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Abstract

Two Iturup tsunamis of 1958 and 1963 have offered a good op-
portunity to investigate the behaviour of edge waves on the continental
shelf. Taking into account the results of a model experiment carried
out lately, an attempt is made to investigate the problem by techniques
of digital filtering and the Fourier transform. The complexity of the
shape of the continental shelf along the Pacific coast of northeastern
Japan adds difficulty to obtain the fair results such as a model experi-
ment. The results obtained in the present work are that a dispersive
wave group with the characteristies of edge waves seems to follow the
direct wave but this wave group includes the wave component normal

to the coast which is 1 to 8 times the wave amplitudes of edge wave
mode.

1. Introduction

The earthquakes of Nov. 7, 1958 and Oct. 13, 1963 occurred off
Iturup Island in the Kuril Islands. The accurate locations of epicenters
of these earthquakes were at 44°18'N, 148°30’E and 43°45’'N, 149°58'E
respectively. The tsunamis which accompanied these earthquakes, and
were observed at the Pacific coast in the northeast of Japan, seem to
offer the best opportunity to examine the existence of edge waves.
Because, taking the locations of the tsunami generation and propaga-
tion paths into consideration, it would be conceivable that edge waves
were easily generated. From this view point, T. Hatori and R. Takahasi
investigated edge waves of these tsunamis.”'® However, no satisfactory
resolution of this problem has been arrived at. Recently, the author and
others carried out a model experiment on edge waves traveling along a
curved shelf.® In this paper, the existence of edge waves in the two
tsunamis is discussed as compared with the results of this model experiment.
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2. Preliminary consideration

The epicenter of the earthquake of 1958 is located on the con-
tinental shelf and that of the earthquake of 1963 at the end of the
continental slope, as shown in Fig. 1. Both earthquakes are different
from each other with respect to the lecations of the epicenters and the
characters of the earthquakes.” However, the records at Miyagi-
Enoshima of the tsunamis which accompanied these earthquakes are
very similar to each other, especially regarding the first or second wave
following the initial movement of the sea surface.

As shown in Fig. 1, the con-
tour lines of the sea depth extend in
a south-west direction from the
vicinity of the earthquake epicen-
ters, bending the direction into
almost south at the south-east off-
shore of Hokkaido. The contour
lines are parallel to each other, ex-
cept in the sea region lying between
Hokkaido and Honshu where the

‘. S contour line is indented deeply
) b, 39° 3 westward.  The depth profiles
| e s normal to the shelf are con-
ST R ? siderably different from place
Sl Nk & to place. The phase and group
N Q velocities of edge waves were cal-
35"\(5"1! 7 ™| R culated to investigate how widely
o o T the dispersion curves vary by the

500

difference of the depth profile.
sidered in this study. The marks 3 show The method of ealeulation Waj
the two epicenters of the Iturup Earth- the same a§ employed by W. Munk’
quakes. The dispersive characters of who studied edge waves in the
edge waves expected from four profiles California coast. In this method,
marked a, b, ¢ and d are computed. the depth profile is approximated
by a series of many steps. The author has once solved the problem of
the shelf near Enoshima by this method.”

Fig. 1. Map of the sea region con-
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Four profiles which marked a, b, ¢ and d were selected for the
calculation of the dispersion curve. Figure 2 shows the calculated results.
The upper and lower figures show the dispersion curves of phase and
group velocity respectively. This figure points out that the dispersion
relation is strongly affected by the difference of the depth profile. The
case of the most southern profile d differs from others particularly. The
reason may be that in d profile the shelf portion shallower than 200 meters
is wider than those in other profiles. The minimum group velocity
appears only in the dispersion curves for cases of ¢ and d profiles.

The response spectrum of the continental shelf in the case of normal
incidence of the unit sinusoidal waves from the outer sea is also calcu-
lated for @ and d profiles, as shown in Fig. 3.
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Fig. 2. Phase and group velocities of
edge waves estimated from theory. The
marks a, b, ¢ and d correspond to the

Fig. 3. Resronse of the continental
shelf water in case of the normal incidence
of waves.

profiles shown in Fig. 1.

3. ‘Filtering of tsunami record

The experiment,” in which an apericdic wave was given to a shelf
model which has a shape of a quarter circle, shows that the wave form
at the places along the coast becomes as shown in Fig. 4. Namely, the

7 loc. cit., 8).
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distinet dispersive wave group appeared following the direct wave. In
spite of bending of the shelf, boundary waves was propagated with the
character of edge wave on the average.

How would these matters be-

W come in an actual tsunami? The

L B ordinary  mareograms include
Direct wave— Dispersive wave—- . . .

noises, suech as seiches of the bay in

0 5% which the tide station is lceated.

USSR S UM SRR

The seiche periods in most bays in
Sanriku district are not longer than
40 minutes. Therefore, it is con-
sidered the waves of periods of 60 minutes or more are little affected by the
noise. As apparent in Fig. 2, the fundamental mode of the expected edge
wave is in the range of periods longer than 60 minutes. Consequently, the
digital filtering was carried out in the frequency band from 60 minutes
to 180 minutes in order that an object in the present problem was con-
fined to the period longer than 60 minutes.

The original record of the Iturup tsunami of 1958 at Onahama is
shown in the lowest part of Fig. 5. This record includes the large

Fig. 4. Typical record observed in a
model experiment.
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Fig. 5. Tiltered and non-filtered records of the Iturup tsunami of 1958. Marks A show
dispersive wave groups following the direct waves.

quantity of comparatively short period noises. Thus, it is utterly im-
possible to correspond the wave phases of stations with each other.
However, the filtered records of this tsunami at Hachinohe, Enoshima
and Onahama, shown in the upper part of Fig. 5, are considerably
simplified. In the record at Enoshima, it is seen that, after the direct
waves with two or three crests, a comparatively distinct wave group
with several crests appears and the periods of the waves become suec-
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cessively longer. This wave group is labelled A. In the record at
Onahama, the waves which are considered to be the same as A group
are smaller in amplitude than at Enoshima, but the dispersive character
of waves is apparent. At Hachinohe, although the separation of this
dispersive wave group from direct waves is not so apparent, the periods
of several waves following the direct waves are successively lengthened.

In the case of the tsunami of 1968, the records of five stations:
three stations as already mentioned and other two stations Kushiro and
Ofunato, were filtered, and the results are shown in Fig. 6. The filtered
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Tig. 6. Filtered and non-filtered records of the Iturup tsunami of 1963. Marks A
and B show dispersive wave groups following the direct waves.
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records at Enoshima are closely similar to the one of 1958 and the
coherence between the filtered records of both tunamis is calculated to
be 0.75 to 0.77 at 70 to 80 minutes of periods, showing the comparatively
high values. At Hachinohe, however, the difference of wave form between
both tsunamis is apparent, and the coherence between both records has
a low value of 0.47 at 70 munites of periods. The coherence at
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Onahama is a medium value, being 0.57 at 70 minutes of period. The
difference of coherences, between both tsunami records according to the
location of observing station, seem to be related to the path of the
wave propagation, since the tsunami generating areas are very close to
each other as seen in Fig. 1.

On the records of Enoshima and Onahama shown in Fig. 6, remark-
able wave groups following the direct waves may be recognized. These
groups occupy the same situations as A groups in Fig. 5, therefore they
are considered to be similar to A wave group of the tsunami of 1958.
Moreover, the similar forms of the waves are continued behind A group,
this group being labelled B. At Hachinohe and Ofunato, although the
wave forms are rather similar to each other, A wave group is not
evident. '

The travel time graph may be drawn by means of the investigation
of the correspondence of the crests or the troughs of wave records at
various stations. However, the record at Kushiro is hardly related to
the other station records and also the accuracy of the travel time
graph is not enough to discuss the wave dispersion, even in the
region southward from Hachinohe. If the propagation velocities of
the maximum amplitude waves were determined, they are 42km/h for
A group and 60 km/h for B group. These values nearly correspond to
the minimum group velocity of about 45 km/h, for the profile d which
represents the depth profile in the middle point between Enoshima and
Onahama.

Although A wave groups of these filtered records are not so remark-
able as the dispersive waves with the character of edge wave observed
for the case of a model experiment mentioned above, it is considered
that the character of the travel time and dispersion of waves are approxi-
mately the same as the case of the model experiment.

4. Analysis of the dispersive wave group

For A or B wave groups, the Fourier analysis is carried out and the
mean phase velocity between the observing stations is computed for each
component. The analysis is made for the non-filtered original record.

Figure 7 shows the results, in which the triangular marks in the upper
part show the phase velocities obtained from the analysis between
Hachinohe and Enoshima for the tsunami of 1958 and the circular marks
in the lower part show the ones between Enoshima and Onahama for
the tsunami of 1958 and of 1963. Theoretical dispersion curves of phase
velocity of the edge wave are shown by the solid lines in the figure.
The profile a is the middle point between Hachinohe and Enoshima, and



On the Edge Waves of. the Iturup Tsunami
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Fig. 7. Phase velocity obtained by the Fourier analysis of the dispersive

wave group. The estimated dispersion curves are drawn to compare with the
observation.

the profile d between Enoshima and Onahama. In this figure, the values
obtained from the observation reach 1.5 or 2 times the caleculated values.
If there was a wave component oscillating normal to the shore, it is
expected that the apparent phase velocity becomes faster than the theo-
retical value taking only a trapped mode into account, and a similar
effect has been experienced in our model experiment. Therefcre, an
attempt is made to separate the wave components propagating along the
shelf and oscillating normal to the shore.

As shown in Fig. &, it is supposed that there are two points St. 1
and St. 2 at a distance 24 along the shelf. If the amplitudes of the
wave component propagating along the shelf, which are hereafter
called the progressive wave, are a,, and a,. and the amplitudes of the
wave component oscillating normal to the shore, which are hereafter
called the standing wave, are a,, and a,., at two points St. 1 and St. 2,

49
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Y respectively, the wave of the angular frequency o ob-
s served at St. 1 may be expressed by

wd
c

1=, COS (a)t — > +a,; cos (wt+¢)),
where ¢ is the phase velocity of edge waves with angular
frequency . In the same manner, the wave observed at
St. 2 is expressed by

wd

Ay =a,, COS (wt + —> +a,, cos (wt+¢,).
c

¢, and ¢, are phases.

Since the observed values are only ¢, and a,, assumptions are made
to solve the problem: The progressive wave does not attenuate for the
distance between two stations, i.e. a,;=a,,=a,, and the amplitudes of the
standing waves in two stations are equal to each other and phases are
coincident, i.e. ay=a.=a,, ¢,;=0.,=¢. With a,/a,=S, we have

a=a, \/<cos % 44+ S cos ¢ )Z + <sin %A—S sin go>2 cos (wt—d,),

and
/ ® : . . * o
Q=054 <cos ?A+S cosgo) + <sm 7A-I-Ssmgo) cos (wt+0dy),
where,
sin ® 4—Ssing
8,= tan™ ¢ ,
cos £ 4+ Scos ¢
¢
and
sin 244 Ssin g
5,= tan-t— ¢

cos Y A4+ Scos ¢
C

Therefore, from the observed values of the amplitude ratio |a.|/ lai| and
the phase difference d=0,+0:, S and ¢ may be obtained by assigning the
phase velocity c.

Figures 9 and 10 are the results obtained from the data of Enoshima
and Onahama in case of the tsunami of 1958. The spectral amplitude,
the amplitude ratio |a.|/|a.] and the phase difference ¢ are shown in this
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order from the top in Fig. 9. S and ¢ determined from these data are
shown in Fig. 10. In the lowest part of the figure, the separated spectral
amplitude of the standing wave a, and of the progressive wave a, are
shown. The dotted curve in the figure is the response spectrum of the
shelf as calculated in Fig. 3, which is expected for the shelf with the
depth profile at the middle point between Enoshima and Onahama.
Comparing the response (dotted line) with the components of the
standing waves a, (thick: line), the general appearance, on the whole,
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Fig. 9. Results of the Fourier analyses
of the records observed at Enoshima and
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Fig. 10. Separation of the component
of the oscillatory wave @, normal to the

Onahama in case of the Iturup tsunami shore and the progressive wave a,

of 1958. ) along the shelf, with regard to Eno-
shima and Onahama in the tsunami of
1958. S shows |asl/|lap] and ¢ is the
phase difference of two components.

seems to be fairly. well coincident. The value for w=5.4 rad/h does not
coincide with calculated response. However, by means of the present
brief method, it is considered to be very difficult to make the actual
value coincide with the theoretical value. Because, at the point in ques-
tion, the phase angles of a, and a, become nearly inverse to each other.
According to the result, the amplitude of the wave component propaga-
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ting along the shelf is nearly equal to that of the wave component
oscillating normal to the shelf in the part of comparatively long periods
and is a half to one third in the part of short periods.

The similar analysis between Hachinohe and Enoshima is carried out.
Figure 11 is the results of Fourier analyses for the records of these sta-
tions, Fig. 12 showing S, ¢, a, and a, obtained by the present method.
However, in this case, the complete solution was not obtained’ for the
part of w=5.5rad/h or more. Therefore, here is shown an approximate
solution by the dotted line. Although, in the lowest part of Fig. 12, the
respbnse spectrum estimated from the depth profile of the shelf at the
middle point between Hachinohe and Enoshima is added with the dotted
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Fig. 11. Results of the Fourier ana- Fig. 12. Separation of the component
Iyses of the records observed at Hachinohe of the oscillatory wave as normal to the
and Enoshima in case of the Iturup shore and the progressive wave dap
tsunami of 1958. along the shelf, with regard to Hachi-

nohe and Enoshima in the tsunami of
1958. S shows |as|/laps| and ¢ is the phase
difference of two components.

curve, it does not coincide with the standing wave amplitude obtained
from the observation except that the values of a, in the comparatively
long period part are of the same order as those obtained for Enoshima
and Onahama. This may indicate that, as for the behaviour of waves
between Hachinohe and Enoshima, the assumptions used in the present
analysis may not be reasonable. ‘ o
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5. Synthesis of wave form by means of Fourier transform

If there were waves propagated with the dispersive character of edge
waves, it is possible to compose the wave form in a station from the
Fourier spectrum of waves in another station. Similar analysis for the
elastic surface waves of earthquake was made, for instance by Y. Sat6®.

An attempt to verify the usefulness of this method is made for waves
observed in the model experiment. The wave forms at observing points
at the distance of 160, 200 and 280 cm from the wave source are ealeu-
lated from the Fourier spectrum of waves observed at the point 360 em
from the source, based on the dispersion relation of phase velocity ex-
pected from a theory. The results are shown in Fig. 13. For the at-
tenuation factor for waves, the average value obtained in the experiment
is adopted. In Fig. 18, it may be said that the calculated wave, shown
in the uppor side of each position, simulates very well the observed
wave shown in the lower side. : :

R+ 200 em em  HACHINOME

1o
0} IAAN obs. o ots. filt,
: 3 R
0d e

o lornm R=360cm o R=100 km
OJ N AT obsi' g . c?s 80. cal .

Fig. 13. Wave form at R=160, 200, ‘Fig. 14. Wave form at Hachinohe
280 cm estimated from the Fourier spectrum estimated from the Fourier spectrum of
of the wave at R=860cm in case of the wave at Onahama in the Iturup tsuna-
the experiment, being compared with mi of 1958, being compared with the
the actual observed wave. R indicates observed and filtered record. The lowest
the distance from the wave source to curve is the wave form at a distance of
the observing point. 100 km from the epicenter.

In other words, it is certain that edge waves are propagating along
the shelf in the case of our experiment. How would the actual tsunami
behave in comparison with the experiment ? For the Iturup tsunami of
1958, the wave form at Hachinohe is estimated, using the wave spectrum
at Onahama, as shown in the upper part of Fig. 14. Comparing this
wave with the filtered wave of the observed record shown at the lower
side, the good coincidence as in the experiment can not be recognized.

8) Y. SATO, “Analysis of Dispersed Surface Waves by means of Fourier Transform
II,” Bull. Earthq. Res. Inst., 34 (1956), 9.
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Extending the estimation up to the position near the wave source
(R=100 km), the wave form is more diffused, which is unreasonable.

6. Conclusion

For the tsunamis generated off Iturup Island, a considerably distinct
wave group following the direct wave is observed in the vicinity of
Fnoshima and Onahama. These waves include the component, propagat-
ing along the shelf with the character of edge wave. The amplitude
of this component is a half or a quarter of a whole wave amplitude.
However, it is hardly considered that these edge waves are propagated
from the vicinity of tsunami origin. A more reasonable consideration
may be that the mode of edge wave is generated when a wave
train of the tsunami enters the shelf obliquely near northeastern Japan.

 The author wishes to express his sincere thanks to Professor
K. Kajiura for his helpful advice. All the numerical computations were
made by utilizing the facilities of the computer center of the University
of Tokyo.
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