4. Abnormally High Waves, or “ Tunami,” on the Coast
of Sanriku in Japan, on March 3, 1933.

By Seiti YAMAGUTI,

Earthquake Research Institute.

(Read May 20, 1933.—Received Nov. 20, 1933.)

Introduction.

On March 3, 1938, a train of abnormally high waves, or “ Tunami,”
swept and wrought much havoc on the shores of Sanriku. The waves
were over 20 metres in maximum height, undoubtedly generated by the
“ conspicuous ” earthquake, of which the epicentre is determined at
A=144°6 E, ¢ =89-°2 N, near the Japan Trench in the Pacific Ocean,
by the Central Meteorological Observatory, and at A=144°0E, =382 N,
by the Earthquake Research Institute, Tokyo Imperial University,
respectively.

It was first considered that we may be able to find a clue for
explaining the especially frequent occurrence of the damage of H“Tunami”
in these coasts from ancient time, if we investigate the statistical character
of the periods of secondary undulations of bays along these coasts. The
calculation was made of the periods for 45 bays, including the small
bays in the open coast, among which the periods of about 10 bays were
already calculated by Prof. Honda, Prof. Terada and others.”

Next, the relations between the heights of sea-waves and the con-
figurations of bays, were investigated.

The data for the heights of sea-waves, were kindly placed at my
disposal by Messrs. N. Nasu, R. Takahasi and others, members of the
Farthquake Research Institute, and also by the Authorities of the Central
Meteorological Observatory, as well as of the Public Works, Home Depart-
ment.

For comparison’s sake, the heights of sea-waves on June 15, 1896,
were taken from the Reports of the Imperial Earthquake Investigation
Committee, No. IT (1896), and similarly investigated.

1) Journ. Coll, Sci., Tokyo, 24 (1908).
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Method of Investigation and Results.

1. Frequencies of Periods of Secondary Undulations.

We have calculated the periods of all the possible mode of second-
ary undulations of all conspicuous bays in the coast of Sanriku, of
which situations, shapes and sizes are given in the annexed maps, Fig. 1,

applying the ordinary formula, T:Vji'

, where [ iz the length of
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the bay, ks, the mean depth, and g, the acceleration due to gravity, and
the frequency of periods falling in successive 5 minutes intervals, was
counted and plotted as ordinate, the minutes of the intervals being taken
as abscissa, as shown in Fig. 2a.

A remarkable maximum of frequencies of periods takes place at
the intervals between 20 and 25 minutes, and a second maximum,
between 5 and 10 minutes respectively. This seems to show that there
is a characteristic arrangement of many bays with nearly equal periods.
This fact may be considered as a hint for the explanation of unusual
frequency in these districts of the damages due to “Tunami”. It may
be supposed that these bays are tuned for resonance with the proper
periods of the sea-waves advancing from the epicentre in the ocean.

If we take also the small

bays in the open coast together, ¥l (!
the second maximum shown in %g
the above figure (a), becomes very s

4

remarkable of which the period
is nearly the thirds of the longer, 2 \ﬁ\__
as shown in Fig‘. 2 0. 10 20 30 40 50 Mminedes
This latter fact may be ex-
plained, if we assume that there
is a structural unit in the topo-
graphical feature of the surface
crust, i.e., if the period of secon-
dary undulation be chiefly deter-
mined by the length of bay, the o
square root of the mean depth

%)

10 20 30 40 50 Iireales

being nearly equal, the length of
bay wmay be said to be either
equal to or three times as that
of this unit.

Fig. 2. Frequency of the periods of
secondary undulations of bays in
the coast of Sanriku.
() Conspicuous bays only.
() Including also the small bays in
the open coast.

2. Relations between the Heights of Sea-waves and the Configura-

tions of Bays.

If we assume the period, 7, of secondary undulation be constant,
then the relation between the mean depth and the length of bay will

be expressed by the parabola, I*

1

ghm=khn. An vy-diagram was

constructed with %, and [ as ordinate and abscissa respectively, and

p %3

~
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every bay was plotted on this diagram as shown in Fig. 3, a, b and ¢,
in which the arrow shows the direction perpendicular to the mouth of bay
and the affixed number with bracket shows the mean height of sea-waves
in metres, observed at several stations about the end of each bay, cor-
rected for the distance from the epicentre, assuming that the height of
sea-wave is inversely proportional to the square root of the distance, for
which the distance to the bay of Yamada, the nearest station, 226 km.,
was taken as unity. The npumber without bracket in Fig. 8, 4, 5, 6,
shows the stations, which are shown in Table I.

The bays, in which the sea-waves reached over 10 metres are dis-
tinguished by the marks @, and those which had the height of sea-waves
less than 5 métres, by A. Moreover, the height of sea-wave, of which
the reliability is comparatively great, as judged from the agreement of

(7 7)41 %g,f
(3 1)

Ny a5
@8 27_I
)

1 2 3 p! ; ¢ X 3 9 10 71 72
v Length in km.
Fig:.8 a. Wave helght given by Earthquake Resefn'ch Inst1tute

N-direction is taken upward.
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the values by different authorities, is distinguished by @, © or A.

In these diagrams, we can draw approximately a boundary curve
separating the bays with sea-waves over 10 metres, which seems to run
across the curves of 7T'=constant. Also another boundary curve may
be drawn between the bays with above and below 5 metres of  Tunami.”

It may be said that abnormally high waves such as over 10 metres
generally take place in deeper bays, and comparatively low waves such
as less than 5 metres, are frequent in shallower bays.

The fact that both the cases of “ Tunami” in 1933 (Fig. 8, a, 1)
and in 1896 (Fig. 3, ¢), have given the similar results, might have some
definite meaning to be still investigated.

Tﬁ]o "I{,,“):d‘

(5.6, 13

AN
[ Lo/ 338 /1‘?\
7 S6:8).4

3 10 11 72
L(:Ilj,z/l— in km.

Fig. 83b. Wave height, given by Central Meteorological Observatory.
N-direction is taken upward.

By all means, the depth of bay is an important factor governing
the height of sea-wave. This is not, however, the sole factor to be con-
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sidered, but the period of oscillation of bay must be taken as another
important ractor. The importance of the latter may be shown in the cases
of Yamada and Hirota, which had smaller height of sea-waves than expected
from the depth of bays, in comparison with the other bays. They might
have had much higher sea-waves than this time (1933) and the preceding
one (1896), if the periods of sea-waves were more than 35 minutes and
resonated with the proper periods of oscillations of these bays.

Again, in the extreme case, cven when the period of oscillation is
very short, that is when [=0, which corresponds to the case in which
the sea-wave has arrived at the coastal cliff, the height of sea-wave
may have the possibility to grow above 10 metres, if the depth of bay
is more than 10 metres, as may be judged from Fig. 8.

We have also drawn ay-diagrams with the wave heights above cited,

@ _
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(3.:1):_15.3)\45\' 2
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20 _25
15
10
5
0 5 3 s 70 12

71
Lénj{/t in km.
Fig. 83¢. Wave height, in 1896. '

N-direction is taken upward
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as ordinates, and the proper periods of undulations of bays as abscissae,
respectively, as shown in Fig. 4, a, b, ¢ and d. A general tendency
may be seen, that the wave height decreases as the period increages.
This fact may probably be explained as follows :—

Though the energy distribution of propagating sea-waves as a func-
tion of the wave-length or the period cannot be very simple, it may
be considered to decrease with the wave-length, at least above a certain

value of the latter.
Even if the energy distribution is assumed constant for all wave

lengths, the bays of small proper periods, or rather their extreme case,
the cliffs on the open coast, reflect waves of all wave lengths without
much dissipation so that the height of wave will reach twice that of the
incident wave, while on the contrary, the bays of longer proper periods
will only select such waves which are in tune, and resonate to them,
while the others are more or less dissipated due to the frictional effects.

On the other hand, the bays of longer periods, which generally
correspond to large values of lengths, will absorb the energy of propa-
gating sea-waves, in travelling a longer distance, more than the bays
of smaller periods.

Consequently, the heights of waves will decrease with the increase
of the periods of undulations of bays.

Next, the V-shaped bays such as Ryéri and Atumori have had
extremely high sea-waves, nevertheless no sensible correlation could be
found between the heights of sea-waves and the values of A[b, statisti-
cally, where A is the area of the bay- calcuhted with planimeter and b,
the breadth of the mouth of the bay.

D 4
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With the purpose of obtaining a partial explanation of irregularity
shown in the above figure, the directions of the mouths of bays as well
as the distances from the bottoms of bays (or the places on which the
heights of “Tunami” were taken), to the line of 100 metre depth, were
taken into consideration.

3. Depths of the Neighbouring Sea, out of Bays.

As another factor which seems to determine the unusual frequency
of damage due to “ Tunami” in this region, we may quote the fact
that the depth of the sea along the coast of this district is comparatively
large. As to the effects of the slope of sea bed and the depth of the
coast upon the height of sca-wave, it was already reported in the case
of “Tunami” due to cyclone in the Japan Sea Coast, on Jan. 2, 1929.2
To verify these results again, the distances from the stations of obser-
vation of sea-waves to the line of 100 metrc depth were measured, and
compared with the height of “Tunami”. The result is shown in the 2y-
diagram, Fig. 5, a. The full curve in the middle part of the diagram was
alculated, assuming the relation, h=ae™"”, where I is the height of sea-
wave in metre and D, the distance in kilometre. The values of a=12.3
and 0=0.067 were estimated graphically, consequently, i =12-8¢—0:067D,
was obtained. Similarly, the relation, y=a-+0bz, where y=Ilogyh,

100 . .
and x=logy, o was assumed, and we had a nearly straight line,

16
h=0.376<%)>1 as shown in Fig. 5, 0.

Again, such small bays were picked up which arc situated in the
open coast, and in this case, the distance from the station to the line
of 50 metre depth was taken. The distance was compared with the
sea-wave height similarly as before, assuming the relation, h=ae¢™?,
which is shown in Fig. 5, ¢. '

In all the above cases, the data used for the wave height, were those
given by the members of the Earthquake Research Institute.

Similarly, using the data given by the Central Meteorological Ob-
servatory, and also those by the Public Works, Home Department, as
well as the similar data for the sea-waves of 1896, taken from the
Reports of the Imperial Barthquake Investigation Committee, above
cited, zy-diagrams were drawn as shown in Fig. 5, d, ¢, f and g.

From these diagrams, we can see in some measure the effect of decay

2) 8. Yayaguri, Bull. Earthq. Res. Inst., T (1929), 555.
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of the wave energy, due
to the friction of the
relatively shallow sea
bottom near the coast in
travelling a  distance

before  reaching the
shore.

Also it is seen that,
in & small bay, or in an
open coast, situated near
the mouth, i.e.,, near the
nodal line of the oscil-
lation of a large bay, the
sea-wave does not deve-
lop so much high inspite
of deep sea in the vicin-
ity, as for example, in
the cases of Anesaki and
Titose.

I ~ 5
=] 3 =2

Wave height in metre

© I

-

)
246a1012141613202224262’33-33234363310_0

4. Direction of the Fie 50 Wave heieht in 1806
V1g. O 4. ave neignt 1n .
Mouth of Bay. R %00 1-39
Let 4 be the azi- '—"':]L=0'30( D>

muth angle of the outward normal drawn to the mouth of bay, measured
from the north, and @, the azimuth of the line directed to the epicentre
in the ocean from the middle point of the mouth of bay.

The value of §—@ was calculated for each bay, of which the
positive and the negative values correspond respectively to the southward
and the northward directions relative to the epicentral direction.

The deviation of the wave height above mentioned, from the theo-
retical value, h=12-3¢-0067D, was taken and plotted as ordinate, the value

of 6—@ being taken as abscissa as shown in Fig. 6, a, b. Similarly, the

11
deviation from the theoretical value, h:0~376<%> 6, has given nearly

the same result. It seems to show a maximum height of sea-wave at
about §—@=380°. This seems to be explained, if the centre of wave
generation be at a point about 100 km. more south than the epicentre
of earthquake ¢stimated by the Central Meteorological Observatory.
The general tendency of decreasc of the height of sea-wave with
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w0

-80 -60 -40 -20 0 20 40 60 8vu 100 120 140
: 00— in degree

Fig. 6a. Al and (6—9) curve, including all bays.
the increase of the absolute value
of 8—p, may be noted.

Z16

In the exceptional stations g
such as Ogati and Onagawa both %M
in 1933 and 1896, as shown in S12
Tig. 8, the heights of sea-waves 10
are rather small compared with s

the values to be expected from

their mean depths of bays. This 6
fact may be explained partially 4
by -the effects of the values of
D and -, (Fig. 5 and 6), and,

moreover, by the fact that nu- 0

merous islands are arranged in -2 a

front of these bays, and these 4 :

obstacles may absorb the energy -80 -60 -40 20 U ZUO :u;) iiocleﬁgec
of waves before reaching the rig. 65. A% and (0—¢) curve for the
shore. bays in the open coast only. -

In conclusion, I wish to express my best thanks to Prof. T. Terada
under whose supervision the entire work has been carried out and who
has given me many useful suggestions throughout the course of my
investigation.
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