might qualify then for the H « r-/3 law,
particularly as the highest waves are close to the front of the beat (see
Figures 50, 51). Also, the data points for Ushuaia, Tierra del Fuego,
and the Palmer Peninsula, Antarctica, drawn from wave heights deep in the
body of th7 beat (Figures 55, 56), would then conform better to the law
of H e« r-1/2

Since the data of Table III for the North American coastline appear
to obey the H = r-1/3 law, we may use Kajuira's condition, Equation (13),
to place a bound on the half-breadth of the tsunami source region. If
wve take an approximately median value for the data represented by the
upper set of points (Figure 70) as r/d = 1000 and note that time t in
Equation (13) can be expressed in terms of r via Equation (12), then
Equation (13) resolves to

v/d < (r/6a)1/3 (1%)

Using r/d = 1000 and adopting d = 5000 feet for the first seven data
points, we find

b < 10 km (15)

In terms of what we know about the actual source region, this condition
appears unduly restrictive.

102



In the matter of two-dimensgional (r, radial) propagation of disper-
sive waves, Wilson, ei al (1962), ¥Wilson (196L), had concluded that height
decays as r~l in the body of the vaves and as r—5/6 near the vave front.
Some experimental evidence seemed to support those conclusions at that
time, particularly the experiments of Takahasi (1961) and the field re-
sults reported by Van Dorn (1961). However, Kajuira (1963), using more
rigorous theory, has shown the amplitude decay of the leading wave of a
tsunami will conform to the law H « r-2/3 in two-dimensional propagation
from a rectangular source, provided

(a/a) (6 YaTg /t)/3 > 3 (16)

where a is the half-length of the mejor axis and propagation is in the
direction of that axis (see also Van Dorn, 1965).

Data represented by the third group of points in Figure 70, which
apply to stations west and southwest of the tsunami source region, are
clearly representative of two-dimensional (radial) wave prog7§ation.

Their scatter appears to be centered around the line H « r~ near a
value of r/d = 1,000, Kajiura's condition would then require

a/d > 3 (r/6d)l/3 (17)
For a depth d = 15,000 feet, Equation (17) stipulates that
a > T5 km (18)

In this condition Equation (18) is well satisfied by the inferred dimen-
sions of the tsunami source region.

5. Period Characteristics cf the Main Tsunami

Table III shows that the periods Ty, the average of the first
three waves in the beat of the primary wave system, are remarkably uniform.
This suggests that these large waves were, in effect, nondispersive.

Because of the smallness of the relative depth kd, where k(= 2n/))
is the wave number, and X the wave length, the group velocity of the wave
envelopes would not be sensibly different from the phase velocity of the
individual waves in the beats. Thus kd is normally less than 1/60 for
waves of 2 hours approximate period in an ocean 12,000 feet deep. Over
a travel distance as long as 10,000 nautical miles the waves would out-
pace the envelope by only about 10 seconds. This implies that the beat
structure of the main tsunami should remain largely unchanged. The
stations from Yakutat to San Diego, Figures 43 to 52, suggest that this
was generally true, and the earth movement along the fault length must
have been of a rather uniform character, probably well symbolized by
Figures 34, 36 and 37.
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Table III shows five waves in the leading envelope for North American
stations south to San Diego. Variations from this number are explained as
interference effects of merging wave trains.

The number of waves in the leading envelope increases to 8 and 9
along the South American coast, but again this development is found to
be incipient in the two leading envelopes for San Francisco and Rincon
Island, California (Figures 50 and 51), and again the explanation is an
interference effect of competing wave trains of the basic type (5 waves
per beat). The 5-waves-per-beat character of the tsunami is still re-
tained in the waves reaching the Hawaiian Islands (Figures 57 to 59),
but is then lost to much longer envelopes in the records for the more
distant stations in the West Pacific. Tsunami signatures shown in
Figures 61 to 66 have about 8 waves in the leading envelopes, but since
these tsunamis originated from a restricted part of the source region at
the southwest end, they may have been of fundameritally different shape
at the outset.

The periods T; of Table III range from 1.57 to 2.33 hours and average
1.79 hours (108 minutes). When this information is plotted in Figure T1,
which is adapted from original data of Takahasi (1961) supplemented by
other data (Wilson et al, 1962; Wilson, 1964), a best fit curve to the
total data yields the relationship

log,, T = (5/8) M -3.31 (19)
where T is the tsunami period in minutes and M the earthquake magnitude.

Equations (3) and (19), empirically derived from statistical data,
suggest a relationship between the tsunami period and the effective source
diemeter S. Elimination of M between these equations, gives

T = 0.316517/16 (20)

for T in minutes and S in kilometers.

This result clearly implies that the tsunami period is directly
proportional to the source diameter, a relationship which can be shown
to have some theoretical support. It was shown, for instance, by Wilson,
et al (1962), Wilson (196L4) that Kranzer and Keller's (1959) result for
the surface disturbance n at a great distance r from an arbitrary radially
symnetric initial surface elevation Q(r) of the water surface, centered at
a source (r = 0), could be expressed (in the case of shallow water) as

n = [H(k)/rd)cos (kr-ot) (21)

in which H(k) is the Hankel transform iu the variable k of the function
Q(r).

For the case of a supposed cylindrical rise of water level at the
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source for which Q(r) = Q, r < R; Q = 0, r > R, the Hankel transform is
found to be

H(k) = Q R J; (kR)/k (22)

wherein J, (kR) is the first order Bessel function of the variable (kR).
This Bessel function provides the modulation to the wave system expressed
by Equation (21) and thus effectively defines the beat. Nominally it
could be said that the leading beat length would be defined by the first
finite value of kR for which the Bessel function J; (kR) is zero, namely
kR = 3,832, In the more general case for which Q(r) is some unknown
function we should expect kR to have some unknown value B8, that is,

kR = B (23)

where R, in this case, would represent some nominal radial limit to the
equivalent initial circular disturbance. Thus 2R = S and Equation (23)
may be replaced by

kS = 28 (24)

Because the waves of the Alaskan tsunami have been shown to be effectively
nondispersive, we invoke Equations (l4) and (5) to express Equation (24) in
the form

T Jg/da = (n/8) (s/d) (25)

which immediately shows that T = S as predicted by the empirical result,
Equation (20).

If Equations (20) and (25) are combined, the value of B is found to
be

B = 107.6/ /@ (26)

for 4 in feet. From Equation (25) we should now expect that the wave
periods generated would be given by

T = (7/107.6 Vg) S (27)

for T in seconds and S in feet. Resorting to the value of S = 425 km
(Figure 28), the wave period from Equation (27) is found to be

T = 1.99 hours (28)
which is in quite good agreement with the values of T, given in Table III.

6. The Transfer of Tsunami Energy to Higher Frequencies

Aerial photographs of waves reaching a discontinuity, (such as
a breakwater end), or passing over a submerged obstruction (such as a
rocky outcrop) frequently show odd harmonics of the incident waves in the
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leeward waves. The same phenomenon is found in waves reflected from
promontoriee or headlands, and has been observed and demonstrated in
model experiments. Theoretical understanding of this phenomenon, however,
appears to be meager. The only studies known to us are those of Biesel
(1966), but the subject is far from being fully explored. Munk and his
collaborators (cf. Munk, et al 1959; Snodgrass, et al, 1962; Munk, 1962)
have shown from analyses of long period wave spectra that the Continental
Shelf plays a great part in trapping long-wave energy over the shelf and
in promoting local oscillations. All of the subjective analyses in Fig-
ures 43 to 66 indicate that seismic waves, incident on a coastline, tend
to induce instantaneous response in a wide variety of frequencies.

a. San Francisco Bay. A good example is at San Francisco,
California where a regular oscillation of average period (38.5 minutes)
developed instantaneously with the tsunami, and appeared to be modulated
by the same modulating influences governing the primary waves (Figure
50d). The period 38.5 minutes is close to being the third harmonic of
the 1.73-hour period of the main tsunami. However, one of the free
perinds of oscillation for San Francisco Bay is in the range 3Lkl
minutes and the bay's fundamental free period is 1.90 hours (cf. Wilson,
1966; Thornton, 1946; Honda, Terada and Isitani, 1908). Not only then
were the tsunami waves near-resonant for San Francisco Bay, but their
third harmonic, developing no doubt from the entrance constriction, as
a process of energy transfer at an obstruction, also was enabled to
resonate on its own. Thus, large effects developed in San Francisco Bay
despite its very protected location and narrow entrance,

b. Hilo Bay, Hawaii. Explanations of this kind are not so
readily made for the local oscillations at other places, because knowledge
of the inherent oscillating characteristics is largely lacking. Hilo,
Hawaii, is ore exception. Hilo Bay, with reference to a base line drawn
across the mouth, has the approximate shape of an acute-angled triangle
(Figure T2a). Schematically it may be idealized to the shape of the
isosceles triangle shown in Figure T2c. The bed of the bay can be con-
sidered a uniformly inclined plane (Figure T2b), although some departure
from 2 linear depth profile takes place near the mouth. In gereral the
bay is a good case for the application of the geometrical analogy shown
in Figures 72 ¢ and 4.

The natural periods T, of oscillation for a triangular bay with a
uniformly sloping bed, from hydrodynamic theory (Lamb, 1932; Wilson,
1966) are:

T /Eal/L = 3.306; 1.786; 1.237; 0.9363 . . . (29)

where n(=1,2,3...) is an integer defining the mode number, L is the length
of the bay and d; its depth at the mouth. For an axial length L = 30,400
feet and depth d; = 200 feet, the first four modal periods are

T, = 20.9; 11.3; 7.8; 5.9 minutes
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However, the slight truncation of the vertex of the triangle by land
(Figure 72b), reduces these periods by the factor 0.92, to

Ty = 19.2, T, = 10.4, T3 = 7.2, and T), = 5.l minutes (30)

Further, assuming partial truncation of the bay due to the breakwater of
Hilo Harbor (Figures 72 a and b), the fundamental period T; is reduced
(cf. Keulegan, 1962) to

Ty = 14,5 minutes (31)

For each of the modes of oscillation & node occurs across the mouth
of the bay and the number of nodes is represented by the integer n.
(Figures T2 ¢ and ), Thus for the second mode oscillation (Tp = 10.L
minutes) there are two nodes, one located at 0.293L or 8200 feet from the
head of the bay, almost exactly at the position of Hilo Harbor breakwater.

From our subjective analysis of the Hilo marigram (Figure 59) it
appears that there was immediate development of an oscillation 13 feet
high of about 20 minutes period which drained energy from the main
tsunami (Table III). The fifth harmonic of the main tsunami period of
1.8 hours is 21.6 minutes, so that the natural tendency for the tsunami
to develop odd harmonics through its convergence in Hilo Bay apparently
found a sympathetic response from the fundamental eigenperiod for the
bay. The enormous wave of 20-minute period was cleerly a resonance
effect. The effect, however, was rapidly broken by interference from
other oscillations of about 15 minutes and 30 minutes period (Table III),
the shorter oscillation probably associated with the truncation effect
of the breakwater (Equation (31)).

For a more exacting examination of the responses we refer to the
wave energy spectra of Figure 6Ta. In the first 8 hours, the tsunami
apparently excited pseudo-resonant responses from all four of the modes
suggested by Equation (30). However, it drew a large response from e
33-minute oscillation (which is close to being the third harmonic of the
fundamental tsunami period). A free oscillation of this period must
represent the coupled bay-shelf oscillation for that area, for it is
noted from Figure T2a that the insular shelf has a peculiar convex shape
that would help to trap energy between the continental slope and the
bay-head. The spectra of Figure 6Ta show that the peak at 33 minutes
tends to become dominant with time as the other oscillations damp out.

Hilo Bay then appears peculiarly attuned “o resonance effects from
great tsunamis. Since we conclude from Figure Tl that & great earth-
quake of magnitude M = 8.5 always will tend to develop a tsunami of
period approximating 1.8 hours, Hilo will always respond in the same
way, regardless of the origin of the earthquake. Differences, of course,
would be expected on the basis of direction. The lesser effects experi-
enced at Hilo from the Alaskan tsunami, as compared with the Chilean
tsunami of May, 1960, or the Aleutian tsunami of April, 194€, are
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ascribed to the lesser amount of tsunami energy focused toward Hilo from
the Gulf of Alaska. The exception to this generalization might be a large
earthquake causing little or no vertical ground motion, as seems to have
occurred at San Francisco in 1906.

¢, Crescent City. Returning to Crescent City, our subjective
analysis of Figure L9 has suggested large amplitude (30 to 35-minute
period) oscillations occurring on top of the 13.4 feet high tsunami waves
with a 1.77-hour period (Table III). We note at once that the 30 to 35-
minute oscillations would accord with the third harmonic of the incident
tsunami waves. That this frequency could have gained such large response
suggests that some topographical feature of the region must provide

resonant conditions.

Crescent City occupies a position on a concave coastline southeast
of Point St. George, from which a submerged reef extends seaward in a
continuation of the coastal area (Figure 73a). Moreover, at the two
extremities of the arc, off Point St. George and off Rocky or Patrick's
Point (at the southern end), the Continental Shelf width narrows appre-
ciably. The coast and shelf markedly conform to a semi-elliptic basin,
open-mouthed along its mejor axis at the edge of the shelf (Figure T73a).
The dimensions of this basin are such that the ratio of the half-lengths
of the major and minor axes is close to 4/3; the half-length L of the
minor axis is 17.25 nautical miles. The depth profile along the minor
axis is approximated very closely by a parabola, and the trend of the
depth contours indicates that the entire shelf in the area is pseudo-
ellipsoidal to a maximum depth d; of 300 feet (Figures 73 a and b).

The approximation of the shelf and coast to a geometrical form that
can be described mathematically makes possible some conclusions regarding
oscillating characteristics. For this we adapt the work of Goldsbrough
(1930) to the situation of an open-mouth basin (cf. Wilson, 1966). For
this particular shape of elliptic basin, extrapolation from previous
calculations (Wilson, 1966), suggests that the Continental Shelf off
Crescent City has the following natural periods of oscillation, Tp:

Tm /G—dl

T = L4, LLl4; 3.528; 2.930; 2.340; 1.785; . . . (32)

The subscript m is an arbitrary integer (m = 1, 2, 3 ...) to describe the
mode order in terms of period value or frequency. All these modes re-
quire that a node of the free oscillation shall lie along the major axis
at the mouth of the basin (or the edge of the shelf). The fundamental
mode represented by m = 1 (T] = 79.1 minutes) would be a simple uninodal
oscillation about the major axis. The second mode (T2 = 62.8 minutes)
would represent a binodal oscillation with nodes along both axes of the
semi-ellipse. Another binodal oscillation (T3 = 52.1 minutes) would
involve a hyperbola as the second node, symmetrical with respect to the
minor axis, and intersecting the coast probably near Point St. George and
Patrick's Point. The fourth mode (T) = 41.6 minutes) effectively would
be trinodal for the bay, with two nogal hyperbolas, each symmetrical
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with respect to the minor axis and intersecting the coast. The nodes in
this case would approximate to radial lines from the center of the major
axis and the type of oscillation would effectively constitute edge waves,

The fifth mode yielding a period Tg = 31.7 minutes is actually a
binodal oscillation of a different tyve which involves a semi-ellipse as
the second node (see Figure 73 ¢ and d). Since this mode would conform
well to the coastal configuration, it would seem to be the resonating
medium for stimulating the third harmonic of the tsunami excitation.
None of the other modes of shelf oscillation had periods in conformity
with the tsunami period and its odd harmonics. The third mode(T3 = 52.1
minutes) would have been in good accord with the second harmonic of the
tsunemi, but the implication of Figure 49 is that it was not excited.

However, the fundamental eigenperiod for the shelf off Crescent City
(T = 79 minutes) is sufficiently close to the main tsunami wave period
(T =~ 108 minutes) to have provided a degree of amplification through par-
tial resonance, as seems to have been the case more completely, however,
at Port Alberni, Canada, and Lyttelton, New Zealand.

The tsunami of May 23, 1960, generated by the Chilean earthquake
(M = 8,4), also drew a strong response at Crescent City at a period of
32 minutes. Figure T4, reproduced from Wiegel (1965), shows the response
and presents the energy spectrum for the waves calculated from the tide
record. Wiegel, seeking an explanation for the 32-minute peak as a pus-
sible shelf osciiletion, investigated wave travel times from the edge of
the Continental Shelf, but found this approach unrewarding. The travel
time over the distance L of Figure T3b was about 21.2 minutes. Four
times this value would yield the approximate period of the fundamental
shelf oscillation, T, = 84.8 minutes, which compares favorably with our
result of Ty = 79.1 minutes. This period, according to Takahasi's data
in Figure T1l, should have favored resonance of the main waves propagated
from the Chilean earthquake; Figure Tk, however, does not show the reso-
nance, although the accuracy of the spectrum at very low frequencies is
suspect, It should be noted that the harbor at Crescent City cannot
support resonance of tsunemis at periods greater than about 10 minutes.

We conclude then that Crescent City's susceptibility to large
wave response from major tsunamis is, by its very name, related to its
crescent-shaped coast and bowl-shaped Continental Shelf. Because of
its dimensions, it will forever te a responsive echo-chamber for great
tsunamis since their periods will be always capable of exciting full
or partial resonances.

We mentioned previously that the mechanism for transfer of energy
of long waves to higher frequencies when negotiating depth changes that
are sudden with respect to the wave length, is not yet fully understood.
Dean (1964) may have uncovered the main elements of such changes by draw-
ing attention to the fact that the wave form, if resolved into its Fourier
constituents, would yield different amplifications and phase changes for
the conponents in their propagation over the continental slope. Long
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wvaves, whose amplitude is not small compared with the mean depth, have
an inherent tendency tuv propagate by developing harmonics, even in a
channel of uniform depth, Airy first drew attention to this (cf. Lamb,
1932, § 188), and the phenomenon is a feature of the propagation of tides
in narrow channels. The reason for the suppression of evern harmonics,

in situations of sudden change, is not known at this time. Recently,
Groves and Hervey (1967) have made enquiry into nonlinear effects of
transformation.

T. The Relationship of Runup to Coastal Resonance

Even a perfectly straight coastline with a uniformly sloping
(inclined plane) shelf can provide a resonating platform for normally in-
cident wave trains of the right period. In this case the shelf recponds
as & broad canal similar to Port Alberni Inlet or the Inlet of Port
Lyttelton. The problem has been treated by Lamb (1932) (ef. Wilson, 1966)
with the same result, for wave amplification, already stated in Equation
(11).

An important factor in this form of resonance is the value of the
term KL of which K is a wave number expressed by Equation (9) and L is
the length of the shelf from its edge to the coastline. It is readily
shown that

= (4n2 /g) (d1/T2) (1/s2) (33)

where d; is the depth at the shelf edge, T the neriod of the irncident
wvave train and s = (ﬂ /L) the shelf slope. Consequently the critical
parameter governlng ampliflcatlon is the value of the quantity (d /gTesg)
or simply (d, /T2) /s and the amplification a at the shore may be wrltten
as

« = H/H =¢f [ (a,/T?)/s] (34)

where H,. is the wave height at the coastal boundary, H the wave height
(assumed sinusoidal) at the shelf edge and f symbolizes a functlgyé ?Be
latter involves a zero-order Bessel function of the variable (2K 5
which in turn, through Equation (33), involves the variable (d;/T%)/s®.

Although Equation (34) is based strictly on linear, long-wave theory
(cf. Lamb, 1932, §185), we may stretch a point and derive the amplification
for a range of wave situations in which it is known that ”r/Hr > 0.5 where
n, is the crest height of the waves above still water at the shore. For
example, it is known that for a solitary wave “r/Hr = 1.0 and that for an
Airy, small-amplitude, sinusoidal wave n,./H. = 0.5. A whole range of
intermediate values is thus possible gccording to the prevailing relative
depth (d1/T2) and wave steepness (H/T“) of the waves at the shelf edge.
If then we allow for this contingency by writing

ne/Hp = Y (35)

we have from Equations (34) and (35)
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F= vr [(ay/1%)/6%) (36)

which expresses the runup N, in terms of the initiel wave height H.

Values of y are available from various wave theories and are sum-
marized in Figure 75, revised from Wilson, et al (1962), while the value
of the function f is given by

1/2L1/2)

£f=1/J, (2K (37)

in which Jo is the zero-order Bessel function of the variable (2K1/2L1/2).

The relationship in Equation (36) has been calculated, and is plotted in
Figure 76. Results all lie within the shaded band which exhibits the
first, second and third modes of this form of shelf resonance. Because
of friction (not allowed for in the simple theory), the cusps of Figure
76 could expect to be severely flattened, so that the runup, as a ratio
of wave height at the toe of the slope, may perhaps seldom exceed a value
of about U,

Some data of Granthem (1953), the only experimental work on moder-
ately long wave runup that provides the information needed for plotting
in Figure 76, are included in the figure. They show some degree of accord
without, however, exhibiting any evideace of runup becominﬁ especially
enhanced at the predicted critical mode values of (d/T )/e 3 There is,
however, an escalation of runup values in the range of (d/T )/s between
0.02 and 2.0, in keeping with the prediction, if the damping at the
critical modes were severe enough to erase the cusps entirely, as well
as the higher mode effects shown in Figure T6.

The subject of runup of waves on coasts is in itself so involved,
and the literature so extensive, that we hesitate to penetrate more
deeply into the questicn at this time. Appendix C gives merely a brief
review of some aspects of the problem. We may use Figure 76 to answer
a general question as to what runup would be caused by waves of the
Alaskan tsunami approaching normally on a uniformly sloping Continental
Shelf, Teaking T * 2 hours, d; = 600 feet and s = 0.01, we find
(d43/T2)/s2 = 0.12 feet/second? and from Figure 76, n,./H = 0.6 to 1.2.
On a flatter slope s = 1/200, (dl/T2)/52 0.5 feet/second2 ard the
range of runup lies between nr/H 1.1 to 2.2, Adopting N /H = 0.5
and a value of n./H = 0.75 we obtein H./H = 1.5, the value used in
Table III.

8. Sub-Harmonic Effects of the Alaskan Tsunami

The subjective analyses of Figures 43 to 66 have disclosed
at some places low-amplitude waves of much longer period than the main
tsunami waves. In Table III, these are listed as secondary waves, be-
cause it is not known whether they represent a wave system that propa-
gated from the source, or whether they are locally generated through
some nonlinear mechanism of the coastal boundary.

The effects are particularly strong at some of the most distant
places like Lyttelton, New Zealand (Figure 60c), Poronaysk, Sakhalin
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Island (Figure 63d), Yuzhno, Kuril Islands (Figure 6lc) and Hanasaki,
Japan (Figure 65c). At Lyttleton there is an amplitude increase of these
long waves toward the end of the beat suggesting that energy was being
accumulated at the period of about 2.75 hours. Since the natural period
of oscillation of the inlet of Port Lyttelton is about 3.35 hours, it is
possible that sufficient energy was being stored by the incoming waves

at or near this frequency to produce resonance in the fundamental mode
of the inlet.

At Hanasaki, Japan, the effect is similar (Figure 65c) but details
of Henasaki Bay on Kokkaido Island, Japan, are unknown. Similar responses
are found also at Yuzhno, Kurilsk (Figure 6lc).

At Poronaysk, Sakhalin Island, the long waves of 4.9 hours period
are dominant from the moment of arrival of the tsunami and show all the
features of a dispersive, evanescent wave system. At Hilo, Hawaii, a
decaying, strongly dispersive long-wave system of initial period T = 3.5
hours is apparent in the record (Figure 59c¢).

This feature occurs too frequently in the subjective analyses to be
considered an error of interpretation. We believe that these long-wave
systems are real and may have relation to the horizontal thrust of the
Alaskan landmass in the earthquake region. They were obviously of very
low amplitude and therefore required some degree of resonance to be
recorded at remote stations. The possibility that the waves are a non-
linear subharmonic derivation from the main tsunami cannot be overlooked.

9. Heights of Runup Along the North American Coast

Here we use the final column of figures in Table B-1 of Appendix
B to define the maximum height of the wave derived either as a rise or
fall above tide level of the time to give an idea of runup along the
North American seaboard. Table B-2 gives some particulars of effects
recorded at remote stations outside the Pacific Theater. The locations
of the stations for both these tables are shown in Figure B-1l.

The maximum recorded wave heights along the U. S. and Canadian
coastline from Alaska to Vancouver Island are shown in greater detail
in Figure T7. Figure 78 provides added detail in the Vancouver Island
region. The data are derived from Spaeth and Berkman (1967), Wigen and
White (1964) and from White (1966). In general, Figures 77 and 78 show
that the tsunami penetrated deeply into the farthest reaches of the
fjord-like coastline, even to Pitt Lake, about 135 nautical miles from
the mouth of the Juan de Fuca Strait at the south end of Vancouver
Island. On the seaward side of Vancouver Island wave height® registered
from 8 to 17 feet according to location. Port Alberni, along with Shields
Bay in Queen Charlotte Islands, suffered the highest waves.

Figure TT shows the approximate positions on the hour reached by
the tsunami front and the approximate positions on the hour of the
crest of the spring tide sweeping in toward the Gulf of Alaska. The
tsunami front reached the shore between Prince Rupert and Vancouver
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Island at about O7 hours GMT of March 28, 196L. The crest of the high
tide reached the same area two hours later at 09 hours GMT. Since the
tsunami period may be considered nominally 2 hours, the first tsunami
crest would occupy the frontal position (O7 hours) at about 08 GMT, or
very near the peak of the high astronomical tide, and the first few high
waves would effectively ride the tide wave and cause the high runup in
the area.

Farther south below the Canada-U.S.A. border the tsunami, a: also
the tide wave, rolled in practically normal to the coastline (Figure 79).
Here the concurrence of high seismic sea waves with high spring tide
again caused runup of serious proportions.

The tide wave and the tsunami ran up the Columbia River with the
tsunami front preceding the tide crest by about 1.5 hours. The vast
size of the tide wave ensured that the leading waves of the tsunami rode
on the tor of the tide wave, and propagated upriver in this virtually
interlocked fashion.

The effects, recorded at tide-gage stations spaced along the 90
nautical miles of estuary, make possible the derivation of important
conclusions regarding the tsunami. Three samples of the estuary mari-
grams (Figure 80) reveal the development of the tide wave as an un-
symmetrical wave effectively mede up of harmonics of the tide riding
the fundamental wave as already noted (cf. Section II-7). Beaver Tide
Gage in particular, shows that, other than the tsunami waves riding the
tide crest, the intermediate waves have lost their identity and hardly
register at the low tide, though later waves are again found on the
succeeding high tide. Th»is absence of tsunami waves (other than the
first three) on the rear slope of the tide wave would have been pro-
moted by the tsunami beat interference effect evident in the fourth,
fifth and sixth waves of Figure L8d for Victoria, Canada, even if
frictional damping of the waves at low tide were not the major cause.

The data from the Columbia River tide gages permit us to derive
some quantitative information about the tsunami and the tide propagation
up river. Figure 8la shows a space-time plot of the progression of the
first, second and third tsunami crests on the first tide crest and of
two other tsunami crests riding the subsequent tide crest. At the mouth
the leading tsunami waves show a period T = 1.75 hours, in good agreement
with Table III, but the period changes and increases with distance be-
cause the wave velocities differ, in accordance with Equation (L4), with
the depth of water provided by the tide wave and the river water. By
the time the third wave loses identity at about 70 nautical miles from
the mouth, its effective period is 2.2 hours.

In the first 50 nautical miles the tide crests advance more rapidly
than the tsunami, but then slow rapidly, presumably as a result of
shallow water and increasing tidal friction. The tsunami crests, less
susceptible to friction, then outrun and advance through the tide crest,
The reason for the initially greater speed of the tide may be surmised
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as being related to the effect of tide height. Lamb (1932) has shown
that finite-amplitude long waves, whose elevation above stillwater of
depth d is n, will propagate at the velocity

¢ = /g [3(1 + n/a)Y/22] (38)

which is in excess of Equation (U4) when n is positive. The steepening of
the tide wave front is inherently related to the fact that the crest speed
(n positive) exceeds the trough speed (n negative).

The essentially nondispersive nature of the tsunami is verified by
the fact that the period between the waves riding the second tide crest
is also found to be about 1.75 hours near the mouth of the Columbia River
(the same as the leading waves). This period decreases to 1.4 hours at
the Vancouver tide gage'(87 nautical miles from the river mouth), because
the second tsunami crest, having advanced through the tide crest, is
favored by a greater depth of water and therefore a faster speed relative
to the antecedent wave.

Figures 81 b and ¢ show the crest elevations above tide level of all
five tsunami waves and the tide crest elevations above MSL. At the mouth
of the Columbia River, Figure 8la shows that the leading tsunami crest is
highest and the third crest higher than the second. The beat pattern of
the waves for Victoria, Canada, shows this same characteristic (Figure
4L8d). The relative prominence of the first and second waves, however,
reverses three times as they progress up the Columbia River. The crossing
points of reversal occur at about 19, 49 and 79 nautical miles frem the
mouth, or intervals of exactly 30 nautical miles. The significance of
this will be discussed after commenting on the behavior of the tide waves.

The elevation of the tide crest first declines and then enhances as
the tide runs upriver (Figure 8lc). A pseudo-resonance effect seems to
cause this, and merits further attention. From Figure 80 we surmise that
the hydraulic gradient for the Columbia River would place normal river
level about 3.5 feet above MSL at 90 nautical miles from the mouth. Tide
elevations relative to normal river level are then obtained from Figure
8lc to provide values of n for use in Equation (38) to calculate the mean
river depth d. From Figure 81a the gradients of the space-time propagation
line for the first tide crest yield values of velocity ¢, so that Equation
(38) can be solved for d. Results are shown in Figure 81d and indicate
that at 65 nautical miles from the mouth, the mezn depth (from the tide
point of view) is small. The depth profile from the mouth, in fact, is
closely parabolic over a length L = 65 nautical miles, with a mouth depth
of 4, = 50 feet. The Columbia River, then, acts as a closed-end canal
with the closure about 65 nautical miles upriver.

We now use Equation (7), as for Port Alberni, to calculate the
fundamental period of oscillation for this system. The result is
startling:

Ty = 12.1k4 hours (39)
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in almost exact agreement with the semi-diurnal astronomical tide period.
The peak tidal oscillation at mileage 65 (Figure 8lc) is immediately
explained. That it declines beyond this, is the result of the leak effect
to the higher river reaches. The low tide crest height, found at mileage
30, effectively defines a quasi-node.

We return to a consideration of the fluctuations of height of the two
leading waves of the tsunami. Figure 8la shows the tide wave takes 3.6
hours to propagate from the river mouth to mileage 65. Also, the third
mode of oscillation for the river, as a closed-end open-mouth canal of
parabolic bed (cf. Wilson, 1966), is

T3 = 0.259 Tl = 3.6’4 heours (’40)

It follows then that a tidal induced oscillation of this period could have
positive antinodes at the mouth and at mileage 65 (Figure 81b), and a
negative antinode at about mileage 33. Just 1.8 hours later the signs of
the antinodes could reverse. Since the leading waves are about 1.8 hours
apart in time, they would become enhenced or reduced in height by this
canal oscillation, accordingly as they rode the positive or the negative
antinode. The nodes of the canal's third mode of oscillation are thus
revealed by the crossing points of the crest height lines for the two
leading waves in Figure 81b. The usual requiremernt that a node for an
open-mouth basin oscillation be located at the mouth is waived in this
case since the leakage effect to the upper river reaches beyond mileage

65.

A similar effect may actually be present with the tsunami waves
riding the second tide crest but the effects are obviously severely
demped. There is some justification for believing that the 3.6-hour
Columbia River oscillation is a direct subharmonic effect of the tsunami
itself.

South of the Columbia River along the Oregon coast no well-established
pattern of wave arrivals can be determined from the data of Schatz et al
(1964), shown in Figure 79. The approximate tsunami front and tide crest
positions and times show that the leading waves of' the tsunami would have
occurred everywhere along this shore on the top of the high spring tide.
Runup 10 to 15 feet above the high tide line (Figure 79) was confirmed in
August 1966 by one of the authors (Wilson), who observed long, debris lines
on this entire stretch of coast at about this level.

Other data in Figure 79 were obtained from the Corps of Engineers
Office, Seattle (Hogan et al, 196k4; Whipple and Lundy, 196k4).

The north-central portion of the California coastline is shown in
Figure 82, The data here are from the extensive survey of the Corps of
Engineers, San Francisco (Magoon, 1965), and indicate that runup along
this part (south of Crescent City) was generally much less than farther
north. Magoon's data are all referred to mean lower lo- water (MLLW)
datum. To make them camparative with data given in Figures TT to 79,
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the tide level prevailing at the time of the highest wave or waves of the
tsunami must be subtracted. Figure 82 suggests that south of Crescent
City and Fort Bragg the tsunami waves arrived on a falling tide 1 to 2

or more hours after high tide. which caused a natural lessening of the
runup potential. The approximate tidal ranges from Monterey to Crescent
City are shown on the cotidal lines in Figure 82. Supporting data for
Figure 82 (from Magoon, 1965) are included in Table B-5 of Appendix B.

The behavior of San Francisco Bay has already been discussed in
Section 1I-6. Particulars of the attenuation of the tsunami waves in
the bay in relation to unit amplitude at the Golden Gate (cf. Magoon,
1965) are in the inset to Figure 82,

In Monterey Bay, about 60 nautical miles south of San Francisco,
the tsunami produced widely different effects at the north and south
extremities at Santa Cruz and Monterey. Santa Cruz experienced a runup
alrnst twice that at Monterey despite the apparently protected setting
of tanta Cruz in relation to the approach direction of the tsunami. The
reason may perhaps be ascribed to the deep and narrww canyon that vir-
tually bisects the bay (Figure 83) and favors r>fraction of wave energy
entering the bay more toward the north than toward the south (Wilscn,
et al, 1965).

Monterey Bay provides another case for assessing the effects of the
tsunami in sciaulating locel resonances. The peculiar planform of the
bay and its bathymetry (Figure 83) discounting the canyon, is well ap-
proximated by a circular quadrant basin with a paraboloidal bed (or even
a conical bottom). Using this geometrical analogy, the solutions for
applicable modes of oscillation of the bay can be deduced from Lamb (1932)
(cf. Wilson, et al, 1965, Wilson, 1966) and are illustrated in the se-
quence of Figure 84, which applies to a quadrant basin of 240 feet uniform
depth and 100,0C0-foot radius (Figure 83). Figure 84d may be considered
to approximate the fundamental-mode oscillation for the Continental Shelf
and bay with a node at the edge of the Continental Shelf. However, to a
good approximation also, Figure 84a could be considered fundamental to
the bay; and its Continental Shelf, to the edge of the deep canyon. The
tvo cases yield widely different periods, the first about 65 minutes, the
second about 31 minutes. The other modes of oscillation in Figure 84
involve nocdal circles or nodal diameters or combinations of both. All
of the nodes might be considered realizable as possivle ways in which
Monterey Bay could respond to excitation at its lowest frequencies,

That the bay did appear to oscillate in some of these modes is
evident from Table IV, which compares observational deductions with
theory. This table includes spectral analyses of the tsunami records
at three locations in Monterey Harbor (Marine Advisers, 196L4). 1In the
lowest modes these show noticeable peaks at 33.3 and 16.7 minutes. The
resolution, however, was poor at low frequencies and failed to show
longer period effects. For comparison in Table IV, results are drawn

Text resumes on page 132
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Figure 84 Possible Modes of Oscillation for Monterey Bay as a Circular
Quadrant Basin of Uniform Depth (from Wilson, et al, 1965)
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from the residuation analyses made by Wilson, et al (1965) for a part

of the Monterey tide gage marigram, scribed long after the arrival of
the first waves of the tsunami. These suggest that more of the lower
modes of oscillation were excited at that stage and that the systems
denoted by Figures 84 a and d, in particular, were probably operative.
It seems reasonable to conclude that the tsunami excited the circular-
node shelf-oscillation (Figure 8l4a) immediately on its arrival, probably
through the stimulus of its third harmonic, as seemed to be the case at
Crescent City.

Runup of the tsunami along the California coast south of Monterey
appears undocumented. Figure 85, from Spaeth and Berkman (1967), however,
shows that the tsunami, although drawing powerful response from such
places as Santa Monica, was now arriving on the low spring tide and
therefore failed to reach higher than the normal range of tide.

10. Heights of Runup Along the Hawaiian Islands

Information about the Hawaiian Islands has been furnished by
H. G. Loomis (1967) of the Environmental Science Services Administration,
Honolulu, Hawaii, and is incorporated with minor change in the following.

The tsunami caused no loss o life and no serious structural damage
in the Hawaiian Islands. The highest water levels reported were generally
about 10 feet above MLLW on the northern shores of Maui and Oahu and in
Hilo Bay. High water marks of 15 feet and 16 feet were observed at
isolated places on the northern shore of Oahu. The highest water level
measured at Kahului, Maui, was 12 feet; on Kauai, 6 feet. There was
little intrusion of water beyond the usual limits of high water and
occasional high seas at these places. In Hilo, the floors of several
restaurants and houses at the water's edge were flooded. The tsunamis
of 1946, 1952, 1957, and 1960 had washed out vulnerable areas at Hilo
and those parts most severely damaged in 1946 and 1960 had been mostly
cleared of buildings by March 196L, The highest wave of 1964 did not
even come over the road into that part of town.

Teams from the University of Hawaii made runup measurements at most
places on the islands of Hawaii, Maui, Oahu, and Kauai where waves left
a measurable high water mark. As it happened, most of the staff of the
Tsunami Research Program at the University were out of the State at the
time of the tsunami and so the runup measurements were made two or three
days later. The heights of the water marks were measured by surveyor's
staff and hand level in some cases, and estimated in others. Some
information was obtained by questioning people about their observations
during and immediately after the tsunami. Runup heights are shown in
Figure 86.

The highest water levels occurred, as expected, on the north sides
of the islands. The C&GS tide gage records of the tsunami (Spaeth and
Berkman, 1365, 1967) show the following features. The record from
Mokuoloe Island, Oahu (Figure 58a) appears to show a low-pass filter
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effect produced by the large shallow lagoon between the island and its
encircling reef. This record shows five large waves with crests separated
by about one hour and forty minutes as noted in Table III. The records
from Hilo, Honolulu, and Kahului all begin with wave crests 23 minutes
apart. At Kahului, this appears to be near to a natural resonarice and
three large crests occurred before an incoming crest and cycie of a
natural mode of oscillation were out of phase and destructive inter-
ference occurred. The case for Hilo has already been discussed in
Section II-6 and will not be further referred to here except to note
that a greater interference effect at Hilo seems to account for the
greater amplification at Kahului than at Hilo.

The tidal range in the Hawaiian Islands is normally less than 2
feet (cf. Figures 5Tb, 58b, 59b). The initial resonance at Hilo caused
by the tsunami occurred on fairly low tide. Had it occurred on the high
tide, maximum elevations would have been increased about 1.5 feet.
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Section IV, EFFECTS OF THE MAIN TSUNAMI AND OF
LOCAL SEISMIC SEA WAVES IN ALASKA

1. Tsunami at Kodiak City, Kodiak

We return to consider the effects of the tsunami on the coastal
communities of Alaska commencing with Kodiak in particular. We have seen
in Section III-2 that the Kodiak Island group was assailed by gigantic
waves of about 2.5 hours period (Figure 38c), whose first effect was
negative, according to location, and resulted in a relative withdrawal
of water in the initial stages of arrival. This withdrawal was not evi-
dent in some cases, particularly at Womens Bay, apparently because the
land sank, and with it the sea. The extent of this subsidence has been
given as 5.5 to 5.8 feet (Brown, 196L; Plafker and Kachadoorian, 1966;
Kachadoorian and Plafker, 196T; Bryant, 1964). The U. S. Coast and
Geodetic Survey and the U. S, Army Corps of Engineers have accepted
5.8 feet.

The general topography of the region suggests that the direct path
of the tsunami toward Womens Bay and Kodiak would have been via Chiniak
Bay, with the wave front initially parallel to the hinge line of zero
vertical earth movement (Figures 87 and 88). 1In the absence of long-
wave refraction diagrams, it is difficult to determine exactly how such
long waves would have reached Kodiak City. We may infer, however, that
the deep channel running between Woody Island and Near Island (Figure
8Tb) would have favored the waves reaching Kodiak first from the northeast
via the channel between Near Island and Kodiak City.

At Kodisk City, only about 5 nautical miles (in direct line) from
Kodiak Naval Station (about 10 nautical miles in terms of wave distance
via Womens Bay) (see Figure 87), there were conflicting opinions about
how the water behaved immediately after the earthquake (Chance, 1968;
Plafker and Kachadoorian, 1966; Kachadoorian and Plafker, 1967). Many
claim that the first wave was a fast-rising tide noticeable at about
6:10 p.m., AST, or about 1/2 hour after the earthquake, which would
accord with what Lt. Barney had logged for Womens Bay (Figure 38). A
few have contended that the first wave came much earlier - within 10
minutes of the earthquake. The most convincing evidence for this early
wave comes from Jerry Tilley, a crewman on the shrimpboat Fortreses, which
was tied at the city dock, Kodiak (Figure 89). What happened, according
to Tilley, reproduced from Kachadoorian and Plafker (1967), follows:

5:35 or 5:36 p.m. - Shock felt aboard boat. Boil of reeking black
water arose from beneath boat.

5:45 p.m. - Approximately 13-foot tide at dock when predicted tide
should have been +0.5 feet. (The 13-foot level is prequake
elevation above MLLW. Since land level dropped 5.5 to 5.8
feet postquake elevation above MLLW would be 7.2 to 7.5 feet.)

5:50 p.m. - Cut loose from dock as water began to recede.
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5:50 - 6:10 p.m. - Water receding.

6:10 p.m. - Water at lowest level, approximately at 10 feet below
MLLW, (Owing to land subsidence, this level would be 15.2
to 15.8 feet below MLLW.)

6:15 p.m. - Wave moved in from south as large swell.

6:15 -~ 6:20 p.m. - Water rising at initial rate of about 15 feet
in 5 seconds.

6:20 p.m. - Wave crested.

The times are estimates, and comments in parentheses are partly ours and
partly Kachadoorian's. Tilley's observations, plotted in Figure 90, are
only qualitatively supported by the evidence of Chuck Powell and Commander
Miller (Chance, 1968) and that of Fred Brechan (Norton and Haas, 1966).

Discussing Tilley's observation of a 13-foot tide at the city dock
at 5:45 p.m. (effectively a 7.2 to T.5-foot tide in relation to water
level before the quake), Kachadoorian and Plafker (1967) and Plafker and
Kachadoorian (1966) speculate on the reality of the tide and its possible
relation to a submarine slide or to seiching. The black boil of water
reported by Tilley might suggest a submarine landslide, but this may
reasonably be discounted on the basis that the water was too shallow and
the sediments too thin to sustain so large and gentle an effect on the
sea. The wave could be explained possibly as a phenomenon of seismic
seiching, related to the tilting of the land by tectonic subsidence and
regional horizontal displacement. The black boil could have resulted
from the sudden upwelling of water containing mud and debris from the
floor of St. Paul Harbor (Figure 89). The horizontal thrust of the land
in the Kodiak Island region was probably almost southwest, in a direction
parallel to the coast of St. Paul Harbor and thus, through the inertia of
the water, would have favored a piling of water to the northeast. This
explanation, however, encounters the difficulty that the water must
inevitably have drained from Womens Bay, even though, inside of the Nyman
Peninsula (Figure 88), it would also have been heaped to some extent
toward the Naval Station. It is possible that these effects were self-
compensating in Womens Bay to the extent of causing only a minor drop
of water level as shown in Figure 38.

Whether this first wave was real or not is of more than casual
interest, If a reality, it would show that a great many people in that
time of stress and anxiety were unaware of what was really happening
around them. Mayor Peter Deveau left the cannery of King Crab, Inc.
shortly after the earthqueke in expectation of a tsunami. He travelled
the road toward Kodiak, overlooking the Inner Anchorage and Boat Harbor
(presumably Shelikoff Street or South Benson Avenue, Figure 89) (Norton
and Haas (1966). That he failed to notice such an unmistakable sign of
imminent seismic sea waves as the rapid draining of water from the boat
harbor is particularly puzzling.

Text resumes on page 143
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There is also the conflict of view that, whereas City Manager Ralph
Jones observed the first wave at 5:45 p.m., according to Chance (1968),
Norton and Haas (1966) report the following incident took place after
6:00 p.m.

"Mayor Deveau reached the municipal building shortly after

€:0C p.m. along with several off-duty policemen, who checked

in with 7 ief Jack Rhines. Although he still had no direct
knowledge, Deveau reported to Rhines and to City Manager Ralph
Jones his conviction that there would be a tidal wave. Deveau
wanted to sound a siren alarm. There was a large Civil Defense
siren on the hill but it was tied into the long-distance phone
lines warning system, and was out of commission. Deveau urged
scunding of the fire siren over the fire station. Jones was
inclined to agree, but Rhines wasn't convinced that this was a
wise procedure, as they had no evidence to substantiate Deveau's
conviction. However, the mayor's view prevailed and the siren
was sounded,"

The italics in the quotation are ours.

Trere is factual evidence that sheds further light on events because
the first (or second) wave was photographed by Alf Madsen (professional
phot~grapher and hunter) as shown in the sequence of photographs, Figures
91 to 95, reproduced from his color slides. It is possible to identify
the exact locations from which these photograrhs were taken, and the
directions and angles of view. These are indicated in Figure 96, a pre-
earthquake map of Kodiak City and harbor with land levels as they were
before the subsidence.

In photographing Figures 91 and 92, Madsen occupied a corner posi-
tion of the concrete-slab, ground floor of the Elks Club bowling alley
(under construction) (location A in Figure 96). From the position of
cars and trucks, from their extent of submergence, and from distant
water level looking down Marine Way, the water is judged to be about 12
feet above MLLW (an unchanged reference datum). In Figure 93, Madsen
had withdrawn to position B on the floor slab. Wall-reinforcing bars
show in tlie foreground. Water level at this time had risen about one
foot higher, as judged from car submergence and levels against the flat-
roofed waterfront structure (Harbormaster's office). Clearly the rise
of water is gentle, almost peaceful. However, the water was on the
verge of surrounding the Elks Club, and Madsen retreated to higher ground
on the opposite side of Mill Bay Road at position C (Figure 96). Here
he apparently found time to fit his camera with a wider-angle lens to
secure the photograph of Figure 94. The Elks Club structure now shows
in the right center with some indication that water has lapped over one
corner of it. Water level may here be judged at about 16 or 17 feet
above MLLW. 1In the final photograph, Figure 95, taken from Location D
(Figure 96) the water has begun to drain away as judged by the hydraulic-
Jump formations appearing as bow-wave patterns relative to fixed struc-
tures on either side of the road. In this view, the piledriver barge is
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in the right center-distance, but the breakwaters are completely sub-
merged. From Figure 89 we infer that prequake levels, allowing for land
subsidence of 5.8 feet, would have been such as to ensure submergence at
this time.

We refer now to Figure 90. Clearly the photographic evidence pro-
duced here would not relate to the time of 5:45 p.m. A flooding so
extensive would have been apparent to all, whereas the level of the first
wave cited by Tilley, Jones and Fremlin (according to Chance), could not
have been much higher than the high spring tide. Our observation of about
17 feet is therefore plotted on the 'second' wave, according to Tilley,
and also Chuck Powell and Commander Miller (Chance, 1968). According
to Madsen, whom the writers interviewed at Kodiak in 1966, this was the
first wave, rising gently from a situation of no prior recession, and
causing the first damage only on withdrawal. It is inconceivable that
Madsen could have equipped himself with camera and lenses and gained
a vantage point for his photography at 5:45 p.m. so that what he photo-
graphed was definitely the wave that crested at about 6:30 p.m. accord-
ing to the evidencc: of City Engineer Jim Barr and Commander Miller
(Chance, 1968). We note too that the color slide of Figure 95 clearly
shows a sunset light in the clouds on the righthand side. Since the
view was south, this would have been light from the west. Sunset at
the latitude of Kodiak would have been at 6:30 p.m. on March 27, 196k
(Nautical Almanac for 196L).

It now becomes clear that the times reported by Jones (cf. Chance,
1968) must be in error and would account for the anomaly already men-
tioned. Chance says that Jones reported the first rise in water was
" 'like a high tide - about 10 feet higher than it should have been'",
(therefore about 13 feet above MLLW), at about 5:45 p.m. (probably 6:20
p.m.). "Then",quoting Chance (1968), "the water receded 'way far out',
(7:20 p.m., according to Figure 90) and a wave struck 'with much force,
tossing buildings and boats around - making a complete mess of the water-
front' ", (presumably at about 8:30 p.m., according to other evidence in
Figure 90). Comments in parentheses are ours.

Confusion also stems from the evidence of Mr. and Mrs. Fremlin
(Chance, 1968). Quoting Chance,

"Mr. and Mrs. Fremlin watched the water rising rapidly in the
small boat harbor immediately after the quake., The water rose
to the top of the pilings, fouling the lines of boats tied to
the dock. The water rose so fast most of the boats were unable
to cut loose in time to escape. Part of the breakwater sluffed
away and 'the whole thing went dock and all - and swept into
town'. The water then began receding rapidly - 'it was just
sucking right out of the harbor' - until it was almost dry."

Since the photographic evidence of Figures 91 through 95 now timed

for 6:20 - 6:30 p.m. clearly disproves that the dock swept into town at
6:30 p.m., the Fremlins must have been talking of the wave of about
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8:30 p.m. (Figure 90). 1In elaborating on this (latter) wvave, Mrs. Fremlin
described it as a "big foaming wave" before it struck the outlying islands.
Quoting Chance's interview with Mr. and Mrs. Fremlin:

"It then struck Mission Road and surged around the shoreline
and into the channel and small boat harbor where it 'foamed

and boiled and bubbled." Mr. Fremlin described it as looking
like a 'swift-water river that foams and boils and bubbles' but
it 'seem=2d to dissipate' as it swept by the outlying islands
and appeared to be 'a rapid surge upward, rather than a wave'
as it swept into town 'carrying houses and boats and planes at
a speed of about 50 miles an hour' .... The water swept in the
back doors of bars along the waterfront, lifting the buildings
as people ran out the front. Some people were wading waist-
deep and some were swimming. One man who saw the wave approach-
ing ran into the Elks Club on the waterfront and warned the
members of the Women's League who were bowling in the basement.
The water rushed down the stairway as the women ran up to get
out of the building".

The Fremlins were on or near the top of Pillar Mountain (Figure 88)
when they saw all this, but several points emerge which suggest further
confusion. From Figure 90 we infer that the wave of 8:30 p.m. would
have been visible to them in the fashion described at about 8:00 p.m.,
by which time, with the overcast, it would have been getting rather dark.
One questions, therefore, whether they could have noted the incident of
the Elks Club at that time. Surely the wave of 6:30 p.m. which flooded
around the Elks Club (Figure 94) must have disrupted the bowling game
in the basement at that time.

According to Chance (1968), Dell Valley and Will Coles, respectively
skipper and engineer on the crab boat Rosemary, surf-rode a wave through
the channel between Near Island and Kodiak (Figure 87Tb) into the harbor.
This boat was about 25 miles from Kodiak when the earthquake occurred.
According to Chance, 'about a half-hour after the quake, their boat was
entering the channel when it was caught by a swift, incoming wave." The
channel entrance, however, is not more than 2 nautical miles from Kodiak,
and since it would be impossible for a crab boat to negotiate, say 20
miles in 1/2 hour, we conclude that Valley and Coles were actually
surf-riding the 8:30 p.m. wave (Figure 90). This would agree with the
Fremlins' evidence that they saw a boat surf-riding up the channel from
northeast on the wave we have already adduced tc be the 8:30 p.m. crest.

Quoting Chance again:

"Valley said that riding atop the wave it was impossible to know
it was & wave because 'it wasn't breaking at all - couldn't even
tell if there was any height to it' ...... Coles said, 'it was
a real fast tide and this thing went like a motor boat.' The
Rosemary was swept through the area where the small boat harbor
had been and into the city dock (see Figure 89). The water then
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began to recede immediately taking the dock out with it and they
turned the Rosemary around to ride out of the channel with the
tide. Valley said the only indication he had that it was a wave
they vere riding was when it approached the shallow land off
Spruce Cape (Figure 37Tb) and the water curved upward along the
shorelines. 'It ran up on Spruce Cape, and as it came up in a
shoal it kept building up higher and higher until it was a big
comber. And it Just rolled right over the land. I thought
probably the Loran Station would go, but it didn't. And the
same thing happened on Woody Island - it ran up into the trees.
But as far as the center of the wave was concerned you couldn't
tell it was a wave'."

With the adjustments made in timing, the evidence of Jones, the
Fremlins, Powell, Miller and Barr, as plotted in Figure 90, become co-
herent. Also shown in Figure 90 are the water levels cited by Kodiak
Tide Observer (KTO) in messages transmitted to the Honolulu Observatory
of the U. S. Coast and Geodetic Survey (Spaeth and Berkman, 1966), which
appear to agree fairly well in all but the last observation at 11:15
p.m. It is not known whether these data are based on Kodiak City or
Womens Bay.

We return to consider Tilley's observation, now largely unsupported
except in the qualitative sense that Miller and Powell acknowledged a
"first" wave prior to the tide wave of 6:30 p.m. However, Tilley's
observation of an abnormally low tide at 6:10 p.m. is also unconfirmed
except in a qualitative way by Brechan (Norton and Haas, 1966). Despite
the apparent confusion of time in the evidence of others, we are in-
clined to give Tilley the benefit of the doubt by conceding that there
was such a first wave with an effective period of L0 minutes (Figure 90).
We may show, too, that the natural period of oscillation of the quasi-
basin between Womens Bay and Kodiak is of this order and favors his
observation.

Figure 87b shows that the quasi-basin from Womens Bay to Kodiak can
be approximated by a basin, oriented NE-SW, with a bed sloping uniformly
from zero depth off the point of Nyman Peninsula to a maximum of 70 feret
at the Kodiak breakwater (at low tide). For such a triangular depth
profile, the fundamental eigenperiod (cf. Wilson, 1966) is

Ty = 3.28 L/ Ygd; (L1)

where L (= 6 nautical miles) is the length of the quasi-basin and

d; (= 70 feet) its maximum depth. For these values, T is 42 minutes.
We conclude that Tilley was correct in his observations, and that two
further aspects of this oscillation may explain why it would not have
been very noticeable in Womens Bay and at Kodiak City. The location of
the city dock in St. Paul Harbor (see Figure 89) would agree approxi-
mately with maximum depth of the quasi-basin envisioned. From the city
dock to Kodiak, water depth decreases considerably. At the opposite
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extreme, in Womens Bay, the depth shelves to zero on the tidal flats
(see Figure 86). Hence any free oscillation of the basin would have
rather small amplitude in Womens Bay, maximum amplitude at City Dock,
and reduced amplitude at Kodiak C.ty. We believe the enigma is thus
explained, and that the oscillation Tilley observed was the direct re-
sult of the jJolt of land movement in the southwest direction occurring
during the earthquake. Figure 40 shows that many observations of ground
motion from NE to SW were reported throughout the region.

In Figure 90 we have superimposed upon our hypothetical marigram
the large tsunami system that seemed apparent in Figure 38c. In Figure
97 we apply the subjective analysis technique to find the residual os-
cillations. Thus, Figure 97c suggests the nature of the wave system
riding on the main tsunami system. The accuracy of Figures 90 and 97
after about 11:00 p.m. is doubtful. Prior to that time, however, we
suspect that the oscillation shown is a combination of the Continental
Shelf oscillation (Figure 97c) noted in Figure 38c and the oscillation
in St. Pauls Harbor (Figure 97d).

2. Tsunami Damage at Kodiak City

The picture we now have of the tsunami (Figure 90) suggests that
the "second" wave, after Tilley's first wave, had an amplitude of some 20
feet or a height of about U0 feet. This wave is presumed to be dominantly
the result of a shelf oscillation such as dizcussed in Section III-2, with
a second mode period of approximately 100 minutes. The interval of time
between the "second" wave, or first crest on Figure 97c, and the next
crest (Figure 97c) is about 2 hours, however.

In Figure 97d we have assumed the amplitude of the first oscillation
in St. Pauls Harbor, as it might have occurred at Kodiak City, to be some-
what less than Tilley's observation. The second wave of Figure 90 is now
seen to comprise a 1l0-foot amplitude shelf oscillation apparently combined
(slightly out of phase) with a 15-foot amplitude oscillation of St. Pauls
Harbor. Most of the water for the antinodal resultant of these waves at
Kodiak City would have been drawn locally from St. Pauls Harbor accounting
for the fact that velocities of horizontal flow during the rise of the
wave at Kodiak were small (at the antinode of a seiche they are nominally
zero). However, after the "second" wave (Figure 90), the shelf oscilla-
tion went to work in draining water from the entire area. Figure 97c
suggests that it would have done this to the extent of a drop in water
level of about 20 feet over the entire area of St. Pauls Harbor. An
extra drop in level at Kodiak City of another 20 feet would have been
occasioned by the local oscillation (Figure 97d).

This total drop of water level of n' rly 4O feet in 35 minutes
(Figure 90) would have occurred over the entire area of the Inner
Anchorage and boat harbor which, as Figure 98 shows, are contained
between the island string (Gull, Uski and Near Islands) and the
mainland.

Text resumes on page 156
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Figure 96 Map of Kodiak City and . .at Harbor as existing prior to the Earthquake. (contours of
land levels tascd on U. S. Army Corps of Engineers data)
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Computation shows that the area of the Inner Anchorage (Figure 88)
between the southwest end of Gull Island and Kodiak City is about 0.5
nautical square mile and that the volume of water to be drained in about
35 minutes would have been roughly 3.6 x 10° cubic feet. Available
outlets were the southwest entrance to the Inner Anchorage and the Near
Island channel. The latter has such small capacity that most of the
drainage would have had to take place via the Gull Island entrance. For
a cross-sectional area of this entrance of 1.2 x 102 square feet, taken
on average over the drop of water level, the average velocity of outflow
is calculated to be about 9 feet per second. The maximum velocity,
according to a sinusoidal rate of level drop, would be about 97 or 28
feet per second (19 miles per hour). With some margin for error, this
estimate is in reasonably good accord with Jones' estimate of water
speed of 20-25 miles per hour (Figure 90).

This outflow of impounded water apparently sucked out part of the
southwest breakwater of the boat harbor, and tore loose the Donnally
Atchison store and an aircraft hangar on the Near Island channel. But
the real damage came with the next two waves.

Figure 90 shows that the next (third) wave was composite of the
first progressive wave crest of the tsunami, overlaid by the second wave
of the shelf oscillation and additional local oscillations (Figure 97c
and d). This monstrous wave, 35 to 40 feet high over a vast wave length,
moved into the area via the fastest route, up the Woody Island channel
(Figure 88) into the Near Island channel, already almost completely
denuded of water. This was the wave upon which the crab boat Rosemary
surf-rode up the channel. At its immediate front it had some of the
features of a foaming bore, but as Valley and Coles imply, it was mainly
a sloping front in the body of the wave crest. OSuch a wave configuration
would conform to the surge waves studied experimentally by Cross (1966)
and illustrated in Figure 99.

In Appendix D we give some discussion of water particle motions and
induced forces in tsunamis of surge type. The formula for the surge
velocity ug

u, = 2 /gd. (u2)

s S
is reasonably supported by theory and experiment, and may be considered
to apply when the depth of water in front of the surge is small compared
to the total depth d; of the surge. Adopting dg = 3T feet, ug is cal-
culated to be 69 feet per second or 47 miles per hour. The Fremlins
had estimated the water speed in the Near Island channel as 50 miles
per hour (Chance, 1963).

This wave came roaring up the channel from the northeast. It washed
away the channel docks and canneries, like the Alaska Packers Asscociation
cannery shown in Figure 100. Figure 101 shows that only a few of the
supporting piles for this cannery remained (Tudor, 1964). An o0ld stone
wall (Figure 10la), built by Russian settlers before the year 1800,
survived the tsunami. Inspection of this structure by the authors

Text resumes on page 159
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in 1966 showed that it was heavily buttressed in cellular (plan)
formation as if specially built to withstand strong tidal surging.

The hangar of Kodiak Airways wadhed away and was still floating 30
miles offshore about one month after the quake. Lill's Cafe on Mission
Road floated away and ultimately wound up in a lagoon on Near Island
(Armstrong, 196L4).

Boats that were left dry on the channel bottom and in the boat harbor
were toppled and rolled; some became waterlogged and sank (Chance, 1968).
All the markers and mooring buoys in the channel were washed away by this
"third" wave. It is probable that this wave or its counterpart coming
into the Inner Anchorage via the Gull Island entrance lifted the Alaska
King Crab cannery off its piles (Tudor, 1964) on the northwest side of the
Inner Anchorage. It floated until it lodged on the southwest breakwater
(Figure 102).

The conflict of the waves reaching Kodiak via the Near Island channel
and the Gull Island entrance probably caused a maelstrom of writhing water
in and over the boat harbor which effectively destroyed the harbor and
carried surviving boats and flotsam into the low-lying area of Kodiak
City. Figure 103, a reconstruction of Kodiak after the tsunami, shows
contours of land level as they would have been after the earthquake and
before the arrival of the tsunami (dashline). It also shows (solid line)
contours of level marking the depredations of the tsunemi as derived from
U. S. Army Corps of Engineers soundings. Hypothetical streamlines of
flow on this map suggest how the waves may have acted in the boat harbor.
The contour changes in the neighborhood of the breakwaters show the lee-
ward deposits from the main outpourings of the impounded water.

Figure 103 shows also the probable paths of buildings in Kodiak
which were either lifted off their foundations by this "third" wave or
wvere battered to pieces by the ramming effect of boats and flotsam.
Because most people left the town after the "second" wave, and because
of darkness, little is known in detail about the damage done downtown
by the third and succeeding waves except the evidence found next morning.
As Figure 90 shows and Figure 38a indicates, the highest wave was yet to
come. This wave, probably the "fourth", was a composite of the second
tsunami crest (Figure 38¢c), the third shelf oscillation, sundry local
oscillations and the rising high tide. The effect was undoubtedly
similar to that of the "third" wave, and whatever had been weakened by
the "third" became prey for the "fourth". The torrents of water in the
channel made roaring and sucking noises, and horrible grinding sounds
acccripanied the attrition of buildings and structures during the night
(Norton and Haas, 1966; Chance, 1968).

James Barr, consulting engineer, Kodiak, surveyed the damage for
the Office of Civil Defense shortly after the quake; his rough results
are corrected and incorporated in Figure 103. The excellent photographs
of Alf Madsen have greatly assisted the preparation of this map.
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Most houses downtown were old buildings. In fact, prior to the
quake, plans had been made for urban renewal of this section. These o0ld
light wooden frame buildings, generally were inadequately connected to
their foundations. Many were floated away and damaged by the flowing
wvater. They were also dameged by impacts when they stranded, or by im-
pacts from other houses, boats and other floating objects. Many of the
houses, affected by the waves but still remaining on their foundations,
were partly damaged by impects from floating objects, and all had damage
due to inundation.

Damage in the downtown area is shown in the series of photographs,
Figures 104 to 106. On these and on the map (Figure 103), several
buildings are marked with identifying numbers I to X. These buildings,
although lying in the path of the tsunami, were unmoved, but all suffered
iamage and some were unsalvable, The type of structure in these buildings
and the extent of damage are summarized in Table V. The waves caused
minor erosion of roads and sidewalks downtown.

Serious scour occurred in the channel between Kodiak and Near Island
wvhere, in some places, 10 feet of sediment was washed away. This presented
a major postquake construction problem because no sediment foundation
remained for the piles of new waterfront structures (Kachadoorian and
Plafker, 1967).

All boat floats in the small boat harbor were totally damaged. The
boat floats were held in place by approximately 100 guide piles, all of
which were broken. Estimating pile diameter at 12 inches and water depth
at 12 feet, the ultimate lateral load capacity of one pile is calculated
to be 2.5 tons, assuming the load is applied 2 feet above stillwater level.
Acting in unison, the piles would have had an effective load capacity of
250 tons. If water moved through this array at 25 feet per second, the
drag force alone would have been of the order of TOO tons. Failure of the
system is thus easily explained, particularly since water velocities may
have been higher, and pressure and inertia forces from the wave slope may
have been additional to drag.

Damage to the breakwaters was partly due to compaction settlement
caused by the tremors and partly due to the tsunami. Figure 89 shows
typical sections of the breakwaters as they were measured after the quake,
as well as cross sections of the rebuilt breakwaters (U. S. Army Corps of
Engineers, Anchorage, Alaska). The exact weight of the cover-layer stones
and the core material of the breakwater are not known. However, to judge
from Figure 102, the armor stones were too light to resist any great
degree of overtopping.

At the City Dock (Figure 89), submergence from the "second" wave of
some 6 to 8 feet apparently buoyed the decking off the pile caps, because
the deck stringers were merely driftpinned to the pile caps. Subsequent
vertical motion accompanied by lateral movement destroyed the decking.
When the bulkhead and about 25 piles at the approach to City Dock were
destroyed, presumably with the third wave, the approach decking floated
away (Tudor, 1964).
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The appalling scene of destruction presented to the world on the
day following the earthquake is shown in Figures 107 and 108. The entire
vaterfront was inundated by the high tide owing to the scour and general
subsidence of the land (Figure 107).

North of Kodiak City the coast had to withstand the full brunt of
the tsunami inrush from the two sides of Woody Island. At Potato Patch
Lake the tsunami flooded into the lake (Figure 109). Many of the resi-
dences on the barrier between Shahafca Cove and the lake were washed into
the lake (Figure 110). As a result of the severe land erosion and general
subsidence, the lake is now a saltwater lagoon.

Eight people died at Kodiak City during the tsunami. The economy of
the area was severely crippled. Total estimated property damage accord-
ing to the Office of Civil Deferse was $31,279,000 (Tudor, 1964). Harbor
facilities suffered to the extent of $-,165,000; industry and commerce lost
$19,346,000; public property, $5,400,000; the fishing fleet, $2,4L0,000;
and private dwellings, $1,928,000. Nearly 100 vessels were lost or damaged.
Appendix E contains tabular informa-.ion, giving further details of these
losses.

3. Tsunami Damage at the U. S. Naval Station, Kodiak

The U. S. Naval Station is tbout five miles southwest of Kodiak
City. Fortunately, considering 3,000 pecople were on the base at the time
of the quake, few were injured and only three died, The casualties may
well have been far higher had it not bee» for the tsunami warning received
from Cape Chiniak and broadcast on television and radio, allowing people
time to flee to higher ground.

Figure 8Tb shows that the tsunami approach to Womens Bay from Chiniak
Bay would have been through comparatively shallow water. Nevertheless,
the arrival time (8:35 p.m.) of the first high wave (Figure 35a and
Appendix A) was ostensibly the same as that of the "second" wave at Kodiak
City. The reason for an earlier wave at Kodiak City and none at Womens
Bay has already been imputed to a northeast-southwest oscillation of the
quasi-basin forming St. Pauls Harbor.

As at Kodiak City, the first large wave occurred as a fast-rising
tide, effectively the result of gradual flooding from a previous situa-
tion of only minor withdrawal if any. The first wave was photographed
in the sunset light and the extent of flooding is shown in Figures 111
and 112. These photographs show inundation at the head of Womens Bay
around the hangars of the Navy air terminal (Figure 1i3). In Figure 11L
partial recession of the wave has taken place leaving deposits of flotsam
on the seaplane ramps. Figure 113, based on an original drawing of the
Nyman Peninsula by the U. S. Navy, Kodiak (Kachadoorian and Plafker,
1967) shows the general extent of flooding of the Navy Base area. The
locations at which the photographs of Figures 111, 112, and 114 were
taken, as well as the locatlions of other photographs to which we shall
refer, are also shown.

Text resumes on page 180
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Figure 102 Southwest Breakwater at Kodiak shortly after the Earthquake
with some of the battered remains of the King Crab Cannery

(Photograph by U. S. Army)

165




- el WTPOTRE 11ICAL STRTAMLINES OF NAUSN ANO
RAWOUN FRON TSUNAS

ocaap POIBILE MTH OF WVID $TRUCTURLS

166




--..,‘ | -’ gl
o \ T ..j.} \rh__ﬁ;'x i ﬂﬂ il%‘\
N s 7

|
|
a A =L

Figure 103 Map of Kodiak City, Boat Harbor and Inner Anchorage after the
Earthquake and Tsunami. (Based on data from J. Barr, Kodiak;
U. S. Army Corps of Engineers, Anchorage; photographs of
Alf Madsen, Kodiak; and U. S. Navy Station, Kodiak)
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Eyewitnesses have reported that the second damaging wave which
struck at 7:40 p.m. (Figure 38a and Appendix A) was a breaking wave alcng
the southwest shoreline of Womens Bay (Kachadoorian and Plafker, 1967).
This is not surprising ir view of the extremely tlat slope of the tidal
flats in this region (Figure 88) and the fact that the withdrawal of the
previous wave would have exposed the seabed near the hairpin bend of the
bay. Additional information on this wave comes from Mr. and Mrs. Louis
Schultz (Kachadoorian and Plafker, 1967), who were on the Chiniak Road
Figure 88), presumably near Womens Bay, when the wave struck. It rolled
in rapidly as a wall of water about 3 feet high and was followed immedi-
ately by a series of surges. Each surge raised the water level by Jjumps.
This is typical of a bore or large wave running up a flat beach gradient.
The darkness of the night precluded further observation of later waves,
and no reports are available other than the measurements logged at the
Fleet Weather Central (Appendix A).

The total damage to buildings, materials and equipment at the Naval
Station, resulting from the earthquake, was said to be in excess of
$10,000,000 (Tudor, 196L4). Most of this damage can be attributed to
the tsunami. A listing of damaged structures and estimates for their
restoration or replacement is found in Table E-3 (Appendix E).

The Cargo Dock on the north shore of Womens Bay (Figure 113),already
deteriorated, was completely destroyed (Figure 115). According to Tudor
(196L4), the tsunami violently moved & moored ship which lifted the bol-
lards and dameged some fendering. The elevated water buoyed sections of
the pier decking off the pilings and moved them laterally, thus causing
failure of many framing and bracing members. Several piles were pulled
from their pile holes intact along with the elevated decking. The reason
for this is that great trouble had been experienced originally in driving
the piles into the rocky bottom on the northside of Womens Bay, and in
some instances pile holes had to be augered. When the flood water re-
ceded, the buoyed decking and extracted piles crumpled the dock as sliown
in Figure 115.

The Marginal Pier and the Tanker and Fender Pier (fuel pier, Figure
113), suffered only minor damage. At the Marginal Pier, a moored barge,
under tsunemi action, loosenad a bollard and some of the decking (Tudor,
1964)., The pier had to be loaded down with anchor chains after the
earthquake to prevent flotation on the high tides which, after the
earthquake, reached to higher levels than previously owing to a 5.6-foot
subsidence of the land (Figure 116). Because of this complete rebuilding
of the Marginal Pier had to be undertaken later.

Two small, waterfront structures, the Hobby Shop Boat Repair House
and the lngine Generator Building (Figure 113), were completely swept
from their foundation pilings. Figure 117 shows the Boat Repair House
after the earthquake right alongside of its own pilings. The Hobby
Shop itself was moved and broken in two pieces (Figure 118). The Ground
Electronics building was damaged as shown in Figure 119. Here a side
wall apparently failed under hydrostatic pressure of water at a level

Text resumes on page 186
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Figure 117 Hobby Shop Boat Repair House at the Naval Station, Kodiak.

(Photograph by U. S. Navy)
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reaching to door height, probably about 6 to 9 inches above floor level.
Maximum pressure at the floor would have been about 215 pounds per square
foot and the total load per foot on the wall about 1,350 pounds.

A 12-foot diameter, 10-ton mooring buoy was torn loose from its an-
chorage in Womens Bay and deposited on the taxiway of the air terminal
(Figure 120) near the supply depot at location 5 in Figure 113. It was
carried to this position, about a quarter mile inland, by the fifth (and
highest) tsunami wave, which crested between 11:16 and 11:34 p.m. on
March 27, 18.8 feet above MLLW (Figure 38a) (Kachadoorian and Plafker,
1967). The buoy had apparently torn loose from its die-lock anchor chain,
Tudor (196L) has estimated that merely the complete immersion of the buoy
by the rising water would have increased tension on the mooring chain by
a factor of 3.6 above the free-floating load.

The asphalt taxiways between the hangars and seaplane ramps were
fragmented under the seismic action. 1In the hangars there were differ-
ential settlements between the fill-supported hangar deck and the pile-
supported columns, and relative settlements between the hangar footings
and the hangar deck occurred around the perimeter cf the hangar (Tudor,
1964 ; Worthington, et al, 196L; Kachadoorian ana Plafker, 1967) The
nangars were constructed on a fill of approximately 15 to 20 feet of
unconsolidatea glacial till which was compacted under seismic vibrations
and the additional loading of the subsequent waves (see Figure 121).
According to Kachadoorian and Flafker, no significant amount of erosion
accompanied this settlement.

At the edge of the seaplane parking area, the vertical sheet pile
bulkhead was buckled outward along its length. It is not known whether
this damage was caused by the earth tremors or by the tsunami. A slump-
ing movement of the ground could undoubtedly have bent the steel piles,
During the inundation periodc, however, the fill behind the sheet piles
was probably fully saturated by water filtering thrcugh a zone of cover
stone between the bulkhead and the concrete parking area. This trapped
water would have established a hydraulic head, which, in uassociation
with suction pressures on the retaining wall from receding flood waters,
could have buckled the sheet piling outward.

At the edge of the seaplane parking area a small white house, visible
in Figure 11k, survived the floodings Yecause of hold-down cables over
the roof (Tudor, 196k).

According to Tudor, the ground floor of the main power plant was
repeatedly flooded by water with a heavy silt load. Heavy fuel oil on
the water coated the boilers, blowers, mctors, and pumps on the boiler
flat (deck) and rendered them inoperative. The maximum water elevation
inside the plant was below the generator deck where the high voltage
switching gear and control instrumentation were located.

Some low-level radiocactive contamination occurred in the Ground

Electronics Building when tsunami waters scattered traces or minute
sources of radio-nucleides (Tudor, 1964).
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Figure 121 Evidence of Settlement of Backfill Material below Pavement
Level, adjacent to the foundation of a Hangar at Kodiak
Naval Station. (Photograph by U, S. Navy)
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Vehicles partially or fully submerged by the elevated waters were
for the most part a total loss owing to the corrosive effect of salt
water on the motors and wiring. In addition, oil slick from the water
was deposited heavily on many vehicles (Tudor, 196L).

At the southwest end of the Nyman Perninsula the road bed was partly
eroded from under its asphalt cover-layer (Figure 122). The road between
the Naval Station and Cape Chiniak was damaged in several places. (Figures
123 to 125 present views of the scouring effects of the tsunami on roads
and bridges in the low-lying deltaic region at the southwest end of Womens
Bay (see Figure 88).

In addition to the damage already described, the seismic sea waves
caused other miscellaneous demage. The high water (1) washed vehicles
inland or into Womens Bay, (2) washed all types of debris onto the beach
areas of the Naval Station, (3) destroyed the smell footbridge crossing
Fuskin River, (L) in several localities washed ice across the highway
and against buildings, and (5) destroyed several small sheds. This type
of damage occurred thrcughout the low-lying inundated areas of the station.
The cost of the general clean-up of the station and other miscellaneous
iamage is not included in Table E-3 (Appendix E) (Kachadoorian and
Flafker, 1967).

L, Tsunami Damage at Other Coastal Communities on Kodiak and
Neighboring Islands

The wave sequences at places other than Kodiak City and the
U. C. Naval Ctation, Kodiak, are not well known. It would seem likely
that the seismic sea waves affecting the numerous bays and inlets of the
Kodiak Island region were basically similar to those at Kodiak City and
Womens Bay. The peculiarities of bays, however, would manifest themselves
in giving prominence to local resonances,

Some of the runup effects along the coast of the Kodiak Island group
have already been referred to briefly in Section I1I-2 and Figure 40, but
it is Impossible in a work of this kind to give detailed coverage to all
the recorded effects that have been documented by such investigators as
Berg, et al,(1964); Brown (196L); Denner (196k4); Grantz, et al (196L4);
Plafker and Mayo (1965); Plafker and Kachadoorian (196€6); Kachadoorian
and Plafker (1967). We shall merely discuss some of the more important
situations that have come to our notice particularly where damage was
involved.

At Port William on Shyak Island (Figure 1) the tide receded 45 min-
utes after the earthquake and was followed by a wave. The highest runup
was estimated by Berg, et al (196L4) to be 16 feet above MLLW or about 6
feet above the high tide at midnight; slight damage occurred.

At Afognek (village) in Marmot Bay, Afognak Island (Figure 126)
there was an immediate recession of water after the earthquake followed
by a wave crest within 15 minutes. Four additional waves followed; the
fourth and highest destroyed part of the village (Berg, et al (196L).

Text resumes on page 195
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Figure 126 Planimetric Sketch-map of Afognak showing Approximate
Limits of Inundation by Seismic Sea Waves. (adapted
from Kachadoorian & Plafker, 1967)
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Each wave came in with a roar, like a fast-rising tide; recession
followed each wave leaving the bay dry in Afognak Strait between Afognak
(village) and Whale Island (Kachadoorian and Plafker, 1967). Several
homes and the community hall were washed out to sea; other buildings were
swept off their foundations and moved inland; automobiles and trucks were
washed into the small lake behind the village; and the ice in the lake
was floated out to sea. Two bridges were washed out along the coastal
road.

Figure 126, prepared from aerial photographs, gives an idea of the
extent of devastation. Kachadoorian and Plafker (1967) give the maximum
runup height as 1k4.5 feet above MLLW (Figure 126), a value somewhat at
variance from the higher estimate of 19 feet made by Berg, et al, (196k)
soon after the earthquake. Plafker and Kachadoorian (1966) estimated the
runup as 10.8 feet above the existing tide (Figure LO) at about 9:27 p.m.
March 27, which would suggest a wave height of about 21.6 feet at that
time.

The extent of inundation outlined in Figure 126 was mapped from the
distribution of driftwood, debris, abraded bark and broken branches of
trees and brush. Greatest inundation occurred in the vicinity of the
airstrip and adjacent low-lying area. Because of the regional subsidcnce
of 4.5 feet, the village is being entirely relocated to Settler Cove in
Kizhuyak Bay, Kodiak Island, where it will be nasmed Port Lions (Figure
126 inset). The estimated cost of this operation is $816,000.

Port Wakefield in Raspberry Strait, between Afognak Island and
Raspberry Island (Figure 40), experienced waves with periods of 8 to 10
minutes for 1 1/2 hours after the earthquake (Berg, et al, 196L4). Then,
at about 11:00 p.m. a series of "erratic" tides began, reversing three
times in the hour. The latter would appear to he tsunami waves arriving
from Marmot Bay. The earlier and shcrter waves suggest possible trans-
verse oscillations in a northeast-southwest direction of the water body
in the straits, resulting from the earth motion.

Maximum runup of 12 feet above MLLW occurred apparently at 1:00 p.m.
March 28. The King Crab processing plant was abandoned because of sub-
sidence, and protective measures have had to be taken to buttress the
backfill at the cannery dock.

About 30 minutes after the earthquake, the water receded at Uzinki
on Spruce Island (Figure 127) and then returned steadily to initiate a
train of waves. The third wave at T:30 to 8:00 p.m. was apparently the
highest, causing a runup of 22 feet above MLLW (Berg, et al, 196L),
Figure 127, based on aerial photography (Kachadoorian and Plafker, 1967),
shows the extent of runup. Homes and boats, valued at $49,800, were
destroyed, and the Ouzinkie Packing Company's salmon cannery suffered
$300,000 damage.

The highest runup on the Kodiak Islend coast was measured along the
almost uninhabited stretch between Cape Chiniak and Narrow Cape, and near
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the entrance of Ugak Bay (Figures 128 and 40). Here the coast coincides
approximately with the hinge line of zero vertical earth movement (see,
for example, Figures 33 and 87Ta). Plafker and Kachadoorian (1966)
record a runup height in this area of 31.5 feet above high spring tide
on the night of the earthquake, or about 42 feet above MLLW. Berg, et
al (1964) also made measurements in this area and found a runup of 36.7
feet above MLLW at Beatty Ranch north of Narrow Cape, and debris marks to
an elevation of 66.6 feet above MLLW at a distance of about 2.5 nautical
miles west of Narrow Cupe. Here the wave had cut a scarp in the muddy
sediments and considerable slumping of the scarp appeared to have taken
place subsequently. It is probable that the high wave effects around
Narrow Cape were the direct result of the concentration of wave energy
by the refractive effects of Ugak Island (Figure LO).

In Shearwater Bay, a tributary bay of Kiliuda Bay, Kodiak Island
(Figures 128 and 40), the Kodiak Fisheries cannery was almost completely
wrecked by the earthquake and tsunami. The cannery was located on a
broad, roughly triangular cusp of land that jutted into Shearwater Bay
(Plafker and Kachadoorian, 1967). Piling supports for the cannery had
been driven to refusal, 10 to 15 feet into unconsolidated, deltaic,
beach deposits. These deposits subsided from 2 to 10 feet more than
the regional bedrock subsidence of L feet during the r~arthquake. Part
of the cannery was buoyed off the piles and destroyed by the seismic sea
waves which ran up to an elevation of 22.5 feet above MLLW (Berg, et al,
196L). Unbroken piles were severely tilted by the ground motion and sub-
sequent wave action. Driftpins in the piling tops were bent southward,
suggesting that the superstructure was probably carried away during a
wave recession.

01d Harbor (Figures 129 and 40), at an almost central position on
Sitkalidak Strait between Kodiak Island and Sitkalidak Island, was almost
entirely destroyed by the tsunami, although apparent’y only one person
among its population of 194 was drowned. With an audible roar, the
seismic sea waves entered the Strait along both the north and south sides
of Sitkalidak Island and had their confluence near 0ld Harbor, thus
causing an exceptionally high runup for such a seemingly protected area.

According to Berg, et al (196L), a wave 2 to 3 feet high arrived
within 15 minutes of the earthquake, followed by a second wave within
10 to 15 minutes. This second wave was followed by a recession of 6 to
10 feet. Some 30 minutes later & larger bifurcated wave arrived from
north and south and inundated the village without causing damage. However,
after a partial recession, and only about 5 minutes later, another crest
swept into the village and floated off most of the houses. As indicated
by a stcpped battery-powered clock, located just below the highest
watermark in the only remaining house of those inundated, this third and
highest wave crested at 9:57 p.m. Kachadoorian and Plafker (1967) give
the time of the damaging wave as 9:28 p.m. but make no reference to the
clock. A wave almost as high came in on the high tide about midnight.

The maximum runup at 0ld Harbor varies from 22.5 to 30.5 feet above
MLLW (Berg, et al 1964). These measurements disagree with the estimate
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of Kachadoorian and Plafker (1967), who considered the runup to be only
15.7 feet above MLLW,

The latter authors report that the house which survived the tsunami,
although flooded, was securely tied down to a concrete foundation. Its
location in Figure 129 is unknown. The cost of replacing the homes and
auxiliary buildings has been estimated at $707,000.

Kaguyek, a small fishing village at the head of Kaguyak Bay (Figures
1 and 40), although undamaged by the earthquake, was completely destroyed
by the tsunami. The first wave came approximately 20 minutes after the
quake and the largest (probably the third) struck at about 9:00 p.m.
The houses of the village were carried across the spit on which they
stood and were dumped into or washed up the far shore of the intermedi-
ate lagoon. The maximum runup was about 32 feet above postquake MLLW
according to Berg, et al (196k4), but is given as 25 feet at >ve MLLW by
Kachadoorian and Plafker (1967). The high runup was probably due to a
resonance effect of Kaguyak Bay on the seismic sea waves. Three of the
37 inhabitants of the village drowned. Loss of property has been esti-
mated at $321,000. The survivors have moved to Akhiok and 01d Harbor.

Total losses of property and income in communities on Kodiak Island
and neighborir, ‘slands have been estimated at $45,509,300 (Kachadoorian
and Plafker, 1967). The distribution of this amount is detailed in Tatle
E-L of Appendix E.

5. Seismic Sea Waves in Cook 1lnlet

On the Continental Shelf opposite the entrance to Coock Inlet,
a vast negative wave, extending from beyond the Barren Islands into the
Inlet, would have been created almost instantly with the subsidence of
the land at the mouth of the Inlet. The ensuing wave system that would
advance from the hinge line of zero vertical earth movement could be
expected to be similar in general to the waves that reached Kodiak, but
different in detaii according to the special oscillating characteristics
of the Continental Shelf in this region. We envision an interplay of
the gravity waves of separation (Figure L2) with parallel free oscilla-
tions of the shelf, advancing on a front parallel to the hinge line
(Figures 33 and 130). The first crest would have to travel a distance
of about 70 nautical miles at a mean speed for a mean depth of LCO feet,
according to Equation (L), of approximately 115 feet per second, and
thus should have reached the neighborhood of Perl Island (Figure 130)
about one hour after the earthquake, or at about 6:40 p.m. The second
wave would probably have follcwed at about 8:L40 p.m.

Perl Island was actually struck by a 28-foot wave at 8:L0 p.m.
(Waller, 1966). This was followed by a second wave of 30 feet at 11:L0
p.m. end a third wave, also about 30 feet high, at 2:30 a.m. on March 28.
The time interval between these waves is three hours. In the absence of
a deteiled calculetion of the oscillating characteristics of the open-
ended basin system illustrated in Figure 36b, we feel unqualified to
elaborate further on this phenomenon.
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lIndoubtedly the constriction effect of Cock Inlet and the shoaling
effect of the Barren Islands would cause some reflection and scattering
of the tsunami energy so that waves penetrating into Cook Inlet might well
evolve uat shorter periods. Their heights too would undergo considerable
reduction from energy loss at the entrance and energy dissipation thr