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1. Introduction

It is well known that the following formula is used for expressing
the number N of earthquakes in relation to their magnitude M:

log N =a,+b(8—M) (1)
or
log N=a,-bM , (2)
where
a,=a,+8b .

As a result of some of the recent studies?, it is obvious that the
value of coefficient b differs from area to area and this difference is
related to the mechanical behaviour of the part where the earthquakes
occur,

Supposing b has a value peculiar to a certain area, there would arise
a question whether or not the value b varies with the length of time.
Because, it is highly possible that the occurrence of earthquakes would
somewhat change the previous conditions and consequently would
influence succeeding earthquakes. For example, in the case of the
earthquake-swarm near Matsushiro, northern Chubu, Japan, the value
of b, or the coefficient m in the Ishimoto-Iida’s relation, did not neces-
sarily hold a definite value.” (The Ishimoto-Iida’s formula is given by

* Communicated by Y. Satd.
1) S. MIYAMURA, Proc. Jap. Acad., 38 (1962), 27.
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2) K. HaMADA and T. HAGIWARA, Bull. Earthq. Res. Inst., 44 (1966), 1213, 1239 and
1665.
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N(a)ba=ka"da,” and N(a)da is the frequency of the earthquakes of
of which the maximum trace amplitude, a, lies between a and a+da.
k and m are the constants.)

Therefore, in the present study the writer examined whether there
are any secular variations in the value of b in a given area around
Japan. This paper is the first report of the study.

2. Data and the treatment

When the relationship between M and N is studied, using the data
supplied by the Japan Meteorological Agency, we experience difficulty in
obtaining values of M. Because the data, at least those before 1960,
are lacking the magnitude of earthquakes of M <6. This has been also
pointed out by several other authers (e.g. Tsuboi®).

If we were to obtain the mean value of b during a long period of
time, one of the relevant methods would be to deal only with the
earthquakes of which M is larger than 6, as was done by many investi-
gators in the past. However, for the purpose of finding secular variations
in the value of b, it is necessary to use a number of earthquakes of a
relatively short period, say several years. Therefore, should the data
be limited to earthquakes of M =6.0, the frequency of earthquakes would
be too low to do a statistical treatment.

Under these circumstances, the writer decided to use, in place of
M, the value log,4, a common logarithm of the maximum felt distance
of the earthquakes in question. The earthquakes treated here are limited
to those occurring at depths shallower than 60 km,

It was confirmed experimentally by Ichikawa® that the following
relation is established between M and log 4:

M=vlog 4—4§ , (3)

where v and 6 are constants.
Substituting (3) into (2)

log N=a—RBlog 4, _ (4)

where

3) M. Ismmmoto and K. Iipa, Bull. Earthq. Res. Inst., 17 (1939), 443.
4) C. Tsusol, J. Phys. Earth, 1 (1952), 47.
5) M. ICHIKAWA, Quart. J. Seism. (Kensin-Ziho), 25 (1960), 83, (in Japanese).
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a=a,+bd , 140° 142° 144° 146°
(5)
B=bv. } g/
244,

According to Ichikawa, the values of ¥ )JHIOKK/-“'DO .0
and 6 for the Pacific side of Northeast
Japan are 2.7 and 1.0, respectively. | 420

The areas investigated for this study
are Regions A, B and Region (A + B) indicated
in Fig. 1. The data covers 41 years, from A -4
1924 to 1964, The maximum felt distances S
pN
2

of the earthquakes which occurred in these
regions were sorted out from the Geophysical S

Review (Kish6-Yoran) for the years 1924- B
1950 and from the Seismological Bulletin of L 360
the Japan Meteorological Agency (Zisin- | l

Geppd) for the years 1951-1964. Both PACIFIC IOCEAN
journals failed to record the values of |
maximum felt distances for some of the Fig- 1. The regions A and B.
years. To make up for the lack of infor-

mation for those years, the writer measured on the map the maximum
distances between the points where the seismic intensity was I according
to the intensity scale of Japan Meteorological Agency. However, when
the stations are within the abnormal seismic intensity zone they were
excluded, and the maximum felt distances within the zone of normal
seismic intensity were used. Then, among the maximum felt distances
thus obtained, the values from 150 km to 540 km were picked out and
were divided into the following four groups :

4=200km . ... .. 150 km-240 km
4=300km . ... .. 250 km-340 km ,
A=400km . ... .. 350 km-440 km ,
4=500km . ..... 450 km-540 km .

Table 1 shows the numbers of earthquakes corresponding to the
above groups in Regions A, B and (A+B) during the years from 1924
to 1964. The numbers are cumulative figures obtained by consecutively
adding the number of earthquakes in the order of larger 4 to smaller 4.

Using these figures, the writer tried to find out whether any secular
variation occurs in the value of B. In the first place, with regard to
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Table 1. The cumulative numbers of earthquakes during the
years from 1924 to 1964 in Regions A, B and (A+B).

\i\\\ i Region A Region B Region (A+B)
“ T
Year >~ XK™) 200 300 400 500 |200 300 400 500 | 200 300 400 500
1924 20 4 2 1 31 5 1 1 51 9 3 2
25 25 6 3 3 24 6 3 1 49 12 6 4
26 35 11 8 5 22 5 0 0 57 16 8 5
27 30 12 3 1 31 4 2 1 61 16 5 2
28 50 12 5 2 16 4 1 0 66 16 6 2
29 27 6 1 1 21 8 0 0 48 14 1 1
30 19 5 2 2 24 2 1 1 43 7 3 3
31 32 9 3 1 23 7 1 0 55 16 4 1
32 29 15 4 2 7 0 0 0 36 15 4 2
33 85 49 29 17 20 1 0 0 | 105 50 29 17
34 19 6 4 2 19 5 2 2 38 11 6 4
35 30 15 4 1 16 7 2 0 46 22 6 1
36 21 7 2 1 11 1 0 0 32 8 2 1
37 18 7 4 1 10 3 1 0 28 10 5 1
38 12 10 6 1 104 41 16 5 116 51 22 6
39 17 12 4 1 28 9 3 0 45 21 7 1
40 14 8 1 1 15 5 0 0 29 13 1 1
41 16 6 1 0 13 4 1 0 29 10 2 0
42 15 6 5 4 15 7 6 3 30 13 11 7
43 20 6 6 3 32 7 7 4 52 13 13 7
44 24 13 7 5 10 0 0 0 34 13 7 5
45 24 8 4 1 18 7 2 1 42 15 6 2
46 16 4 2 0 20 3 2 2 36 7 4 2
47 23 8 3 3 14 4 0 0 37 12 3 3
48 15 2 0 0 29 8 4 1 44 10 4 1
49 20 11 6 1 19 5 3 1 39 16 9 2
50 27 9 0 0 25 7 1 0 52 16 1 0
51 23 8 4 1 26 9 3 0 49 17 7 1
52 103 42 18 11 13 2 0 0 116 44 18 11
53 40 19 4 3 15 4 0 0 55 23 4 3
54 32 17 6 2 19 4 3 1 51 21 9 3
55 27 15 12 1 20 6 2 0 47 21 14 1
56 28 10 5 1 19 3 1 0 47 13 6 1
57 27 7 2 0 26 4 0 0 53 11 2 0
58 32 17 12 7 18 6 0 0 50 23 12 7
59 23 5 0 0 24 9 4 2 47 14 4 2
60 86 32 15 7 20 4 1 0 106 36 16 7
61 23 7 2 2 22 13 6 0 45 20 8 2
62 23 12 7 3 16 4 1 0 39 16 8 3
63 15 4 1 1 16 2 2 2 31 6 3 3
64 14 T 2 1 23 4 3 0 37 11 5 1
Total 1179 894 2073




On the Secular Variation of Magnitude-Frequency Relation of Earthqualkes 331

Table 2a. The values of @ and B in the expression
log N=a—Blog 4 for N of every five years.

Region A Region B Region (A+B)
* a B @ B a B

1924-1928| 8.70+0.18 | 2.874-0.07 | 11.504+0.09 | 4.094+0.03 [ 9.85+0.18 | 3.22+0.07
25- 29| 8.89 0.20 | 2.90 0.08|12.33 0.50 |4.44 0.20 | 10.08 0.16 | 3.32 0.06
2- 30! 9.00 0.16 |2.96 0.06 | 12.59 0.57 | 4.57 0.23]10.24 0.24 | 3.39 0.09
27- 31| 10.15 0.20 | 3.45 0.08|12.47 0.44 |4.561 0.17 | 11.17 0.26 3.7 0.10
23- 32| 9.83 0.25 |3.31 0.10|13.62 0.79 |5.03 0.31|10.94 0.34 |3.70 0.14
29- 33| 7.67 0.16 |2.33 0.07114.02 0.91 5.21 0.36| 8.79 0.16 | 2.75 0.06
30- 34| 7.40 0.17 | 2.22 0.07]10.90 0.79 | 3.91 0.31| 8.32 0.05 {2.56 0.02
31- 35| 7.68 0.32 |2.33 0.13|11.48 0.32 |4.14 0.13| 8.55 0.25 |2.64 0.10
32- 36! 7.52 0.33 | 2.27 0.13]11.03 0.25 |3.99 0.10} 8.30 0.21 :2.55 0.08
33- 37| 7.39 0.31 |2.22 0.12]11.06 0.16 |3.98 0.06 | 8.24 0.22 |2.53 0.09
34~ 38! 8.88 0.84 |[2.95 0.33| 9.98 0.60 |3.35 0.24| 9.81 0.70 |3.18 0.28
35- 39/ 9.28 1.15 | 3.12 0.46 | 10.84 1.01 | 3.70 0.40 | 10.47 1.06 | 3.45 0.42
36- 40| 8.84 1.02 | 2.96 0.40|10.89 0.90 |3.73 0.36| 10.35 0.92 | 3.41 0.37
37- 41! 9.17 1.22 |3.11 0.4810.91 0.98 |3.73 0.39|10.55 1.06 |3.50 0.42
8- 42| 7.81 0.72 | 2.55 0.29| 9.85 0.71 | 3.28 0.28| 9.38 0.68 |3.00 0.27
39- 43| 7.51 0.30 |2.42 0.12| 8.57 0.33 |2.85 0.13| 8.34 0.24 |2.63 0.09
40- 44| 6.83 0.08 [2.12 0.03| 7.99 0.36 |2.656 0.14| 7.62 0.11 |2.34 0.05
41- 45| 7.00 0.13 | 2.18 0.05| 7.74 0.37 | 2.563 0.15| 7.62 0.23 | 2.33 0.09
42- 46| 6.93 0.24 | 2.15 0.10| 7.41 0.56 | 2.38 0.22| 7.45 0.35 {2.26 0.14
43- 47! 7.43 0.14 | 2.35 0.05| 8.44 0.51 | 2.83 0.20| 8.14 0.24 |2.55 0.10
44- 48| 8.12 0.03 | 2.66 0.01| 9.84 0.10 | 3.43 0.04 | 9.08 0.06 |2.96 0.03
45- 49| 9.27 0.55 | 3.14 0.22| 9.48 0.08 |3.25 0.03| 9.67 0.32 {3.19 0.13
46- 50| 10.12 0.51 | 3.50 0.20 | 10.23 0.17 |3.56 0.07 | 10.48 0.34 |3.53 0.14
47- 51| 9.76 0.48 | 3.84 0.19]11.88 1.12 |4.23 0.44 | 10.91 0.68 |3.69 0.27
48- 52| 9.02 0.33 | 2.92 0.13]11.82 1.09 |4.20 0.43| 9.96 0.42 |3.23 0.17
49- 53] 8.95 0.39 |2.86 0.16|13.22 1.37 |4.82 0.564| 9.87 0.43 |3.19 0.17
50- 54| 9.01 0.42 | 2.88 0.17]13.20 1.34 | 4.82 0.53| 9.88 0.42 3.18 0.17
51- 55 8.64 0.52 |2.71 0.21|12.91 1.48 |4.70 0.58 | 9.49 0.56 | 3.01 0.22
52- 56/ 8.70 0.54 | 2,73 0.21|12.77 1.05 |4.67 0.41] 9.47 0.52 | 3.01 0.21
53- 57| 9.69 1.06 | 3.22 0.42(13.23 1.02 |4.84 0.40|10.81 0.98 | 3.61 0.39
54- 58| 8.35 0.84 |2.66 0.33]13.37 1.06 |4.90 0.42| 9.71 0.78 |3.15 0.31
55- 59| 8.63 0.81 | 2.80 0.32|12.03 0.64 |4.32 0.25| 9.91 0.70 |3.25 0.28
56- 60| 8.65 0.28 |2.75 0.11]12.13 0.50 |4.36 0.20| 9.66 0.25 | 3.11 0.10
57- 61| 8.50 0.11 | 2.70 0.04 | 11.86 1.21 |4.22 0.48| 9.52 0.30 |3.05 0.12
. 58- 62| 7.99 0.13 | 2.48 0.05|11.51 1.85 | 4.08 0.53 | 8.97 0.33 |2.82 0.13
59- 63/ 8.72 0.14 | 2.81 0.05| 9.78 0.69 |3.36 0.28 | 9.31 0.27 |2.98 0.11
60- 64/ 8.36 0.18 | 2.67 0.07|11.17 1.30 |3.95 0.52| 9.28 0.36 |2.97 0.14
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Table 2b. The values of « and 8 for N of every ten years and forty
years, The values of & are reduced to those for N of five years.

Region A Region B Region (A+B)

« B o B a B

1924-1933| 8.07+0.05 | 2.53+0.02 | 12.824:0.34 | 4.464-0.13 | 9.26+0.11 | 2.96+0.05
29- 38| 7.96 0.32 |2.50 0.13 | 10.80 0.47 |3.76 0.19 | 9.21 031 |2.93 0.12
34- 43| 8.16 0.54 | 2.67 0.21| 9.36 0.44 |3.13 0.17 | 9.11 0.47 |2.92 0.19
89- 48| 7.83 0.15 | 2.54 0.06 | 9.08 0.18 |3.08 0.07 | 8.69 0.10 | 2.78 0.04
44- 53| 8.65 0.27 |[2.79 0.1111.07 0.42 |3.93 0.16 | 9.55 0.26 | 3.09 0.10

49- 58| 8.67 0.53 |2.76 0.21 | 13.30 1.22 | 4.86 0.48| 9.78 0.54 |3.16 0.22
54- 63| 8.52 0.48 | 2.73 0.19|11.04 0.74 |3.90 0.27 | 9.48 0.50 | 3.05 0.20

1924-1963| 8.34 0.27 | 2.67 0.10 | 10.59 0.38 | 3.70 0.15| 9.35 0.27 | 3.01 0.11

the number N of earthquakes during the period of every five years as
shown in equation (6), the coefficients &« and A in each region were
determined by the method of least squares;

N:Ni—4+Ni—3+Ni—2+Ni—1+Ni ’ (6)

where 7=1928—1964.
The obtained values of &« and 8 are shown in Table 2a, together

with the probable errors.

Then, for the sake of comparison, values of « and 8 were determined
for N of every ten years, i.e., 1924-1933, 1929-1938, 1934-1943, 1939-
1948, 1944-1953, 1949-1958, 1954-1963, and for N of forty years from
1924 to 1963. The values are shown in Table 2b.

3. Obtained result and consideration

With ¢ (the year in equation (6)) on the abscissa and corresponding
value of B on the ordinate, Figs. 2a, 2b and 2¢ were prepared presenting
the Regions A, B and (A+B), respectively. In these figures black dots
and thin vertical lines indicate the values of B and the probable error
in Table 2a, and open circles are the values of moving average of every
three years.

From these diegrams it is certain that the value of 2 in each region
shows secular variation. Also, it is interesting to see that the mode of
variation differs largely between Region A and Region B, which can be
summarized as follows: The period of secular variation is about 10
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years in Region A, whereas in Region B about 20 years, nearly twice
the former. The range of variation of @ in Region A is about 2.1-3.4
(when B is converted into b by equation (5), using Ichikawa’s value,
v=2.7, we get b=0.77—1.25). In Region B, on the other hand, the
range of B is about 2.5—-4.9 (b=0.93—1.81). The value of 8 obtained
for N of a duration of 40 years is 2.67 (b=0.99) in Region A and is
3.70 (b=1.37) in Region B (these values being represented by a thin hori-
zontal line in Figs. 2a and 2b). In Region (A +B), the mode of the secular
variation of B is similar to that of Region A, but the average value of 8
is 8.01 (b=1.11) (the value being represented in Fig. 2c) and is larger than
that of Region A in consequence of the large average value of Region B.

B Region-A
400}
t
{
3.00} + 4 ’ 3
1 ll I' 0“;’”1
2.00 T ! 1 1 T

1 1T T
1930 1940 1950 1960

Fig. 2a. Secular variation of g in Region A. Black dots and thin vertical
lines indicate the values of g and the probable errors, the open circles being the
values of moving average of every three years. The arrows show the years for
which the sum of energy released exceeded about 102 ergs.

Region- A

100

50

LI D R B S S BN

ANNUAL NUMBER

1930 1940 1950 1960

Fig. 8a. Variation of the annual number of earthquakes of 500 km=4=
200 km in Region A.
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There is another interesting fact. That is, in Region A the amplitude
of variation of A becomes conspicuously smaller from about 1955, the
period also becoming shorter, and the value of 8 approaches the average
(8=2.6T) of 40 years, while no similar tendency is noticed in Region B.

B Region-B .
5.00r
T ‘fb(?
@
* L
4.00F
Mo
3.001
2.00 Il ! T I L 1 !
1930 1940 1950 1960
Fig. 2b. Secular variation of g in Region B.
mloo: Reglon‘B )
w
@ I
2 i
o 50 .
g L
z

1930 1940 1950 1960
Fig. 8b. Variation of the annual number of earthquakes of 500 km=4=
200 km in Region B.
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In order to ascertain whether or not the variation of 8 has some
connection with the earthquake activity in each region, the writer
compared the variation of the annual number of earthquakes of 500 km>
42200 km (Figs. 3a and 3b) with the variation of 2 (Figs. 2a and 2b).

B Region-(A+B)
4.00}
¢
¢
3.00} . H
' ' T
et
2.00 1930 1940 1950 1960

Fig. 2¢. Secular variation of 8 in Region (A+B).

The annual number of earthquakes in Region A is larger in 1933,
1952 and 1960, and in Region B it is larger in 1938. This is because
the large earthquakes (M >17.5), accompanied by a large number of
aftershocks, occurred in these years.

The comparison between the variation of 8 and that of annual
number has revealed the following: The above-mentioned years, when
the number of earthquakes was large, correspond to the years when the
value of B was closest to minimum. One of the reasons for this will
be given later. In Region A, however, 8 shows a conspicuous minimum
around 1945 when the number of earthquakes was not comparatively
large. On the other hand, neither Region A or Region B shows a
tendency of a decrease in the number of earthquakes when the value
of B attains its maximum.

These facts suggest that it would be difficult to discover an intimate
correlation between the secular variation of 8 and the annual number
of earthquakes. Therefore, the writer made an examination as stated
below : The sum of energy released by the earthquake of M >6.0 in
one year was calculated, and the years for which this sum exceeded
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about 10% ergs were sorted out, as represented by the arrows in Figs,
2a and 2b. The energy of 10® ergs corresponds to that released by one
earthquake of M=7.5. As seen in the diagrams, release of great energy
took place when the value of B was, or was becoming, minimum. This
fact requires some explanation. The range of magnitude treated in this
study was between 4=200km (M =5.2) and 4=500km (M =6.5), and
is a relatively narrow range in terms of M. Within this range of
magnitude, the fact is revealed that the rate of increase of occurrence
of aftershoks is larger in large earthquakes (4=500km) than in small
ones (4=200km). As a consequence, immediately after a large earthquake
accompanied by a large number of aftershocks the value of B would
become smaller. However, it must be particularly noted here that, in
both Regions A and B, the minimum value of A corresponds to the
increase in the amout of released energy. Especially around 1945, the
minimum value of B is not due to the increase in the number of
earthquakes but is ascribed to the increase in the amount of released
energy. In 1945 any earthquakes accompanied by numerous aftershocks
took place, but a few earthquakes of M =6.5-7.3 occurred so that the

B
5.00r
!
400} lReglon-B + }
I |
|
300} | t
| oo
; ] ; | 1
Region-A
2.00 : : L |9I60

1930 1940 1950

Fig. 4. Variation of 3 obtained for N of every ten years in Regions A and B.
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released energy attained the amount of about 1x10* ergs.

Summarizing the above-mentioned facts, it seems most likely that
the variation of B has no direct relation with the number of earthquakes
but is rather related to the amount of total energy released by the
earthquakes. It is interesting to see that S begins to decrease several
years before great energy was released, and that during the period of
increasing values of B no release of great energy took place. This
problem involves an important principle, so the writer will refrain from
drawing any hasty conclusions here.

The values of B obtained for N of every ten years were plotted in
Fig. 4. In Region B in the upper half of the diagram, variation of the
20 years period can still be observed, whereas in Region A the variation
is obliterated since 10 years is almost the period of variation of pB.
Therefore, an examining the secular variability of B, the data to be
dealt with should not be smoothed by the moving average of a very
long window size, otherwise, existent variation is apt to be overlooked.
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18, HREOBHLE EHOMFROAELELIC 0T
PEHE £ ono¥

HROHB. M & ¥ DFERR N LoMOBMER (1) it Q) it 3 HE b offins, ik
XD TRILD & EDTHEDOW L DD X>Tiifii& i, SEOPGRIE, RE—Hicisw
T, B4 b OICKEBEN D ENE D EFXZONANTH B, M<6.0 OHFRTIIVIFHC
RiF 5 DO0HEDT, MO ICHRKEREEOMEMIT logd #HWT, 2hé M EoBHN
4) BT BB B DXL PR,

1924 4Eps 5 1964 sEF T 41 4ERGiZ, Fig. 1 12/RL%A A, B 108 (A+B) i cliz o7
TEX 60 km X hENAHITHTOWT, 4=200, 300, 400, 500 km D3, DR SEAT, FHFR DMK
TR 5 B OEDFEL bRk, FEFiL Table 2a, 2b, +sXk ¢t Fig. 2a, 2b, 2¢ 7 FiTm LA
WO THDH. ChbOfEREND, B OECHEIGEEERNFET 5 2 Lz icv b oo X
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S5ThHA.

A i f=2.1~8.4 (b=0.77~1.25) T 10 EFAMOBTN RSB, 1955 48 1 b
LRz E 22D, AL Lm0, 40 EHD 8 OIS 2.67 (b=0.99) ITHHE
Loo»hsHEamLTh5,

B iR 5=2.5~4.9 (b=0.93~1.81)HFATH 20 EFEMMOTLERL, A uKoFh &1
LS Tw 3, 40 ZER0 B $=38.70 (3=1.37) ¢ A KL h KTH 5.

(A+B) Hifk: A M ToZLEL T35, B oM Ec 3 oS 3.01 (b=1.11) &
A HIRDZDIBE LD REL DTS,

B DELLIBTIET) & DBIRE RAledie, FFAEOMEI (500 km=42200 km) 0Z{by
KR35 & Fig. 32, 3b o5, chbolE § ok (Fig. 2a, 2b) &2 FhFhlb~<s &,
I ORI L 5 ORI & XhFL—F Linws, fhe A #ulkc 1945 EF 0 8 o+
DO A SBRERI VL, 8 ORI L THIEH oW &b Bo5hu,,

RICHEDIELZ L D =5 L F —78 108erg. Ll k27074 (Fig. 2a, 2b OKH) & B DL
ERHRD &, WEHEOMIEX YL XY BRIF—FB AR5, Thbb g oftinsiid Loodk
BIEF TN EMICRE L ERRE V= 2 A F— OB S S, —F B offirstlikLobh%
WIS L TR E V=3 F— DB D Tuvicls. S hITEBRH AR TH LA, Ll
TR AT B L LT B,

B (BHD\NZb) OHKEE(LELFA~BEE, AWK TIL 5 EMIE X b BT OB
B B Dfiiteinn b, T OXEEEY BE3TBIMS 5 (Fig. 4 2R).




