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1. Since the dawn of our history, the Pacific coast of the Sanriku
District, in the north-eastern part of the main island of Japan, has
frequently been visited by severe seismic sea waves or funamt. Accord-
ing to A. Imamura?, records are extant of at least fifteen occurrences
of tunami in this district, including the recent one which occurred on
March 8, 1933. They are tabulated in chronological order as follows :

No Date No Date

1 869 VII 13 9 1835 YVII 20
2 1611 XII 2 10 1843 v 25
3 1616 1X 9 11 1856  VIII 23
4 1640 VII 31 12 1894 III 22
5 1677 1v 13 13 1896 VI 15
6 1689 — — 14 1897 VIII 5
7 1763 I 29 15 1933  1II 3
S 1793 It 17

No investigations by modern scientific methods were made however
until the tunami of 1896, of which there is a report by T. Iki” regarding
the height of the waves and the extent of the inundated areas, but the
investigation was by no means exhaustive, owing to the insufficient
number of investigators that participated.

In the recent tunami of March 3, 1933, careful and thorough in-
vestigations were made from every possible angle by a number of in-
vestigators who were despatched from various institutions. Some of the
reports of these investigations have already been published. It is evident,

1) Jap. Journ. Astr. Geophys., 11 (1934), 79.
2) Rep. Imp. Farthq. Inv. Comm., 11 (1897).
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however, that there are many problems relating to tunami phenomena
which cannot be solved by a mere study of the result of these inwvesti-
gations, such as heights of waves, extent of the damage to structures,
etc. The behaviour of the tunami wave, as it approaches the coast, the
motion of the sea water after it reaches land, and the mechanism of
tunami generation at its origin, ete., all these may be just such pro-
blems. In simple and restricted cases, some of these problems may
yield to mathematical treatment, but the advantages to be gained by
experimetal studies with the help of models are self-evident.

The present experiment is mainly concerned with the problem as
to what waves are generated and what is the motion of the sea surface
near the origin when a dislocation of the sea-bed occurs.

When the sea-bed vibrates violently, tunami of some magnitude
will be generated, even if no dislocation had occurred. Whenever a sea
bed upheaves or sinks or both, tunamis of various magnitudes must of
neccessity be generated. Tunami waves will also be produced when a
land-slide takes place in the sea floor. The wave form, wave length,
period, etc. will depend in these cases upon the. character, velocity, and
magnitude of the dislocation. If we could ascertain the relations that
connect these factors of submarine dislocation to the magnitude, wave
form, etc., of the tunami waves, then conversely it would be possible
to learn something of the submarine dislocation from mareograms that
record the tunami waves. Should dislocation occur at a great depth, say
over 5000 m., as in the recent case, we could then obtain more satisfactory
and accurate knowledge regarding it by experimenting with models than
by resorting to soundings of depths.

K. Sano and K. Hasegawa®, and later K. Sezawa”, have alrcady
made mathematical studies of the waves produced by submarine dis-
location. The former treated the case in which a cylindrical area of
the sea bottom subsides suddenly, and the latter the case in which there
is an expansion or contraction nucleus at the sea bottom, but neither
of them dealt with conditions near the origin. K. Sezawa” also discussed
a continuous progressive circular wave-train generated when there are
stationary oscillations of water surface at the origin, but he did not fully
treat the case of a solitary wave or a group of two or three waves.

8) Proc. Tokyo Phys-Math. Soc., 2 (1915), 8.
4) Bull. Erthq. Res. Inst., T (1929), 15.
5) Bull. Earthq. Res. Inst., 9 (1931), 291.
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2. In beginning a model experiment, it is important that we con-
sider the law of similitude. We shall suppose that a circular area of
radius D of the sea bottom, where the depth is I, upheaves by amount
S in time interval 7, and also that the form of the dislocation is
always the same ; that is, if we denote by s the amount of dislocation
at time ¢, the instant when the dislocation began being taken as ¢=0,
then the function F' in the expression

8=S-F( »t->
T
is always the same.
The wave length A, wave height #, velocity of the wave v, etc., of
the waves thus generated are then governed by the relation
xm v DS Jg,m d /g
‘1{) *7*,7:;—7—: —‘1)_7 '_'“t>:0’
I HYygH' H HYH HYH
in which ¢ is the acceleration of gravity, d the distance taken from the
origin of the point at which A, 7, ete. are observed. Should the viscosity
of the water affect the phenomena considered, it must be introduced in
m
the above relation in the form ﬁfiI”’ £ being the specific viscosity.
p H” p
As is obvious from the above expression, if we use in a model, quan-
tities of dimension [L] in the reduced scale of 1/l of the actual di-

mensions, the time scale in the model will have to be 1)yl of that of
the actual, so that the motion of the bottom of the model must be very
much quicker than that of the actual. Should we, in addition to the
conditions [L] and [7] just mentioned, desire to satisfy the condition
of viscosity, we must use with the model a fluid whose p/p is very small,
that is, 1/1*® of that of sea water. For this purpose, mercury is most
suitable, but the reducing factor will then become as small as [=2"58,
resulting in the necessity of an enormous model.

In these circumstances we abandoned the idea of satisfying the con-
dition of viscosity and fell back on water, since viscosity is not so
important as to entirely change the character of the generated wave.

8. In the present experiment we used a wooden tank 2m long,
1:5m. wide and 0'3 m. deep. As the first step in the experiment, we took
up the case of upheaval of a circular piston fitted to the centre of the
bottom of the tank, to simulate upheaval of the sea bottom. The arrange-
ment of the various apparatus used in the experiment is shown
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schematically in Fig. 1. Details of the arrangement will be seen in
Tig. 2 and Tig. 3 (Plate).

In TFig. 1, Vis the tank and P the piston fitted to a cylinder, 10cm.
inner diameter. Both piston and
cylinder are of phosphor bronze to
avoid rust, while leather packing
prevents leakage of water. The
piston, of maximum stroke 6 cm.,
is connected to a lever R by e
connecting rod ¢ and two joints,
and moves up and down in the
cylinder with the movement of
the lever. The lever, which is of
wood, is 15 ecm. wide and 4 cm.
thick. A scale E provided near :
the movable end of the lever Fig. 1. Schematic diagram
shows the position of the piston. of the apparatus.

A helical spring F, attached to the movable end of the lever, and which
is held taut at the beginning of an experiment, pulls up the piston
the moment it is rclaxed. In order to regulate the speed of the piston,
an air damper with regulating valve D was at first used, but having

proved unsatisfactory, was replaced later by a special device B. One
end of a strong Koto (Japanese musical instrument) string is fixed to
the movable end of the lever R, while the other end is wound on the
shaft of device B. With this arrangement the contraction of spring I
rotates this sheft of device B, as well as the inertia bar J, which is
coupled to the shaft by o step-up gear . The velocity of the piston
motion is regulated either by attaching heavy bobs to or removing them
from the inertia bar or by changing the position of the bobs. At the
extreme left of the device a ratchet-wheel and stopper are provided.
When the stopper is pushed down, the spring (which is stretched), the
lever and the other parts are all set free and the piston begins to move
upward. The motion of the piston is recorded by a device (shown in
the figure) on a motor-driven drum W, simultaneously with the vibra-
tion (84-3 cyclefsec.) of an electrically maintained tuning fork 7%

We shall now describe the optical system of the apparatus. § is an
A.C. arc lamp yrovided with carbon bars of 7 mm. diam., and L a con-
denser, 20 cm. in diameter, having a slit Sp; of 5 em. width in front of
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it. This slit serves to pick out the middle part of the pencil of light
rays, which is made nearly parallel after passing through .. The sheet
of light thus obtained is then reflected by a mirror M, (size: 30 cm. %
30cem.) on to a second mirror M. (size: 3 em.Xx 30 cm.), situated 6 cm.
above the water surface with its longer side parallel to the water surface.
The mirror A, has, in front of it, a slit Sp. 3 mm. wide and 30 cm. long,
which reflects the light on to the water surface through the slit. For
adjusting the light direction, each of the two mirrors M; and AL is
made to rotate about a horizontal axis.

On the water surface is thinly scattered some very finely pulveriscd
rosin. As the fine powder of rosin is much lighter then water and
does not become damp, it always floats on the water; it has proved
very satisfactory for the present purpose, though it has a drawback
in that it is not white but of a creamy colour. The sheet of light that
is sent through the slit Sp. is made to fall on this thin film of pow-
dered rosin at an angle of 30° producing a bright straight strip of
light, 6 em. wide and 30 em. long, on the water surface. The bright
strip begins from a point 1cm. distant from the center of the piston I,
and after passing through the centre of the piston, ends at a point 29 em.
away from it.

At a distance .of 1m. from this illuminated portion of the water
surface, and in the dircction of 60° from it (see figure), a 16 m/m kineto-
cemera I{, provided with an anastigmat F=2-8 and f=2'0cm. and a
portrait attachment, is installed. Under these conitions, if the water
surface rises 1 cm., the bright strip, seen from the position of the camera,
will be shifted 2 cm., as will easily be understood from Tig. 4. There-
fore the form of the bright strip at any instant shows the magnified
profile of the water surface through the centre of the piston. The form
of the bright strip is recorded on the film in the reduced scale of
1/486.

In front of camera K is an elastic pendulum with a small lamp
I, at its free end. Attached to the support of this pendulum, are also
two small lamps I, and an electromagnet A. When beginning the ex-
periment, the elastic pendulum is held at a deflected position by the
clectromagnet 4. When the stopper is pushed down and the piston
begins to move, the electric circuit of magnet A, being connected to the
stopper and ratchet-wheel, is opened, and the pendulum is free to oscil-
late. This oscillation is recorded on the film by means of mirror M,

Ry
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simultancously with the motion of the water surface, and scrves as the
time mark. The period of the oscillation of the pendulum is 0-230 sec.

Thus, on the film we get such
an image as shown in Ilig. 5, in

which ¢ is the image of the slit % 1 B
Spa b the image of the bright strip L
described above, ¢ the fixed lamp, ke e

and d the lamp attached to the
pendulum. Since the pendulum is
oscillating rapidly, it moves considerably during an exposure, so that
d is generally of line form. The cinematograph was always operated
at a speed of 16 exposures per
second. The** Agfa Feinkorn Nega-
tive Film " was used.

A calibration proved that the
speed of the kineto-camera keeps to
the constant value of exactly 16 expo-
sures per second after the first three
or four exposures. At this speed the
time interval of an exposure was
found to be 0°29 sec. TI'or reading
the position and form of the images
of the bright strip on the film, we

Fig. 4.

used a coordinate comparator, utiliz-
ing the image of the slit (¢ in Fig.
5) as the datum line. The time ¢
of each exposure, measured in
seconds from the instant when the
piston began to move, was deduced

from the position of the image d

(Fig. 5) at the successive exposures. Fig. 5. Images on the film.

The thickness of the water layer (magnifiel.  x36)
in the tank was measured before each experiment by a spherometer.
The amount S and the velocity of stroke of piston, and also the time
interval 7" in which the piston completed its stroke, were read off from
the record made on a sheet of smoked paper wound around drum W.

4. TIn the experiment the piston was caused to move upwards from
a depressed position to the level of the tank bottom where it stayed.
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Altogether forty-five experiments were made, always varying the thick-
ness of the water layer in the tank, the stroke of the piston, and the
velocity of the piston, in various combinations.

The motion of the water surface thus obtained in these forty-five
experiments are plotted in Figs. 6-21. In these Figures, IT is the thick-
ness in cm. of the water layer in the tank, S the length of the stroke
in em. of the piston, 7’ the time interval in sec. bztween the beginning
and end of the motion of the piston, and ¢ the time measured in sec.
from the beginning of the motion of the piston. The centre of the
piston in the Figure corresponds to a point distant 1/30 the total length
of the curve from the left end of that curve. In the Figure arc also
given two scales, one for the wave height (vertlcal) and the other for
the extent of the level surface.

As will be understood from these Figures, the water surface just
above the piston heaps up with the upward motion of the piston into
a sort of long cone. As this cone becomes higher its base spreads.
When a certain height is reached the peak or apex of the cone falls
in, leaving at the margin an elevated circular bank of water. The
water surface just above the piston falls in still further and to such
an extent that it is now a truncated cone with a hollow in its middle-
The water then begins to heap up again, and the whole process is re-
peated, only that this time the cone is not so high as in the preceding
case.

In other words, the water surface above the piston oscillates above
and below the level of the undisturbed water with a rapidly damping
amplitude. The thinner the water layer in the tank, the quicker, it
seems, is the decrease in the amplitude of the oscillation, which is pro-
bably due to the viscosity of water and also to the friction at the bottom
of the tank, both of which act in an exaggerated way in the model
experiment. In the case of an actual tsunami, the sea surface at the
origin will probably continue to oscillate for a much longer time.

The circular bank of water that was produced around the piston
goes to the right hand side of the curves in Tigs. 6-21, that is, recedes
from the piston, gradually changing its form. With each oscillation of
the water surface above the piston, similar progressive circular waves
are produced around the piston, but the wave height becomes smaller
and smaller. On the whole therefore a train of waves is produced of
which the first wave has the greatest height.
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Fig. 20. Profile of the water surface through the centre of the piston.
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In the region observed in the present experiment, the front part
of the wave train, the so-called wave front, has a velocity of propagation
markedly greater than that of the crest of the first wave. Consequently
the form of the first wave becomes gradually elongated, and the slope
of the front part of the wave train becomes gentle. The same may
be said of other parts of the wave train, although the dispersion is not
so pronounced as at the wave front. The wave train as a whole increases

” | |
04 No.9 1.0
H=196 —— &= o
03 §=131 —— 195
T=0274 —-— 390
NJoH 440 —--— 5.85 S
* S 224 ——  Piston 1%
2
H 0.4
0
04
02
03
0 5 15 20 25
AIHt
Fig. 21.

in length with the distance travelled.

The velocity of the crest of the first wave in the immediate neigh-
bourhood of the piston is considerably larger than that given by the
formula ygI, but approaches asymptotically to ygH with increasing
distance from the piston. The velocity of each point of the slope fol-
lowing the first crest has the same tendency as the first crest, although
its departure from the formula ygIf is much less.

The water surface above the piston moves almost simultaneously
with the point just above the centre of the piston. In other words,
the waves here are of the stationary type and progressive waves are

formed apparently for the first time at the distance that is twice the’

radius. of the piston. In the region of the stationary wave the wave
velocity is infinitely large.

*
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The height of the progressive circular wave apparently decreases
as d~"° within the ‘region’ (extent of the water representing the sea)
observed in the present experiment.

These wave features may be understood from a glance at Figs. 22-
27. These figures were plotted on the basis of Figs. 6-21, and represent
the motions of the four points whose distances from the centre of the
piston are respectively 0 mm., 96 mm., 192 mm. and 288 mm. as well as
the motion of the piston. In the figures, D is the radius of the piston
and d the distance as measured from if.

From the idea of the law of similitude, these figures were drawn

7

by taking the ordinate to scale = (n being the height of the water

surface above the undisturbed level) and the abcissa to scale I%t.
The parameters of the curves in these figures must then be the functions

of I/%T and % only, provided that the viscosity of water and the
friction of the bottom of the tank satisfies the law of similitude.
As it is very difficult however to ascertain what functions of l/:% T

and I_:SI are the paramenters of these curves, we shall, as the first step

015 : |
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H =600 ___ d _ 0
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in this direction, attempt to find how the height 7, of the truncated
cone above the piston is related to I/IlIT and IEI Plotting the valucs
of %‘ against l/ }_QIT and I~§I’ the ordinate and abeissa, we obtain Fig. 26.

No. 44
H=399 — &-0
§$=320 —— +95 :
— 10
T=0142 —-— 390
AgH 625 __ .. _ 585 s
JIH 15T ——  Piston H
05
0
15 20
VIRt
Fig. 25.

Each black dot in the figure corresponds to one experiment while the

numeral alongside it is the value of IEIO obtained from that experiment.

The contour line in the figure, which then represents the relations

f 1110’ % and V% T, may approxmately be expressed by
961 (S—n)) H*=gn1"{0°9 H’ + (I +7,—S?).

From this Figure we can see that there is an optimal value in
S for obtaining the maximum 7, when the value of 7" is given. Genecrally
speaking, a large S and small 7', that is, a large piston velocity gives
a large 7,. ‘

As to the wave length of the generated wave, owing to limitations
to the scope of the experiment, we can say nothing definite, the ‘region’
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observed in the present experi-
ment being too small in area,
although in every experiment it
seemed that the wave length was
almost constant, except for the
case of very slow motion of the
piston. In the last-mentioned
case the wave length became
markedly long. .

This experiment is now being
continued for such cases as when
the piston sinks downwards, for
the upheaval or depression of
elliptic or rectangular area, ete.,
the rosults of which will be
published in due course.

| Ve 019 on2e

/oy’ovc{/ 262

] T
Fig. 26. Diagram showing the
olati S /g 7o
relation of L 1/ ﬁT to T
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