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Abstract

Tsunami sources for the Kanto Earthquake of 1923, and the
Boso-oki Earthquake of 1953 are estimated by means of an inverse
refraction diagram. The former includes the whole of the elevated
region at Miura and Boso Peninsula, the latter being located in the
region which corresponds to the area of aftershock activity.

The estimated source areas of tsunamis which were generated
in the adjacent sea to Japan, are drawn on a bathymetric chart.
The mean slope of the sea bottom in the viecinity of each source
was of the order of 1/100~1/10. Tsunami energy seems to be
affected by the slope of the sea bottom as well as the water depth
at the source.

The amount of the sea bottom deformation was estimated from
the distribution of the inundation height of a tsunami along the
coast. The average vertical displacement in the tsunami source is
calculated by using the tsunami energy and the source area. The
values thus obtained were of the order of several meters for large
earthquakes.

1. Introduction

For the Sanriku Tsunami of 1933, the source area was estimated by
N. Miyabe” by means of an inverse refraction diagram. He found that
the estimated source was very large and could not be approximated by
a point source. Since then, many workers®® have tried by the same
method to estimate the source areas of tsunamis which occurred in
adjacent seas to Japan.

According to K. Iida”, there is a close relationship between the
source area of a tsunami, the area of aftershock activity, and the
earthquake magnitude. He also indicated that there is some relation
between the tsunami magnitude and the water depth at the earthquake
epicenter.” The effect of the bottom slope on the tsunami generation
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was discussed theoretically by K. Nakamura and M. Suzuki.* As for
the amount of vertical displacement of the sea bottom at the time of
earthquake, K. Iida®™ and H. Watanabe'® attempted to estimate the
initial wave height of a tsunami at the source for several tsunamis and
obtained the displacement of the order of several meters.

In the present paper, the author has attempted the followings: 1)
All the estimated source areas of tsunamis including those newly
estimated by the author are compiled on a bathymetric chart to see the
geographic distribution of the source areas in relation to the bottom
topography. 2) The effect of the bottom slope on tsunami generation is
examined, taking the ratio of seismic wave energy to tsunami energy
as a parameter, 3) The correspondence is discussed between the vertical
crustal displacement surveyed on land along the coast, and the initial
wave height of the tsunami estimated at the margin of the tsunami
source, where the initial wave height is calculated by applying the
ordinary refraction and shoaling coefficients to the inundation height.
4) The average vertical displacement of the sea bottom in the source
area is estimated on the basis of the energy consideration, and compared
with the amount of the observed erustal deformation on land.”

2. Source areas of the tsunamis accompanying the
Kanto and Boso-oki Earthquakes

For the Kanto Earthquake of 1923 and the Boso-oki. Earthquake
of 1953, the source areas of tsunamis are estimated by means of
an inverse refraction diagram. For the Kanto Earthquake, inverse
refraction diagrams are drawn as shown in Fig. 1 from eight tide-gauge
stations at Ayukawa, Onahama, Nakaminato, Choshi, Chiba, Tokyo,
Owase and Kushimoto, and from Shimoda where the initial arrival was
observed by eye-witnesses. Wave fronts were drawn at every two
minute intervals, but in Fig. 1 only the final wave front corresponding
to the travel time is shown. A reliable estimate of the area is rather
difficult because the available tide-gauge stations are located at long
distances from the source. However, the estimated area seems reasonable
because the whole of the elevated region in Miura and Boso Peninsula
are included. The linear dimension of the tsunami domain is about 170
km. Fig. 1 also shows the distribution of the maximum inundation
heights in meters.

For the Boso-oki Tsunami of 1953, the source area is obtained as
shown in Fig. 2. The mareograms used are of the following ten stations :
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Ayukawa, Onahama, Nakaminato, Choshi, Mera, Izu-oshima, Ito,
Hachijo Island, Owase and Kushimoto. The initial wave front cor-
responding to the travel time at each station is shown in Fig. 2. The
source area of the tsunami is located in the region which corresponds
to the area of aftershock activity, extending about 160km in an
elongated shape.

3. Topography of the sea bottom in the source area

For twenty-two tsunamis generated in the adjacent sea to Japan,
the estimated source areas are shown on a bathymetric chart (Fig. 3)
in which the numeral at the epicenter of each earthquake is the serial
number in Table 1. Generally speaking, the source areas lie on a
continental slope but some are located in the ocean trench (the Sanriku,
Kamchatka and Iturup Earthquakes) and some are located partly on
land (the Kanto and Oga Earthquakes). It seems that in Fig. 3 large
tsunamis are generated under the deep sea.

Fig. 4 shows examples of the sea bottom topography near the
tsunami source. The major axis of source is divided into ten equal
widths, where an arrow indicates the location of the main shock. The
mean slope of the sea bottom for all tsunamis indicated in Table 1, is
of the order of 1/100~1/10.

To discuss the effect of the slope on tsunami generation, the ratio
of seismic wave energy K, to tsunami energy F, is taken as a parameter.
For most of the tsunamis considered, F,/E, were calculated by K. Iida,™
but the author added new data of E, and E,/E, as shown in Gothic type
in Table 1. These values are calculated by a formula given by R.
Takahasi® as follows: Making use of mareograms, the tsunami energy
is calculated by

E,=mpgVRS, a:T,, (1)
n=1

where o is the density of sea water, R the distance from the source,
V the velocity of tsunami waves at the source, a, the amplitude, T,
the half-period of tsunami waves and N the total number of wave crests

considered. The seismic energy is given by Gutenberg and Richter
(1956) as follows :

log E,=11.8+1.5 M, (2)

where M is the earthquake magnitude.
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Fig. 5. shows the relation between the mean slope of the sea bottom
1 and E,/E,. Though the plotted points are widely scattered, the
tendency is that the larger the slope of the sea bottom, the smaller
becomes the ratio of seismic wave energy to tsunami energy. It may
be added here that K. Iida®® suggested that the greater the earthquake
magnitude, the smaller becomes E,/E,.

4. Sea level disturbances at the margin of tsunami source

On the tsunami due to the Niigata Earthquake,® the distribution of
the inundation heights along the coast near the generating area cor-
responded approximately to that of the observed bottom deformation.
Taking this fact into consideration, for the cases of following tsunamis,
the distribution of the actual deformation of land along the coast is
compared with the estimated sea level disturbances at the margin of
the tsunami source, where wave-heights at the margin of the source
are calculated from the inundation height by applying the refraction
and shoaling coefficients. Since we have little data on the initial wave-
height at the coast, the inundation heights were used in the calculation.

The Tonankai Tsunami of 1944
Fig. 6 shows a refraction diagram, the distribution of inundation
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heights and travel time of wave fronts. The source area of this
tsunami was obtained by S. Omote.? The method of estimating wave
height at the margin of the source is as follows: Wave fronts are
drawn starting from the margin of the source, at every two minute
intervals, but in Fig. 6 only those for every ten minute intervals are
shown. For the calculation of the refraction coefficient, the margin of
the source was divided into ten equal widths, the coast being taken to
be 10 meters deep. For the shoaling coefficient, Green’s formula is
applied.

Fig. 7 shows the distribution of the calculated wave-heights, 7, at
the margin of the source and corresponding land displacement, Z, along
the coast. The inundation height and travel time are shown in the
lower figure of Fig. 7. From Fig. 7, the sea bottom deformation seems
to be simple upheaval,
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Fig. 7. Calculated wave-heights, 5, at the margin of a source and the
corresponding crustal deformation, Z, along the coast, for the Tonankai

Tsunami.

The Nankaido Tsunami of 1946

Fig. 8 shows a refraction diagram, the distribution of inundation

heights and travel time of wave fronts.
was obtained by S. Omote.”
are calculated in like manner.

The source area of this tsunami

Wave-heights at the margin of the source
The distribution of inundation heights
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and land displacement along the coast would depend on the distance
from the tsunami source. Two capes lie in or near the source, however,
and the calculated wave-heights are related to the observed displacements
on land as shown in Fig. 9. From this result, the sea bottom defor-
mation within the tsunami source seems to consist of two regions of
upheaval.

The Tokachi-oki Tsunami of 1952

Fig. 10 shows the refraction diagram. The source area has been
determined accurately by Z. Suzuki and K. Nakamura®, because the
final wave front agrees approximately with the travel time as shown in
Fig. 10. As seen in Fig. 11, the calculated wave-heights are roughly
of a similar pattern as the land level change which was deduced from
the surveys in 1908 and 1952 by the Japan Geographical Survey Institute.
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Fig. 10. Refraction diagram, distribution of the inundation height in m,
and travel time in min, for the Tokachi-oki1 Tsunami.
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The Kanto Earthquake of 1923

At the coast in Sagami Bay, the inundation heights on both the
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eastern and western regions are higher than the central part (Odawara-
Kamakura) as shown in Fig. 1. A broken line in Sagami Bay in Fig. 1
shows the boundary of upheaval and subsidence of the sea bottom, which
was deduced from the data surveyed by the Japan Hydrographic Office.
According to a geological investigation, faults in the sea bottom seem
to lie, approximately, in parallel to this boundary. The distribution of
inundation heights projected on the profile from A to B in Fig. 1, has
two peaks which correspond to the regions of upheaval and subsidence
as shown in Fig. 12. Thus, the distribution of inundation heights in
the source seems to be related to the sea bottom deformation.

5. Estimation of the vertical displacement in a tsunami source

Making use of tsunami energy, E,, which is calculated from tsunami
waves observed by tide-gauges, and the estimated source area of tsunami,
S, the average vertical displacement in the source can be estimated as
follows : The potential energy of the sea level disturbance at the source
is given by

1 e
E‘OQLO dS, (3)

where 7 is the vertical displacement of the water surface at the small
portion dS of the dislocated area. Now, if the sea bottom deformation,
Z, is completed in a short time interval, we may assume Z = 7 and
writing

| as =z,
8
we have

E, =épZ_2S. (4)

Results of calculation of the average vertical displacement of the sea
bottom, 1Z?, in the source are shown in Table 1.

Fig. 138 shows the relation between the average vertical displacement
in the source and the earthquake magnitude. Although the plotted
points are widely scattered, roughly speaking, the average displacement
in the source can be estimated from the figure. The hollow circles in
Fig. 18 show the values computed by K. Iida,”™ who used the data of
aftershock areas instead of the generating areas of tsunamis in (4).



Table 1.

Vertical Displacement in a Tsunami Source Area

List of tsunamis.
S : Area of a tsunami source,

1461

i The mean slope of the sea bottom,

Z . Calculated vertical
displacement in the tsunami source.

i Initial
Date Location M |X1022%ergs (m) Down
1| 1923 Sept. 1| Kanto 7.9 0.16 2790 007‘ 12 1.6 | —1.0~' +
2 | 1928 May 27| Iwate 7.0 0.007 286\0 01 2.310.8 A
311931 Mar. 9 E. Aomori | 7.0 0.002 1000\0 01 0.4]1.0 +
4| 1933 Mar. 3 Sanriku 8.3 15~18 11}0 032 57 7é§2~ +
5 | 1933 June 19 Miyagi 7.1} 0.007 3600. 012 3.8/ 0.6 +
6 | 1935 Oct. 13 Iwate 7.2 0.04 100\0 012‘ 7.410.3 +
711938 May 23 Ibaraki 7.1‘ 0.06 470 017 4.8(0.5 +
8 | 1938 Nov. 5 Ibaraki 7.70.25 so‘o 021‘ 8.8 | 2.4 +
9 | 1938 Nov. 5| Ibaraki 7.6“ 0.074 90.0'015i 7.4)1.4 +
10 | 1938 Nov. 6 Fukushima |7 5 0.027 470.013 7.0 0.9 -
11 | 1938 Nov. 7 Fukushima | 7.1 0.06 42‘0 017~ 8.5 0.4 +
12 | 1938 Nov. 14/ Fukushima 7.0i 0.047 430 014~ 1.6 | 2.4 +
13 | 1938 Nov. 22 Fukushima | 6.7 0.04 18‘0 019, 3.1|1.6 -
14 | 1939 May 1] Oga 6.7 0.0004 1500:0 006‘ 0.60.4 | +0.4 +
15 | 1940 Aug. 2 W. Hokkaido| 7.5 0.03 3300. 023~ 16 0.6 +
16 | 1944 Dec. 7| Tonankai 8.0 7.9~8.8 16~0 031 14 10.7~ —0.6 +
17 | 1946 Dec. 21 Nankaido | 8.1 7.2~8.0 22l0 036 46 51%3 —0.6~| +
18 | 1952 Mar. 4 Tokachi-oki | 8.1 3 \o 02| 3.7 12(.55'50 +3r 5" +
19 | 1952 Nov. 4| Kamchatka | 8.2/ 14~15 17‘0 058 60 6.9~ +
20 | 1953 Nov. 26 Boso-oki 7.5 0.14~0.7 16‘0.025 10 17%1~ +
21 | 1960 May 22 Chile 8.5 80~75 | —| — 138 5?%21 —2~+2  +
22 | 1960 Feb. 27 Fiuganada | 7.2 0.007 4280.01 1.6 018 +
23 | 1963 Oct. 13| Iturup 7.9 1.2 42'0.034 42 |23 +
24 | 1964 May 7 W. Aomori | 6.9 0.003 600~0.02 3 |05 +
25 | 1964 June 16| Niigata 7.4 0.2 50.\0.009 2.7 8.9 |—4~+5%  +

*  Aftershock area
**  Sea bottom deformation.
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Fig. 13. Relation between the vertical displacement in the source
and the earthquake magnitude.

The calculated displacements are compared with the observed
maximum crustal deformation in Table 1. In cases of Kanto, Oga and
Niigata Earthquakes for which the tsunami sources are close to ‘the
coast calculated values are approximately the same as the actual vertical
displacement on land or the sea bottom.

The initial motion of the tsunami waves is mostly an up-wave except
for a few cases in which leading waves begin with a down motion (Table
1), suggesting that the upward displacement of the bottom is more
frequent than the downward displacement.

6. Conclusion

The source areas of tsunamis are shown on a bathymetric chart.
The source areas are mostly located on the continental slope with the
major axis of a source area along the contour line, but some are on the
shelf or in the deep trench.

Tsunami energy seems to be affected by the slope of the sea bottom
as well as by the water depth in the source, i.e. the energy of tsunami
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generated in shallow water, for which the crustal deformation is partly
on land, is relatively small for a given magnitude of the earthquake as
experienced at the time of the Kanto and Oga Earthquakes.

From the distribution of the inundation heights near a tsunami
source, a profile of the sea bottom deformation can be, roughly speaking,
estimated. The average vertical displacement in a tsunami source
estimated by using the tsunami energy and the source area is of the
order of several meters for large tsunamis,

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