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Abstract

The distribution of inundation height along the coast near the
tsunami source shows two peaks. This feature has close relation
to the deformation of the sea bottom in the source area.

From a refraction diagram, the initial crest-height at each
station along the Japanese coast seems to follow Green’s law. The
distribution of tsunami energy seems to have been controlled by the
submarine topography. The coast near the tsunami source seems
to have received strong reflected waves from north Korea. As to
other feature of propagation, long-waves propagated along the
slope of the continental shelf seem to have existed.

From several tide-gauge records, it was concluded that tsunami
waves have uniformly decayed. Decay coefficient is approximately
0.043 per hour.

1. Introduction

At 13h 02m (JST), June 16, 1964, there occurred a strong
earthquake near Awashima Island in Niigata Prefecture. According to
the Japan Meteorological Agency (JMA), the magnitude of the earthquake
was about 7.7, and the depth 40km, the epicenter being at 38.4°N,
139.2°E. Accompanying this earthquake, a tsunami was generated and
observed on the surrounding coasts of the Japan Sea. The inundation
height above M. S. L. was 4~5m near the generating area of tsunami.

Five tsunamis have occurred in the Japan Sea since 1900 namely,
the Tango earthquake of March 7, 1927, Oga earthquake of May 1,

1) A, IMAMURA, “On the Destructive Tango Earthquake of March 7, 1927,” Bull.
Earthq. Res. Inst., 4 (1928), 179, (in Japanese).
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1939,» Syakotan earthquake of Aug. 2, 1940, the western Aomori
Prefecture earthquake of May 7, 1964, and the present one. The present
tsunami is the largest in intensity of these five tsunamis and comparable
with the tsunami which occurred in 1833 (Tempo 4)* at almost the same
place.

Soon after the occurrence of the tsunami, the phenomena and damage
at the coast near the generating area of the tsunami were investigated
by research groups of ERI and other universities. From the results of
field investigation, the distribution of inundation height and the generat-
ing area of tsunami were obtained. On the other hand, according to
the Japan Hydrographic Office (JHO), the upheavals of sea bottom near
the main shock have been recognized by echo-sounding after the present
earthquake.

In this paper, the dislocations of sea bottom were compared with
the distribution of inundation height along the coast near the tsunami
source. By courtesy of JMA, Japan Geographical Survey, JHO and the
Public Works Offices of several prefectures, the present writer could
collect tide-gauge records of this tsunami at different stations ranging
from Wakkanai to Izuhara. With the aid of these records, the problems
relating to tsunami energy distribution, and edge wave propagation along
the coast of Japan, reflection waves and the decay of tsunami are dis-
cussed.

2. Summary report on the tsunami observation
along the coast of Japan

Almost all the tide-gauges situated near the generating area of
tsunami were damaged by the earthquake. However, good records have
been obtained at other tidal stations from Wakkanai to Izuhara along
the coast of Japan. As the tsunami occurred in the Japan Sea, only
instrumental recordings were made initially in the case of the present
tsunami since actual observations were started. So the present tsunami
is of the largest intensity. The features of tsunami at different localities
can be seen in Table 1. The initial motion of the tsunami is up every-

2) F. KISHINOUYE and K. IIDA, “The Tsunami that accompanied the Oga Earthquake
of May 1, 1939, Bull. Earthq. Res. Inst., 17 (1939), 733.
‘ 3) N. MIYABE, “Tsunami associated with the Earthquake of August 2, 1940,”” Bull.

Earthq. Res. Inst., 19 (1941), 104, (in Japanese).
4) K. Musya, History of the Earthquake in Japan, Imp. Earthq. Council, 3 (1943),

398, (in Japanese).
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Table 1. Tsunami, at 13 02 June 16, 1964 (JST), as
recorded by tide-gauge records.

Initial wave Maximum wave
No. | Tide station 4
Arrival timeHeight* Period ]Occurred time Height**‘ Period
d h m cm minf d h m em min km
1 | Wakkanai 16 15 10 4 17 1 30 27 24 850
2 | Osyoro 14 55 4 28 16 20 03 26 26 600
8 | Esashi 13 56 4 27 20 13 59 25 390
4 | Fukushima 14 00 4 23 18 20 60 22 330
5 | Iwasaki 13 43 5 17 18 13 78 20 240
6 | Funakawa 13 44 21 20 16 12 | >240 20 150
7 | Iwafune 17 00 | >300 20 20
8 | Matsugasaki 13 19 32 28 14 22 200 28 60
9 | Kashiwazaki 13 51 11 27 15 12 24 29 140
10 | Naoetsu 14 00 37 28 15 53 192 20 180
11 | Toyama 13 58 19 20 15 28 52 28 280
12 | Wajima 14 18 32 21 14 50 65 22 450
13 | Mikuni 14 18 13 23 15 54 48 24 630
14 | Tsuruga 15 00 9 23 20 53 76 20 660
15 | Maizuru 15 10 4 20 23 12 82 30 700
16 | Saigd 14 50 4 24 18 42 56 24 880
17 | Hamada 15 20 3 22 20 10 33 12 1100
18 | Izuhara ; 23 54 15 22 1300

* Initial crest-height above the ordinary tidal level.
** Double amplitude.
4 Distance of propagation along a 200 m depth line.

where. In Table 1, the “initial crest-height” means the height above
the ordinary tidal level and the “maximum wave-height” shows the
maximal double amplitude of the sea disturbance. The symbol 4 shows
the distance from the center of generating area of tsunami measured
along a 200m depth line,.

- The time interval between the arrival of front and the maximum
waves seems to elongate with the distance of tide-gauge station as
recognized, for instance, in the cases of tsunamis of 1952 (Kamchatka),
1958 and 1963 (Iturup). In the present tsunami, this relation seems to
be valid as shown in Fig. 1. This phenomenon is useful for deciding
when a tsunami waring may be cancelled. As a cause of this pheno-
menon, R. Takahasi® suggested the edge waves propagated along the

5) T. HATORI and R. TAKAHASI, “On the Iturup Tsunami of Oct. 13, 1963, as
Observed along the Coast of Japan,” Bull. Earthq. Res. Inst., 42 (1964), 543.
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The period of tsunami is assumed to be 22 min in accordance with the.
tide guage records. The inclination of the shelf is taken to be sin B =
tan 8 = 1/140 from the profile of the shelf in Fig. 2. Result of calcula--
tion gives appfoximately ¢=0.9km/min. In Fig. 3, the symbol e
corresponds to the localities situated to the north of Noto Peninsula..
These localities are situated on a flat coast along the continental shelf..
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The propagation of edge waves, therefore, seems to be possible. In the
records obtained at every station, however, dispersions of waves are
difficult to observe since the waves are masked with seiche osecillations
of the shelf and reflection waves. Secattered circles in Fig. 3 refer to

distant stations at which maximum waves seem to have arrived passing
through the deep waters.

3. Sea level disturbances at the generating area of tsunami

As to the problem of directivity of tsunami, the author®” discussed
this by means of statistics and model experiments. The topographic
change of the sea bottom at the tsunami source has been surveyed after
various earthquakes by JHO. We could not obtain, however, informa-
tion regarding the bottom disturbance owing to the long- distance from
the coast to the tsunami source or to the long time-interval between
two surveys done before and after the earthquake. The relation between
the bottom disturbance and the inundation height has hitherto been
difficult to ascertain.

Fig. 4 shows the distribution of the inundation height of the present
tsunami measured by the tsunami research groups of ERI® and Tohoku
University,” the generating area of tsunami obtained by the inverse
refraction diagram, and the upheavals of sea bottom surveyed by JHO.”
‘The generating area of the present tsunami seems to be an ellipse which
has the epicenter of the main shock (x) on its major axis. The quantity
of sea bottom disturbance has enough accuracy because the sea ‘depth
was fortunately surveyed just before and after the earthquake. From
the result of the survey, two zones were discovered upheaved by 6m
and 10 m, '

In the following, the relation between the bottom disturbance and
the distribution of inundation height is discussed in detail from the
theory of tsunami generation. Fig. 5 shows the variation of relative

6) T. HATORI, “Directivity of Tsunamis,” Bull. Earthq. Res. Inst., 41 (1963), 61.
7) R. TAkAHASI and T. HATORI, ““A Model Experiment on the Tsunami Generation
from a Bottom Deformation Area of Elliptic Shape,”” Bull. Earthq. Res. Inst., 40 (1962),"
873, (in Japanese).
8) I. AIpa, K. KAJIuRA, T. HATORI and T. MoMol, “A Tsunamji Accompanying the
Niigata Earthquake of June 16, 1964,”’ Bull. Earthq. Res. Inst., 42 (1964), 741 (in Japanese).
9) K. NAKAMURA, “On the Field Investigation of the Niigata Tsunami,”” Meeting
of JOTI, July 1964.
10) HYDROGRAPHIC OFFICE of JAPAN, ““On the Deformation of the Sea Bottom due
to the Niigata Earthquake,” Monthly Meeting of ERI, July 1964.
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Fig. 4. The generating area of the tsunami, inundation heights above
M. S. L. in meter and the bottom deformation.
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inundation height with respect to the azimuth . Tsunami waves are
assumed to originate from the elliptic margin of the generating area
sourrounding the sea bottom dislocations. The azimuth is measured
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Fig. 5. Variation of relative inundation height with respect to the
azimuthal direction 6.
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Fig. 6. Profiles of bottom deformation and the calculated sea
disturbance at the major axis of the tsunami source.

counter-clockwise from the major axis as shown in Fig 4 with the origin
at the center of generating area of tsunami and is divided into multiples
of ten degrees. Two peaks are found in Fig. 5. In Fig. 5 the symbol
A shows the distance from the margin of tsunami generating area to
the 20 m depth line. The sea level disturbances at the margin of tsunami
generation which correspond to the inundation heights were calculated
by Green’s method for each ten degrees of azimuthal angle, the coast
being taken to be 5m deep. Fig. 6 shows the profile of the sea bottom
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upheavals on the major axis of the source in comparison with the
calculated values of sea level disturbances. In the field investigation,
the initial wave was found to be the highest along the coast near the
source. The inundation heights, given in Fig. 4, are in the order of
4m along the coast of Fuya and Iwafune, although in the neighborhood
of Imagawa they were as low as 2m. These differences of the inunda-
tion height along the coast near the tsunami source may be attributed
to the feature of the upheavals of sea bottom as shown in Fig. 6.

4. Distribution of the tsunami energy -

In order to know how the tsunami energy, emitted from the source,
reaches different coasts of the Japan Sea, a refraction diagram was drawn
as shown in Fig. 7. The tsunami source being assumed at the area

130°

—40° .

——35°

Fig. 7. Refraction diagram of wave fronts corresponding to every
10 min intervals. Numerals indicate locality shown in Table 1.

shown in Fig. 4, wave fronts have been drawn at every 10 minute

intervals. As shown in Fig. 7, the travel times of the front are about

1h 30m and 2h at the coasts of USSR and North Korea respectively.
In Fig. 7, trajectories are drawn by broken curves. The azimuth
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at the origin was sub-divided into five equal angles. The energy of
tsunami per unit angle which is emitted from the western half at the
source reached the coast with the width ! between two adjacent
trajectories. Fig. 8 shows the relation between the observed initial
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Fig. 8. The relation between the initial crest-height and the width
between two adjacent trajectories at a smoothed coast line.

crest-height and the width [ between two adjacent trajectories. The
initial crest-height at each station along the Japanese coast seems to
follow roughly Green’s law 7cch~Y*[-Y?, although the wave-height reduec-
tion to the value at the depth of 5m has been neglected. The propaga-
tion of the initial wave energy from the western half of the source
seems to be governed by the topography of the bottom rather than the
distance from the source.

According to Nagoya University,”” a maximum range or double
amplitude of about 2m was observed at the north coast of Noto Peninsula.
At these places tsunami energy concentrates as shown in Fig. 7. As to
the tsunami along the coast of USSR and the north Korea, tsunami
energy seems to be specially concentrated at the coast of north Korea
as shown in Fig. 7, too.

5. Reflection waves

For the tsunamis which occur in the Japan Sea, reflection waves
from USSR and Korean coasts would be observed on the coast of Japan.

11) K. Iipa, “On the Field Investigation of the Niigata Tsunami,” Meeting of
JOTI, July 1964.
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In the present case, the source of the reflection wave might be the
north Korean coast as can be seen from Fig. 7. To elucidate the
existence of reflection waves, the travel times of reflection waves from
north Korea to Osyoro, Iwasaki, Wajima and Saigd were respectively
calculated by means of inverse refraction diagrams as shown in Fig. 9.
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Fig. 9. Inverse refraction diagrams from Osyoro, Iwasaki, Wajima
and Saigb corresponding to every 10 min intervals.

Wave fronts have been drawn every 10 min intervals. On the record of
Iwafune, the maximum crest-height (initial part is locking due to the
earthquake) was recorded at 3h 58m after the occurrence of the
earthquake. This sharp peak seems to be reflected from the coast of
north Korea as can be seen from the refraction diagram in Fig. 7.
Table 2 shows the first crest-height (above ordinary tidal level) of
reflection wave, travel time and the reflection angle ¢, at north Korea

obtained from Fig. 9.
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Table 2.

First crest-height of reflection wave
from north Korea.

No. Tide station Travel time Height 0°
min cm
1 Osyoro 248 6 130
2 Iwasaki 218 24 100
3 Iwafune 238 190%* 88
4 Wajima 216 20 80
5 Saigo 211 9 70
6 Esashi 250 22 110
7 Funakawa 190 184* 95
8 Kamo 141 125%* 92
9 Naoetsu 171 130* 85
10 Toyama 146 32% 82
11 Maizuru 261 34 75

* Maximum ecrest-height.

Fig. 10 shows the rela-
tion between the first re-
flected wave-height and the
reflection angle, where white
circles show the stations
with less certainties. The
reflected wave at Funakawa
and Naoetsu are mixed with
edge waves as shown in
Fig. 3. The coast near the
tsunami source seems to have
received strong reflection
waves from north Korea.

6.

On the problem of decay of tsunami waves, R. Takahasi® indicated,
in the case of the 1933 Sanriku tsunami, that the wave-heights of the
sea disturbance are uniformly decayed on all Pacific coasts.
clusion has been obtained from the investigation of features of envelopes

12) R. TAKAHASI, “Decay of Tsunami Waves,”” Meeting of the Seismological Society

of Japan, Tokyo, April 1952,
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of the wave train of tsunami records at different stations. W. H. Munk®
obtained, in the case of the 1960 Chilean tsunami, the decay coefficients
of tsunami energy in the Pacific, Atlantic and Indian Ocean to be 0.078,
0.108 and 0.174 per hour respectively. Fig. 11 shows the decay of
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Fig. 11. Decay of tsunami waves at four stations.
tsunami waves at four stations. The periods of waves at -Osyoro, Iwa-
saki, Wajima and Saigo are approximately 160, 180, 200 and 210 min
respectively. Tsunami waves at these stations seem to have uniformly

decayed according to the expression nece=*t, Decay coefficient & obtained
graphically is 0.043 per hour.

Seiches periods in the Japan Sea, according to K, Honda et al,®
have been often observed to be 120~130 min and 150~180 min at many
places along the Japan Sea coast. N. Kawakami® calculated these seiches
as free oscillations of water in the Japan Sea as a whole. The above-
mentioned periods of reflected wave are very near to the observed period
-of seiches of the Japan Sea. It is possible, therefore, that decay of the
present tsunami waves might represent the decay of free oscillations of
the Japan Sea as a whole.

7. Conclusions

From the data of field investigations, tide-gauge records and bottom

13) W.H. MUNK, ‘“‘Some Comments regarding Diffusion and Absorption of
"Tsunamis,”’ Proceeding of the Tsunami meeting associated with the Tenth Pacific Science
.Congress (1961), 53.

14) K. HonDA et al, ‘““Secondary Undulations of Oceanic Tides,” J. Coll. Sci. Imp.
Univ. Tokyo, 24 (1908).

15) N. KAWAKAMI, “On the Secondary Undulations of Tides in the Japan Sea,”
Umi to Sora (Sea and Sky), 7 (1927), 91, (in Japanese).
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survey, generation and propagation of the present tsunami were discussed
in this paper. Characteristic oscillations of the Japan Sea as a whole,
however, could not be dealt with because we have not tide-gauge records
along the coasts of USSR and Korea.

In conclusion, the author wishes to express his sincere thanks to the
Japan Meteorological Agency, Japan Geographical Survey Institute, Japan
Hydrographic Office and the Public Works Offices of several prefectures
for putting their tide-gauge records at the author’s disposal. His thanks
are also due to Prof. R. Takahasi for his guidance.
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