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Introduction.

Before giving a summary or entering into the discussion on the
results of my statistical investigations of earthquakes, T shall set down
a short note on the development of statistical problems in seismology,
most of which may be seen in books on seismology.”

Statistical investigations on the frequency and periodicity of earth-
quakes have been made since the early days of seismology by many
seismologists in Japan and elsewhere, such as J. Milne, C. G. Knott,
A. Schuster, C. Davison, and others abroad, and F. f)mori, K. Honda,
T. Terada, A. Imamura, K. Shiratori, Saem. Nakamura, S. Ono, and
others in Japan. The same problems have recently been attacked by
M. Ishimoto, T. Matuzawa, Ch. Tsuboi, N. Miyabe, and others.

In 1897, Professor Schuster communicated a paper to the Royal
Society of London on lunar and solar periodicities of earthquakes,
which was to a large extent a critical examination of the results given
in Knott’s earlier paper on the same subject. It is important to refer
to Schuster’s critique, which is a criterion of the reality of an appa-
rent periodicity in statistics of the kind we are now dealing with.

The question is purely one of probabilities, and Schuster, by de-
veloping a result given by Rayleigh® in 1880, arrived at a conclusion
which may be stated in the following terms: Suppose that we have
7 disconnected events occurring at random within a given interval of
time, and that we consider the probability of the frequency of these
events being expressed harmonically by a Fourier Series in which the
periods are submultiples of the interval of time; then it is shown that
the probability of any amplitude lying between the limits » and r+dr

1) ‘““A Historical Sketch of the Development of Seismology in Japan”, by T. Tera-
da and T. Matuzawa, C. G, Knott’s “The Physics of Earthquake Phemomena”, and
C. Davison’s ‘A Manual of Seismology”.

2) Lord RAYLEIGH, ‘‘On the resultant of a large number of vibrations of the
same pitch and of arbitrary phase”, Phil. Mayg., [v], 10 (1880).
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is .
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that the expectancy for the value of the amplitude is /(z/n); and
that the probability, W,, of the amplitude exceeding any given value
p is

W,,=e_?§1’)" .

It is important that the catalogues which are being subjected to
analyses should be as complete as possible and should cover a long
series of years. Should the total number of earthquakes included be
small, analysis of the figures may produce a period that does not really
exist. Schuster has shown that, if earthquakes occur at random, har-

monic analysis may give an apparent seismic period of amplitude
1/ (7/n), where n is the number of earthquakes. But earthquakes occur
not at random, but in groups. Thus, in any isolated record, unless
the amplitude exceeds this amount or expectancy, the period indicated
by the analysis cannot be regarded as established. Should, however,
" the maximum epochs of a particular period approximately agree for
neighbouring regions or for the same region at different intervals of
time, existence of the period may be regarded as probable even if the
calculated amplitude were to fall below expectancy.

For example, in Fig. 1 are shown curves representing the annual
period in three neighbouring countries for the years 1865~1884. The
continuous curve is that for Austria, the amplitude being 037, the
number of earthquakes 461, and the expectancy 008. The broken
line represents the annual period for Hungary, Croatia, and Transyl-
vania, the amplitude being 0-31, the number of earthquakes 384, and
expectancy 0:09. The dotted line shows the same period for Switzer-
land and the Tyrol, the amplitude being 0:56, the number of earth-
quakes 524 and the expectancy 0:08. Even had the amplitude in each case
fallen below expectancy, the fact that the maximum epochs occur at
the end of January, December, and Jauary would support the reality
of the period.

C. G. Knott summarised his arguments on the cause of earthquakes
as follows: “The cause of earthquakes is probably to be referred to
the earth’s heterogeneity of structure or to the inequality of stress due
to irregularities of its surface. Rupturing or yielding is not deter-
mined by the amount of stress only; it depends in great measure upon
how the stress is applied. For rupture to take place the stress must
be different directions; and the difference between the greatest and
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Fig. 1. Annual periodicity of earthquakes in (i) Austria,
(ii) Hungary, Croatia and Transylvania, and
(ii1) Switzerlan_d and the Tyrol. -

least stresses is an important datum in estimating the tendency to
break. So far as can be judged, the only periodic stresses that of .
period long enough to tell upon the earth’s substance are the fortnight-
ly, monthly, semi-annual, and annual tides, the annual variation of
snowfall, and the steady annual and perhaps semi-annual oscillation of
barometric pressure over the earth’s surface. Inasmuch as the earth-
quake frequency reaches its maximum in winter wherever there is a
marked winter season, we must pass from the annual tidal stress due
to the sun as of little account. We seem, however, to find in the
accumulations of wintér snow, and in the long period oscillations of.
the atmospheric pressure, two possible determining factors in earth-
quake frequency”. . v .

The views advanced by Dr. Davison differ from this in only one
respect. He attaches more importance to the annual changes in pres:
sure over the seismic district itself. ’

The annual and seasonal variation in the frequency of earthquakes
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was for long extensively studied by F. Omori®, who discussed the
effects of barometric pressure on the annual and diurnal variations in
earthquake frequency. In the meantime he studied the changes in sea-
level at different mareographical stations and came to the conclusion
that the combined effect of the barometric and tidal pressures is an
important secondary cause of earthquakes.

Certain sympathetic or contagious interrelations between the activi-
ties of distant earthquake zones have also been suspected by Omori,
who cited many examples of Japanese destructive earthquakes. that
occurred within a short time of the occurrence of severe ones in other
parts of the world.

K. Honda®, in his investigation of level changes in wells, noticed
some relation between the frequency of earthquakes and tidal phases.

A. Imamura® studied the synodic-monthly distribution of the fre-
quency of earthquakes. The results obtained are rather complicated.
Four maxima or two were found for earthquakes of submarine and
inland origins, the results being explained by interference of effects
due to barometric and tidal pressures.

T. Terada® investigated the relation between the annual variations
in barometric gradient and that in the frequency of earthqukes in dif-
ferent regions and found that the latter shows a parallelism with the
component of the gradient in a certain direction proper to each region.
He? also drew attention to the fact that an apparent or “phantom”
periodicity may be brought about by a quite arbitrary sequence of
events.

Saem. Nakamura® studled the frequencies of days with 0, 1, 2~-9
earthquakes recorded instrumentally, with reference to the data ob-
served in Tokyo during four years. On comparing the resulfcs with theore-
tical expectations corresponding to random distribution, it was found
that the number of days with no shock was less than the theoretical
value, while those with one or two shocks exceeded expectation.

Rebeur Paschwitz's horizontal pendulum for registering the tilting
of the crust relative to the direction of gravity having been installed
in the Kamigamo Observatory, observations were made by Shida” and

3) F. Omor1, Report I. E.I.C., 2 (1894); 25 (1899), 30 (1900); 32 (1900); 54
(1906); 57 (1906). Publ. I. E.I1.C., 8 (1902). Bull. I. E. 1. C., 2(1902), No. 1. Jour.
Coll. Sci., Tokyo, 11 (1899).

4) K. HoNpA,; Publ. 1. E. I.C., 18 (1904).

5) A. IMAMURA, Report I. E. 1. C., 18 (1904).

6) T. TERADA, Jour. Met. Soc., 28 (1909), 1.

7) T. TERADA, Proc. Tokyo Physico-Math. Soc., 8 (1916),492.

8) Saem. NAKAMURA, Jour. Met. Soc., 39 (1920).

'9) Prof. SHIDA, Memoirs Coll. Sct., Kyéto, 4 (1912), 1
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his asgistants since Feb. 1910. In spite of the considerable distance
of the station from the sea, the tilting due to the tidal load was re-
markable compared with the component due to variation in the level
directly derivable from the tide-generating potential, so that the diffi-
culties that had to be overcome in analysing the different components
were considerable. To give an example, he had to take account of the
actual tides instead of assuming simple ideal tides, as was done in his
previous work. His results thus obtained are interesting from the
seismological as well as from the geophysical point of view, in that
they show a reliable measure of the actual deformation ‘of the crust
due to the water load applied along the coast. .

' On the occasion of the recent Tazima Earthquake, K Suyehiro
noticed the remarkable fact that most of the strong earthquakes in
the Japan Sea coast of the San’ind6é occur within a few years after
destructive shocks have occurred in the Pacific zone.

As a secondary cause of earthquakes, the effects of surface loading
over a circular area were considered by H. Nagaoka®., Even a very
remote centre of atmospheric depression can affect the equilibrium of
the earth’s crust and give rise to pulsatory motions. Later, he treated
an allied problem in connection with the effect of a barometric gradient
on earthquake frequency, and showed that rupture of the crust is to
be expected near the maximum of the gradient. As to pulsatory mc-
tions, he discussed the stationary vibration of one end of a semi-infinite
solid with two parallel edges.

A similar problem of surface loading was treated later by K. Tera-
zawa'®, when he discussed the periodic disturbances of level due to
the load of neighbouring oceanic tides.

M. Ishimoto™ after a study of the periodicity of earthquake occur-
rences stated that could be explained as arbitrary events.

In presenting here a resume of my papers hitherto published, based
on investigations extending over a period of years, I will refer to in-
vestigations made and theories advanced by a number of seismologists,
to which I will add new opinions of my own. -

Resume and Discussions.

1. Relation ketween Tidal Phases and Earthquakes.
In my first paper™, the reduced frequency of after-shocks, was

10) H. NAGAOKA, Proc. Tokyo Physico-Math. Soc., 3 (1906), 6 (1912).

11) K. TErRAZAWA, Jour. Coll. Sci., Tokyo, 37 (1916), Art. 7.

12) M. IsHIMOTO, A report read bafore the P. M, C. of Japan; not yet pub-
lished. .
13) S. YAMAGUTI, Bull. Earthq. Res. Inst., 8 (1930), 393.
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calculated for comparing various curves corresponding to different
epochs and to different localities, but this time, the frequency alone
for the total epochs of each regions was taken and plotted as ordinate
against the tidal phase.

. The relation between the frequency of the after-shocks of the Great
Kwantd Earthquake and the tidal phases at Yokosuka, are shown in
Fig. 2. For convenience, the region including the Qr1gm of the after-
shocks is divided as follows:

A. Area including Sagami Bay and the Province of Sagami as

the main part.

B. Bo6s6 peninsula and near its S. E. coast.

C. Tokyo and its environs.

The total number of after-shocks, N=479.

The frequency in occurrence of after-shocks usually shows a max-
imum, slightly before low water, suggesting a secondary maximum
frequency also about one and a half hours before high water.

The fact that the curves for different independent epochs and for
different localities usually show some characters common to the two
curves as revealed in the mean curve of long duration, or in the sum
curve for these localities, may be regarded as proof of the existence of a
certain physical relation between the frequency in occurrence of shocks
and the tidal phase.

The frequency in the after-shocks of the Tango Earthquake, N=
1464, March 7, 1927~July 16, 1928, shows a conspicuous maximum
near low water and also a secondary maximum about one and a half
hours after high water at Waz1ma, as shown in Fig. 3.  These rela-
tions, referred to the tides at Kobe, are not so conspicuous as those
referred to the tides at Wazima; They are also shown in the case of
after—shocks of the Tazima Earthquake, N:=358, May 23~June 17,
1925, referred to the tides at Wazima and at Kobe, as shown in Fig.
5. The existence of the difference between the effects of tides at Wa-
zima and Ko6be on the occurrence of after-shocks of the Tango and
Tazima Tarthquakes may be regarded as showing the real physical rela-
tions between the frequency of shocks and the tidal phase, and not an
arbitrary occurrence of the relation.

The fact that the earthquake frequency and tide curves for the
after-shocks of these four great earthquakes, namely, the Kwanto, Tan-
go, Tazima, and Omati, show unmistakable resemblance to one another,
especially with regard to the maximum frequency at low tide, may be
considered as pointing to a real physical relationship between the two
phenomena of earthqnakes and tides.



Part 3.] Statistical Investigation of Earthquake Phenomena. 405

Prof. T. Matuzawa’s investigation' on the probability of the ex-
istence of a relation between earthquake frequency and tidal phase, has
given 0-214, as its value, assuming that the relation might hold quite
accidentally.

The shocks on the northern side of the Yamada Fault in Tango
have their maximum of frequency about low water and the secondary
maximum about high water. The shocks in the sea bed near Tango
show an entirely opposite course compared with the above as shown
in Fig. 4—~a result that may suggest some essential differences in the
mechanism of the earthquakes for the two origins, i.e., in the sea bed
and on the land north of the Yamada Fault.

The fact that amplitudes of frequency curves for the after-shocks
of four different regions referred to the tidal phases, are as a rule,
greater than those referred to the solar time intervals, as shown in

- Figs. 12 and 13 in the earlier paper above cited, shows how conspi-
cuous is the tidal effect on the occurrence of shocks compared with the
other elements that are supposed to induce shocks.

The physical explanation cf these results may be as follows:

About middle water, the earth’s crust, acted upon by many forces,
is assumed to be in equiliblium, which may be broken down at low
water by decrease in the tidal load (an increase at high water), with
earthquakes as the result.

The result of investigations on tiltings of the earth’s crust made
by Prof. Ishimoto, with his ingenius instrument at Miyatu and Kawa-
be™ immediately after the Great Tango Earthquake, and that made
by Prof. Ishimoto and Mr. R. Takahasi'®, at It6 in Idu, and also that
made by Mr. Takahasi™ at Aburatubo in Sagami, may support the
above explanation regarding the effect of tides on the occurrence of
earthquakes.

Only the amplitudes of frequency curves for the Omati Earthquake,
N=433, Nov. 11, 1918~Feb. 28, 1919, referred to the tide at Wazima
and to solar time, are almost alike. This result appears perfectly
reasonable if one takes into consideration the fact that Omati is situated
much farther from the sea than the other three districts, and that the
effects of some other elements on the occurrence of shocks, such as
daily variations in atmospheric pressure, may operate.

14) T. MATUZAWA, Bull. Earthq. Res. Inst., 14 (1936), 38.

15) M. IsHIimMoto, Bull. Earthq. Res. Inst., 4 (1928), 203. .

16) M. IsHimoTo and R. TAKAHASI, Bull. Earthq. Res. Inst., 8 (1930), 427.
17) R. TAKAHASI, Bull. Earthq. Res. Inst., 7 (1929), 95.



406 S. YAMAGUTIL [Vol. X1V,
Fy >
g g
< S
& &
601 160
a
40 .
140
20
min 4 2z max 2 4  min Tides 120
Fig. 9. Frequency curve of after-shocks
of the Great Kwanté Earthquake,
referred to tides at Yokosuka. 100
Sept. 2~0ct. 1. (A+B+D)
-~ : 130
g
b
s
-~
N Lo
27 $-- + —- )
min., -4 -z max. 2 4 min. Jides
NYF .
2 (270pts) Fig.3. After-shocks of the Tango Earth-
quake,
(a) referred to tides at Wazima,
k4 (b) referred to tides at Kobe.

101
Sea Bed
(57 pts)

:

Frequen

O min 4 5 mar. 2 4 min, lides
Fig.4. After-shocks of the Tango Earth-
quake, referred to tides at Wazima,
March 11, 1997~July 16, 1928.
N. Y. F. means north side of Yamada

Fault.

& frequehc_y

s

N
o

351

30

25

min. -4 -2 max. 2 4 mn. lides

Fig. 6. After-shocks of the Omati Earth-
quake, Nov. 11, 1918~Feb. 28, 1919,
referred to tides at Wazima.

March 7, 1927~July 16, 1928.
D

[y

—/
£y
o

30

~20

35

30

=

maz. 2 4 min. lides

Fig. 5. After-shocks of the Tazima
Earthquake, May 23~June 17, 1925,
(a) referred to tides at Wazima,
(b) referred to tides at Kdbe.

min. -4 -2



Part 3.] Statistical Investigation of Earthquake Phenomena. 407
-2. On Time and Space Distribution of Earthquakes.

a) Fissure line,

The epicentres of earthquakes that occurred in the Kwanto Districts:
were plotted on a map for each month and joined by a straight line
successively in the order of time. The number, %, of the directions of
these straight lines falling in the direction within each sector of an
azimuth angle of 15°, which is formed by dividing all directions into
24 parts, were counted and plotted in vector diagrams against the azi-
muth angle, N-direction being taken as zero, as shown in Fig. 1, in
my first paper™ “On Time aud Space Distribution of Earthquakes”.
The vector diagram for m’s were transformed into the corresponding
zy-diagram and arranged as in Fig. 4, a, taking the directions of the
‘monthly mean pressure gradients at Iwaki as the respective origins of
directions, an error of +7°6 having been allowed for. Similar zy-dia-
grams were also constructed for deviations of n from the yearly mean.
The results are shown in Fig. 4, ¢, in the same paper, in which the
dotted lines on the left-hand quarter are the means of the four quad-
rants. From this mean curve distinct maxima are seen to be somewhere.
near 0°, 45°, and 90°. The maximum at 45° may correspond to
the direction of maximum shearing stress in the earth’s crust due to
the pressure gradient, while the maxima at 0° and 90° may mean that
a tangential or normal stress on a preexisting fissure might induce a
succession of earthquakes along that fissure line.

b) Preferential ratios.

Before inquiriné into the physical meaning of sequnces of earth-
quakes in different regions, it is neccessary to make a calculation of
the statistical probability of sequence for the case in which the earth-
quakes occur quite at random. The following calculation was made
for this purpose: ‘

Let N, N, ...be the number of earthquakes that occurred in region,
k, I,... respectively during the epoch taken. Then the probability
P,, that the earthquakes will occur in region , next to & may be express-

__ NN,
‘ed by Pkl_ZZNkNl
next to &, is given by N’=P,S5W. The value of the ratio » of the
actual number of occurrences N, to the calculated number N’, that is
r=N,/N’, were calculated. ‘

In the paper above cited, the severe earthquakes, 420 in number,

18) S. YAMAGUTI, Bull. Earthq. Res. Inst., 11 (1933), 46.

, while the expected number N’ to occur at l,i
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that convulsed different parts cf the world during the peried of .31
years from 1900 to 1931 were taken from Rikwa-Nenpyd and geogra-
phically classified into 8 groups according to regions of occurrence, and
the values of the preferential ratios » calculated as shown in Table IV,
a, and in Fig. 8, a, b.

Such preferential ratios as have values greater than 1-43, may be
regarded, at least, as suggesting that in such particular sequences of
regions an earthquake is liable to be followed by another. Prof.
Matuzawa’s criterion for the accidental and the real occurrence of sequen-
ces of earthquakes seems to be taken as 10241, approximately, as
above explained.

In other earthquakes, the sequence of regions, Japan — South Ame-
rica, and South America — Japan, always give preferential ratios great-
er than 1°43, which result may be regarded as supporting the state-
ment that an earthquake in Japan is liable to be followed by another
in the antipodes. The same result may also be obtained by the other
method of investigation described in a paper'™, “Statistical Relaticn
between the Frequencies of Earthquakes in Japan and Other Parts of
the World”. )

We also calculated the preferential ratios given quite at random
by throwing a dice 400 times in succession. The result shows that
the range of fluctuation in the values of preferential ratios lies between
068 and 1°43. The pairs of regions therefore that have values of
preferential ratios decidedly greater than 15 and less than 06, may
at least be suspected to have some particular physical relation to se-
quences of earthquakes.

Moreover, no pair of regions for which eque\xlly large ratios are
obtained for the reversed sequences of earthquakes, such as between
Japan and South America, could be found in this artificial case.

¢) Periodicity of Earthquakes.

The time intervals from an occurrence of a great earthquakes to
the next one in the world, N =420, were obtained, and the frequencies
of these intervals for every 10 days were counted and plotted as ordi-
nates, the days of the intervals being taken as abscissa. The general
trend of the curve shows the random occurrence of the earthquakes.
We calculated the frequency f for purely random occurrences, assuming
f=ae™¥, and obtained the deviations of the actual frequencies from this
theoretical value of f, which are shown in Fig. 9 in my first paper
above cited. In order to satisfy ourselves that the periodicity of the

19) Bull. Earthq. Res. Inst., 10 (1932), 36.
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deviation curve is not due to the apparent one proper to any accidental
phenomena, we also tried to take the half intervals or else the overlap-
ping intervals of days for compamson The features of these curves
remained essentially the same. ' a :

For the particular pairs of earthquakes corresponding to »>1-25,
N =118, and r>1'6, N="178, which are results from the previous inves-
tigation with respect to the sequence of earthquakes, the same methods
were used.

The frequency curves of time 1ntervals of the great earthquakes
of the world seem to show a period of 27-5 days. The same period
is obtained whether we choose 5 days or 10 days for the division of
the time axis of the curve. This period is also obtained in the case
of “deep” Japanese earthquakes as shown in Fig. 7 in the paper®™,
“Distribution of Earthquakes in Japan”. Moreover, periods that are
multiples of 27'5 days, namely periods of about 55 and 105 days, are
also observed from those curves both for the worlds great earthquakes
and for the ‘“deep” Japanese earthquakes.

The period of 27'5 days seems to correspond to the 27-3 days pe-
riod of rotation of the sun relative to the earth.

The reason for the existence of this period is not yet clear, but
according to investigations on the sun made by the Wilson Astronomi-
cal Ovservatory as well as by the Greenwich Observatory, it seems
that the great eruptions of hydrogen gas from the sun’s surface occur
with this period, so that it may be the cause of variations in a certain
solar force or forces acting on the earth, but of which nothing is yet
known to us, the result of which may be regarded as inducing the
world’s great earthquakes and the ‘“deep” earthquakes of Japan.

3. Relation between Cyclones or Atmospheric Pressure Distribution
and Earthquakes.

Some preliminary investigations on the relation between cyclones
and earthquakes were made by the writer. First, he counted the
" number J representing shifts of epicentres in E-»>W or W—E direc-
tion in almost the same latitude in the Téhoku region and Hokkaidé
for every month during a period of 7 years, from June, 1924 to May,
1931, and compared it with the corresponding number of tracks of
cyclones that traversed these regions. Taking, instead of J, the ratio
» of J to the whole number, an zy-diagram was drawn as shown in
Fig. 7, ¢, in his paper®, “On Time and Space Distribution of Earth-

20) Bull. Earthq. Res. Inst., 11 (1933), 500.
21) loc. cit., 18).
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quakes”. In this diagram the curved line was constructed by joining
the mean point of each y corresponding to each z, and an ellipse drawn
from sight so as to contain all the points properly. I also calculated
the correlation coefficient of r with respect to the number of tracks
of cyclones, applying the ordinary formula, and obtained 047 as the
value. '

The result may suggest the possible existence of a close relation
between earthquakes and cyclones.

Second, I counted the number n for three successive months, (a)
for the “deep” earthquakes during 6 and a half years from Jan., 1926
to June, 1932, (b) for the “conspicuous and rather conspicuous” earth-
quakes that occurred in the region from Kyusya to the sea off Sanriku,
(d) for the “felt” earthquakes that occurred in the region from Wa-
kayama to Idu. At the same time I counted the number of tracks of
cyclones that passed across the “deep” earthquake zone over a length
of +£1000 km, measured from the origin near the mouth of the Bay
of Ise along a line perpendicular to the Japanese arc for 3 successive
months. '

Looking at these curves of n plotted against the time axis, there
seem to exist certain fluctuations of long period superposed upon an
annual period. Thus, I assumed that the curve for earthquakes, E
consists of two parts, the one of longer period E, and the other of
annual periods E, and E=FE,+ E, Similarly, for the cyclones, I denc-
ted the frequencies of cyclones by C=C,+C,.

In the paper®™, “Distribution of Earthquakes in Japan’, the values
of E, and C, were calculated with certain assumption and C.E -die-
grams drawn as shown in Fig. 6.

The results show that “deep” earthquakes as well as “consp1cuous
and rather conspicuous” earthquakes, show to some extent negative
correlations with respect to cyclones, while on the contrary, “felt”
earthquakes show positive correlation.

As to the physical meaning of these results, I may suggest the
following :— :

a) The excessive stress stored in the relatively shallow parts of the
earth’s crust may be released by frequent occurrences of earth-
quakes of the magnitude of “felt” earthquakes, which are affect-
ed directly by the cyclones that frequent the region.

b) When the excessive stress released as the result of ‘‘felt” earth-
quakes is comparatively small in amount, then earthquakes of the
magnitudes of “conspicuous and rather conspicuous” and “deep”

22) loc. cit., 19).
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earthquakes will occur.

Since then I have made further investigations on the relation bet-
ween cyclone and earthquake.

The distances to the epicentres of “deep” earthquakes from the
nearest cyclonic centres at the time of occurrences of the earthquakes
were estimated and counts made of the frequencies coming within every
200 kilometres. ,

To eliminate the areal effect as well as the characteristic geogra-
phical distributions of cyclonic tracks regardless of earthquakes, the
frequencies of the total cyclones, 3500 in number, during a period of
exactly 8 years from 1926 to 1933, falling on the same zonal areas
between concentric circles with “centre of gravity” of the “deep” earth-
quakes near the coast of Siduoka as origin, were counted. The value
.of the ratios r, of the actual frequency f, to the total frequnency f,
that is »,=f./f,, were calculated and plotted as ordinates, the distances
in kilometres being taken as abscissa as shown in Fig. 1 (a), in the
paper®—¢“Relation between Cyclone and Earthquake”.

‘From this curve it will be seen at a glance that very near the
cyclonic centres, that is, within 200 kilometers from them, ‘“deep”
earthquakes very rarely occur, while a marked maximum of frequency
seems to exist about 900 kilometers distant from the cyclonic centres.

This latter result seems to suggest that the region of maximum
stress difference in the earth’s crust due to cyclones occurs at points
about 900 kilometers distant from the cyclonic centre. '

To test, on the other hand, if the results have any real physical
meaning or not with respect to the relation between “deep” earthquakes
and cyclones, an artificial case was investigated, in which the positions
of epicentres and cyclonic centres were obtained at random by drawing
270 lots. With the artificial epicentres, not corresponding to the cy-
clones actually, a similar frequency in distances f, was obtained and the
value of the ratio r,=f./f, calculated and drawn as shown in Fig. 1, (b).

The latter curve for 7, showed a character similar to that of the
former 7r,. These results therefore seem to suggest that there is some
real physical meaning with respect to the relation between ‘deep”
earthquakes and cyclones.

Next, a qu1te similar method was used for “consplcuous and ra-
ther conspicuous” earthquakes. In this case, however, the epicentres
are distributed over a wide area along the Japanese Islands, compared
with the former case with a limited area, the so-called “deep” earth-
quake zones. Consequently, the value of the ratio »,=f./f., shows

23) S. YaMAGUTI, Bull. Earthq. Res. Inst., 12 (1934), 742.
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features of purely accidental occurrence as shown in Fig. 2, (a), the
centre of gravity of the epicentres being taken at a point in the offing
near Iwaki. Thus, using the function f,=2(n+1—=z), already given
in another paper®”, the percentage value of r,=f,/>f. was calculated
and drawn as shown in Fig. 2, (¢). The deviation of », from this
value of. 7, i.e., dr=r,—7r,, was obtained and shown in Fig. 2, (b).
On the other hand the value of the ratio r;=f,/f, was calculated and-
plotted as shown in Fig. 2, (c¢).

The two curves in Fig. 2, (b) and (¢) show similar characters as
" they do in the case of “deep” earthquakes, except that a rather marked
maximum of frequency occurs at a distance of about 500 kilometres
in this case, instead of 900 kilometres in the preceding one.

The same results may also be seen from the maps showing the
distributions of values of the ratios r,,=N,/N, and r,;=N_,/N, as shown
in Fig. 5 and 6, in which N, is the number of cyclones at the time
of occurrence of the earthquakes during a period of 8 years from 1926
to 1933 and which fall in a mesh formed by dividing the wide area,
each mesh differing from one another by 5° of latitude and 5° of
longitude, N, being its corresponding value for total cyclones at noon
in latitude 135°E for every day during the same period of 8 years.

To see under what type of configuration of cyclones and anti-
cyclones surrounding the epicentre, earthquakes are most liable to occur,
the following procedure was adopted: All possible distributions ¢f low
and high pressure regions were classified into five types as shown in
Fig. 11, and the actual number of occurrences of earthquakes M, belong-
ing each type was counted from weather charts for the days on which
the earthquakes actually occurred. The number of arbitrary earth-
quakes M, corresponding to M, was similarly counted from weather
charts for days on which no earthquakes occurred, the pcsitions of
the artificial epicentres being substituted for the actual ones by draw-
ing a lot successively.

The ratios r,=M /M, and r,;=M,/M;, were evaluated respectively
for “deep” and “conspicuous and rather conspicuous” earthquakes as
shown in the annexed table in the same paper, page 751.

From this table we may say that “deep” as well as “cdnspicuous and
rather conspicuous” earthquakes occur most frequently in such arrange-
ments of low and high pressures as represented by II-{ype, and further
that they are also liable to occur in such a distribution as I-type.

The foregoing results may be regarded as free from accidental
occurrences of earthquakes in connexion with the cyclones owing to the

24) S. YAMAGUTI, Bull. Earthq. Res. Inst., 12 (1934), 214.




Part 3.] Statistical Investigation of Earthquake Phenomena. - 413

particular method of investigation as already explained.

As to the physical meaning of these results, we may say that
earthquakes are liable to occur when the stress difference in the earth’s
crust due to cyclones or barometric pressure difference is maximum,

It might also be supposed that the equilibrium of forces acting
on the earth’s crust may break down with tidal load as the result of
abnormal rise of sea level owing to waves probably generated in the
region near the cyclonic centre, as already mentioned in another paper®,
“On the Effect of Cyclone upon Sea Level”,

In conclusion, I wish to express my heartiest thanks to Prof. M.
Ishimoto for his guidance in the course of these studies and his many
useful suggestions.
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