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Abstract

Making use of data of tsunamis which occurred in the region of
South America, frequencies of tsunami generation and of tsunami
which propagated to Japan are investigated. Refraction diagrams
and the distributions of tsunami height for seven tsunamis which
propagated across the Pacific Ocean are shown. Especially, these
phenomena along the coast of Japan are shown in detail with the
aid of mareograms. The spectral analysis of records obtained in

Japan is made for five tsunamis.

The generating area of the Chilean tsunami of 1960 is estimated
by means of an inverse refraction diagram. This source includes
the area of aftershock activity extending about 800 km in an
elongated shape.

Introduction

Six tsunamis, originating in regions from the Kurile Islands to
Alaska since 1952, and the Chilean tsunami of 1960 were studied by
the author® with respect to the distributions of tsunami energy and
refraction diagram along the coast of Japan. Yumura® gave a list of
tsunamis which were generated far from Japan and observed along the
coast of Japan. This list includes several historical tsunamis generated
off Peru and Chile. Since 1900, some small tsunamis®-¥ generated off
the coast of South America have been observed by tide gauges at

several places in Japan.
In this paper, the behavior of tsunamis generated in regions from

1) T. HaTori, “Study on Distant Tsunamis along the Coast of Japan, Part 1, Distri-
bution of Tsunami Energy and Travel Time,” Bull. Earthq. Res. Inst., 43 (1965), 499.

2) T. YUMURA, “List of Tsunamis Which Accompanied Distant Earthquakes,”
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Colombia to Chile is discussed. Among earthquakes with a magnitude
greater than 7 occurring near the Pacific coast of South America during
the period from 1900 to 1966, the frequency of tsunami occurrence is
investigated. Further, making use of the long-wave records taken at
Miyagi-Enoshima since 1958, the frequency of tsunami arrivals to Japan
from South America is checked.

For tsunamis of 1868, 1877, 1960 and four other small tsunamis,
refraction diagrams and the distribution of tsunami height in the whole
region of the Pacific Ocean are shown by using data given in (5), (6) and
(7). Refraction diagrams in the adjacent Sea of Japan are drawn in detail
on the basis of arrival times of wave fronts estimated from tide records,
and also the spectral analyses of tsunami records are made. The
generating area of the 1960 Chilean tsunami is estimated by means of
an inverse refraction diagram together with date of the field investi-
gation near the origin.®-*

Frequency of tsunami generation

According to the “Preliminary Catalog of Tsunami Occurring in the
Pacific Ocean,”” about 52 tsunamis have been documented in the sea
adjacent to South America, from South Colombia to South Chile (O, P
and Q regions), the oldest one occurring in 1562 and the latest one in
1966. Fifteen tsunamis reached the coast of Japan, among which were
five tsunamis with heights more than 2 meters which caused damage to
the Sanriku coast. The epicenters of earthquakes accompanied by these
tsunamis are plotted in Fig. 1, where the radius of the circle indicates
tsunami height in Japan and the numerals outside the circles indicate

the year of occurrence.
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Fig. 1. Geographic distribution of epicenters of earthquakes
accompanied by tsunamis.

Table 1. Number of earthquakes (A), tsunamigenic earthquakes (B)
which occurred near the Pacific coast of South America
and of tsunami (C) which was observed in Japan
during the period from 1900 to 1966.

EarthquakleVI magnitude A B

<6.9 — 1 1
7.0~7.2 49 3 0
7.3~7.5 22 3 1
7.6~7.8 9 3 0
7.9~8.1 4 2 1
8.2~8.4 2 2 2
8.5~8.6 2 2 2
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Fig. 2. Percentage of earthquakes accompanied by tsunamis
(dotted line) and of tsunamis propagated to Japan (solid line).

Making use of data listed in Rika-Nenpyo (Tokyo Astronomic Obs.,
1967) and the Yellow Card (1964~1966) of the U.S. Coast and Geodetic -
Survey, the number of earthquakes with magnitude greater than 7
occurring near the Pacific coast of South America has been counted
during the period from 1900 to 1966. Some of these earthquakes are
known to be accompanied by tsunamis but not all of the tsunamis
reached Japan. Table 1 shows the number of earthquakes, tsunami
generation, and tsunamis which reached Japan. The percentage of
tsunami occurrence classified by the earthquake magnitude is shown
with a dotted line in Fig. 2. The occurrence in the magnitude range
of 7.9>M>8.1 is 50 percent. In contrast, shallow submarine earthquakes
having magnitude greater than 7.3 occurring in the sea adjacent to Japan
are always accompanied by tsunami."” This difference may possibly be
caused by the following reasons. For the counting of earthquakes
in South America, land earthquakes near the coast and deep-focus
earthquakes are also included. Moreover, small tsunamis might have been
overlooked owing to a sparse population along the coast of South America.

The percentage of tsunamis propagated to Japan during the same
period is shown with a solid line in Fig. 2. For earthquakes having
magnitude greater than 6% during the period from 1958 to 1966, the
possible tsunami arrivals after about 20 hours following the earthquake
occurrence were examined by the long-wave records at Miyagi-Enoshima.
Although six tsunamis were generated during this period near the
earthquake origin, only three tsunamis (May 1960, Nov, 1960 and Oct. 1966)

11) K. Iipa, “Magnitude of Tsunamigenic Earthquake, Aftershock Area, and Area
of Tsunami Origin,” Geophysical Papers dedicated to Prof. Kenzo Sassa, (Kyoto, 1963),

pp. 115-124.
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were observed at Miyagi-Enoshima. Other tsunamis could not be identi-
fied because of the background noise due to continental shelf oscillations.
The percentage of tsunamis propagated from the origin to Japan is 25
percent in the range of earthquake magnitude 7.9>M>8.1. However,
tsunamis generated by shallow submarine earthquakes having magnitudes
greater than 8.3 are always propagated from the origin to Japan. Small
tsunamis of Nov. 20, 1960 and of Oct. 17, 1966 generated off Peru were
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Fig. 3. Records of Peruvian tsunamis of Nov. 20, 1960 and Oct. 17, 1966 observed
at Miyagi-Enoshima.,
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Fig. 4. Records of Peruvian tsunami of Nov. 20, 1960 at Aukawa
(above) and of Peruvian tsunami of Oct. 17, 1966 at Onagawa (below).
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observed along the coast of Japan. The records at Miyagi-Enoshima,
Ayukawa and Onagawa (the Magnetic Observatory, Tohoku Univ.) are
shown in Figs. 3 and 4. The height and travel time of these two
tsunamis observed at tide stations along the coast of Japan are shown
in Fig. 11. As shown in these examples, tsunamis occasionally reached
Japan, even when the earthquake magnitude was 7 or less.

Effect of tsunamis in the Pacific Ocean

The magnitude of tsunamis of 1868 and 1877 generated near Arica
were as large as that of the 1960 Chilean tsunami. The tsunami of
1877 hit Kujukuri-hama, Chiba Prefecture, and caused much damage and
loss of life.» As shown in Fig. 5, tsunami heights of 1877 and 1960
were about 10 meters in a region of 500 kilometers along the coast near
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Fig. 5. Distribution of tsunami height, in meters, for
tsunamis of 1877 and 1960.

the origin. The heights of other historical tsunamis which hit Japan
and Hawaii were of the order of 10 meters near the origin. For the
period from 1900 to 1966, wave-height of tsunami along the coasts of

12) H. MivosHI, “Tsunami,” J. Oceanogr. Soc. Japan, 20th Anniversary Vol., (1962),
265, (in Japanese).
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Japan and Hawaii was plotted against the magnitude of the earthquake
as in Fig. 6. From this figure, it is found that the wave-height is less

10
5t i
e e —JAPAN LI
- ©
b o —HAWAI 2
< 2 o] . n
O e
s 1OF .
K
= H
e 0.5+ . -
30 ° . !
. .
0.2} - R ]
b *
0. 1 1 o ! !
6.0 65 7.0 75 80 8.5 9.0

Fig. 6. The relation between wave-heights at several places
in Japan and Hawaii and magnitude of the South American
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Fig. 10. Refraction diagrams, in which arabic numerals indicate travel time
(h, m), and distribution of tsunami height, in meters.

than 50 centimeters when tsunamis are generated by submarine
earthquakes having magnitude less than 8.0.

For three large tsunamis and four relatively small tsunamis which
were propagated across the Pacific Ocean, the progress of the wave
front is shown with the travel time (h, m) in Figs. 7 to 10. These
figures also show the distribution of the observed tsunami heights in
meters., For seven tsunamis which were observed along the Japanese
coast, the progress of the wave front and the distribution of the
maximum wave-height (double amplitude, in e¢m) are shown in Fig. 11
on the basis of the tide records.

Fig. 11 is arranged in order of the location of the earthquake
origin from Ecuador to Chile. The travel times at the Sanriku coast
are 19, 20 and 23 hours respectively. Fig. 12 shows the relation between
the distances from the origin to Honolulu, Ayukawa and Lyttelton
(New Zealand) and travel time of the initial wave front. From the
figure, the mean wave velocity between the origin and Honolulu or
Ayukawa is estimated to be 715 km/hr, which corresponds to a long-
wave velocity for the mean depth of 4000 meters. This depth is more
than about 20 percent shallower than the actual mean depth. This can
be understood by the fact that the wave ray of tsunami does not
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always follow the great circle route 25—
from the origin because of the uneven .
topography of the sea bottom, and
also the travel time on the continental
shelf cannot be neglected. It may be
noticed that the tsunamis of 1868 and
1877 reached New Zealand 6 hours
later than the tsunami of 1960 because
of the particular topography of sea
bottom along the path of the tsunamis.
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Spectral analysis

3
T

According to the field investi-
gation near the origin, the predominant P
periods of tsunamis were reported as Distance from origin +10%km
follows: 15~26 min for the tsunami Fig. 12. The relation between the
of 1877, 30~60 min for the tsunami of  gistance from the origin and travel
1960. Along the coast of Japan for time of the wave front.
the tsunami of 1877, tsunami period
was 20, 15 and 5 min at Hakodate, Kamaishi and Nagasaki respectively.
For the tsunami of 1960, the peaks with period of 60~80 min in
Northern Japan and 40~50 min in Southwestern Japan were found by
spectral analysis.” From these field investigation, the predominant
period for the tsunami of 1877 seems to be shorter than that of the
tsunami of 1960.

In the cases of tsunamis of Jan. and Aug. 1906, 1922, 1960 and
1966, spectral analysis of tide records at Hanasaki, Hakodate, Ayukawa,
Kushimoto, Hosojima and Nagasaki are made by Tukey’s method.
Analyzed time interval of the record is 6 hours including the initial
wave. In Figs. 13 to 15, the power spectra of these records are shown,
where hatched columns indicate the bands of seiche period of the bay.
It is remarkable that the features of different tsunami spectra for the
same station are similar and that the frequency bands of peaks agree
pretty well with each other. The shape of the peak defined by Q*=f/4f
is given in Table 2, where f is the frequency of the peak (c. p. hr) and
4f the width of the frequency band bounded by the half amplitude of

13) R. TAkAHASI and I. A1Da, “Studies on the Spectrum of Tsunami,” Bull. Earthq.
Res. Inst., 39 (1961), 523, (in Japanese).
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the peak. From the calculated result, the values of @* at the peaks of
spectra are almost constant at the fixed stations for different tsunamis.
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Fig. 13. Power spectra at Hanasaki and Hakodate for the South
American tsunamis.
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Fig. 15. Power spectra at Hosojima and Nagasaki for the South
American tsunamis.

Table 2. Frequency of the peak of spectrum (f: c.p.hr) and the
shape of peak, Q*=f/4f, at stations of Japan.

Hanasaki | Hakodate | Ayukawa | Kushimoto| Hosojima | Nagasaki
Tsunami
S| f Q| f | f Q| f @ f @
Jan. 31, 1.17 3.31293 9.0(2.8 8.2|1.45 45145 3.5
1906 2.64 4.2 3.7 8.83.0 8.9
Aug. 17, 1.08 3.2(1.52 2.7,2.7 17.0
1906 2.25 17.8[12.93 7.3|4.78 1.7
1.02 2.0 2,18 532,78 7.3|1.45 4.3
Nov. 11,|1.70 1.9 4,83 5.8 |2.33 4.7
1922 2.9 4.5 3.20 7.6
4.05 4.1
0.7 1.8(1.18 3.6/2.93 6.8|2.99 5.9|0.68 1.7|1.18 1.9
May 22,]1.82 252,28 4.3 1.47 4.5
1960 2.60 6.2 2,22 4.4
3.85 6.6 2.98 9.9
Oct. 17, 1.10 3.4 2.85 7.9
1966 237 6.4
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Generating area of the 1960 Chilean tsunami

For the 1960 Chilean tsunami, travel times from the origin to
Coquimbo, Valparaiso and Talcahuano are taken as 84, 64 and 54 min

respectively by using the tide records.
tsunami were up everywhere.

The initial motions of the

Inverse refraction diagrams are drawn

in Fig. 16 from three tide stations and from four places where the

% Tsunami source

# Upheaval

= Subsidence
x Main shock
o Aftershock

-

1

Fig. 16. Generating area of the 1960
Chilean tsunami inferred from an inverse
refraction diagram, crustal deformation and

the distribution of aftershocks.

initial arrival was observed by
eyewitnesses. Wave fronts were
drawn at 5 minute intervals, but
in Fig. 16 only the final wave
front corresponding to the travel
time is shown.

As shown in Fig. 16, the
estimated area is located along
the coast where the crustal de-
formation was observed and the
region corresponds to the area
of aftershock activity. Although
the southern end of the source
cannot be delineated clearly, the
linear dimension of tsunami
domain seems to be about 800
kilometers, if we take the crustal
deformation at Isla Guafo into
account. This dimension is the
largest ever observed, since the
source dimensions of the 1933
Sanriku, 1952 Kamchatka and the
1964 Alaska tsunami are esti-
mated to be 500~ 600 kilometers.

Conclusion

Tsunamis which were gener-
ated off the Pacific coast of South
America by shallow submarine

earthquakes having magnitude greater than 8.3 were always propagated

to the whole region of the Pacific Ocean.

The height of past tsunamis
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which hit Japan and Hawaii were of the order of 10 meters near the
origin. However, the distribution of height along the Japanese coast
is less than 50 centimeters for tsunamis generated by submarine
earthquakes having magnitude less than 8.0.

From refraction diagrams for seven tsunamis, the travel times at
the Sanriku coast are 19 to 23 hours for the location of the earthquake
origin from Ecuador to Chile. Based on the spectral analysis of the
tide records of Japan, the features of different tsunami spectra for the
same station are similar and the frequency bands of peaks agree pretty
well with each other.

The estimated source area of the 1960 Chilean tsunami includes the
area of major aftershock activity extending about 800 kilometers in an
elongated shape.

The author thanks Prof. K. Kajiura for his guidance,.
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