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Chapter 6. Analysis of the Period of Coda Oscillations
by Takahasi-Husimi’s Method.’

321. Takahasi-Husimi’s Method of Analysis.

Takahasi-Husimi’s? method of analysis aims at finding the two character-
istic constants of a vibrating system, p and e, namely, the coefficient of damp-
ing and the circular frequepcy, from a curve recorded by the motion of the
vibrating system when it is exposed to irregular external forces. This new
method of analysis devised by K. Takahasi will be made use of in our study
here, since it seems to be highly fitted for our present purpose of analysing
the coda oscillations of earthquake motions.

In our present study, however, the external forces mean the energies that
are conveyed as seismic waves. These seismic waves have to be reflected and
r'éfracted many times when they reach the surface of the earth or as they
pass through some discontinuities within the earth. Therefore it is not to be
denied that the seismic waves are likely to have the character of irregular
impulsive waves when they are observed by 'seismometers installed on the
earth’s surface. But at the same time it is to be expected that regular periodic
waves also are to be detected in the records on the same seismometers. It is
our aim, therefore, to expand Takahasi’s method to cover the case where the
external force consists not only of irregular impulses but also of regular periodic
wavés, and to see what results are derived from the analysis of the records
made by the vibrating system in such a case.

1) S. OMOTE, Bull. Earthq. Res. Inst., 21 (1943), 458, 22 (i944), 140. 23 (1945), 47. 8
(1950), 49. ,
2) K. TARAHASI and K. HUSIMI, Geophys. Mag., 9 (1935), 29.
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222. The Expansion of Takahasi’s Methed. .

When the external force that affects the vibrating system is supposedly
made up of a regular and an irregular part, the equation of motion of the
vibrating system, according to usual notations, will be given by

d%x dx

+2
a "t Tar

where f(#) is an external force. Whence can be set up the equation
FO=@p@)+Le™sinpt......cccceeevevvenaannnn. (22.2)

in which @ (¢) is the term representing the wholly irregular motions, and the -
second term represents the periodic motions of a simple harmonic type with
damping.

FE=F() v (22.1)

In the case when n > ¢, the Solutxon of the equation (22.1) is given by !
x=ce % cos ol + e sin gt -  cos of S f (&) e sin atdt
ag
+ ¢ 7singt (£ e cosotdt ..o (22.3)
a
C=V Mm% e, (22.4)

That this @ (#) is a wholly irregular disturbance, according to Takaha51s
assumption, is to be interpreted to mean

(1) That @ (2) is not related either with x or dx/dt.

(2) That the mean value of @ (%) is zero.
t2 17

(3) That Sip (¢) dt has nothing to do with S @ (1) dt so long as (4,
n 21

2) and (¢, /) do not have a common domain.
Now, if we put

P )=y (t—=8)+ Py (t—81)+ -+ +u (—8u)+ - ...... (22.5)
where '
t—8: <0, @i (t—8:)=0
0<t—8; < +4ti, @i (=80 e (22.6) .
t—8i > + 4t @i (t—8:)=0
Bict & } ................................. (22.7) .
=0, 1, 2,

then, in such a case, the aspect in which one after another of the free oscil-
lations of a vibrating system is stimulated will be shown in the form
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x=31[e"*"% {¢; cos o ({—d;i)+¢;sin o (t—di)} ]

Le=*

V(e 2as+ w447 (a—ep PP ET)

. e e
S "t»ng () e sinotdi+ € ‘sin "lquz (#) e cosatdt.

With respect to the equation (22.8), if we pick up from among the values of
x observed at certain intervals of time those whose deviation from the mean
value of x is positive, and arrange in vertical column the portions of the curve
beginning with #s where x is positive, in orden to work out the mean of these
partial curves, what sort of a curve is to be obtained, provided that we have
had a great many such xs?

To make the matter simple, we will divide the motion of x into two parts,
x', 2, and put

x=x"+x" ......(22.9)

where &' represents a part that oscillates simply harmonically and x” the part
that oscillates irregularly.

To begin with, let us consider the x' parts only. If we assume that the
sole irregular external force ¢y worked on the vibrating system, the motion of
«’ under the influence of this force, to be given by #'y, will bave the form -

x'y=e7"{c; cos ot + ¢, sin ot}

Le™
V(a2 —2ae + n2— PP+ 4P (a—e f

sin p (¢—7) ...(22.10)

(where &, is treated as zero). .

The equation (22.10) can be rearranged into a simpler form. In the fol-
lowing form the phase difference between the first and second terms of the
right-hand side of the equation (22.10) is represented by 4, since it can be
given any quite arbitrary values:—

x'y=ae™* sin ot + be ™! sin{p(t—7)+4}.. .................. (22.11)

Now we will make x/y (#)) - x'o(#2) represent the various values which
%'y has at regular intervals of time, or at £=0, #{,=Fk, f=H+F, (22.12),
(% being a certain unit of time), and assume that ¢ and « of %/ are equal
and so small that the oscillations will last a sufficiently long time. We will
further assume that at a certain definite hour, # in (22.12), the first term of
the right-hand side of the equation (22.11) had a certain positive value 4. In
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such a case, the second term must be greater than (-) to make x'y(is) > 0.
If we make a equal to b, the above conditions will be satisfied by

oy > p(ts—7)+4
or 2m—y < p(ts—7)+ 4

and from this we see that the probabitity P, that makes #/;(#) >0 when
the first term of the right-hand side in the equation (22 10) is equal to +#,
will be given by

P+: ‘.,1,_. + ry .
2 T
In the same way, in the case of @ siny=—F, the probability P_ that makcs
ay (#s) > 0 will be given by

p=1_7,
2 T
Generally speaking, under these assumptions, at any time-point defined by the
equation (22.12), when the first term of the right-hand side of (22.10) is posi-
tive, the probability that makes &g >0 is larger than when it is negative.
This probability becomes still larger as the absolute value of the first term
increases. Now if we make up the summation of

>0 {x,() (ts)} ....................................... (22.13) ‘

with regard to a very long period of time—of the values of xy at the #s that
makes x5 (¢s) > 0—the terms that are small in their absolute values are likely
to be cancelled, since there will occur as many of them in the positive as in
the negative, while the terms that are large in their absolute values will
remain uncancelled in 33 {xg(#s)} for the lack of their negative values to
offset them.

" What we have con'%ldered above about the first term of the right- hand
side of the equation (22.10) is also perfectly applicable to the second term of
the same equation. With respect to the second term too, we can easily see
that terms with the large positive values are added together in Z{x's ()} .

In general, the maximum amplitudes @ and b of the first and the second
terms are not equal to each other, but even here it will be easily seen that
térms with larger positive values are added together.

In the second place, we will consider the case where the free oscillation of
the vibrating system is stimulated by one after another of the successive
external forces. What modifications will it be necessary to make in the above
statement ?

Let us make &' (Zg), &' (Zp) -+ represent the values of ¥’ of the equation
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(229) at the time-points #;, #3,-- -+ - {n, defined in (22.12), and assume ' (#s) >0
at the time-point #s. In such a case too, when the free oscillations of that
vibrating system are being stimulated in the form e~ts=% {¢, cos o (fs—&:)
+c¢, sin 8(15—8;)} , it will be easily suspected that the term that has a large
amplitude has a high probability to make &’ (#s) > 0. Similarly, with respect
to the oscillations of a simple harmonic type due to an external force that is
denoted as [Le~*/{(a?—2e+n>—p2)2+4p? (a—e)z}‘i] sin p ({—7) the same state-
ment will hold good.
Next, we will compare

with VA s+ ER) e (22.15)

The former is the summation of all the values of &’ at the time-point # that
make x' (fs) >0, and the latter is the summation of all the values of x’' at
the time-point of (Zs+%), namely, after the lapse of one unit time k from
the respective #s used in the former summation. From the definition of (22.14)
it is not to be expected that all of the values of x'(#s+%) should also be
positive and it is reasonable to expect that some of the values of x/(fs+k)
will be negative. Then, statistically, we shall have to put

Ex’ (ts)>zx/ (ts+k).

These results will lead us to the following conjecture; if we pick up every
positive x’(#s) and put the value of &' (#s) as x, and also assume that time
as the point of commencement, then the curve of the values of x after #
may be drawn. In this manner, we can draw many curves of &'y that begin
with the different positive values of x’, and finally we can calculate their
mean value and draw a mean curve of them all. Such a mean curve will
make a damping oscillatory curve with its maximum value at the beginning.
The mean curve thus obtained is composed of two independent simple harmonic
oscillations not in any way mutually connected either with regard to their
periods or with regard to the phases, so that if &’ is at its maximum at the

beginning, this means that these two curves also have their maximum values
at {=0. The mean curve will be shown by

%= a"Pe~* cos ot + 0 ¢~ cos Dloeeeniniannn.n, (22.16)

where ¥, means the average of all the values of %’ that make ' >0, and '

@™ and 5 mean the average amplitudes of the first and the second terms
of the equation (22.11) when #’ has the 4 sign. This, however, does not mean
that all the terms of a* and & are positive in their signs.
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Next, we will consider the amplitude x which is expressed by x=x'+x"
where ¥ is a term due to the simple harmonic motions considered above, and
%" is a term due to irregular external forces. In this expression, even if
x>0, it does not necessarily follow that x>0. But we can pick up a very
large number of positive x and draw curves that begin each with such a
positive x, and calculate and draw an average curve of them all. In this
average curve the positive and negative values of x” will occur in equal
numbers, so that the positive and negative effects of x” will cancel each other,
as a result of which the same conclusions will be derived statistically as we
get in the case of the curve x'.

Therefore, if we denote such an average value by %+, then, x, probably has
the same nature as #'+ and, similar to the equation (22.16), it will be given by

2, = A et cos pt+BP e COS Pt .o (22.17)

where A(+) and B are both constant terms.

Hitherto, we have solely discussed the cases when the deviation of x from
the average is positive. In precisely the same manner, when the deviation is
negative, we can fined the average x_ of all the negative values of x, and
the following equation will be derived.

x. =A% cosat+ BT COSPE i (22.18)

where A and B are the average of the maximum amplitudes of the
first and second terms when the sign of x is negative.

These irregular external disturbances will imply positive and negative
motions occurring with equal frequency, and the simple harmonic motion will
be distributed symmetrically from its zero line, so that as a whole the average
of a great many values of x, %+ will be the same as ¥ in their absolute
value and have the opposite signs.

As the consequence of this, we have

X+ (—x) =|A|e % cosat+ |Ble *cospt...... (22.19)

The first term of the right-hand side of this equation represents the free oscil-
lation of the vibrating system, and the second the damping sine waves due to
the external forces.

Now if in some way this curve is analysed into its two component curves,
we shall be able to find out the damping constants and the periods of the two
oscillatory motions. And tbanks to Takahasi’s method of analysis, we now have
the way to determine from seismographs not only the damping constant and the
period of a vibrating system but also the damping constants and the periods of
the external forces provided that they contain periodical forces.
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Husimi’s analysis were resorted to.

l
|
|

A B c D
g
16-1 | 16 ‘ Siwoyasaki! E-W!
162 |, I
163 ', .
19-1 L 19 ‘ Kesenuma N-S ‘
| Koti- !

20-1 | Yamato | E-W
20-2 | " | N-S
20-3 | ,, | ” ”
54-1 :154.  Kagi . |
84-1 | 34 | CelebesSea E-W
36-1 | 36 ] Celebes |
362 | | . , .
36-3 | \ , ‘ ,
-4 . .
36-5 | | ” .
36-6 | 36 ' Celebes | E-W
67 | . .
36-8 | \ " \ ”
36-9 | w o
37-1 37 New-Guines E-W
e A
73, " ”

15- 17

11- 13
14- 16
30~ 32
40- 42
40- 41
41- 42
42- 43
43- 44
£0- 51

60~ €2
62- 64
71- 73
50- 52
53- 55
69- 71

»

2

»

»

291
e .

C D | h . E

T
| | s | m m
i New- | |

Guinea EV| 2 71- 72
e T2-B
. v wo 82- 81

s . 99

» . 1 . 100-102

" " 1 . ' 102-104
Mexico©  ,, \ ,‘ 69- 71
. . 7 ‘ 71- 72

., . . T2-T3

" , \ ‘ 73- 74

., ., 82 8t

. " ‘I 84- 85

Y | ’ 90- 92
. ol 9204

” » | 2 99-101

. . 101103
Peru E-W ,,1 56~ 58
” » ‘ . 58-€0

w oo zl 71- 73

, | ‘ 77- 79
Peru |[E-W 2 79-8l1.
» . 122-124

Table I. Earthquake and it’s portion that the Takahasi-

(to be continued)
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(continued)

A | B l c D h E A |B| ¢ D h E

; s| m m sl m m
51-7 | 51 | Peru |N-S | 2| 56-5$ | 52-10 | 52 | Chili |E-W| 2| 121-122
51-8 | W |, 58-89 | 5211 | . | 122-123
51-9 | .|, I - N R R P N L 138-139
51100 51, o o 0-72 D s3] |, . |, 139-140
51-11 ) .| . oy | | 72-74 | 52214 | » |, 0 140-141
51-12 | .| w | .l 80-82 | 5215 | » | .| 62-63
51-13 1, |, w | 8284 | 52-16 | | ol | 63- 64
51-14 | ,, ' Chili |E-W, , |150-151 | 5217 , | , |N-S| 2| 66- 67
115 |, o | . l151-153 | s2-18 | | w |, 67-€8
52- 1| 52 | Chili o | .| 66-68 | s2-19 | | . | .| 80-8l
s2-2| 0, w | .l 68-70 | 5220 , | L] s2-83
52-31 . . | 2| 80-8 5221 | o | .| 8384
s2-4 0, . | | 81-8 | s222| | w |, 115-117
-5 L0 . |l 83-85 | s223| . o | i 1174119
-6 . . . ,1105-107 | 224 | | . |, | 130-131
52-7 . ‘ » |, | 107-108 | 52-25| .| o |, 131132
s-8 . . b | 208100 | 5226 | . |, 1132-133
52-9 . woos 120121 | 5227 | . . |, 1133-134

B: Earthquake No. C: Epicenter.

A: Curve No,
D: Component. E: Portion in which the analysis was made.
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Table II. Numerical values of oscillation curves calculated by
means of Takahasi-Husimi’s method.
Figures in each heading is curve number in Table I

16-2 | 16-3 191 | 20-1 | 202 20-3 | 54-1 | 341
1| +1542 +132.7j +782 4656 | +1833 42201 +206.0 | +1583 | +507.5
2| 41026 | + 635 | +523 | +365 |+ 707 +1766 +160.81 -+1247 | +350.5
3| —201 | — 464 —109 | +59 |- 256 + 183 + 482 + 267 +1011
4 —1022 | —175 | —586 | -207 | — 799 —1149 — 654 — 914 —1614
5 -— 834 | —1222  -582  —565 — 731/—1351 —141.1 —1599 —3359
6| —186 | —330 =—211 = —451 - 472 — 5061304 —140.2 —367.6
7| + 349 | + 516 \ +291 = 05 | — 21|+ 700 — 706 — 39.9|—2566
8| 4+ 682 | -+ 87 | +525 . 4215 |— 201 +1333 — 30|+ 8.1 — 637
9| + 67.2  + 679 | +465 - +394 | — 301, + 995 + 133 +16L7 +112.1
D+ 187 — 1.5! +148 | 4225 | = 291 + 61 + 356 +1457 23438
11| —471 | —555 | —210 ;, + 87 |+ 81 — 87.6 + 408 + 37.0| +256.8
12| —69.3 — 732 —421  —152 |+ 616 —1176 + 454 — 885|+176.0
13| — 433 | — 358 | —336 = —256 |+ 687 — 443 + 60, —1682 + 47.2
14| — 94 | +312 | —40 ' —123 |+ 369 + 391 + 85|—16L5|— 67.3
15- + 329 | 4+ 715 | 4214 | 4+ 11 | — 237 |+ 616 — 77.1 — 67.6 —117.8
16| + 742 | + 618 | +325 | + 64  — 681 + 291 — 580 + 683 —1068
17| + 689 | + 25| 4256 | +100  — 845|— 384 + 59| +1621 — 50.1
18| + 45| — 540 | —49  + 63 — 526|— 841 + 239 +169.3 + 10.6
19 — 714 | — 741 | —-186  — 25  + 107|— 725|— 441| + 865 + 320
20| — 968 | —429 | —356  — 60 |+ 586 — 174 + 458 — 395 — 122

36-1 | 36-2 | 36-3 | 36-4 - 365 | 36-6 | 367 | 36-8 | 36-9 | 37-1
1| +6180 +812.1| +757.1' +359.8 +350.8 | -+334.7 | +182.1  +121.5| +1182 | +1220
2| +509.4| +553.0 +5095 +147.7 +229.4 | +249.0 | +1367  + 97.0| + 667 | 4 994
3| 41046 +303.0 | 41417 | - 373 +1035| + 366 + 518 4+ 397 + 47|+ 443
4| —1961| —1849 —2045 —1591 — 82 —1803 | — 420 — 439 — 605 — 166
51 —4232| —5215 —324.0| — 948 —150.1 —264.5 | — 738 —107.6 — 839 — 619
6| —3912| —7116| —377.0 —1051 —142.1 —1686 — 420 —I137.1: — 650 — 916
7 —2118| —5734 | —2656| — 455 — 748+ 368 + 39 —1048 — 262| — 948
8|~ 89 —3009|— 604 + 90.6 + 393 | +2139 + 406 — 539 + 202 | — 69.1
9|+ 399 |+ 540 + 955|-+107.2 +1189 +2407  + 636 + 9.8 + 523| — 117
10 | +106.8| +222.9 | +177.8 | + 755 + 495 +1322|+ 604 + 763 |+ 426 | + 404
11| +122.4 | 45524 | +1966  + 19 + 107 — 333 |+ 390 +130.0 | + 39.0| + 76.1
12 | +1362 +6€428 | +1807 | —1188 — 569 —146.1|— 17.6 +1648|+ L1 + 704
13| + 179 +6188 +1043 —1453 —1035 —147.4 — 740 ' +150.3| — 438 | + 60.5
14 |+ 254 +2726 — 608 —1112 — 37.6 — 471 — 984 + 8§7.4| — 551 + 363
15 | —2312 — 17.3 —2538 | — 458 + 159 +1020 — 735 — 215 — 329 |+ 17.9
16 | —1739 —381.0 —I865|— 752 + 79.8 +1764 | — 114 — 960 — 98| — 287
17 | + 177 | —5744 | —197.3 — 768 + 92.1 +127.5| + 461 —130.0| + 11.6 | — 47.8
18 |+ 717 —589.9 — 558 | — 939 + 353 — 69 + 569 —1341 + 80| — 695
19 | ~1323 | 4449  + 589 | — 934 — 81 —1508 + 261 —1118| + 199 — 821
20 | +137.3 | 2358 +3016 + 195 — 319 —190.2 — 112 — 71.1|+ 394 | — 63.2

(to be continued)
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(continued)
37-2 | 31-3 | 374 | 375 | 376 | 377 | 378 49-1 | 492
1] +1087 + 958 +121.7| +88.7 | +822| +529| +837 | +774 | +159.4| +118.0
2| + 868 + 695 + 88.8| +52,1| +453 | +392| +66.5| 4580 | +127.9 + 814
3|+ 271 + 73|+ 52| 4+ 15| —151| + 74| +284 | + 97 | + 503 + 243
4| — 304 — 516/ — 561, —222 | —521| —20.3 | —114 | —254 | — 388! — 227
5, — 729, — 758 — €67 —29.6 —429| —22.7 | —362 | —438 | — 854, — 540
6! — 884 — 565 — 516 —274 — 64| —144 | —212 —537| — 8L1| — 453
7| — 644 + 14; — 352] —121| +256| — 41| + 86 | —325 | — 37.2| — 56
8|~ 226, + 37.3| + 108 + 79| +39.2| — 47| +353 | 4+43.0| — 08| + 315.
9| + 209 + 639 + 564, +134 | +202| 4 57| +41.2 | +174 | + 87| + 499
10 | + 481 + 504 + 512 +127| — 15, +188| +262 | +151 | — 17.6| + 419
11| + 53.8! — 101 + 99 — 86| —254| +246| — 71| —108 — 382 + 301
12| + 399 — 59.6{ — 646 — 0.7 | —410 | +145| —342 | —37.6 | — 307, + 59
13| + 186| — 721| — 885 +137| —337 — 60| —502| —379 | + 7.0/ + 103
14| — 115 — 287 — 40.6| +459 | —109 | —27.9| —359 | —245| + 482 — 169
15 | — 349| + 345] + 27.5| +456 | +142 | —341| — 41 + 708 — 17.7
16 | — 452| + 805 + 59.0| +202 | +292 | —254 | +20.6 + 49.7| - 85
17 | — 37.3) + 844| 4 57.4 —269 | +180 | — 50| +29.0 - 96| — 202
18 — 206 + 384] + 443, —493  — 13| +100 | +105 — 751 — 385
19| + 87 — 281 + 125 —520 | —181| + 94| -214 ~-104.4| — 42.3
20 + 340 — 779 - 322 —23.9] —159 | + 57| —4l4 — 66.7| — 453
L 493 | 494 | 495 \ 49-6 ‘ 49-7 j 49-8 | 49-9 | 49-10 j 51-1 [ 51-2
1} +1130| +346.7i +228.1) +2534| +241.9| +233.9| +179.6| +127.1| +286.7| +236.6
2 +103.8J‘ +2880| +179.6 +190.9| +172.4  +1769 + 79.2| + 991  +228.7| +196.6
3 4+ 775 +1597 + 615 + 612 + 348 + 627  — 336 4 288 +1088| + 856
4 + 208 + 116 — 59.8| — 42.4| — 588 — 69.8| —1133| + 209| — 17.0| — 249
5 — 260 — 986 —1195 — 834| —1195| —1664 —1205| —1034 — 92.2| —151.9
6| — 503, —1398 - 88.1‘ — 326, ~1133. —161.0| — 80.8| —108.0| —121.8| —1685
7| - 853 —191. + 90 + 469 — 391 — 578| — 376| — 632 — 56.4| —1146
8| — 05| — 439 +1321 +1093 + 462/ + 809 + 517| 4 77| + 197| — 155
9| + 250, + 180 +2162) + 960 + 785 +1820, +1440) + 644 + 743| 4 65.2
10| + 255 + 330 +2042, + 306 + 424 +2153| +1229| + 90.0| + 77.3| + 87.3
11| — 28 + 182 + 954, — 481 — 99 +1536| + 345 + 702 + 175| + 444
12| — 513| — 257 — 546 — 948 — 695 + 50| — 428  + 186 — 831 — 243
13| — 836 — 553 — 801 — 57.7' — 954, —125.4| — 860 — 37.0' —1757| — 614
14| — 918 — 760 —1541 — 148 — 800 —1645 — 645 — 762 —211.7 —1125
15| — 603 — 876 — 667 + 358 — 321 — 891| + 56, — 748| —1€8.1| + 0.6
16 — 59| — 998 + 746 + 585 + S3 + 20, +1061 — 389 — 62.2| +107.3
17| + 259| —1247 +1754 + 345 + 190 + 925| +203.6 + 12.2| + 57.7| +1763
18 | + 47.8| —127.7 +1933 + 139 — 528 +1382  +2208 + 473 +140.9| +169.2
19| + 521| — 98.2] + 833 — 469 —1034| 4 847 +1420| + 551| +153.1| + 90.4
20 | + 453 — 409] — 55.43 — 40_4. —101.1 — 159| — 23.7| + 30.6| + 99.3| — 54.9

(to be continued)
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(continued)

51-3 ‘ 51-4 ‘ 51-5 f 51-6 | 51-7 51-8 51-9 ! 51-10 | 51-11 | 51-12
1| +1445] +214.9| +200.8 +115.0 +803.4| +749.7| +209.1] +1409; +739 | +257.4
2 + 982 +1829, +137.0| + 89.0 +593.7, 4+582.3 +147.7| +106.7| +53.5 | +212.3
3|4+ 56|+ 964 + 191 + 17.4 +282.1| +1409 + 91| + 276| + 98 | + 794

» 4| — 957 — 77| — 98.7 — 608 — 41.8| —366.5| —147.5| — 62.7| —39.5 | — 73.8
51 —1344| — 901 —156.6| —101.9. —368.8| --630.1| —2242| —1224| —703 | —188.1
6| —1088, —125.0{ —131.2 — 89.7. —549.3| —654.0 —-201,5 —124.0| —66.9 | —233.1
7| — 347| —1109| — 360| — 29.2. —4794| —3619} — 77.0| — 69.1| —316 | —177.2
8| + 57.1| — 42.1| + 579 + 39.5i —126.6| + 638 -+ 925| + 11.9| +153 | — 465
9| +1135! + 34.8| +112.5| + 86.51 +286.2| +499.8| -+206.1| + 73.9| +43.2| 4+ 95.3

10 | +111.1| + 759 +1059| + 85.2: +556.8| +550.1{ +243.0; +108.1| +58.3 | +199.7
111 + 565! + 73.0| + 365 + 37.71 +585.7! +457.5| 4-161,0| + 80.4| 4340 | +2815
12 | — 234 + 244 — 372 — 26.5! +383.1| +102.8, + 20| + 140| — 72| +167.7
13| — 891 — 150 — 93.0| — 69.7 ' — 474| —289.3| —148.2] — 523| —41.1| + 356
14| — 99.3| — 399 —102.0 75.0% —4470| —534.8| —2489| — 98.7| —614 | — 9.1
15| — 620 — 355 — 67.7| — 37.6? —687.6| —551.2| —224.2| — 686| —244 | —184.9
6|+ 06 — 29 + 74| + 22.6§ —632.6| —241.1| — 973 — 12.6| +15.3 | —212.2
17 | + 57.2| 4+ 355 + 60.7| + 67.2? —259.8| +2048| + 759| 4+ 53.9| 4517 | —151.4
18 | + 812! + 65.4! + 918! + 75.31 +2105 +5354) +1951] + 94.8| +66.1 | — 329
19 | + 51.0| + 81.3| + 67.3| + 43.7 +546.3: +596.0| +236.2) + 924 +50.7 | + 84.2
20 — 94| + 714 + 143| — 12.31 —662.0; +496.2| +163.9| + 261| — 6.8 | +163.5

51-13 | 51-14 | 51-15 52-1 I 52-2 52-3 52-4 52-5 52-6 52-7
1) +2826| +785 | +71.4 +639.2} +512.5| +635.2 +473.2| +440.6] +444.6| +329.6
2| +2199| +514 | +508 | +4534 +383.1| +561.7 +393.2| +380.2| +280.3| +273.0
3|+ 435 + 56| + 5.0 +134.5é +138.9 4—356.2 +171.2 | +144.1] + 200 + 76.0
4] —-1466| —462 | —36.4 —122.8! —132.3 4 828| — 499| — 915 —211.4] —130.5
5| —2675 —768| —43.1 —291.83 —373.7| —132.4| —303.9| —248.4| —363.6/ —2429
6| —238.6| —62.4 | —521 —359.02 —373.0| —245.0) —337.1| —234.3| —364.7| —208.8
7| — 80| —140| —129 —293.1% —3235| —2354| —229.2| —122,7| —2335| — 74.4
8| 4+ 960| +43.8| +405] — 517, — 742| —1035| — 31.1 + 22| — 704] + 294
9| +2115| 4784 | +598 +209.5|; +168.7| + 50.4| +130.4| + 83.5| +111.2| + 87.3
10 | 41979 +694 | +56.1 | +2375| +342.4| +-108.6| +1745 + 48.8| 42278 + 60.2
11| + 958 +18.7 | +20.7 | +1539| +416.6] + 24.4| + 888! — 69.4 +244.6) — 8.6
12 - 3277 —416| —199 | + 33.2} +213.0) —171.8 — 48.7| —180.6| +121.7| — 407
13| —131.7| —-765| —534 | —1685 — 683| —3343| —1228 —283.7{ + 609| — 32.7
14 | —1347, —686 | —58.9 —249.5; —30).3) —365.2| —225.0| —2722| — 29| + 319
15| — 80.7| —211| -30.3 —147.45j —399‘91‘ —246.1| + 12| — 575| — 98.5| + 75.6
16 | + 83.8| +39.1| +156 | + 51.35 —26835 — 53| 42147 +155.6] —1625| + 44.1
17 | +1689| +77.0 | +46.2 | +1629 — 443 +268.9| +352.7| +3748| —1856| — 17.8
18 | +142.6| +73.6 | +59.7 | +168.1 +251.5 +495.2) 1338.4 +448.7| —1625| — 87.7
19| — 56| +209 | +37.0 | +114.2: +434.7. +591.6| +180.8; 43389 — 905! —112.5
20 | —1429| —317 | — 60| + 12.1i +393.3i +507.1| —109.9 | +1734| + 52| — 69.8

(to be continued)
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(continued)
52-8 52-9 52-10 | 52-11 | 52-12 ., 52-13 | 52-14 | 52-15 | 52-16 52-17
1| 42759 +110.2| +107.9| +838 +103.4E +127.8| +121,7| +771.2| +896.1| 42485
2| +202.2| + 725| + 689 +47.7 | + 89.3! + 925| 4+ 90.9, +525.2| +645.1} +179.7
3| + 387| + 245| + 311, — 41| + 315| + 13.3| + 23.8| + 39.0{ +111.3| + 912
4| —1051| — 412 — 24| —588 | — 358| — 687| — 33.0| —430.3| —462.8| —1115
‘51 —1848 — 722! — 450 —67.7 | — 90.6) —106.7| — 54.3| —702.7| —818.4| —207.5
6| —1437, — 574 — 42.7| —442 | — 81.7| — 80.1| — 279| —650.6| —816.0| —204 8
71 — 412 — 133 — 24| — 93| — 375| — 12.8| + 15.2! —2822| —3574| —118.7
8| + 719 + 226 -+ 11.8| +33.7 | + 20.2| 4+ 57.9| + 55.3| 4-202.4) +1818| + 183
9| +1246! + 31.0| + 356| +44.5| + 608 +100.3| + 558} -+596.9| +697.0| 4144.0
10 | +1091, + 21.3| + 149| +343 | + 532 + 69.6| -+ 12.4| 4738.4| +914.6| +206.8
11| + 471 — 145| + 32| + 99 | + 214| + 144| — 47.2| +561.7| 4-805.5| +189.2
12 | — 438! — 21.5| — 17.1| —155 | — 142{ — 591} — 85.6| +119.1| +205.6| + 57.8
13 | —103.6| — 12.4| — 311} —24.3 | — 343| —112.6| — 91.0| —365.3| —307.6| — 73.1
14 | —1464| + 08| — 11.3| —206 | — 238| —1009| — 56.1| —691.4| —7194| —201.6
15| —103.7 + 168 + 48, — 79| — 45| — 398 + 13| —684.6| —7989| —237.3
16| — 228! + 123 + 239| + 40| + 181| + 485 -+ 37.4| —383.7| —4655| —175.4
"17 | + 556! + 157 + 27.6| +14.1 | + 284| +10L2| + 387| + 947| + 354 — 383
18 | +1192| + 142, 4 106| + 54 | + 16.1| +101.5| + 13.3 +5034] +512.8| +116.8
19| + 984 + 97| — 24| — 95| — 19.1| + 46,6 — 187, +678.6| +681.2| +183.1
20| + 414| — 11.5| — 95| —11.2| — 423| — 338 — 30.4| +540.1| +-563.8| +234.2
52-18 | 52-19 | 52-20 \ 5221 | 52-22 | 5223 | 52-24 | 52-25 | 52.26 | 52-27
1| +299.3| 4-105.6 +107.9‘\ +138.2 +1553 +184.4 +1859| +189.3| +111.9| +164.2
2| +2485| + 819 + 92.8‘ +135.4| +1164| +1235.2| + 89.1| +122.0| + 522| + 80.3
3| +1059| + 27.3| + 52.6| + 75.0| + 404| + 166| + 06| — 27| + 143} + 4.3
4| — 638| — 349| — 47| + 13.0| — 354| — 93.6| —113.9 —119.9| — 20.2| — 98.9
5| —1895| — 824| — 61.5| — 40.6| — 942! —140.7| —139.7| —167.7, — 45.1| —137.7
6| —2305 —1008| — 939, — 760, — 720| —1114| —1029| —106.5| + 14.6| — 924
7| —175.7! — 854| — 8L7| — 68.0) — 210| — 229| — 76| — 20| + 207 — 9.8
8| — 618 — 494| — 56.4| — 192 + 09| + 64.5| + 79.5| +120.9| + 669| + 74.2
9| 4+ 51.4| — 44| — 75| — 19| + 259| +108.6| +1254| +165.7| + 44.8| +1381
10 | +116.9| + 29.4| + 383| + 13| + 104! + 835 +116.7| +144.5| + 45.1| +1074
11| +119.6] + 406 + 641} 4+ 134| — 172 + 20.8] + 399 — 24| 4+ 53| + 61.0
12| + 722| + 268 + 59.2| — 34| — 130 — 45.2| — 285| — 8.1 — 61| — 745
13 + 01| — 06, + 197 — 461} + 52| — 73.6| — 914, —1712| — 4.2 —152.4
14| — 5571 — 301} — 224 — 79.1| + 232| — 644 —107.1| —1224} — 209 —1717
15 | — 749| — 466| — 569| — 83.9| 4 47.0| — 247| — 68.7| — 329| + 214 — 95.0
16 | — 584| — 41.2| — 708! — 582| + 311, 4 244 — 104| + 850 — 48| — 22
17| — 2721 — 17.01 — 487, — 2221 — 182} + 54.1 | + 86.3| +1494| + 389| +1225
18| — 59| + 18.6i — 153 — 69 — 415 + 445| +114.7| +1068| — 19.5| +151.8
19| — 159 + 509| + 261 + 130| — 74.4| + 166| + 89.8| + 31.4| + 91| +139.0
20 | — 41.4| + 685! + 586| + 3.1| — 636! — 190| + 246} — 709| — 25.6| -+ 53.1
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323. Analysis of the
Seismograph.

The earthquakes and the portions
of their coda oscillations analysed by
Takahasi’s method are tabulated in
Tablel. The oscillation curves obtained
as the result of the analyses are given in
Table II and Figs. 1-7. Of these oscil-
lation curves, some have a distinct
periodicity which at once convinces us
that they are composed of a single sine
curve, while others are not so simple
and are supposed to be composed of
two sine curves of the damping nature.
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424. Decomposition of an Oscillation Curve into
its Component Curves.

As most of the oscillation curves obtained by Takahasi’s method of analysis
are composed of two sine curves of the damping nature, it is necessary to
decompose them into their two component curves. If we put the amplitude of
the oscillation curve corresponding to the time ¢ as y, then y will be given by

y=Ae sinn(t—r)+Be sinp (E—7) ool (24.1)
which is written as
y=ay P+ aye® Pt e D (24.2)

where o and B are complex numbers. As the value of y is given at certain
intervals of time (and these intervals of time are given by &y =t;+yk, y=1,2,-)
yy will be written as
y_y_—_aleﬂl(il'*-‘{ﬂh)+a2662(t1+Y—1h)+ a3053(t1+"f—1h) +“4e&(!1+\’—1h) . (24.3)

Now, putting

2= eﬁlh, 2= eﬁﬁh’ 23 :e(33lz’ 2= e
2y, 2 23 and z4 are to be obtained as the set of four roots of the fourth
order equation )

2522+ 52248524 8,=0, oo (24.5)
provided si=—(21+ 2+ 2+ 2)

So=212,+ 2923+ 2324+ 242y

Ss=(212:23 + 22,24+ 252421 + 24212,) I

S4= 21272324 y
then we shall obtain the values of €, #, & and p from the solution of the ob-
servation equations. Then replace them in (24.2) and carry out the calculation
of the least square once more, and we shall obtain the remaining four constants
A, B, and 7. In short, we thus come to know all the coefficients of the two
co'mponent curves. .

Now we are going to analyse the oscillation curves in Figs. 1-7 by means
of the above method of analysis, but some of the oscillation curves are so
simple that they are supposed to be composed each of a single sine curve of
the damping nature. In such a case, the third and the fourth terms of the
equation (24.2) are lacking, so that, instead of the equation of the fourth
order of (24.5), a quadratic equation

Z451245=0 i, (24.7)

will be solved and a set of conjugate complex roots of the equation will be
used for the determination of the sine curve.

3) C.RUNGE und H. K6NIG, “ Vorlesungen iiber Numerischen Rechnen,” Berlin (1924),
231, '
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225. Analysis of Oscillation Curves.

We picked up ten curves out of the Figs. 1-7 which were supposed to be
composed of two sine curves, and executed the calculation explained in the
last paragraph with the results given in Table III. Thesz calculated curves
are compared with the observed ones in Fig. 8, in which I is the osciliation
curve obtained by Takahasi’s method of analysis, II the calculated curve, III
and IV the two component sine curves into which curve I was decomposed.
In all the cases in Fig. 8, the observed curves agree fairly well with the
calculated ones but some curves in III and IV differ from each other by 7 in
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Fig. 8. 1I; Oscillation curve. 111, 1V ; curves decomposed the curve
T into it’s elementary two curves. II; III+1V.



Farts 341 On the Coda Waves of Earthquake Molions. (Part 5)

301

their phases, so that some have the negative value at the beginning. Anyhow,
with respect to these two component curves, we notice that the curve that has
a large damping coefficient affects the curve II only slightly while the curve
that has a small damping largely determines the shape of the oscillation curve.

Table III. Constants of damping sine curves obtained
by solving the 4tk equation. ‘

Curve No. € o n ? Tn Tp \ A B
19- 1 —0.0707 | —0.5383 | 44°45/ | 56°29’ | 1608 6.4 + 3451 | — 3.77
20- 3 —0.0311 | —0.1577 61"41’} 19°31/ 59 3688 : + 979 + 67.58
54- 1 —0.0115 | —0.6712 | 44°01/ | 67°33/ 16.36 10.66 , + 89.05 | — 12,62
34-1 —0.0899 | —0.9502 | 36°22/ % 54046/ | 19.84 13.14 +282.28 | — 31,94
36- 5 —00364 | —0.5728 33°10’ ’\ 23°50/ | 21.70 30.25 + 5478 | +127.81
37- 9 —0.0942 '« —0.3935 | 45°14/ 456°55/ | 1592 1546 | + 3503 + 4.09
49-10 —0.0145 | —0.3234 ! 43°57/ ‘ 42°25/ 16.40 17.00 + 33.06 | + 1863
51-10 —0.0348 | —0.5204 | 40°33’ & 38°14' | 17.76 19.00 + 7292 | — 135
52- 4 —0.0588 | —0.9333 | 34°34/ J 38°26/ | 20.84 18.74 | +200.74 | + 4442
52— 6 —0.0565 | —0.8378 | 23°41/ l 39°13/ | 5049 18.38 + 430 | +241.94

Table IV. Constants of a damping sine curve obtained
by solving the quadratic equation.
Curve No. ¢ | = T A Curve No.l‘ e n | T A
| o7 sec | [° 1 sec
16-1 0168 5123 | 701 | 395644 51- 1 , 0197 41 06 | 17.56  642.659
16-2 0049, 49 01 . 7.34 | 273748 51- 6 0.025. 43 20 | 1662 239.972
20-2 . 0.099| 51 53 694 i 477.396 51-14 . 0.001 43 34 . -1652 157.160
54-1 | 0010 44 23 1622 | 364714 51-15 | 0.052 43 30 | 1656 221358
36-6 ! 0.050 47 19! 1521 | 692.202 52-1 ‘ 0138 39 27 | 1826 711.766
37-2 0.063| 36 33 | 19.70 | 204.716 52- 2 : 0.0421 39 20 | 18.30 ; 1051.983
37-3  0.079;: 44 03 ! 16.34 | 213.050 52-3 10207 3647 1956 ‘ 1530.230
37-4 | 0083 48 29, 1486 | 226.346 52- 9 0.156; 44 38 16.14 | 2578.848
37-5 10.262) 43 14 | 1666 | 197.4€2 £2-10 | 0.280: 42 47 1684 280.259
37-6 | O.IOZi 48 23 | 14.88 | 154.754 52-12 0.077{ 44 24  16.28 | 258.741
37-7 0196 4514 1592 | 133.194 52-13 10017 43 49 16.44 232.288
49-1 | 0181 4211 17.08 360774  52-15 | 0.005 39 27 = 1826 | 1513130

©49-2 ‘ 0.153| 40 03 | 17.98 | 258.493 52-19 | 0.064| 34 24 ; 20.94 239.822
49-2 1 0.136° 37 33, 19.18 | 223.619 52-21 | 0.235] 40 C0 , 18.00 378.014
49-4 | 0.1961 36 30 1 19.72 ; 736.259 52-23 0.0691| 44 10 © 16.28 389.7C0
49-5 0.022; 40 11 | 17.90 ' 415.161 52-25 1 0.035, 43 41 | 16.50 384.975
49-9 10091 4333 1672 | 420.052 P | |
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Secondly, we picked up some
curves of the simple form from.
Figs.1~7, and calculated their
periods and damping coefficients
by solving a quadratic equation

q
5
1t
<.§f

.

A
hd
G
/.g
Ld

202
N *
(24.7). The results are seen in Ta- E! N
ble IV and in Fig.9. In the figure G 7Q 49-4 - 52—/&% .
the values obtained by means :\\/f’\v 49-5\\':/'/\' 5}/2\V/°’~;
of Takahasi's method are shown m\ e U 52'*\ FaN
by small dots for comparison. o SNoos” N o
As will be seen in Fig. 9 these a,":\ I N SR S
N e
calculated and observed values o . \ N P
974 Lo 516 5219
resemble each other losely. ‘\\,/ /’\ X, et
These 32 oscillation curves TN S 5221 <iail
here analysed are such fine sine \\ N "\\\/ \ s
7-6 115 52223
curves that their periods are A \\o/

¢

(<

L _52-1\

casily determined from their 37 Wy 5225

graphs by inspection. For com- Fig. 9. -; Amplituds obtained by means of the

parison’s sake the periods deter- Takahasi-Husimi's method.
mined by inspection and by - Full line ; Calculated curves obtained by solving
calculation are shown in the 77 the quadratic equation.

and 7T columns in Table V.
The difference between the two periods obtained by calculation and by in-
spection is extremely small, the probable error of their difference amounting
to only 4-0.3 sec. For this reason, with all the rest of the curves not analysed
by the method explained in 2 24, we determined their periods by inspection.
Apropos of this, the errors of these theoretical curves will be shown in
Table VI. From the observation equations given by (24.3), normal equations
are formed. By solving the normal equations, s; will be obtained, and when
the values of s; are replaced in (24.3), the residual v for each observation
equation is giv'en by

VySut Yy 1S3t Yy oSot Yy a8+ Yy =0

From this v the probable error for cach observation equation will be calculated.
If we denote the probable error of ¥ as #y and put ry=7/1/1+5 ;2 we shall
be able to get some rough estimation of the errors. The 7 and 7, will be
seen in Table VI-A. The values of 7y in Table VI-A are very small in com-
parison with the values of y in Table II, showing that the calculatzd results
are fairly reliable. The values of » and 7y obtained by solving quadratic
equations are given in column B of the same Table. The amount of errors they
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bring about in the calculated periods will be seen in the last column of the
same table.

Table V. Comparison of T and 77,

T'; Periods obtained from calculation.

T7: Periods obtained graphically, T!=%(Ta-+2T:).
Ti; Half periods of sine curves in Figs. 1~7.
Ta; One Periods of sine curves in Figs. 1~7.

CarveNo| 7i | Ta | T/ | T CurveNo | Ti | Ta | 70 | T
265 | 86 | 164 | 165 1680 5111 | 84 | 168 168 1622
v 966 | 74 | 154 | 151 1521 5114 | 84 | 166 167 1652
372 | 98 | 194|195 1970 51-15 | 84 166 | 167 1656
. 37-3 | 82 | 166| 165 /1634 52-1 | 92| 176 | 180 | 1825
37-4 | 76 | 154 | 153 | 1486 52-2 | 02| 188 | 186 | 1830
37:5 84 | 168 | 168 1 1670 52-3 | 104 ' 168 - 188 1956
37-6 72 | 14.6 | 145 » 1488 52-9 | 84 162 165 1614
49-1 | 88 | 168 | 17.2 117.08  52-10 1 86 | 164 . 168 1680
492 | 88 | 172 174 1798 52-12 84 | 164 166 1628
49-3 | 96 | 178 | 185 1918 52.13 | 84 | 162 165 \ 16.44
19-4 102 | 188|196 1972 5215 | 88 | 184 180 ‘ 18.26
49-5 90 | 174 | 177 1792 52-18 | 96 | 192 192 19.06
19-9 | 84 | 168|168 1672 5219 | 104 | 202 205 | 2094
51-1 | 9.0 | 17.2| 176 1756 i 52-21 | 9.6 186 189 1800
51-6 | 82 | 166 | 165 1662 5223 | 82 | 164 164 1628
51-9 | 88 | 176 | 17.6 | 17.84 52-25 = 82| 164 | 164 1650
Table VI. Errors of oscillation curves.
A | B
Curve No. 7 " 7y ] Curve No. r ry sreIc‘.
19- 1 480 | 370 “;l 16- 1 8.93 5.24 1.60
20-3 | 1192 | 661 L 20-2 8.38 518 1.21
54-1 | 380 | 231 ! 51-1 3.20 1.58 1.49
‘ 34-1 | 786 983 | 36-6 | 335 2.50 1.72
36-5 | 1781 006 | 372 | 307 1.50 2.84
37-9 | 1630 1420 | 41 | 467 2.69 3.02
t 49-10 | 1171 000 | 5l-6 , 178 0.90 1.08
51-10 | 462 a7 | 514 | 225 1.28 116
52-4 | 1895 | 1955 | 521 4.10 2.23 0.78
52-6 | 2238 | 190 | 0228 | 311 | 121 | 162
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2 26. Periods of Oscillation Curves.

Now that oscillation periods have been calculated with regard to all the
curves in Figs. 1-7, we shall proceed to the consideration of each of them.

The first three curves in Fig. 1 are those of the Sioyazaki earthquake.
The next 19-1 is that of the Kesenuma earthquake (No. 19), composed of two
curves of periods 6.4 sec. and 8.0 sec. respectively. The curves 20-1, 2, 3 belong
to the Koti-Yamato earthquake (No. 20), and we obtain the periods of 6.8 sec.
from 1 and 2, and 5.8 sec. and 18.5sec. from 3. We obtain two periods of 77=
10.7 sec. and 7,=16.4 sec. from the curve 54-1 of the Kagi earthquake (No. 54),
and two also from the Celebes Sea earthquake (No. 34), T;=13.1sec. and
7,=19.8sec. With regard to the curves of the Celebes earthquake (No. 36),
we obtain the period of about 20 sec. from the curves 35-1, 2, 3 analysed in the
portion between 40 and 50 minutes, and the period of about 15sec. from the
curves 36-6~9 in the portion between 50 and 70 minutes. If we decompose
 36-5 into two curves we have T,=15.1sec,*T>,=21.7sec. In the Celebes earth-
quake two different periods seen to be present, namely 73=15.4+0.10sec. and
7=20.3+0.47 sec. In the New Guinea earthquake (No. 37) we observe a period
of 20sec. at about 50 minutes and another of 15sec. in the later portion, and
in the still later portion, at about 70 min. from the P commencement, there
are apparently two .periods of about 16 sec. and 15sec. Inclusive of tow periods
appearing at about 50 minutes, we find three types of period in the New
Guinea earthquake. The oscillation curves of the Mexico earthquake (No. 49)
are shown in Fig. 4. A great majority of these curves have a period of 17 sec.,
but there exists the period of 20sec. in 49-3, 4, and those of 16.4sec. and
17.0sec. in the neighbourhood of 100 minutes, that is, near the end portion. The
oscillation curves of the Peru earthquake (No. 51) are seen in Fig. 5. Between
50 and 80 min. there exist two waves of 16.5sec. and 19.5sec., and in the later
portions beyond 100 min., the waves with the period of 16.6 sec. are predominant.
Figs. 6 and 7 are the results of the Chili earthquake (No. 52). In the portion
of 50-80 min. there appear two periods of 77=18.3 sec. and T,=20.2sec. Waves
in this portion were named the first coda waves in Chapters 1-3, but then
the mean periods in this part could not be decided accurately owing to the
large fluctuation of the respective periods. Contrary to this, in the portion
which we named the second coda, namely the part beyond 100 minutes, the
mean values of the one-minute periods were fairly uniform according to the
calculation performed in Chapters 1-3. With regard to this portion the period
T3=16.4 sec. has been obtained both through the calculations performed and
through Takahasi’s method of analysis. All the periods obtained from the
respective oscillation curves are shown in Table VII
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Table VII. Periods of oscillation curves.

Curve No. T \ Curve No. T ‘} Curve No.
sec. 11 sec. i
16-1 7.0 ;\ 49- 1 17.1 “ £2- 3
16-2 73 | 49-2 79 524
16-3 71 49-3 192 | 52-5
19-1 64 | 49-4 19.7 \i 52- 6
20-1 68 | 495 e | 527
20 2 69 | 49-6 166 528
20-3 59,185 | 49-7 173 | 52-9
54-1 107, 164 |  49- 8 175 | 52-10
34-1 13.1, 19.8 \\ 49- 9 167 | 52-11
36-1 188 M 49-10 | 17.0, 164 \\ 5212
36-2 217 | Bl-1 176 | 5213
36-3 94 | s1-2 ws | 5214
36-4 159 “ - 51- 3 173 || 52-15
36-5 | 161,217 | 51-4 175 | 5216
36-6 152 “ 51- 5 7.4 52-17
36-7 15.6 ‘; 51- 6 166 | 52-18
36-8 012 | 51-7 198 | 52-19
36-9 153 | 51-8 190 || 52-20
37-1 20.8 \ 51- 9 17.8 % 52-21
37-2 197 | 51-10 | 17.8,190 | w2
37-3 16.3 ‘ 51-11 176 | 52-23
37-4 149 | 5112 200 | 52-24
37-5 192, 167 ‘\ 51-13 17.4 . 5225
37-6 19.7 G 51-14 16.5 ‘ 52-26
37 7 159 | 5115 166 = 5227
37-8 156,159 |  52-1 183 |
37-9 55 . 52-2 183 |

T
sec.
18.7, 19.6

20.8
18.0
18.2
16.3
16.6
16.1
16.8
16.4
16.3
16.4
16.3
183
18.2
183
19.1
20.9
20.1
18.0
16.4
16.3
16.3
16.5
16.2
16.4

2 27. Relations between the Epicentral Distance and the Coda

Periods Revealed by Takahasi’s Method.

If we divide the periods in Table VII into adequate groups with regard
to each carthquake and make the mean of the respective groups, we are able
to find the predominant periods of coda oscillations of the respective earth-
quakes, as are shown in Table VIIL From the table it appears that two or
three sorts of waves of different periods are likely to exist in the coda oscil-
lations of the respective earthquake. These are denoted by Ty, T» and T,
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Table VIII. Predominant period determined by means

S. OMOTE.

of Takahasi-Husimi’s method.

[Vol. XXVill,

Epicental

Earthgq. No.? Epicenter Comp. distance
16 Siwoya-Saki E-W 295 km
19 | Kesenuma N-S 380
20 ! Koti-Yamato |E-W & N-S 391
54 ' Kagi N-S 2,230
34 | Celebes Sea E-W 4,110
36 | Celebes E-W 4,470
37 ! New Guinea E-W 4,550
49 | Mexico E-W 11,600
51 | Peru E-W 14,900
” o N-S »

52 Chili E-W 16,800
N-S

»»

”

”

7 T, T;
7.1 5€c T __ sec
6.4 — —
6.5 19.6 —

10.7 — 16.4
13.1 19.8 —
15.4 20.3 —
15.4 20.3 16.3
17.3 19.5 16.6
17.5 —_ 16.6
17.6 19.5 16.6
18.3 20.2 ‘ 16.4
18.2 200 | 164

and the relations between these periods and the epicentral distances of the

respective earthquakes are shown in Fig. 10.

From the table we notice at

once that the 7' period agrees very well with the predominant period deter-
mined in the preceding chapters, and from the figure we see that as the
epicentral distance increases 7% also increases. On the contrary, the 7% and

See
20

70 -

Fig. 10. Relations between predominant period determined from
Takahasi-Husimi’s method and epicentral distance.
@ 7, ;T A; T3

70000

J
20000km
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T, apparently have the same values in all the earthquakes irrespective of
the differences of their epicentral distances, T, being roughly 20sec. and T3
roughly 16sec. In the predominant period obtained from the mean periods
in the preceeding chapters too, the period 16sec. was found in the second
coda waves of the earthquakes with the epicentral distances upwards of
10,000 km. Here, also, the period 73 was found mostly in the second coda
waves of the earthquakes with long epicentral distances. It is also to be found
in the first coda oscillations of New Guinea and Kagi earthquakes that have
medium epicentral distances.

The T; period has been observed in the first coda waves of the Mexico,
Peru and Chili earthquakes, but as it existed mixed up with the oscillations
of 17-18 sec. periods, its existence was not demonstrated until we had succeeded
in separating these two periods by the method of analysis explained in the
last paragraph. With respect to the earthquakes of Celebes, New Guinea and
Celebes Sea too, the T, period is seen to exist in the beginning part of the
first coda oscillation. .

Of these three types of periods that exist in the coda oscillations of earth-
quake motions, 73 and 73 have constant values in all the earthquakes without
regard to their different epicentral distances. So it will not be unreasonable
to assume that these represent the free oscillation periods of the vibrating
system, while the 7 period that increases with epicentral distances is the
period of external forces that reach the vibrating systems, namely, the period
of the propagative seismic waves. However, the fact that we have adopted
Takahasi’s method of analysis presupposes that we are assuming the existence
of some vibrating system. Therefore the question we have to consider is
this :—What types of vibrating systems is it most proper for us to assume to
exist?

As the free oscillation period of the seismometer used for recording earth-
quake motions has been kept up at about 60sec., that observed period T can
by no means be the free oscillation period of this seismometer. Another
. probable assumption is that the earth’s surface layers upon which the seismo-
meter is installed may constitute a vibrating system.

There have been repeated discussions regarding the possibility of occur-
rence of free vibrations in a surface layer, but if we assume its possibility in
common with the prevailing opinions, we can find in it a convenient explana-
tion for the three periods here observed. ,

During the period within which the sine type external waves stimulate the
vibrating system, the system will continue forced oscillations and will display
a T period, but as the periodicity of the external disturbance fades away and
external forces come to have a nature of random stimulation to the vibrating



308 S. OMoOTE. [Vol. XXVIII,

system, it will be expected that the free oscillation periods 7% and 73 will be
observed. The study of the free oscillations of the surface layer will also
afford an apt explanation to the phenomenon of 7T period appzaring in one
section of the first coda oscillations, and 73 in another, as in the case of the
oscillatory curves here analysed. . ’

In order that such a free oscillation might be maintained for a long time,
the damping coefficient of the vibrating system will require some consideration.
The damping coefficients of the respective waves of different periods are seen
in Table IX. As seen in the table the dampings of the waves of free oscil-

Table IX. Damping constant /% for respective
oscillation curves.

Curve Curve Curve
No. I k No. T; h No. T3 h

sec sec sec
16-1| 7.0 | 0.0866 | 34- 1| 198 | 01212 | 54- 1| 164 | 0.0119
16-2{ 73 | 00439 36-1| 188 | 0.1676 | 37- 3| 163 | 0.0814
19-1| 64 | 03358 | 86-5| 217 | 00556 | 37-5| 167 | 0.2690
20-2| 69 | 00778 | 37-2| 197 | 00848 | 37- 9| 159 | 0.0930
E4- 1] 107 | 02673 | 87-7| 200 | 02273 | 49- 9| 16.6 | 0.0960
24-1| 131 | 05573 | 49-3| 195 | 01741 || 49-10| 164 | 00156
36- 6| 152 | 0.0461 | 49- 4| 197 | 02565 || 51~ 6| 166 | 00272
37-4| 149 | 00734 51-10| 19.0 | 05511 | 51-14 | 165 | 0.0002
37-6| 149 | 0097 | 52-3| 196 | 02674 | 51-15| 166 | 0.0552
37-9| 155 | 03501 | 52-18| 19.7 | 0.0992
49- 1| 171 | 01959 | 52-19 | 209 | 0.0936
49-2| 179 | 0.179
49- 5| 179 | 0.0402
49-10 | 17.0 | 0.3337
51- 11 176 | 0.2211
51- 3| 173 | 0.0338
51- 4| 175 | 0.0943
51-9 | 17.8 | ! ‘
51-10 | 17.8 00406 : 1
.52-1| 183  0.0522
52- 2| 183  0.0522
52- 4| 187  0.0850 |
52- 6 | 182  0.7161
52-15 | 183  0.0066
52-21 | 18.0 l 0.2704 \ l
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lation are smaller than those of the waves that propagate, and the waves of
T3 period display particularly small damping coefficients.

As to the free oscillation in the surface layer, E. Wiechert?? advanced the
theory of a stationary wave that has a node at the lower end of the surface
layer and a loop at the surface of the layer. If we take up such a model,
the thickness of the layer d will be represented by d=1 V7, where V is the
velocity of the elastic shear waves that pass through the layer, and T the
period of the stationary waves. Now if we give to d and V in the upper and
middle layers the values d;=4.5km, d,=16 km, V;=1.1 km/sec and V,=3.2 km/
sec respectively, according to the result of T. Matuzawa, we shall be able to
expect the periods of the stationary waves to be T3=16sec., and T5=20 sec.
These, however, are quite rough estimations, and we will discuss them in
detail in the following chapters.

In concluding this chapter the author wishes to express his cordial thanks
to Professors T. Hagiwara and Ch. Tsuboi for their kind advices and conti-
nuous encouragement throughout the course of this study.
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B OWFEA LB L 2k 2 HiERR_E., 20X 5k LTS3 oBEEIMSE Y 70 ADLiE
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ARbAB LWL ok, 2%e 1), Ty Kt T3 L4 G 2. Ty ZEMIEREO X % o
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4) E. WigcHERT und K. ZoprrITZ, © Uber Erdbeben Wellen” Géttingen, 1907, 54.
5) T. MATUZAWA, Bull. Earthq. Res. Inst., 6 (1929), 177.



