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1. Introduction

The Chilean Tsunami of May 24, 1960 which invaded Amami-Oshima
in the southern part of Japan caused very high waves in the central
and the northern part of the island. .

In this paper we have explained these extra-ordinarily high waves
by use of a refraction diagram and the results of some numerical compu-
tations.

2. Refraction Diagram around the Island

Contours are drawn every two hundred meters on the bathymetric

Fig. 1. Refraction diagram in the adjacent sea of Amami-Oshima.



36 T. MoMmoI

chart published by the Japanese Hydrographic Office. We draw fronts
of the tsunami on the basis of Heugens’ principle, supposing that the
front of the tsunami at a depth of one thousand three hundred meters
is nearly straight and travels with a velocity of long wave —V/ gH
(9: the acceleration of gravity, H: the depth of the sea). Whenever a
criss-cross appears we cut off the waves behind the frontal wave.
Figure 1 represents a refraction diagram which we obtain in this way.

3. Diffraction around the Island

For convenience of mathematical treatment we represented the
island by a plate model AB (Fig. 1).

Referring to Fig. 2, a plane wave in
water travels toward the origin from the
lower side and impinges at an angle 6 on a
plate-shaped island with the axis Z’0Z, normal
to the plane of the paper. The island is
immobile and non-absorbent. Its presence
causes the wave to be fragmented.

The two-dimensional wave equation is
(the case of vibration)

o* |, 0 2
= 4 ———+]\3'>:=0 , 1
. <6>x2—r6y2 ' (1)

where ¢ is the elevation of water from the undisturbed free surface,
k,=wlc, and ¢ is the velocity of long wave in water or V/ gH .

We have two boundary conditions. The first boundary condition is
that the sum of the fluxes of the incident and scattered waves vanishes
at the surface of the plate. If ¢, and ¢ are the elevations of the
incident and the scattered waves, we must have

0% :2> =
+—=2] =0. 2
(5 %) ®

The second boundary condition is
£,—0 when é—+4o , (3)

since the influence of the plate-shape island is nil at infinity.
The equation (1) and the conditions (2), (3) are identical in form
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with those in the case of the sound wave”. Using the result of the
sound wave, the elevation (¢,-,) of water at the surface of the plate is
given as follows:

Ce=0=(L)e=0t+(£:)e=0 ; ' ' (4)
. ‘o (2n) :
(Cl fo= ze—zwtconzz‘lo|:Ao Cez;(v)ce2n(0)
Cem(‘z‘”: Q)
_ ikAi“*”cean(?y)cemﬂ(0) . (5)
winlina) |
2

(Cemo=2e-0 ] S | BTG CYan 11(0)5C0n:1(1)SC2011 (6)
Lo N§2;1(0)862n+1(%ﬂ? Q)

— th B G ey, 15(0)5€5,45 (9)s€sn+s (0)} . (6)

N#L(O)SG;,LH(—;—#, Q)

q=k* APV, A@rv, BEwd B end gre the coefficients of the first terms
in Fourier expressions of the Mathieu functions ce.,(f, q), ces,+:(0, q),
8€5,41(0, @), S€y,+2(0, @) respectively, i.e.,

ce,, (0, @)= i AP cos 2r0
=0

Clsmin(0, @)= 3, AZY cos (2r+1)0

. rj) ' : L ( 7 )

8€412(0, @)= S, BEY sin (2r+1)8
r=0

oo

S€y,1a(0, @)= X B4 sin (2r +-2)6

r=0

The first derivatives of the Mathieu functions in (5) and (6) are
given from (7) as follows:-

Chin( 210)= 35 (— 1) @r-+1)- Ay l

L L®
s F0)=5, (-1 ra2) B |

1) N.W. MCLACHLAN, Theory and Application of Mathieu Functions (Oxford, 1951),
362.
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The modified Mathieu functions Gey,,..(Z), Nel) . (Z), GeYsn+:(Z) and
Ne®)..(Z) have several kinds of expression in series. Since the values
of the derivatives of these functions at zero point are dealt (refer to
(5) and (6)), we must use the series of the Bessel function product which
are uniformly and absolutely convergent in complex variable at such a
critical point and hence these series can be differentiated term by term.
Other series of single Bessel function are convergent at zero point, but
not always “uniformly” convergent. Hence term-by-term differenti-
ation of such non-product series is not guaranteed.

The Bessel function product series for Gey....(Z, @), GeY.,(Z, q),
Ne..(Z, q) and Ne,,..(Z, q) are given by McLACHLANY as follows:-

GeYonii(Z, @)= (S2nna] BI"77)+
5_.( 1Y B[ (0) Y on(0) — iy (0) Yo (0)]
GeYonislZ, 4)=—(sunsal BE™):
S BEP L))~ T, ) Y, )]

NeWo(Z, @)= (8n BE™)- (9)
Z( 1B [ () H () — I (v) H(v:)]
Ne$io(Z, @)= —(S2asa/ B"77)-
S (D BRI H )~ I w) B ()]
where v,=ke* and v,=ke*".
After some calculation the above expressions (9) become
Getor (0, ) _ S\~ VB,
Newslooa) - S-1yBimre,
=0
(10)

GeYsna(0, @) _ Z( 1B R,

Nej)/-(0, q) Z(_l)rBz(SrSc) T,

where
P,=J,1)-Y,.(1)—J,-,(1)- Y.(1),

2) N.W. MCLACHLAN, Theory and Application of Mathiew Functions (Oxford, 1951),
247 and 251.



The Chilean Tsunami of May 24, 1960 at Amami-Oshima 39
Qr=—;-[——J,_1(1>-H;21(1>—Jr(1)-H::'eza)

D) HE(1) — (1) H (1)
+20J,(1)- H, (1) 4+, (DHELWH

R,=J (1) Y, D~ T, D V,(1) ,

Tl (D)= T} HE(D)

+J,(1) - {H4(1) — H2 (1)}
AT (D) = (D} H, Y (1)
— (1) - {H2(1) — H2L(DY

The values of the Mathieu functions ce,.(7), ce..(0), ce.(=/2, q),
Clon+1(7)s Cln11(0), 5€2,41(7)s 5€2,41(0), S€s12(7), S€sn42(0), S€3,1.(n/2, ¢) and
the coefficients of the first terms of the Mathieu functions {ce,,(7),
C3,41(7), S€3,:1(7), 8€s,:5(7)} in Fourier expressions—AF™, AP, PB@ntd,
Bt are given in a table by Ince?.

In order to see the nature of diffraction of the Chilean Tsunami
around the island of Amami-Oshima, we have considered the following
model:-

(1) Amami-Oshima is replaced by a plate with length 60 Km (=2h)
and (2) the depth of the sea is everywhere 200 m (=H).

Then the Chilean Tsunami of 1960 may be considered to impinge on
the island at the angle of §=130° (refer to Fig. 1).

When the depth of the sea is 200m, the velocity of long wave (c)
becomes 44.27 mfs (=VgH; 9=9.8m/s?). The marigram recorded at
Kikaigashima near Amami-Oshima shows that the period of the Chilean
‘Tsunami of 1960 is about 35 minutes?. Therefore, the wave-length (1)
of the invading tsunami is 94.248 Km (=cT; ¢=44.24 m/s, T=385 min.).
Thus the value of ¢ contained in the Mathieu and the modified Mathieu
functions becomes 1(=£k*=(k,h/2)*=(wh/2¢)*=(zh|2)*; h=80Km, 1=94.248
Km).

Substituting ¢=1 and §=130° in (4), (5), (6), (7) (8), (9), and (10),

3) E.L. INCE, “Tables of the Elliptic-cylinder Functions”, Proc. Roy. Soc. Edinb.,
52 (1931-32), 355.

4) Report on the Chilean Tsunami of May 24, 1960, as observed along the Coast of
Japan, 393.



40 T. Momol

and using Ince’s Table® and the Table of Bessel Function®, the expres-
sions (5) and (6) are reduced to simple forms given below:-

(©)emo=2672C1- S UL () + V irclsnis(] (1)
(€Demo=207C0- S U 80 01()+ Vs sa)] (12)

where Uy, V&, UL, V&, (n=0,1, 2) are tabulated in Table I.

Table I. The values of US, V&, UL, and V...

n v | V8a Ui | Vies

0 +0.47749 —1-0.51932 | —0.48086+ i -0.09215 | 40.31861+ i -0.07100
1 —0.03466 . —1i-0.03298 +0.00023— i -0.02861 | 4-0.00116+ i -0.00000
2 —0.00522 + i -0.00023 [ 4-0.00000— i -0.00048 | —0.00004+ i -0.00000

Table II. The relative amplitude [£{/¢, around the plate.

o : x=h - cos 77 (km)

7 i (the upper side of the plate) I€1/¢o
0° +30.000 : +1.00000
20° +28.191 ; +0.97930
40° ; +22.981 | +0.91324
60° i +15.000 ! +0.65344
80° g + 5.210 +0.19059
90° 1 0 +0.27384
100° ) — 5.210 +0.52718
120° —15.000 +0.87304
140° —22.981 +0.93906
150° —25.981 +0.91074
160° —28.191 +0.88746
180° —30.000 +1.00000
° z=h + cosy (km) .

7 (the lower side of the plate) | I€1/¢o
360° +30.000 , +1.00000
340° +28.191 | +1.0382
320° +22.981 ) +1.1162
300° +15.000 ' +1.3595
280° + 5.210 ! +1.8511

5 E.L. INCE, loc. cit., 3).
6) G.N. WATSON, Theory of Bessel Functions (Cambridge, 1922).
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At the surface of the plate the relation between the Cartesian and
the elliptic coordinates, x="h-cosh ¢-cos» and y=h-sinh &-sin 7, becomes

x=h-cosy @2r>9=0) ) o

y=0 .

so that byAuse of (11); (12), (13) and Ince’s Table” the resultant ele-
vation of water at the surface of the plate —(4)— is known. The
result of the numerical computation is given in Table II, whose graphs
are shown in Figs. 8 and 4. For convenience of expression “relative
amplitude”, Which'is defined by |¢|/¢,, is introduced.
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4, Explanation of the Chilean Tsunami at' Amami-Oshima.

4.1. The northern part of the island (Yo and Kasari).
- From the refraction diagram (Fig. 1) we can expect high waves in

7) E.L. INCE, loc. cit., 3).
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the northern part of the island. Actually the inundation height of the
Chilean Tsunami of 1960 observed in the northern part of Amami-Oshima
was remarkably higher than in the southern part of the island and
nearby islands (Fig. 5).%

4.2. The eastside of the central part of the island (Kominato and
Shiro).

The refraction diagram (Fig. 1) shows that the waves diverge in
this part, while in the southern part of the island the wave front runs
parallel to the coastline and the wave height of the Chilean Tsunami of
1960 was about 2.7m. Hence we cannot expect such high waves as
4.0m in the central part of the island on the occasion of the Chilean
Tsunami. A possible explanation for this phenomenon may be the flowing
(or diffracting) of the waves along the plate, which is shown in Fig. 3.

4.3. The northwestern part of the island (Kise and Naze).

The wave heights at Yo and Kasari in the most northern part are
twice that of the incident wave by reflection so the amplitude of the
incident wave is about 2.3 m. Therefore, from Fig. 4 the expected wave
heights at Kise and Naze are 2.07m (=2.3x0.9m) and 0.46 m (=2.83x
0.2m) respectively, which cannot explain the extra-ordinarily high waves
3.1m (at Kise) and 3.35~4.0m (at Naze) of the Chilean Tsunami. Also
the refraction diagram (Fig. 1) does not show any convergence of the
waves. Thus we may conclude that the high waves at Kise and Naze
may be attributed to the seiches of each bay or that the model of the
plate must be modified to a more suitable one. These considerations
will be made in the near future.
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