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1. Introduction

On the problem of directivity of tsunami, T. Matuzawa®, S. Yamaguti®,
Z. Suzuki et al?, and H. Miyoshi® discussed the cases of the 1933 Sanriku
tsunami and the one off Tokachi in 1952. On the other hand, N. Miyabe®
and S. Omote® have shown that the generating area of a tsunami should
be considered a broad area. K. Iida” obtained a relation between the
linear dimension of a tsunami domain and the earthquake magnitude,
and has suggested the identity of the origin area of tsunami and the
after-shock area. Also, T. Hirono® has suggested that the epicenter of
main-shock is at a corner of the origin area of tsunami.

Recent investigations of after-shocks and the propagation of tsunami
waves have revealed the fact that most of the tsunami generating areas
seem to be strongly elliptic in shape. T. Momoi®***? discussed theoreti-
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Table 1. List of tsunamis. L: A linear dimension of tsunami domain.
a: Length of the major axis of an after-shock area, b:
Length of the minor axis of an after-shock area.
Ebicénter' T 7‘ | ; -
No. Date Latiturge Loggitude Location P M # L km; a km blg
1 | Mar. 38,1933 | 39.1 144.7 Sanriku 1 8.3 1600 | 280 ' 0.65
2 | Oct. 13, 1935 40.0 143.6 Off Miyako ’ 7.2 [100 | 75 @ 0.78
3 | May 23, 1938 | 36.7 141.4 Off Shioya 7.1 1 90 120 | 0.68
4 | Nov. 5, 1938 i 37.1 141.65 Off Fukushima 7.7 120 | 120 10.73
5  Dec. 7,194 337 136.2 Tonankai 8.0 200 1160 | 0.36
6 | Mar. 4, 1952 ! 42.15 143.85 Off Tokachi 8.1 120 | 200 0.54
7 | Nov. 4, 1952 | 52 162 Kamchatka 8.2 | 830  0.34
8 | Nov. 26, 1953 | 34.3 141.8 Off Boso (7.5 100 | 0.39
9 Nov. 7,198 |  44.0 148.7 Iturup 8.0 190 0.7
10 | May 24, 1960 ! 38 s 73.5W Chile 8.4 880 1 0.23
11 Feb. 27, 1961 } 31.6 131.85 Hiuganada 7.2 . 80 | 70 0.52
12 . Mar. 9, 1931 41.2 142.5 | Off Hachinohe |7.6 | 50 | 70 |0.68
13 Nov. 2, 1931 32.2 1321 | Hiuganada 6.6 40 | 0.54
14 Oct. 18, 1935 40.3  144.2 | Off Miyako 7.1 50 | 0.64
15 ' Nov. 3, 1936 38.2  142.2 | Off Kinkazan 7.7 | 90 | 80 |0.65
16  May 1, 1939 39.95 139.8 | Oga Pen. 6.7 | 40 | 40 | 0.67
17 Nov. 19, 1941 32.6 132.1 { Hiuganada 7.4 50 | 0.50
18 ' Jun. 13, 1934 41.1  142.7 ! Off Hachinohe | 7.1 90 : 0.58
19 ' Jan. 13, 1945 34.7 137.2 ! Mikawa Bay 7.1 50 | 0.69
20 ' Feb. 10, 1945 40.9 142.1 Off Hachinohe | 7.3 150 | 0.53
21 Dec. 21, 1946 33.0 135.6 Nankaido 8.1 | 350
22 . Nov. 4, 1947 43.8  141.0 Off Rumoe 7.0 | 80 | 0.65
cally some problems of tsunami generation from an elliptic origin. R.

Takahasi and T. Hatori® carried out a model experiment on the tsunami
generation from an elliptic origin.
In this paper, it is assumed that tsunami waves are generated from

the after-shock area.

Directivities of wave-height, period and energy

are examined for 11 tsunamis that occurred off the coasts of Japan,
Iturup, Kamchatka and Chile as shown in Table 1.

12) 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)
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2. The relation between the generating area
of tsunami and the after-shock area

As to the tsunamis which occurred in the adjacent sea of Japan, the
linear dimension of the tsunami domain L, obtained with the aid of the
inverse refraction diagram is roughly proportional to the domain of an
after-shock a as shown in Fig. 1 except for the 1933 Sanriku tsunami.
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Fig. 1. The relation between ¢ and L. @«: Length of the
major axis of an after-shock area. L: A linear dimension of
tsunami domain.

However, these relationships involve many problems when the linear
dimension of an after-shock area is much larger than, say, 900 Km, or
the after-shocks are distributed widely on Jand. The 1952 Kamchatka
earthquake and the 1960 Chilean earthquake are examples of the former

case and the 1923 Kanto earthquake and the 1946 Nankaido earthquake
are examples of the latter.

3. Form of the after-shock area

The so-called after-shock area which covers the epicenters of after-
shocks seems to be roughly elliptic in shape, although the precision is
limited by the accuracy of observation. T. Utsu and A. Seki® obtained

13) T. UTsu and A. SEKI, “ A Relation between the Area of After-shock Region and
the Energy of Main-shock,” Journ. Seismol. Soc. Japan, [ii], 7 (1955), 233, (in Japanese).
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Fig. 2. The relation between ratio of elliptic axes of an after-
shock area and earthquake magnitude.

a relation between the after-shock area and the earthquake magnitude.

The after-shock areas of tsunami-generating earthquakes, assumed
to be elliptic in shape, are shown in Table 1, where a and b denote the
major and the minor axes of the after-shock area. As shown in Fig. 2
we find that in general the relationship between axis ratio of ellipse
b/a and the earthquake magnitude is

bla=AM+B .
Numerical values of the constants A and B obtained graphically are
A=—(0.13~0.28), B=1.69~2.56 .

The after-shock area appears to become strongly elliptical when the
earthquake magnitude increases. R. Takahasi and T. Hatori'¥ found a
relation between the after-shock area and the linear dimension of tsunami
domain, provided that the origin area of tsunami is assumed to be equal
to the after-shock area. For b/a=1, the earthquake magnitude becomes
5.5 from the above equation. K. Iida” noticed that the earthquake
magnitude 6.4 is the limiting magnitude below which tsunami does not
occur as far as the Japanese data is concerned. In this case the shape
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of the after-shock area will be roughly circular.

4. Wave-height

The area of after-shock corresponds approximately to that of crustal
deformation. The original area of a tsunami corresponds to the area
of crustal deformation. Thus, tsunami waves must be generated from
an after-shock area. The distributions of wave-heights near the coast
of tsunami origin are examined for 11 tsunamis.”” ®® The data of the
after-shock has been extracted from the reports of the Japan Meteoro-
logical Agency, and U.S. Coast and Geodetic Survey. Figs. 3 to 13

14) R. TAKAHASI and T. HATORI, “On the Tsunami which accompanied the Hiuga-
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Mar. 3, 1933
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Fig. 3. The after-shock area, the distribution of inundation heights in m and periods
in min, for the tsunami of Mar. 3, 1933.
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Dec. 7, 1944
350 h //7
Tsuol 1.0 Morozaki
Matsuzaka ) (32) ,
(10) *
Yoshizu
Nishikimacllip
Nagoshima%.os.o e
Owase 2 st17) <
R Kuki 7.0/
4 . Atashika, 9 &

33°

o

136° 137
km

0 : 50 . l(?O
L !

Fig. 7. The after-shock area, the distribution of inundation heights in m and periods
in min, for the tsunami of Dec. 7, 1944.
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Fig. 8. The after-shock area, the distribution of inundation heights in m and periods
in min, for the tsunami of Mar. 4, 1952.
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Fig. 9. The after-shock area, the distribution of inundation heights lin m, for the
tsunami of Nov. 4, 1952.
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Nov. 7, 1958
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Fig. 11. The after-shock area, the distribution of inundation heights in m and periods
in min, for the tsunami of Nov. 7, 1958.
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Fig. 12. The after-shock area, the distribution of inundation
heights in m and periods in min, for the tsunami of May 24,

1960.
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Fig. 13. The after-shock area, the distribution of wave-heights
in cm and periods in min, for the tsunami of Feb. 27, 1961.

show after-shock area, the distribution of wave-heights and periods of
these tsunamis. In the figures, the symbol (& shows the location of the
epicenter of the main shock. The epicenter seems to be located at a
corner of the after-shock area. '

Fig. 14 shows the variation of relative wave-heights with respect
to the direction 6. ¢ is divided into multiples of ten degrees with the
origin at the center of the after-shock area, and the angle is measured
counter clockwise from the major axis as shown in Figs. 3 to 13.
Tsunami waves are assumed to start from the elliptic margin of the
source. Although the wave-height of a tsunami is expected to be
affected by various factors, such as refraction, diffraction and reflection
by the bottom irregularities, and also by the form of a bay, the wave-
heights in the direction of the minor axis, as a rule, appear to be higher
than those in the direction of the major axis of an after-shock area.

Fig. 15 shows the relation between the ratio of elliptic axes of an
after-shock area b/a and the ratio of wave-heights H,/H,, where H, is
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Fig. 14. The variation of relative wave-heights with respect to the direction 4.
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H, the wave-height in the di-
He rection of the major axis and
10 H, is the wave-height in the

direction of the minor axis of
8l an after-shock area. The wave-
height ratio seems to increase
with the increase of ellipticity
6L of the origin area. T.Momoi”
obtained this relationship the-
oretically for the case of
4r . L3 instantaneously and uniformly
° , elevated elliptic wave origin.

2L S ° 3 2 The formula is as follows:

" H,JH,=ajb .

% e o& 06 o5 1o From a model experiment by
/a R. Takahasi and T. Hatori®

Fig. 15. The relation between the ratio of 4 similar result is also ob-

elliptic axes of an after-shock area and that of . . . .
wave-heights. a: Length of the major axis at the tained for the origin with an
origin. elliptic margin, the ratio of
elliptic axes being one-third.
For a circular area of the after-shock, it seems that no directivity of
wave-height appears. On the other hand, tsunami accompaning great
earthquakes have shown a conspicuous directivity and the ratio may

reach one-fourth.

5. Period

The periods of tsunami waves have been treated in a similar way.
Data of period is of those observed near the coast of after-shock area.
Of course, seiches in a bay excited by tsunamis have been eliminated.
Fig. 16 shows the variation of relative periods with respect to the
direction . Periods for the 1952 Kamchatka and the 1960 Chile were
read from tide-gauge records on various islands of the Pacific Ocean.
The direction @ at the origin is obtained from the refraction diagram.
Periods at various locations are shown in Table 2.

The period T, in the direction of the major axis of an after-shock
area is longer than 7, in the direction of the minor axis as shown in
Fig. 17. Although the plots of the relation between T,/T, and b/a are
scattered as shown in Fig. 17, roughly speaking, a proportional relation-
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Table 2. Periods of tsunamis ™
B s To
g |
< 10 -
8 Lol
Locality | 85 | Locality @ K2
v i
M ! 08 -
min | min
Kushiro 56 | Callao - 60
Hachinohe | 55 } LaLibertad 38 o6 L
Onahama | 55 |Galapagos I. 27 ‘
Adak 45 | San Lose - 34
Honolulu 37 | San Diago - 56 04
Hilo 20  Honolulu = 32
Midway 1. | 13 | Hilo L34
Wake I. 14 | JohnstonI.: 51 ozl
Christmas .. 35 ,
Canton I. 28 J
' { '
— Pago Pago 22 0O 32 04 06 cls b/ lro
a

Fig. 17. The relation between the ratio of
elliptic axes of an after-shock area and that of
period. Broken line: Takahasi and Hatori's
experiment.

ship may be discerned. In Fig. 17, the broken line indicates the value
of an experiment by R. Takahasi and T. Hatori. The difference in
periods in the major and minor axes becomes large when an after-shock

area is strongly elliptical.

6. Energy

The energy of tsunami which is originally emitted in the direction
of the major or minor axes of the origin can be calculated by taking
into consideration the distance from the origin. In Table 3, R, and R,
are distances from the elliptic margin of the after-shock area in the
direction of the major and minor axes respectively. Ratio of energy in
both directions may be expressed as follows:

E=<H)_T_ R,

E, \H,/ T, R, »

where the suffixes ¢ and b indicate directions of the major and minor
axes of the origin respectively. Fig. 18 shows the relationship between
E,JE, and bja. In this figure it seems that the directivity of energy
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Table 3. Ratios of period, wave-height, distance and energy in
the direction of the major and minor axes of the origin

No. Date T/ Ta Hy/H, Ru/Ra Ey/Eq
1 Mar. 3, 1933 0.36 3.5 1.00 4.4 ]
2 Oct. 13, 1935 1.00 1.6 0.16 1.6
3 May 23, 1938 0.70 2.0 0.25 0.7
4 Nov. 5, 1938 0.80 2.5 0.42 2.1
5 Dec. 7, 1944 0.47 3.0 0.50 2.1
6 Mar. 4, 1952 0.51 3.0 1.00 4.6
7 Nov. 4, 1952 0.33 4.0 1.00 5.3
8 Nov. 26,.1953 0.33 2.5 0.57 1.2
9 Nov. 7, 1958 0.57 3.6 0.30 2.2
10 May 24, 1960 0.36 4.2 1.00 - 6.2
11 Feb. 27, 1961 0.82 1.7 0.29 0.7

Eb
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Fig. 18. The relation between the 2| °© % 2
ratio of elliptic axes of an after-shock 8 | ©
area and the ratio of energy. o 03

Fig. 19. The relation
between the earthquake
magnitude and the ratio of

energy.
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increases when the after-shock area becomes strongly elliptical.

Next, the relationship between the earthquake magnitude and the
directivity of energy was examined. As shown in Fig. 19, directivity
of energy would not appear for the earthquake magnitude 7.2 or less,
but it may become two to six for the earthquake magnitude 8 to 8.3.

7. Conclusion

On the assumption that tsunami waves are generated from the
after-shock area, the directivity of tsunamis has been discussed on the
basis of the observed data. The form of a tsunami source in relation
to an after-shock area is a question to be answered on the basis of
observations to be made in the near future. The directivity of tsunamis
seems to exist for a great earthquake accompanied by tsunami.

In conclusion, the author thanks Prof. R. Takahasi for his guidance
and encouragement in the carrying out of this study. His thanks are
also due to Assist. Prof. K. Kajiura for his valuable help and advice
in the preparation of the manuscript.
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oA AERELTE, chECEa0RiIox, o, Z0RINRSHS, 2Tk Table
1. 2RI AR O T, I RTHINLFAETH L REL, REBGEHEOBENOHIR X
VAo AT (Fig. 3~13) b iR E 555 Lz,

BT A RO R DT EHEIR, WhDA A0S XA TH Y, TORBERED
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o BREBROEESH, bRERFALERLT, Zhboi#fit Table 3 l27id, OAEROW
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