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Introduction.

The investigations on the relation between tidal phases and the
occurrence of earthquakes, have already been made by Late Prof.
Omori®, Prof. K. Honda® and others. In most of these investigations,
however, the positions of the epicentres of the earthquakes referred to
were not known and the earthquakes felt at a certain locality were taken
together for the statistical investigation with regard to their lunar-hourly
distribution. :

The present investigation was made with the intention of studying
the relation between the actual tidal phases and earthquakes, with
reference to the numerous groups of the after-shocks which followed the
recent destructive earthquakes, i. e. the Great Kwantdo Earthquake®
on Sept. 1, 1923, the Tango Earthquake® on March 7, 1927, the Tazima
Earthquake“’ on May 23, 1925, and the Omati Earthquake® on Nov. 11,
1918. In most of these cases, the positions of epicentres are approxima-
tely known and distributed within definite localities respectively, so that
the comparison of the tidal phase in the neighbouring sea with the
frequenecy of occurrence of these earthquakes may have a more definite
significance than in the case of earlier investigations.

The materials for earthquakes were taken from the reports above
cited, while for the tidal data, the Tide Table published by Naval Hy-
drographic Department was used.
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Method of Investigation.

To determine the tidal phase at the time of an earthquake, the
following procedure was taken. The time of the semidiurnal maximum
occurring within 6 hours of the shock was taken as the time-origin, and
the time of occurrence of the shock was marked along the time axis.
The number of the points thus plotted within the successive time inter-
val of an houar each before and after the maximuimn was counted. In a
few cases, about 3 percent in number, the point fell outside the range
of 6 hours, on account of the irregularity of the interval between the
high waters. In these exceptional cases, the time of the earthquakes
were counted from the neighbouring low water and plotted referring to
+6 or—6 hours respectively. The number, n,, at the.time interval, =,
was smoothed by taking 14 (n,_,+2n,+n,,;) instead of n,. Next, the
value of n divided by the mean value, i. e, 12n/3n, which is denoted by
f, and called the reduced frequency, was calculated and plotted as ordinate
against the time axis. ‘

- For the comparison, the number of shocks, falling within the
successive solar time intervals of two hours each, was also counted and
similarly treated as before.

Results and Discussions.

a) The After-shocks of the Great Kwantd Earthquake, and the Tide
at Yokosuka.- :

For convenience’s sake, we have taken the tide at Yokosuka for the
comparison with the after-shocks of the Kwanto Earthquake.

According to Prof. Imamura’s Report, the area of the region includ-
ing the origins of the after-shocks was divided into the following four
different localities :— ‘

A. The area including Sagami Bay and the Province of Sagami

as the main part.

B.  Bos6 peninsula and the vicinity of its S. E. coast.

C. The drainage district of the River Tone.

D. Tokyo and its environs. :

In our present cases, the shocks originated in these respective areas
are named A-, B-, C-, and D-type respectively, and investigated separately.

As to A-type, as the number of after-shocks on the first and second
of september was extremely large, the after-shocks were divided into 5
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epochs according to the following dates :—Sept. 1, Sept 2, Sept. 3-6, Sept.
7—11, and Sept. 12-Oct. 1.

As to B- and D-types, they were lelded into 3 epochs Sept. 1-6,
Sept. 7-11, and Sept. 12-Oct. 1.

As to C-type, the number of after-shocks were scanty, especially
after Sept. 7, so that we were abliged to take only the interval, Sept. 1-6.

The values of the reduced frequeney, f, for these different epochs of
each type are shown in Fig. 1. The curve (p) in Fig. 1 fis the curve
corresponding to the ““principal after-shocks” during the long period of
Sept. 1, 1923—Feb. 12, 1928, for which 6 after-shocks immediately after
the Great Earthquake on Sept. 1, are counted as 1.

The curves for the solar time distribution are shown in Fig. 2.

The curves showihg the number of after-shocks for 4 types during
the successive epochs of 4 hours from Sept. 1 to Sept 5, are shown in
Fig. 3, from which. the transference of the centre of the seismic activity
first from the Sagami Bay to Bosd peninsula and next to Tokyo District,
are clearly recognized.

/15

Sth. /973
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For the principal after-shocks during 4 years and 6 months above
mentioned, there seems to exist a maximum frequency of occurrence of
the shocks before 2 hours of the semidiurnal low water, a secondary
maximum before 2 or 3 hours of the high water, and a minimum
frequency near the high water.

Looking at Fig. 1, we may be able to remark the following :—

I) For A-type, the frequency of occurrence of the after-shocks, f,
generally shows a maximum, a little before the low water and also a
secondary maximum, is suggested between high water and the next low.

II) For B-type and D-type, which resemble to each other, f is maxi-
mum about at the low water, in common with all the other types, and
besides, shows another maximum about 2 hours before the high water,
as may be seen from the curves for (B+D) and (A + B+ D) alike.

This characteristic feature of f may also be seen from the similar
curve” for the shocks felt within the region of 160 km. from Tokyo
during the period of Jan.—Sept., 1926, so that we may consider this
feature as real and proper to the region.

III) Tor C-type, (Fig. 1d) there appear two maxima of f, one before
the low water, and the other immediately after the high water. The
data are, however, too scanty to give a definite conclusion.

In general, it seems that the curves for the successive epochs change
their forms with the lapse of time, though preserving some common
feature. After a certain epoch, the curves seem to tend to a certain
stable form.

It is interesting to see (Fig. 1d) that the curve of B-type, also in
some measure, D-type shows a trend just opposite to that of A-type in
the days of Sept. 1-6, and also that (Fig. 1a) the latter approaches to that
of the former type, or inland type, afterwards.

The fact that the curves for different independent epochs show
generally some common character as revealed in the mean curve of a
long duration, may be considered as a proof for the existence of some
real physical relation between the frequency of occurrence of shocks and
the tidal phase.

The curves for solar time varidgtion are shown in Fig. 2.

First, referring to the lowest curves of Fig. 2a, 20, 2¢, ...... , which
represent the mean variation for longer duration, we may observe a
common semidiurnal wave of sensible amplitude, for all the types taken.

7) The data for the curve was taken from Prof. Imamura’s paper, Bull. E. R. L,
(1927). The curve is here omitted.
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The curves strongly suggest the relation with the semidiurnal waves of
the atmospheric pressure, the maxima of pressure corresponding to the
minima of f. On the other hand, the fact that the curves for the
successive epochs, separated by 6 or 12 days from each other, shows quite
different, often inverted, course may be taken as an evidence for the
presence of some conspicuous lunar period interfering with the solar
one. It is only by taking an average of a longer period that the lunar
term is cancelled and the solar semidiurnal wave is revealed.

b') After-shocks of the Tanoro Earthqual\e and the Tides at Kobe
and Wazima.

As the tidal amplitude in the Japan Sea is generally very small,

it seemed at first probable that it will not much affect the variation of
-the load on the earth crust near Tango, so that we have tried to take
the tide at Kobe for the comparison. Afterwards, however, the tide at
Wazima was also taken for comparison®

The after-shocks were firstly divided according to the dates into 10
parts, which are March 7-11, 12-20, 21-31; April 1, April 2-10, 11-20,
21-30, May 1-10, 11-20, 21-31, June 1-30, July 1-31, Aug. 1-31, Sept.
1-Dec. 81, in 1927 and Jan. 1-July 16 in 1928. These are similarly
treated as in the case of the Great Kwanto Earthquake and are shown
in Fig. 4 for the case of the tides at Wazima and in Fig. 5 for the case
of the tides at Kobe.

Next, the after-shocks, of which the posﬂ:lons of the epicentres are
identified, are divided into 3 parts, namely, (1) those situated beneath
the sea bed, (2) those on the northern side and, (3) those on the southern
side of Yamada Fault.

The latter two parts were moreover divided into 4 or 5 parts accord-
ing to the dates respectively, and compared with the tidal phase at
Wazima, as shown in Fig. 6.

The frequency of the after-shocks plotted against the solar time,
are shown in Fig. 7

Individual curves shown in Fig. 4 and Fig. 5 are rather irregular
and do not give any definite conclusion, except the invariable maximum

8) DMr. C. Tsuboi, who made a similar study of the Tango Earthquake referred to
the tidal phase at Wazima, found thie good correlation’ and informed me of his result.
The con:parison with Wazima tides was then made in the similar manner as for Kdbe
tides. 1 am obliged to him for his’kind information.-
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of f near the low water. The irregularity is, however, less in TFig. 4
than in Fig. 5. In Fig. 4, the individual curves show features more or
less common to each other and to the lowest sum-curve. This will
show that the earthquakes in this district is in some degree affected by
the tides on the Japan Sea side. Fig. 5 is quite irregular if we compare
the successive curves.

"The sum-curve at the bottom of the figure, however, harmonizes
very well with that of Fig. 4, if we take into account the difference of
the tidal phase between Wazima and Kobe amounting to about 5 hours
on an average. In the latter station, the tidal waves are observed in
irregular forms and this fact may also contribute to the irregularity of
the curves in Fig. 5. At present stage, therefore, it is difficult to decide
whether the Tango earthquakes are chiefly governed by the tides on the
Japan Sea side.

On the other hand, it is very interesting to remark that the sum-
curve of Fig. 4 shows some infallible resemblance to that of Fig. la, 1b:--
ete. especially as regard to the maximum at the low tide and the mini-
mum just preceding it.

From Fig. 6b, we may be able to say the followings :—

i) The after-shocks occurred in the sea bed has its maximum frequ-
ency at about one hour and a half respectively before and after the high
water. .
ii) The shocks on the northern side of Yamada Fault has its great
maximum of f at about low water and the secondary at about high water.

iii) Itis interesting to see that f of the shocks in sea bed shows
entirely opposite course compared with that of the northern side of
Yamada Fault. '

These ‘result may suggest some essential difference in the mech-
anism of earthquakes for the two sides of Yamada Fault. '

Examining the curves of Fig. 4, we may remark that the curves for
March 7-11, 21-31, and April 1 show markedly different form compared
with the others. Severe earthquakes occured on March 7 and April 1.
We may suggest that some change of curve form might take place
immediately after and before the great shock, and then the form
gradually settle down to the normal form as is represented by the curve
of total sum above mentioned. ,

From the lowest sum-curve of Fig. 7, which shows the average solar
time distribution of f, we can see clearly that the frequency of shocks is
maximum at about 8 o’clock and 23 o’clock of the solar time and it is

™
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minimum at about 3 and 18 o’clock. Comparing this with the correspond-
ing curves in Fig. 2, we may notice that the curves for Kwanto and Tango
are nearly reversed upside down. This suggests that the effect of the
atmospheric semidiurnal waves is opposite on the two regions, one on the
Pacific side and the other on the Japan Sea side. '

¢) The After-shocks of the Tazima Earthquake and the Tides at
Wazima and Kobe. '

The after-shocks of the Tazima Earthquake of May 23, 1925, were
treated similarly as in the case of the Tango Eorthquake and the results
are shown in Fig. 8, for the tidal phase and in Fig. 9 for the solar time
distribution.

From the curve (lowest in Fig. 8a) of the total sum for the tide at
Wazima, we may be able to say that the frequency of occurence of
shocks has its great maximum value at about the low water and also its
small maximum value at about high water, while in the case of com-
parison with the-tide at Kobe (Fig. 8b), we see one more maximum of f.

From the curve (lowest Fig. 9) of the total sum for the solar time
distribution, we can notice the maxima of f at about 8 and 23 o’clock,
and minima of f at about 3 and 19 o’clock. This character of the curve
is almost similar as in the case (Fig. 7 lowest curve) of Tango earth-
quakes. Another maximum of f may be seen at about 15 o’clock.

d) The After-shocks of the Omati Barthquake and the Tides at
Wazima and Yokosuka.

The after-shocks of Omati Earthquake on Nov. 11, 1918, are simi-
larly treated as in the preceding cases, and arc shown in Fig. 10 and
TFig. 11. ' :

From the resultant curve (Fig. 10a, lowest) for the tide at Wazima,
we can see the greatest maximum value of f at about low water as usual
and the smaller secondary maximum of fat about 2 hours after the high
water. As for the curve (Fig. 100, lowest) for the tide of Yokosuka, we
sce maximum values of f at about the low water and at about 1.5 hours
before and after the high water. '

The amplitude of the sum-frequency curve for the tide at Yokosuka
is only one thirds of that for the tide at Wazima, which may clearly
show that the tide st Wazima affects the occurrence of shocks more than
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the tide at Yokosuka. This result seems quite reasonable if we consider
that Omati is situated much nearer to Japan Sea than to the Pacific
and the mechanical linkage with the Japan Sea Coast is more dnect
than with the Pacific Coast. :

Looking at Fig. 11 for the solar time distribution, we must admit
that the solar effect on the occurence of shocks is exceptionally large in
the case of Omati, being of the same order as in the case of the tide at
Wazima. We see here the maximum values of f at about 9 and 18
o’clock and the minimum values at about 8 and 13 o’clock.

As shown in the above different cases the frequency curves of the
after-shocks for the successive epochs separated from each other by several
days or a little more than 10 days, do not show sufficient parallelisms.
The sum-curve for a long duration of time show some feasures which
seems to be real and physically significant.

One characteristic feature which is common to all the cases above
mentioned is that the frequency of occurrence of the after-shocks is max-
imuam at, or a little before the low water as shown in Fig. 12.

The secondary maximum appears before the high water in the case
of Kwantd curve, whereas it is found a little after the high water for
the cases of Tango, Tazima and ()matl curves, each referred to Wazima
tides. Another feature worthy of notlce is that a third maximom appear
in the cases of Tango, Tazima and Omati, when referred to the tides on
the Pacific side.

Again, as to the f-curves referred to the solar time we may remark
the following points, referring to Fig. 13: (i) Semidiurnal waves are
suggested in all cases which are probably related with the daily varia-
tion of the atmospheric pressure. (i) Kwanto curve is generally opposite
to Tango and Tazima curves. (iii) Tango and Tazima curves are nearly
parallel to each other. (iv) Omati curve in A. M. is parallel to, but in
P. M. opposite to Tango-Tazima curves.

Theoretical discussions of these results will be reserved for a future.

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 aseful suggestions throughout the course of my
investigation.
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