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In the former paper on Japanese earthquakes, the writer obtained
a conspicuous energy law on the occurrence of larger earthquakes. An
extension of the law so as to include smaller earthquakes will be made
in this paper. Investigations related to the present problem have hi-
therto been made by senior authorities such as Prof. Terada, Prof.
Ishimoto, Prof. Matuzawa and Prof. Gutenberg as well as Dr. Wadati
and Dr. Iida. Further studies including some theoretical improvements
and the actual examinations which support the present theory have here
been made by the writer.

The energy of an earthquake sent out from the hypocentre is trans-
mitted as elastic bodily and surface waves, diminishing their amplitudes
with the hypocentral distance owing to the spreading of wave-fronts,
reflection, refraction and absorption. The amplitude observed at a single
station therefore depends firstly upon the magnitude of the energy sent
out from the origin, and secondly upon the focal distance and thirdly
upon the structure of the medium through which it is propagated. But,
for simplicities’ sake, the last item is here neglected, and the effects of
reflection and refraction are not taken into consideration.

The amplitude is thus assumed to vary only with the foeal distance.
The effect of absorption is assumed to be proportional to e~*". Thus
we put

A=AR(r)e " (1)
where A4, is the amplitude at distance r=1,, so that
R(r)e =1

Let us now consider the frequency of the maximum amplitude of
earthquakes observed at a station. If we denote by F'dA4, the frequency
of earthquakes having amplitude 4, at , and occurring in unit volume
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per unit time, then F is generally a function of position (z, y, 2), time,
and amplitude 4,. But as we are here dealing with the statistical mean
value, we will assume that F' is independent of time, whereupon

F=S0(x: Y, z)f(AO) (2)
Then the frequency on(A)dA of A between A and A+ dA observed at a
station at (0, 0, 0) is
on(A)dA=¢(x, y, 2) f(AR " )d(AR " )dx dy dz. (8)
As already stated, we are dealing with the mean value of seismic ac-
tivities, so we will assume ¢ to be constant in the domain —cc<Lr=<{c0,
—ocoLy< oo and z,<z<z, and to be 0 outside the domain. This ¢s ap-
proximately true in the region concerned. By integrating (8) with res-
pect to polar coordinates we obtain the frequency of earthquakes oc-
curring at a distance between » and r+dr from the station and having
amplitude between A and A+dA at the station. When r is sufficintly
large it results in
on, (A)drd A=2nohrR " "dr f(ARe"")d A, (4)
where 2 denotes (z,—z,).
Next comes the determination of ¢, s,k and the funectional form
of f. Empirically we know already that f(co)=0, so we will introduce
Laurent’s series

f =t=21,a1/A?,
into (4). Then integrating with respect to A within the variable in-
terval A,=A,x""' and A,,,=A;k", and denoting the result by =.l)dr,
we have

A - r —kr o —ikr 1 _
n,(I)=2rphrR™'e" [alRe “logk+ SjaR'e™ (T—T);lif—l{l—l61 } ]
(6)

We know also from actual observations that lllm n,(I)=0, and thus a,=0.

For convenience’ sake we will integrate this equation from r to r+p,
for finite interval p, then
< 11—k (" o1 —ci-nyir
N(, r, p)=2x¢h Ei——g R (DR e, 7
(I, () =2rph S G0, (7)
Observations at Tokyo show that N(I, », p) is invariably proportional to
¢~*. This leads to the conclusion that #R'-' is comstant for only one

admissible integer ¢ greater than 1.
In addition to this, the observations at Tokyo show that
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N(I, r, p)eol/A; (8)
indicating that ¢=2, so that
’ R=nr,""0[r, (9)
and |
f=az/A02° (10)
Thus we have
F(A)=vpa,/AZ. 11)

Sinece the energy of seismic waves is proportional to the square of am-
plitude, the energy of all earthquakes with amplitude between A4, and
A,+d4, is proportional to F(4,)AsdA,=¢a,dA, which is a constant, that
is to say, the law of equipartition of energy holds true here.
Now we have
N, r, p)=2r¢har(l—r)1—e ") (kA) e """, (12)

Assuming that r’ is the minimum distance for the equation (12) to hold,
we will sum up all the earthquakes with I and occurring at all distances.
The result is equivalent to the limit of (12) when p—co, at +’.

N(D)=N(, ', p— ) =2r0hary(l—1)(k4,) e """, (13)
Similarly if we take the limit of (12) for I=1, when koo, the result
is equivalent to the sum N’(r, p) of all the earthquakes occurring at
distances between r and »-+p.

N'(r, p)=2rphar(l—e ") (kA) e~ "7, 14
From (13) or (14) we obtain the total number N of earthquakes observed
at a station

: . N =2npha,ry(kA;) e """, (15)
Introducting N into (12), (13) and (14) we have

N(I, 7, p)=N(k—1)(1—e **)x~Te~ "~ (16)

N(I)=N(t—1)c", a7

N'(r, P)=N(1 _e—kp)e—k(r—n)____]'\f(]__e—kp)e-nkp (18)

provided r=7'+4+np.

Now let us calculate the energy emitted from a unit volume in the
layer considered. As we have seen, the number of earthquakes occur-
ring in the same volume in unit time is F(4,)d4,. And the energy
emitted in time ¢ (duration of maximum amplitude) from the hypocentre
of an earthquake having amplitude A4, at r, is 4mrfviio(2rde* o/ T) .
The total energy of all the earthquakes having amplitudes between A
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and A,+dA, from unit volume per unit time is thus obtained from the
product of these two values. If we multiply this by the thickness of
the layer, #, we have a measure of seismicity:

S=(2x/T)* A, Nkre"""* "Oovtd A,, 19)
which is a constant independent of A, and 7,, since Ayre*™ is invariant
owing to (1) and (9). From a practical point of view it will be conve-
nient to use the energy per 100 km. square and per 100 years. If we
integrate (19) with respect to A4, from its minimum to maximum value,
we may have a better measure of seismicity, but still simpler and more
direct is the number of earthquakes of magnitude M, per unit area in
unit time, that is

N(Mk)=S:AUILF(AD)dAo:gokaz(m—l)Ao}ln'l. (20)
or

Let us now compare the above theory with actual observations, and
determine the constants N, ¢a,, &, and k. As already pointed out by
the late Prof. Ishimoto, Weber-Fechner’s law holds true in the Japa-
nese intensity scale and earthquake acceleration. The writer’s later de-
termination with ampler materials of the relation is

a=0°422(3.266)"==0.45 x 10> (21)
for the mean acceleration corresponding to I, while the lower limit
a,;=0.25x 10", And since the periods of earthquake motion manifesting
maximum acceleration at Hongd (Tokyo) is invariably 0.8 sec., the ac-
celeration and amplitude there may be assumed to be proportional. The
writer therefore took the statistics of the earthquake observations at
Tokyo in the 30 years from 1911 to 1940 with intensity I, and the re-
sult is shown in Table 1.

From this table we see that 7’ is the distance where the duration of
preliminary tremor (S—P) is ca. 5 sec. and N=1847. From the values
of N(I) and N'(r, p) in the last row and column of the table, we have
by the method of least squares

N=1785, £=38.602; and N=1730, kv—=0.1467,
where v is the virtual velocity of (S—P) wave for which the value
satisfying 12v =100 km _l_s adopted here. .
Using the observed N=1847, ¢ and kv determined above, we have
N(I, 7, p)=2499 x 10-0-551 g-0-7317
in 30 years, and the values calculated by this formula are tabulated in

Table 1. Comparing the calculated values with those observed we find
a fairly good conformity.
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Table 1. Statistics of earthquakes with intensity I and duration
of preliminary tremor (S—P) observed at Hongd, Tokyo during
1911-1940. The number without bracket is the observed frequency,
NI, r, p), while those in bracket are the values calculated from the’

above theory.

7
\ 1 2 3 4 5 6 | N, p)
(S-P) =

sec. [29] [3] [1] [0] [0] [0] [33]
) ) V) ) - ) ) ©

5 0 810 | 208 | &5 9 5 1 | 1088
69) | (193) | G4 | @) | @1) | @1y | (960)

10 1 203 | 62 o7 12 3 0 407
G | @ | @ | @ | @0 | 05 | @

15 2 136 | 34 8 4 0 0 182
a0 | @) | az | @4 | 0.9 | 03 | @

20 8 7 13 2 o | o 0 86
an | @) | 69 | a8 | ©5 | ©1 | @06

25 4 P 8 3 1 0 0 46
@n | ay | @8 | 08 | 02 (51)

80 5 22 3 2 0 0 0 o7
as | @9 | @ | 04 | ©1 (24)

85 6 4 5 1 1 0 0 11
@5 | @b | o | 0 (12)

1380 | 333 | 98 27 8 1
NI assey | 70) | @03) | @9 | (7.9 | o) | 1847

The seismicity S calculated by (19) thus becomes

S=0.9%x10%dA, ergs/(100 km)* 100 years,

and from (21)

N(M,)=1.5x10*-%¥%/(100 km)* 100 years,

while the number of all earthquakes occurring at any- distance and
manifesting intensity I at Tokyo in 100 years is, by (17)

N(I)=1.6x 10001
The index 0.556 may be approximately replaced for the present by

+ so long as the present statistical accuracy is concerned.

Then a no-

tably simple law N(M;)=C x 10-**¥x will be found to exist in the occur-
rence of earthquakes in the vicinity of Tokyo, and this law is by no
means a peculiarity conbined to this region, since, it is nearly the same
as the law for Japanese earthquakes already mentioned.
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