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1. Introduction

Many studies have been made of complicated seismograms of near
earthquakes from the viewpoint of ‘‘ phase’’, but we do not yet have
any satisfactory knowledge about the nature of the waves prevailing
over various portions of such seismograms. For instance, the vibrations
following the initial P wave called preliminary tremors are believed by
some to be the mixture of waves which started from the origin at the
same time as the initial P wave and travelled along a number of dif-
ferent paths, while others believe that they are secondary waves,
whether surface waves or local surface vibrations, generated at some
places by the incidence of primary waves coming from the origin. Also,
it is not impossible to presume that they are primary waves which have
travelled along the same path as the initial P wave, and are due to the
events which occurred after the initial breakdown at the origin of
earthquake.

The question of this kind may be asked about every portion of
a near earthquake seismogram, especially about the origin of its coda
portion. The reason why those questions can not yet be settled seems
to be owing to the lack of an appropriate method of dealing with such
complicated waves.

Recently one of the present writers, K. Aki® (1957), proposed
a useful method of revealing the nature of these complicated waves,
and applied it successfully to microtremors in the city area. Since in
the method the relation between the spatial spectrum and the frequency
spectrum of waves plays an important part, it is necessary to assume
the waves in question as stationary in space and time at least within
the range to be studied. This assumption represents quite an opposite
extremity when compared with that underlying the ordinary ‘‘ phase’’

method. An earthquake wave as a whole is certainly not stationary in

1) K. Ax1, Bull. Earthq. Res. Inst., 35 (1957), 415-456.
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time, but it may be possible to divide the wave into consecutive por-
tions, within each of which the wave can be safely assumed as stationary.

The present paper is a preliminary report in which an application
of the spectral method is attempted for seismic waves of near earth-
quakes in order to give an answer to the above question.

A tripartite system of seismometers were set up at Kamakura, in
Kanagawa Prefecture. The vibrations of three seismometers caused by
earthquakes are recorded simultaneously, by the use of a frequency
modulation, on a magnetic tape. The analyses according to the method
are applied to the vibrations, reproduced afterwards in our laboratory,
with the aid of filters and a correlation computer.

2. Method of Analysis

Our method may be divided into two steps; first a filtration by

a resonator having an assigned frequency f; is applied to ground vibra-

tions recorded by three seismometers of the tripartite system ; secondly,

the correlation coefficient is computed between each pair of the filtered
vibrations.

Suppose that two seismometers are placed as shown in Fig. 1 » me-

ter apart from each other, and that a plane wave

\ having velocity V and direction parallel to AB are

v 3“ r — B passed through the place, the correlation coefficient
— corresponding to a particular frequency f, of the
Fig. 1. resonator will take the form, .
olr, f;):cos<2n 7'1‘};’ ) (1)

This equation shows that we can determine the value of velocity V by
computing the correlation for various frequencies.

It was shown by Aki (1957) that Eq. 1 also holds for a dispersive
wave only by the substitution of V(f), velocity as a function of fre-
quency, for the constant V.

Further, it was shown that if the wave is composed of partial
waves having different velocities V,’s, the corresponding correlation
coefficient will take the form

.oy Pu(f) rf
P(%fo)—%‘. B 005(271' = ) (2)

where P(f;) and P,(f;) are the power of the composite wave and that

n
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of the nth partial wave respectively.

If we do not know the direction of propagation of the wave in
question, we need at least three seismometers in order to determine its
direction and velocity. Supposing that a plane wave is propagated
through the tripartite system as shown in Fig. 2, we shall have corre-
lation coefficients for three pairs of seismometers as follows,

P, fo)= 008(2nm0}?:_0ﬁ f0>
— 145€08(0y—03)
pzs('ry ﬁ))—COS( 7 ﬁ)) . ( o )

pau(r, £i)= COS( “‘COS(?} 0s) g, )

Hereafter we shall call these correlation coefficients as functions of re-

sonator frequency f, simply ¢ correlation curves ”’. Introducing a * cha-
racteristic frequency *’ f*, which is defined by
p(r, fo)= cos(2n}ff) ) (4)

and which ean be at once found by the inspection of correlation curve
obtained, we can write the apparent velocities along the three lines as

|4
V= .
" cos(0,—0,) =7ufn"
1% "
V= =y ™
* cos(y— Ous) Tt . (5)
_ V . .
. _EES”@O‘_“ (}31)’ T3S

If the values of f3, f% and f3 are found from the correlation cur-

ves, the wvelocity V and azimuthal
angle 0, of wave propagation will be
determined by the use of a graphical
mothod as shown in Fig. 8 or that in
Fig. 4. In both figures OP is the
velocity vector giving the direction
and velocity of wave.

Here should be noted two essential
differences between the direction de-
termination by the present method and that by the ordinary ¢ phase’’
method.

Fig. 2.
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In the latter method, by observing the arrival times of a particular
phase at three points, we get the apparent velocities
V= 7'1:/(t1 - tz)
V23=7‘._,3/(t2—t3) ( 6 )
Vsl=7'31/(t3_t1)

From these equations and Eq. 5, it can be seen that the values of
apparent velocities obtained by the spectral method cannot be negative,

Fig. 3. Graphical determination of a velocity rector (OP).

while those determined by the phase method can be negative as well as
positive. This means that the spectral method cannot give us the polari-
ty of velocity vector, but the phase method can.

The other essential difference be-
tween the two methods is that the
three apparent velocities are obtained
independently of one another in the case
of the spectral method, while those
obtained by the phase method are
dependent as seen from Eq. 6. In
Fig. 4. Graphical determination of a ve- other words, by the use of th,e phase
locity vector OP by the use of circles. method we always get a definite velo-

city and direction even if the wave in
question is not a plane wave. For instance, if the wave is a mixture
of two waves having different velocities and directions of propagation,
the application of the phase method, if possible at all, will yield a single
direction and a single value of velocity which differ from those of the
two component waves. On the other hand, in the spectral method, by
examining the correlation curves and finding the two characteristic fre-
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quencies corresponding to the two component waves from each of the
curves, we can obtain velocity vectors for both waves, even though we
cannot determine the polarity of vectors.

As we are using information involved in waves having a certain
range of frequency, it is preferable that the frequency spectrum of the
wave is flat over the range to be analysed. If the prevailing frequen-
cies of wave have a narrow range, longer spans of tripartite should be
taken. The choice of length of span also depends on the velocity value
of wave to be studied and may be determined by the following relation

raf
7~ (7)

where 4f is the range of frequency over which the wave has enough
power to be analysed.

3. Observation and Analyses

For the purpose stated in the preceding sections, we set up a tri-
partite system of seismometers in the grounds of Kamakura High School
in August 1957 and made observations for about a month. Seismome-
ters were placed in caves which were dug into a cliff of sandstone
behind the school. A map of the tripartite site is shown in Fig. 5. The
seismometers used are moving coil
type transducers sensitive to vertical
motion, and have free frequency of
about 3eps.

Signals coming from the seis-
mometers are sent to amplifiers ™ Z,///m
through wires, and after appropriate i oom
amplification, are frequency modulat- Fig. 5. Map of the tripartite site at the
ed by carriers of audiofrequency. Kamakura High School.

The modulated signals are again
frequency-modulated by carriers of about 400 Mec/s and sent from
transmitters as radio waves to the receivers working at Aburatsubo
which is located about 19 km apart from Kamakura. At the receiving
station, after demodulation with respect to the carriers of 400 Mec/s
seismometer signals are recorded on a magnetic tape having two tracks,
in such a way that the signal modulated by the carrier of 2800 cps and
that by one of two carriers having frequency 800 c¢ps are recorded on
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one of the tracks, and the signal modulated by the remaining carrier
of 800 cps on the other.

In fact, for the present purpose we do not need the wireless part
in the above arrangements. The use of this part in this study is merely
due to the circumstance that the present observation is made as a part
of a comprehensive study on seismicity of the Southern Kanto District
conducted by Assoc. Prof. S. Miyamura of our Institute, and that the
apparatus used is the UHF radio telerecording seismograph, RTS-II,
made by S. Miyamura and M. Tsujiura® (1957).

The recording was made by using an endless reel having a very
simple structure. The tape enclosed in the reel works as long as 7
minutes for a speed of 7.5 inches per second.

During the period of observation, the taperecorder is continuously
in action waiting for an earthquake, and when one takes place, it is
made to stop by means of a delayed trigger circuit after recording of
waves.

The record of earthquake motions stored in the endless magnetic
tape are brought to the laboratory, and analysed by the apparatus
mentioned before. The filter used for this analysis is of phase shift
type and its resonance frequency covers the range from 3.5 eps to 20 cps.
Explanation of this filter and also of our correlation computer were
given in the paper of K. Aki (1957) referred to before. Besides, in the
analysis of an earthquake wave, we need an apparatus which can pick
up a certain limited part of the seismogram, because as mentioned in
the introduction, the analysis should be applied to the portion of the
wave within which it can be assumed as stationary. For this purpose,
we built an electromechanical gate which is opened and closed accord-
ing to an assigned program thus controlling the operation of computer.

Practical procedures are as follows: at first we set the gate to open
at the beginning of the portion of the seismogram to be studied and to
close at its end; a pair of seismic signals, which are reproduced from
the tape recorder and demodulated, are put into a pair of filters which
are adjusted to have the same and assigned resonance frequency f,
and @ value; after the filtration both signals are put into the correla-
tion computer which works under the control of the gate; the result of
computation is shown on the decatron indicators; and the same opera-
tion as above is applied to the other two pairs of signals.

2) S. MIYAMURA and M. TSUJIURA, DBull. FEarthq. Res. Inst., 35 (1957) 381-394.
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Repeating the above procedures for various frequencies of the filter,
we can obtain a set of three correlation curves, which indicate the
characteristics of the wave portion in question in the way explained in
the preceding section.

4. Interpretation of Actual Correlation Curves

As shown in Eq. 1, for the wave portion having a single definite
velocity the correlation curve becomes a cosine function of the resona-
tor frequency. The correlation curves obtained by actual earthquake
wave parts, however, do not take such a simple form, but almost al-
ways indicate that they are composed of partial waves having different
velocities in spite of the circumstance that the time intervals of the
portion into which the waves are divided are taken as short as 1.5 to
3 seconds.

Typical examples of the curves are shown in Fig. 6a and Fig. 6b.

N a

Fig. 6a. Typical correlation curves Fig. 6b. Typical correlation cur-
for wave portions having no com- ves for wave portions involving
ponent waves of high velocity. high velocity waves.

There is a marked difference between the curves in Fig. 6a and those
in Fig. 6b. Each of the latter curves are shifted upward from the
zeroline, suggesting that the wave portion concerned has a partial wave
of very high velocity. On the other hand the former curves do not

indicate such a shift and run on the negative side as much as on the
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positive.

Type A;: Of the curves in Fig. 6a, the top one has a nearly
sinusoidal form, even if the absolute values of the maximum and mini-
mum are considerably lower than unity, and we can learn from them
a single characteristic frequency f*, referred to in Section 2. This type
of curve is specified by A,.

Type A;: Sometimes, we can find two characteristic frequencies
from a single curve. The second one in Fig. 6a is an example of this
type. As can be seen from Eq. 2, the correlation curve for a wave
consisting of two partial waves takes the form,

- = P Fo N PASD) gosl2m o
o(r, fy)= fﬁﬁcos(% 7}‘;?)—% P(f) cos(2 s ) (8)

P(f)=P(f0)+P(fo) -

Therefore, if P,(f;) and Pyf,) vary with £, only slightly, we can obtain
from the correlation curve the value of characteristic frequency and the
fraction of power for each of the partial waves.

Type A’: From such a curve as the bottom one in Fig. 6a, we
can say nothing but that the wave portion is very complex, it is pos-
sibly composed of too many waves each having different velocity.

On the other hand, the curves in Fig. 6b may be classified as
follows.

Type B:: In a curve of this type, such as the top one in Fig. 6b,
there are two characteristic frequencies; one is low and the other is
very high. This type is frequently observed in the early parts of
seismograms as will be shown in later sections. In most cases, the value
of f* for the high velocity wave cannot be determined because the spans
of our tripartite are too short for such a wave, though appropriate for
the low velocity waves.

Type B’: From a curve such as the bottom one in Fig. 6b the
characteristic frequencies can not be found for both low and high veloci-
ty waves, but the fraction of power for the high velocity wave can be
estimated approximately by the inspection of the curve.

All of the correlation curves obtained can be classified into the above
five types. The next step will be then to find velocity vectors by means
of a graphical method such as shown in Fig. 8 or Fig. 4. If the wave
portion investigated is an ideal plane wave, the points 4, B and C in
Fig. 8 should lie on a straight line which indicates the wave front, or
the three circles in Fig. 4 should intersect at a point P. On the other
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hand, if the wave is not unidirectional, the points in Fig. 3 will not
lie on a straight line, nor will the circles in Fig. 4 intersect at a point.

In an actual earthquake wave, some of the wave portions are fairly
well unidirectional, while others show departures from the ideal plane
wave. The degree of departure from the ideal plane wave may be
measured roughly by the area
of hatched domain surrounded
by three arcs such as shown
in Fig. 7. If the wave por-
tion is perfectly unidirectional
this domain 1is reduced to
a point.

It happens, though not )
Fig. 7. The degree of departure from the ideal

often, thaF for a partlcular plane wave may be measured roughly by the area
wave portion the three eor- of hatched domain.

relation curves corresponding

to three seismometer pairs can not be classified as the same type; for
instance, one of them is of type A’, while the other two are both of
type A,. As can be seen in Fig. 8,
if we know only two of three
characteristic frequencies, we can
not determine whether the line AB
or AB' is the actual wave front,
and we have two possible vectors,
OP and OF'.

In the following sections, the
correlation curves for individual
earthquake will be interpreted, and
the following points will be in-
vestigated.

Fig. 8. Possible two velocity vectors OP 1. General features ,The gene-
and OP". ral features of correlation curves

are described with reference to the
original seismograms from which the curves are reduced.

2. High velocity waves The value of velocity and the fraction
of power for the high velocity waves are investigated.

3. Velocity wectors of low welocity wawves. Velocity vectors are
derived for low velocity waves whenever possible. If a wave portion
is not unidirectional, the degree of departure from the ideal plane wave
will be measured roughly by the area of domain surrounded by arcs
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such as shown in Fig. 7. When we can get only two of three charac-
teristic frequencies for a particular wave portion, two possible vectors
are shown with question marks as in Figs. 12, 16, and 20.

It should be noted here again that we can not determine the polari-
ty of velocity vectors in any case only by the spectral method. Our
velocity vectors will be plotted on a half plane instead of a full plane.

5. Earthquake of Aug. 11, 1957.

General feature. Original seismograms, obtained from the seis-
mometers placed at the points I, II, and III in Fig. 5, are shown in

Tabl. 1. The characteristic frequency f*, apparent velocity V along each
line, and ratio of power borne by component waves.

I—III II—III I—II
Wave | f* ‘ Vv Power f* ( VvV Power I* % Power

portion (cps) | (mps) ratio (cps) | (mps) ratio (cps) I (mps) ‘ ratio
1 70 13,600 0.7 high ~1.0 high 0.8

10 1,950 | 0.2 .

5 | 5.4 | 1,050| 0.4 | high 0.4 | high 0.6
high 0.2 6.2 590 0.4 3.0 375 0.2

3 high 0.4 | high 0.5 | high 0.6

L 13 2,530 | 0.1 6.0 570 0.1 || 11 1380 0.2

4 39 7,600 | 0.8 | high | 520 0.3 || high 0.7
2~3 400~600 0.1 5.4 0.2 | 5~6 630~750 0.1

5 3 590 0.2 5.2 500 0.2 6.5 820 0.2
high 0.4

6 | 3.7 | 720 0.3 ? ? 55 650 03

5 630 0.3

7 3 590 0.2 6 570 0.2 | 12 03

8 ? ? 4 380 | 0.1 ? ?

9 ? ? 3 290 | 0.1 6.7 | 840 0.3
10 7 | 130 | 02| 5 480 | 0.1 | Iyt 120~800 0.5

Fig. 9. The analysis is made of ten portions into which the seismo-
grams are divided as shown in Fig. 9; each portion covers 8 seconds.
Correlation curves from them are shown in Fig. 10. At first sight, it
can be seen that none of their forms is simply sinusoidal as is expected
for an unidirectional wave having a single definite velocity. The curves
for the earlier portions of the seismogram are of the types B, and B,
while for the later portions the types A4,, A, and A’ are predominant.
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By the inspection of these curves, the characteristic frequency and the
fraction of power are found for each partial wave discernible in the
respective curve and are listed in Table I. In the table are also shown
the apparent velocities of waves along the three lines, which are obtain-
ed by the use of Eq. 5.

-1 s 10 15 cps High velocity waves. It can be seen

: from Table I that the high velocity wave
is predominant in the earlier portions of

.‘ the seismogram and disappear in its coda

portions. In Fig. 11 the fraction of power
- borne by the high velocity wave is plotted

against the time from the initial motion.
As clearly shown in this figure, the high
3 velocity wave is most predominant in the
first portion, and decreases in power with
time, and again begins to predominate in
i the fourth portion, possibly indicating the
arrival of the S wave within this portion.

/\/*\\ //\ N This identification is justified from the
SR v epicentral distance reported by the meteoro-

— logical observatory,
' W 6 On the other hand, in the portions
following the fifth portion the high velocity
/\\ M wave almost disappears. It is interesting
_ - ! to observe that these portions are relatively
larger in amplitude than the preceding por-
\ . tions as shown in the seismograms.
: pet \ /\/" 8 The velocity of high velocity wave is
‘: often too high to be determined from the
present analysis; this is partly owing to the
/ \/\‘\ lack of power in the waves in their range
of frequency high than 15 eps and partly
‘ due to too short a length of span being
v/\/ \/ taken for such waves.
Fig. 10c. This velocity, as well as direction of
propagation, may be deduced from the ar-
rival times of initial motion. Although this attempt also failed, because
the arrival times for three seismometers coincide with each other within
the range of error caused by the vagueness of the initial motion itself,
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it was found the velocity can not be lower than 5 kmps.

The ratio V,/V, however, can be learned from the obtained ap-
parent velocities of the first and fourth parts along the line I-III;
they are 13.6 and 7.6 kmps respectively. The ratio is 1.79, which is
very close to the values obtained by the use of travel time curves of
P and S waves of near earth-
quakes, by Sagisaka (1931),
Honda (19381) and Sagisaka and
Takehama (1935).

This earthquake was observ-
ed by the seismometer network p. 4y Tp. fraction of power borne by high
of local meteorological obser- velocity waves plotted against the time from the
vatories, and its epicenter is initial motion.
reported to be located in the sea ‘
off Boso Peninsla at latitude 84.2°N and longitude 140.3°E. This
epicenter is in the direction S 85°E and about 150 km apart from our
tripartite station.

If the high velocity wave is coming from the epicenter as a plane
wave, using the above direction we can obtain the velocity values for
the first and fourth portions, of which the apparent velocities along the
line I-1IT are known. It was found
that the velocity of the first portion
is 7.4 kmps and that of the fourth
4.1 kmps, reasonable ones for P
and S wave refracted ecritically at
the Mohorovicic discontinuity.

Velocity vectors of low velocity
waves. The velocity vectors of low
velocity waves are obtained by the
Fig. 12. Velocity vectors for low velocity graphical method as illustrated in
waves. Fig. 4 and Fig. 7, and shown in Fig.

12. The area of domain surround-
ed by three arcs roughly measures the degree of departure from the
ideal plane wave as referred to in the preceding section. The number
attached to each vector indicates the number of the wave portion. For the
sixth and nineth portions, only two of three characteristic frequencies
are found, and two possible vectors with question marks are shown
for each of them in Fig. 12. We could not find the vector for the first
portion and for the eighth which are of the type B’ and A’ respectively.

— 1
———
——- -1

30 40 50 sec
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Fig. 12 shows that the directions of low velocity waves can be
grouped into two; one is nearly N-S direction, and the other is nearly
N 70°E-S 70°W. The portions 4, 5 and 7 belong to the latter, and
their velocities are around 500 mps. On the other hand, the portions
2, 3, 10a, 10b and possibly 6 and 9 point to the N-S direction, and the
velocity value ranges from 150 mps to 400 mps.

It can be seen that none of the vectors point to the epicenter reported
by the meteorological observatory ; the direction of the epicenter is shown
in the figure with the symbol O. The departure of their directions from
the epicenter direction is very notable, but is not impossible to explain.
Their velocities are around or lower than 500 mps, and the ranges of
frequency is from 3 cps to 15 cps, so that their wave lengths are less
than two hundred meters. Those waves must be generated at a very
shallow part of the crust by the incidence of primary waves coming
from the origin of earthquake, and have travelled through the shallow
part to the observation point. Thus the topographical and geological
heterogeneities over the very shallow part of earth’s crust may cause
notable refraction and scattering of the waves in the horizontal plane.

As will be seen in the following sections, the low velocity wave
having direction of propagation nearly N-S and velocity value around
350 mps exists also in other earthquakes, therefore it is possible that
there is a certain place at which secondary waves having a definite
character are always generated after the incidence of primary waves.

6. Earthquake of Aug. 23, 1957

General features. Original seismograms obtained by the same tri-
partite station as the preceding one are shown in Fig. 13. The analysis

Table 2. The characteristic frequency f*, apparent velocity V along each
line, and ratio of power borne by component waves.

111 i 1111 ‘1 111
Wave f* |V . Power ]‘W'f*” V[ Power \‘f* V | Power
portion | (cps) , (mps) « ratio | (cps)  (mps) | ratio | (cps) | (mps) i ratio
! i fi i
1. high | i ~1.0 | high 0.8 | high 0.6
! . 5.5 530 0.2 | 6 750 0.3
2. 60 11,700 0.8 | high ~1.0 66 8,300 | 0.8
6.5 | 1,270 0.2 } ‘ r
3. high 0.4 ’ high 0.5 high 0.6
60 11,700 0.4 | high 0.7 | high
4. 5 980 03 | 55 980 | g5 | 0.4
5. 9.5 | 1,850 0.4 5.5 530 0.4 9.0 | 1,130| 0.4
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is made of five portions into which the seismograms are divided as
shown in Fig. 13. Correlation curves for them ares hown in Fig. 14.
In a similar way to that of the preceding example, the characteristic
frequency and fraction of power are deduced for each partial wave
discernible in every curve, and listed in Table 2 with the corresponding
apparent velocity.
High wvelocity waves. The fraction of power borne by the high
velocity wave is plotted against the time from the initial motion in
Fig. 15. 1t is clear that the high
velocity wave is predominant in
_—tc the ealier portion of seismogram
o a and later disappears. In this
case such an increase of power
at the arrival of the S wave as

0 sec

Fig. 15. The fraction of power borne by high . .
velocity waves plotted against the time from observed in the precedlng ex-

the initial motion. ample can not be seen; the ar-

rival of the S wave is found in
the third part by the inspection of the original seismograms. This fact
may be explained by supposing that the duration of event at the origin
of earthquake is considerably long, may be three to five seconds, and
therefore in the case of short P-S duration the power of high velocity
wave can not decrease in the portion preceding the arrival of the S
wave.

In this example, the velocity of high velocity wave is found for
the second portion of seismogram. As shown in Table 2, two of the
three characteristic frequencies are estimated from the curves, and
though the remaining one can not be determined exactly, it is found
to be at least larger than 60 cps. The two known -characteristic fre-
quencies can give us two possible vectors. If the wave is unidirectional,
from these two possible vectors two values of the remaining charac-
teristic frequency can be derived; they are found to be 29 cps from
one of the vectors, and 123 cps from the other. The former can not
be allowed, because this characteristic frequency con not be lower than
60 cps. Thus the latter gives the actual velocity vector for this high
velocity wave; the value of velocity is determined as 7.6 kmps, a re-
asonable one for P wave, and the direction N 43°W-S 43°E.

For the rest of the above portion, we could not find the velocity
of the high velocity wave. Also the arrival times of initial motion tell
us nothing but that the velocity can not be lower than 5 kmps.



Spectral Study of Near Earthquake Waves (1) 87

This earthquake was not registered by the network of local mete-
orological observatories. The observed P-S duration of this earthquake
is 4 seconds, and its epicenter is very near our tripartite station.

Velocity vectors of low welocity waves. As shown in Fig. 15, the
high velocity wave is so predominant over the whole duration of seis-
mogram expect for the coda part, that the low velocity wave often
does not have enough power to indicate clearly its characteristic fre-
quency in the correlation curves. Therefore, a complete set of charac-
teristic frequencies can be found only for the fifth portion, and for the
first and fourth portion only two of three characteristic frequencies are
found from each set of correlation
curves. Fig. 16 shows the velocity N
vectors for the above three portions ;
one vector for the fifth portion and 500 250 mps
two possible vectors for each of the
first and fourth portions. \

It is remarkable that the direc- :
tion of propagation of the fifth wave 5
portion is nearly N-S, which was 4 o
also the direction of a group of wave Fig. 16. Velocity vectors for low velocity
portions found in the preceding ex- waves.
ample. Besides, the velocity value
of this portion coincides well with those of the third and tenth parts
of the seismogram investigated in the preceding example.

In previous paragraphs, the velocity of the high velocity wave
was found as 7.6 kmps. At the same time its direction of propagation
was also determined. This direction is shown in Fig. 16 with the
mark O. Since this direction can reasonably be assumed as pointing
to the epicenter of this earthquake, it can be said that none of the
directions of low velocity waves coincides with the direction pointing
to the epicenter of the earthquake.

12

7. Earthquake of Aug. 25, 1957.

This earthquake was observed by the tripartite system (I, II, III')
in Fig. b, instead of the system (I, II, III) used in the above two cases.
The point ITI" is not situated on hard sandstone bed, but is on rather
soft ground. As will be shown later, this alteration of site caused a re-
markable decrease in fraction of power of the high velocity wave for
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Fig. 17. Seismograms of the earthquake of Aug. 25, 1957.
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the seismometer pairs (I IIT") and (II IIT').

General features. Original seismograms are shown in Fig. 17. Each
. of them are divided into nine portions, as shown in the figure. Corre-
lation curves are obtained for these portions and shown in Fig. 18. It
can be seen that the forms of curves for the seismometer pair (I, II)
resemble those found in the preceding examples, except that near 10 cps
an abnormal negative value of correlation coefficient is observed, which
may be due to a local abnormal vibration at the place. While, in all
of the curves for the seismometer pairs
(I, IIT") and (II, 1II') the high velocity
wave is not discernible. This fact shows

1-1 5 10 15 cps ; .
"""""" that low velocity waves are exceedingly
/\/\ predominant at the surface of a soft layer

. { even in the earlier parts of seismogram.

T ' It is interesting to observe on the seismo-
\/\\\J/\/ grams shown in Fig. 18 that the intial

§ . , .2 motions recorded at the points, I and II
S V begin suddenly, while at the point ITV
\/\_/\/\ 3 (soft ground) the commencement is slow

and vague.
In a similar way as in the preceding
\,//\/\/_* a examples, the characteristic frequency and

=== fraction of power are found for each
partial wave discernible in every curves
_ _ 5 and listed in Table 3 with the corres-

\V ponding apparent velecity.
/\/‘\ High velocity waves. The fraction of
. V\ e 6 power borne by the high velocity wave
Y v > found in the curves for the seismometer
“\ //\\ / . pair (I, II) is plotted against the time
— from the initial motion in Fig. 19. It can
\V be seen that the high velocity wave is
/\/\ R //\ 8 most predominant in the first portion after
R VvV \ which it gradually decrease in power and
\ again predominates in the fifth portion

=
=
L

. which is identified as the S wave on the
\/V Y original seismograms. In the portions
following the fifth, the high velocity wave

Fig. 18c. is, if not absent, feeble.
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In this case, the velocity of the high velocity wave could not be
determined except that the apparent velocity of the wave portion iden-
tified as the S wave along the line (I II) is estimated as 6.0 kmps.

Table 3. The characteristic frequency f*, apparent velocity V along each line, and ratio

power borne by component waves.

I—III i 1111 I—II

S o —
wave v Power | f* ’ 14 Power f* l 14 ‘ Power
_ portion (cps) | (mps) ratio “ (cps) | (mps) ratio (cps) (mps) ratio

8.0 | 1,170 | 0.4 | ‘
1. 12°0 1,760 0.4 ‘ 13.0 1,020 0.6 high ~1.0
2. 11.5 | 1,690 0.6 ; 20 940 | 0.8 | high ~1.0
3. 10.0 1,470 0.5 ! 12.0 940 0.6 high ~0.6
3.5 280 0.3 3.0 380 0.2
4. 16.0 2,350 0.2 12.0 940 0.9 high 0.4
10.0 1,250 0.2
5. 10.0 1,470 0.4 13.0 1,020 0.5 48. 6,010 0.9
3.0 380 0.1
6. 8.0 1,170 0.6 4.5 350 0.5 high 0.4
95 | 1,190| 0.3

11.0 870 0.2 .
7. 5.5 810 0.2 high 0.4
_ 6.0 470 0.2 7.0 880 | 0.4
8. 8.0 1,170 0.5 12.0 940 0.4 5.5 690 0.3
high 0.2

low 0.3

9. 1 2,600 0.1 low 0.2 3.5 440 0.5

Velocity vectors of low velocity waves.
is placed on a soft ground, the type of correlation curves obtained

S
¥

) — Ty

5

10

15

20

sec

Fig. 19. The fraction of power borne by high ve-
locity waves plotted against the time from the
initial motion.

Since one of the seismometers

are so different according to
seismometer pairs, that the
reduction of velocity vectors
is rendered considerably dif-
ficult. Although complete
sets of characteristic frequ-
encies are found for portions,
3, 4,5, 6, and 8, only the
sixth portion, and possibly
also the eigth portion, is an
unidirectional wave. The
rest of them show considera-

ble departure from the ideal plane wave as indicated in Fig. 20. On the
other hand, for the portions, 1, 2, and 7, only two of three characteristic
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frequencies are obtained and two possible vectors are shown for each of
them.

The velocity vector of the
sixth portion, found as uni-
directional, has nearly the same
direction and velocity value as
those for the fifth wave portion
of Earthq. of Aug. 23, the third
and tenth portion of Earthq. of
Aug. 11.

On the other hand, many
of the velocity vectors in Fig. 20 Fig. 20. Velocity vectors for low velocity waves.
come together around the direc-
tion N 34°W-§ 84°E, and their velocity value are about 500 mps, which
is also observed in one of the two groups of low velocity waves found
in our first example.

This earthquake wave was recorded at five stations; three local
meteorological observatories and two stations of the Earthquake Re-
search Institute located in and near Kanto district. Of the five stations,
P-S times are available only at two ; Tsukuba and Matsushiro stations.
The P-S time is 13.4 sec at Tsukuba and 20.9 at Matsushiro ; it is 9 sec
at our station. In order to find the epicenter, we used Sagisaka-Takehana’s
table in which P-S times are given for various focal depths and epi-
central distances, but we could not determine a well defined epicenter
for any choice of focal depth. What we can say about the epicenter of
this earthquake is only that it lies in the land area, possibly in a direc-
tion N slightly W from our tripartite station.

It is not impossible that the direction N 84 W-S 84 E, around which
many of the velocity vectors come together, is pointing to the epicenter
of this earthquake. But this seems unlikely, because if the high velocity
wave identified as the S wave, of which an apparent velocity is known,
is propagated in this direction, its velocity should exceed 5 kmps, perhaps
too high for the S wave.

8. Earthquake of Aug. 29, 1957.

This earthquake wave was recorded by the tripartite system (I 1I
IIT) in Fig. 5, but in this case the vibration of seismometer at the point I
was not recorded well on the magnetic tape. Therefore, the velocity



92 K. AKI, M. TSUJIURA, M. HoRI and K. GOTO

vectors could not be obtained for this earthquake.

General features. In Fig. 21 are shown original seismograms, which
seem, at first sight, to suggest that there was two earthquakes in suc-
cession. These seismograms are divided into twenty six portions; each
covers 5 seconds. Correlation curves for these portions are obtained for
the seismometer pair (II III), and shown in Fig. 22. From the com-
parison of these curves with the original seismograms in Fig. 21, it is
found that the wave portions following the initial motion are remarkably
different in form of correlation curve from those following the fifteenth
part, in spite of the similarity found between them in general appearance
on the seismogram. This fact is clearly indicated in Fig. 23, which
shows the fraction of power borne by high velocity wave. The high
velocity wave is predominant over the portions from the first to the
sixth, while hardly discernible in the portions after the fifteenth portion.
The former wave portions may be bodily waves coming from underneath
the crust, while the latter may be surface waves. Between these two
main wave groups, we can find wave portions having a single low velocity
such as the seventh and eighth portions, as well as those being com-
paratively rich in power of high velocity wave such as the nineth, ele-
venth, and thirteenth portions, each followed by wave portions being
not so rich in it.

Taking into account the results obtained in the preceding example,
let us examine whether the whole seismogram is due to two earthquakes
which occurred in succession or due to one single earthquake. If the
former is the case, the portions from the first to the nineth must be
considered as caused by the earlier earthquake, aud the remaining por-
tions as caused by the later one, because in the tenth portion contains
a considerable amount of high velocity wave, which is not prevailing
in the coda portions of earthquakes hitherto analysed. Then, the general
appearances of the original seismogram suggests that the S wave of
this earlier earthquake may be found in the first portion or the second.
Thus we must have for this earthquake an unusual seismogram, in
which the duration of high velocity wave is too long for the short P-S
duration.

It seems more natural to suppose that the seismogram is due to
a single earthquake ; the portions from the first to the sixth are the P
wave, the one or all of the nineth, eleventh and thirteenth is the S wave,
and the portions following the fifteenth are surface waves. Then this
earthquake must be considered as a rather distant and comparatively
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10
4
\

The long duration of the high velocity wave at the earlier
1S cps
+

portions of seismogram may be explained

partly by the long duration of event at .
the origin owing to the largeness of the
earthquake, and partly by the variety of
7 wave paths associated with the long .
W epicentral distance.
\ /\/\ 20 In fact, this was due to a single earth-
T —A quake, which according to the observation
s
/\J \V»«M 2
\\\ \, v
\_ N

network of local meteorological observato-

ries, is reported to be a deep focus earth-
, 22

quake occurring at latitude 29°3/4 N,
longitude 189°1/4 E, and at a depth about
450 km.
AV
MNAY

In the determination of focus by the
meteorological observatories, however, the

S wave seems to be found in the fifteenth
part, which we considered as a surface wave
it.

because there is no high velocity wave in

Although it is widely believed that
earthquake waves of deep focus are not
A 25

\ XV

NS /V\/\/\

S

v %

accompanied by surface waves, it will be

important to make more detailed investi-

[Ee]

gations of this matter especially in the
higher range of frequency.

Fig. 22c.

S?
v
25 50 75

100 sec
Fig. 23. The fraction of power borne by high
velocity waves plotted against the time from the
initial motion.
9. Microtremors

Microtremors which exist steadily as a background noise are re-
corded by the tripartite (I II III) in Fig. 5, and analysed in the same
way as in the preceding examples.

Fig. 24 shows correlation curves for
the three seismometer pairs. We can see that the high velocity wave
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is discernible in the curve for the pair (I II), though hardly in those
for the remaining pairs. This high veloci-

+ty may be an apparent one due to a part
of microtremors being propagated in the 1

direction nearly perpendicular to the line

5 10 15 cps

(I II).

This fact is interesting as compared \j\
with the nature of microtremors in the | N\ /o IO
city area. Microtremors observed at Hon- | V v \
go, in Tokyo, by Aki (1957) have almost /\1\
un1f01:m power in every direction of pro- A AL, /\«\ gl
pagation. \VERR AN

10. Summary and discussion

From the investigation of individual
earthquake waves by the spectral method, Fig. 24. Correlation curves for
we have found several interesting facts Microtremors.
about their chaotic parts. It should be

noted here that those facts revealed are all concerned only with wave
having frequencies higher than 8 cps, and any conclusion from them can
not be applied at once to those having lower frequencies. The first fact
is that in a seismometer placed on a relatively hard surface such as
sandstone, two kinds of waves are predominant ; of which one has a high
velocity of several kilometers per second, and the other has a low velocity
of several hundred meters per second. The high velocity wave is most
predominant in the initial portion of seismogram, and decreases in power
gradually until the beginning of the S wave, where it again become
predominant. In the portions, after the S wave the high velocity wave
almost disappears. _

The velocity of this high velocity wave appearing in the P-S in-
terval was found in one case as 7.6 kmps, and in another case as 7.4 kmps.
The velocity of the high velocity wave identified as S wave was found
as 4.1 kmps. Those high velocity waves possibly have their origins at
a deeper part of the earth’s crust, whether the origins may be primary
ones which is actual origins of earthquakes, or secondary ones such as the
Mohoroviti¢ discontinuity which generates refracted or reflected waves.

On the other hand, the low velocity waves must be considered as
originating at the shallow part of crust. They may be classified into
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two groups according to whether the origins are near the epicenters or
near the observation station. A surface wave that is generated around
the epicenter and propagated from there to the station belongs to the
former, while the local vibration of surface layer generated by the in-
cidence of primary wave coming from the origin of earthquake belongs
to the latter. The existence of a low velocity wave of the latter type
is most strongly confirmed in the record of a seismometer placed on
a surface of soft soil (Earthq. of Aug. 25.). In this case, the high velocity
wave is not discernible even in the initial portion, and the low velocity
wave is predominant all over the seismograms.

It was found that the directions along which the low velocity waves
are propagated are different among wave portions of a seismogram, and
none of them point to the origin of earthquake. Further, wave portions
having a common direction and a common value of velocity are found in
every earthquake wave investigated. It is interesting that this common
direction is perpendicular to the coast line near the observation station.

It is expected that the duration of the high velocity wave has some
bearing upon the duration of event at the earthquake origin. No con-
clusion, however, can be drawn here because the number of records ob-
tained is insufficient. It is also expected that the study along this line
will make possible a sound estimation of energy of chaotic earthquake
waves based on the investigation of separate powers carried by waves
of different types. We hope that these important problems will be solv-
ed by applying the present method to a tripartite system having longer
spans and determining the exact values of velocity and fraction of power
for high velocity waves which are discernible in every portion of
seismogram.

The present study is essentially a preliminary one in which are pre-
sented suggestions of several interesting problems solvable by the spectral
method rather than conclusions to those problems. .

The lengths of spans of the tripartite system should be chosen as
appropriate to the waves to be studied. Those chosen in the present
investigation are too small for the high velocity waves but appropriate
for the low velocity waves in the range of frequencies as investigated
in the present study.

Though it is not so easy to expand the range of frequency to the
lower side, this expansion is necessary for the fuller understanding of
earthquake waves, especially of the surface waves.

In order to draw conclusions about the nature of chaotic parts of
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earthquake waves, we are preparing for a further study of near earth-
quake waves, with improvements in equipment and an appropriate choice
of both the place and the length of span of tripartite system. In the
next attempt, we are going to use a double tripartite system of seis-
mometers, in which one tripartite having longer spans is for the high
velocity waves and the other for the low velocity waves.
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