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Abstract

From mareograms for some tsunamis observed at the head of
Onagawa Bay, the wave form outside the bay is estimated, based on
the theory of the multiple reflection of waves. The calculated waves
are similar to a certain extent to the observed records at Enoshima
which is located outside the bay. Besides, some records at Onahama
and Ayukawa are analyzed by the same method.

For the Iturup, Alaska and other tsunamis, spectral analyses of
the records at Miyako, Enoshima, Onagawa and Onahama are made, the
coherences and phase differences for each station pair being calculated.
Making use of these results, the existence of edge waves is examined
with the aid of the theoretical dispersion curves of phase velocity.

1. Introduction

A method was proposed by R. Takahasi of obtaining a form of
tsunami waves outside a bay from the motion of bay-water for a rec-
tangular bay of uniform depth? and for a bay where both the breadth
and depth vary®. K. Nakamura® discussed the response of bay-water
due to the given variation of the water level at the mouth of a bay.
Recently, making use of the theory of multiple reflection of elastic waves
in a layer, K. Kanai et at® calculated the expected wave form under-
ground from mierotremors observed at the surface of ground the result
showing good coincidence with the observed record underground.
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In this paper, the wave forms for some tsunamis outside the bays
of Onagawa, Ayukawa and Onahama are inferred from the tide-gauge
records taken at the head of these bays on the principle of multiple
reflection. In particular, the estimated waves calculated from the record
obtained near the head of Onagawa Bay are compared with the record
of tsunamis obtained at Enoshima which is located about 15km east of
Onagawa harbor.

For five tsunamis of 6 Nov. 1958 (Iturup), 18 Oct. 1963 (Iturup), 28
March 1964 (Alaska), 4 Nov. 1952 (Kamchatka), and 4 March 1952
(Tokachi-oki), the power spectrum was calculated at stations (Miyako,
Enoshima, Onagawa and Onahama), coherence and phase difference being
calculated for station pairs; Enoshima and Onahama, Enoshima and
Miyako, and Onagawa and Onahama, and edge waves are examined on
the basis of the theoretical dispersion curve of phase velocity.

2. Wave form at the mouth of a bay

If the bay is assumed rectangular, and constant depth, the wave
form 7,(t) at the mouth of the bay at time ¢ can be obtained from the
record of the water level variation #(f) at the head of the bay as
follows :

70(t)=1/2{n(t—7)+ 7 (t+7)} (1)

where t is the travel time of waves from the mouth to the head of
the bay.  To derive (1), bay head is considered a perfectly reflecting
wall and the frictional effect in the bay is assumed negligible. If we
approximate t=T/4 where T is the period of the fundamental seiche
in the bay, we can estimate the wave form 7,(t) at the mouth straight-
forwardly by using (1) from the knowledge of the water level variation
7(¢t) at the head of the bay and the seiche period 7.

The application of the above method to some tsunami records obtained
at various tide-gauge stations is given below. Fig. 1 shows the location
of the tsunami observatory at Enoshima and tide-gauge stations at
Miyako, Onagawa, Ayukawa and Onahama.

Onagawa

This is the only place where the estimated wave form at the bay
head can be compared with the observed wave records, since Enoshima
is located near the mouth of the bay. Figs. 2, 3 and 4 show the com-
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Fig. 1. Geographical distribution of the tsunami observatory (Enoshima)
and the tide-gauge stations.
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Fig. 2, The Iturup Tsunami of Nov. 6, 1958. Upper: Disturbance at
Onagawa Bay from which the tide is eliminated. Middle: Observed record at
Enoshima. Lower: Wave form at the mouth of the bay estimated from the
record at the head of the bay.
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Fig. 8. The Iturup Tsunami of Oct. 13, 1963. Upper: Disturbance at
Onagawa Bay from which the tide is eliminated. Middle: Observed record at
Enoshima. Lower: Estimated wave form at the mouth of the bay.
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Fig. 4. The Alaska Tsunami of March 28, 1964. Upper: Disturbance at
Onagawa Bay from which the tide is eliminated. Middle: Observed record at
Enoshima. Lower: Estimated wave form at the mouth of the bay.
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parison between the observed records and the calculated wave forms
in the cases of the Iturup Tsunamis of 1958, 1963 and Alaska Tsunami
of 1964. For the calculation, the records are read at every 2.5 minutes
interval and the seiche period in Onagawa Bay is assumed to be 40
minutes inferred from the data of daily observation.

In these figures, the upper one shows the tide-gauge record at
Onagawa taken by the Magnetic Observatory, Tohoku Univ., from which
the ordinary tide is eliminated, the middle one is the record at Enoshima
Tsunami Station observed by the tsunami recorder, and the lower one
is the wave form estimated at the mouth of the bay from the record
at Onagawa. Comparing the estimated wave form with the observed
record at Enoshima, it may be said that a fairly good agreement is
obtained and that this method would therefore be useful to estimate
the wave form at a bay mouth. The coincidence of the estimated and
the observed arrival time of the first crest shows that the travel time
T is correctly estimated.

Onahama

The coastal line in the vicinity of Onahama is relatively simple.
The tide-gauge is installed within a harbor, in which the proper period
of oscillation is 15 minutes. Fig. 5 shows the records of the tsunamis
of 1958, 1963 (Iturup) and 1964 (Alaska), from which the ordinary tide
was eliminated, and the estimated waves outside the harbor.

Although the caleulated waves still contain short period components,
the wave forms became simpler than the original and we assume these
as tsunami waves on the continental shelf off Onahama.

Avyukawa

The tide-gauge is installed at the head of the bay. The mouth of
the bay faces a channel formed by the islands as shown in Fig. 1.
The seiche period of 8 minutes is predominant in the bay. The upper
figure in Fig. 6 shows the record of the 1958 Iturup Tsunami from
which the ordinary tide was eliminated.

The middle figures in Fig. 6 (symbol A) show the estimated wave
forms at the mouth of the bay for the Iturup Tsunami of 1958. T.
Rikitake® obtained the wave form at the mouth of the bay for the
Urup Tsunami of 1918 (lower figure of A) by means of a different
method. It is clear that the 1918 tsunami was larger than the 1958
tsunami in amplitude, but the wave forms look very similar and contain
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Fig. 5. Different tsunamis at Onahama. Disturbance of bay-water from
which the tide is eliminated and the estimated wave form on the continental
shelf by means of the present method.

components with the proper period of about 20 minutes.
analysis® of the records at Ayukawa for the tsunamis of 1952 (Tokachi-
oki and Kamchatka) also indicated dominant components with the proper
period of 20 minutes. When the mean depth and length of the channel
are assumed to be 30 m and 11km respectively, the seiche period of

5) R. TakauAsI and I. Apa, “‘ Spectra of Several Tsunamis observed on the Coast

of Japan,” Bull. Earthq. Res. Inst., 41 (1863:, 299, (in Japanese).

The spectral
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Fig. 6. Tsunamis of the Iturup (1958) and Urup (Sept. 7, 1918) at Ayukawa.
Upper: Disturbance of bay-water from which the tide is eliminated. Middle
(A): Wave forms estimated at the mouth of the bay. Lower (B): Wave forms
estimated on the continental shelf.

about 20 minutes is obtained. Therefore, it seems that the seiche of
the channel is often excited by tsunamis.

The lower figures in Fig. 6 (symbol B) show the estimated wave
forms of 1918 and 1958 tsunamis outside the channel by taking the
channel seiches of about 20 minutes into account. It can be seen that
the estimated wave pattern of the 1918 tsunami is similar to that of
the 1958 tsunami to a certain extent. For these two cases the tsunami
origins were near to each other.
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As shown in Figs. 2, 3 and 5, the records of the 1958 and 1963
Iturup Tsunamis are very similar in shape, especially in several of the
initial waves. Taking the similarity of the 1918 and 1958 tsunamis into
account, it seems that these tsunamis (1918, 1958 and 1963) were gener-
ated and propagated in a similar manner, namely the source position,
source mechamism and the travel path were similar.

3. Spectral analysis

In cases of five tsunamis, if the estimated wave forms were not
dominantly influenced by the topographic effect in the vicinity of the
respective bay mouth, the coherence and phase difference are calculated
by the Tukey’s method for each of the station pairs (Enoshima and
Onahama, Enoshima and Miyako, and Onagawa and Onahama) beside the
power spectrum. The conditions of analysis are as follows: Time length
of the record is 6.5 hours including the initial wave for which the records
were sampled at every 2.5 minutes interval, so that the total number
of data points is 157 and the lag is taken as 72. The records at
Enoshima are corrected with respect to sensitivity and oscillatory char-
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Fig. 7. Power spectrum of the 1958 Iturup Tsunami at Miyako, Enoshima
and at Onahama (upper). Coherences and phase differences between the simul-
taneous records at Enoshima and Onahama, and at Enoshima and Miyako (lower).
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Fig. 8. Power spectrum of the 1963 Iturup Tsunami at Miyako, Enoshima
and at Onahama (upper). Coherences and phase differences between the simul-
taneous records at Enoshima and Onahama, and at Enoshima and Miyako (lower).
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Fig. 9. Power spectrum of the 1952 Tokachi-oki Tsunami and the 1952
Kamchatka Tsunami at Onagawa and at Onahama (upper). Coherences and
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acteristics of the instrument. At Ona-
hama, Onagawa and Miyako, the calcu-
lated waves at the mouth of the bay
are used. Examples of the waves to be
used are shown in Figs. 2 to 5.

Figs. 7 to 10 show the power
spectrum (upper figure), coherence (middle
figure), and phase difference (lower figure)
for each tsunami. From the result of
the spectral analysis, the peaks of the
spectra for each tsunami show in Table
1. From Table 1, it seems that the
position of the predominant peak of the
tsunami - spectrum move to the low
frequency part as the earthquake
magnitude or the travel time increases.

4. Edge wave

The empirical dispersion curves of
group velocity for the Tturup (1958,
1963)® and Alaska Tsunami (1964) calcu-
lated from the records gﬁbserVed at
Enoshima coincided approximately with
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Fig. 10. Power spectrum of the
1964 Alaska Tsunami at Enoshima
and at Onahama (upper). Coherence
and phase difference between the
simultaneous records at Enoshima and
Onahama (lower).

the theoretical dispersion curve calculated by K. Nakamura for a simple
shelf geometry. Recently I. Aida® caleculated dispersion curves of phase

Table 1. Peaks of the spectra for the tsunami waves

loeation | Eerthquako | Perks of the
1952 March 4 Tokachi-oki ! 8.1 60, 28
1952 Nov. 4 Kamchatka f 8.25 90
1958 Nov. 6 Tturup | 8.2 60, 30
1963 Oct. 13 Tturup ‘ 8.1 50, 33
1964 March 28 Alaska 8.5 120

6) 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.

7) T. Hartori, “On the Alaska Tsunami of March 28, 1964, as Observed along the
Coast of Japan,” Bull. Earthq. Res. Inst., 43 (1965), 399.

8) A1pA, ¢ Water Level Oscillations on the Continental shelf in the Vicinity of
Miyagi-Enoshima,” Bull. Earthq. Res. Inst., 45 (1967), 61.
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velcity of edge waves which are propagated along the continental shelf
in the vicinity of Enoshima. Based on this dispersion curve, the phase
differences  of the fundamental and the second mode edge waves for
station pairs ; Enoshima and Onahama, Enoshima and Miyako, and Onagawa
and Onahama, are calculated and shown with a solid line in the lower
figure in Figs. 7 to 10. The distances D of propagation from Enoshima
to Onahama and to Miyako are taken as 160 km and 140 km respectively.

As shown in the figures, the theoretical curve of the second mode
seems to fit roughly in these observed values, at station pairs of Eno-
shima and Onahama for the Iturup Tsunami, in which the coherence is
0.7 or more. However, for other tsunamis, edge waves are not found
clearly. SRS : :

The phase velocity of a tsunami along ‘thé coast is expressed as
D/t=2rnD|Ta, where T is the period of tsunami and «, the phase differ-
ence. For the Iturup Tsunami of 1958, it is taken as T=60 min
and «=2 rad from Fig. 7. The calculated velocity between Enoshima
and Onahama is 140 m/sec, which corresponds to the velocity of tsunami
propagated in the mean depth of 2000 m, if the wave front is perpen-
dicular to the coast line.

5. Conclusion

Based on the theory of multiple reflection of waves in a bay, wave
form of a tsunami at the mouth of a bay is inferred from the observed
record at the head of a bay.

Spectral peaks at Enoshima and Onahama for the distant tsunami
fall in the bands of periods from 50 to 120 minutes. There seems to
be a tendency that the lower frequency part in the tsunami spectrum
is predominant for a larger earthquake.

The existence of edge waves was examined by comparing the phase
differences for station pairs computed from the cross spectral analysis
and those expected theoretically. However, this expectation was not
so well defined in the present result.

The author wishes to express his sincere thanks to Prof. K. Kajiura
for his guidance. Thanks are also due to Dr. I. Aida for his consent
in making the computer program available.
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