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Abstract

Power spectrum data are obtained from the free oscillations of
the earth excited by the Kurile Islands earthquake of October 13,
1963, and recorded at eleven stations of WWSSN. Eigen periods
of fundamental free oscillations are determined for spheroidal modes
7 to 50, and torsional modes 7 to 46. Equivalent phase velocities
are also calculated from the observed periods over the period range
from 820 to 170sec. Observed periods differ slightly from one sta-
tion to another, and such divergence becomes significant for periods
shorter than 350sec. This difference in the observed period may
suggest that the relative amplitudes of the individual modes are
affected by a lateral heterogeneity of the upper mantle not deeper
than several hundred kilometers.

From the amplitude decay with time, the attenuation of free
oscillations is estimated for a number of spectral peaks. For the
spheroidal oscillation, the average @ factor is 251 for n=13—-17
(T=380—480sec), and 200 for n=18—42 (T'=200—380sec).

Various studies are made on the spectral amplitudes to obtain
the source-space function of the earthquake and the pattern of free
oscillation modes on the sphere. The results are almost consistent
with the earthquake mechanism and mode excitation as revealed by
other studies, though the pattern of oscillation is hard to recognize.

1. Introduction

The measurement of free oscillations of the earth provides a lot of
information concerning the earth’s interior. The low order free oscilla-
tions are affected by the density distribution in the lower mantle and
the core, while high order oscillations are closely connected with the
shear velocity distribution in the upper mantle. Numerous analyses have
been carried out by many authors. Those works have been reviewed
by Bolt [1964], Press [1964], Anderson [1965], and Smith [1967]. A re-
cent review by Anderson [1967] contains a list of available data of eigen
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periods. The amplitude of spectral peaks also contains useful information
concerning the anelastic property of the earth [Ness et al., 1961]. The
amplitude and phase provide useful knowledge of the source parameters
such as source dimension, rupture velocity, and mechanisms of the earth-
quake [Benioff et al., 1961; Press et al., 1961; Smith 1961].

In order to investigate the subjects stated above, we analyzed the
seismograms of the Kurile Islands earthquake of October 13, 1963. The
USCGS determination of the epicenter is 44.8°N, 149.5°E, and the origin
time is 05h17m57.1sec (GMT). The magnitude is 73/4-8 by Palisades
and 81/4 by Pasadena. The mode analysis of free oscillations of this
earthquake has been carried out by Alsop [1964a] and Dziewonski and
Landisman [1969]. The following analyses and discussions are given in
the present paper:

(1) Eigen periods and equivalent phase velocities for both spheroidal
and torsional oscillations.

(2) Quality factor @ of spheroidal oscillations.

(3) Amplitude of spectral peaks and the determination of the
azimuthal order number m for spheroidal oscillations.

(4) Expansion of the amplitudes corrected for @, into spherical
surface harmonics.

(5) Phase angles of free oscillations observed at various stations.

2. Data and method of analysis

Full size copies of Press-Ewing long period seismograph records from
eleven stations of WWSSN were used for the analysis. The response of
these instruments was almost identical. Figure 1 shows the response
curve calculated with Hagiwara’s formula assuming ¢°=0.2, which is a
plausible value as a coupling factor that expresses the reaction of the
galvanometer [Hagiwara, 1958].

The records were traced and digitized with a uniform sampling rate
by an electronic curve reader and were automatically punched in 5 digit
numbers. The accuracy of the sampling rate was checked by comparing
the total length of record with the number of data points. The digitized
data were plotted and checked against the original records. The short
period waves with periods less than about 40 sec were carefully smoothed
by eye before digitizing. A constant shift and linear trend were removed.
Then, the 3-point and 5-point smoothings were consecutively performed,
and one out of every three points was adopted to reduce the number
of data points. With this operation no aliasing is caused. The power
transfer ratio of the numerical filter is shown in Fig. 2.

After these operations, we used the method of spectrum analysis
as described by Blackman and Tukey [1958] except for the phase analysis,
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Fig. 1. Instrument constants, magnifica-
tion, and phase delay of the Press-Ewing
seismograph used in the analysis. The
constants T, and h, are natural period
and damping constant of the pendulum,
while T, and hy are those of the galvano-
meter. ¢ is the coupling factor.
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Fig. 8. Geographie distribution of eleven

where we used direct Fourier analysis. WWSS stations used in the present

The auto-correlation was taken for study. The filled and open circles
the individual record, and then the indicate the stations used for the
cosine transform was performed with analysis of spheroidal and torsional

. oscillations respectively. The center
the fast Fourier transform program indicates the epicenter, and the station

[Cooley and Tukey, 1965]. Finally location is plotted by polar coordinate.
refined spectral densities were esti-
mated by using the hanning window. Of the eleven WWSSN records,
nine vertical ecomponents at SHI, IST, NAI, HNR, NDI, MDS, TOL, LPA
and AAE were analyzed for the spheroidal oscillation, and two horizontal
ones at CTA and ADE for torsional oscillations. The locations of stations
and sampling time intervals are listed in Table 1 together with other
data (also see Fig. 3). The azimuth of great circle path from the
epicenter to the station is measured clockwise from the north as seen
in the table.

The calculated power spectral densities at each station are presented
in logarithmic scale in Figs. 4a, b, ¢, d, e, f. In these power spectra,
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the area surrounded by spectral peaks gives the square of mean ampli-
tudes over the analyzed interval if the effect of the numerical filter is
removed.

3. Observed period

Table 2 gives the observed eigen periods of fundamental spheroidal
and torsional oscillations obtained from the peaks of power spectra at
eleven stations. In the following sections notations S and 7 stand for
the spheroidal and torsional modes, and the suffixes n and m are the
parameters of the associated Legendre functions.

The fundamental spheroidal modes from S, to S,, and fundamental
torsional modes from T, to T,, were detected. The modes lower than
S, and T, were not obtained clearly, probably because of the poor
response of pendulum seismographs to such long periods. Owing to the
finite length of records, the accuracy in the period determination from
the peaks of power spectrum is around +0.99 for longer periods and
+0.49 for shorter periods.

The theoretical eigen periods for several earth models and observed
periods of both S and T modes have been summarized by Alsop [1963],
Press [1964], and Anderson [1967]. The observed periods for S;—S,, are
almost within 2sec difference from the theoretical periods of Gutenberg-
Bullen A model (hereafter ab-
breviated to GB-A model). How- 5ol ]

ever, the existence of systematic A P ]
deviations is clear. The observed & | M 1
periods for S,—S, are slightly R AV~ e T ]
shorter (about 0.8sec) compared :/em"g-/suuw /\7~ "
Jeffreys-Bullen B

with theoretical periods of GB-A

c

o

To-Tc .

-50 ll ! 1 [ |

model. On the contrary, for S;;—.S;,  Mose Nomber 0 e *
the observed periods are uniformly

longer than the theoretical ones ; TORSIONAL

by about 1.3sec. The maximum : crrna
discrepancy is 2.0sec at m=33. -c- - \ /\ /\/\, /C\ oz
Such a result was reported by " | /\ \. /\/\/\\/\,

\‘, ‘HB1 \_

Nagamune et al. [1964] and can ‘
_5‘0 ! | 1 |

be seen in the works by Alsop 3 Moge 120 T 30 40 50

Gutenberg-Bullen A

[1964b] and Nowroozi [1965], too.
In Fig. 5, we compared other
earth models with our observation.
It is clear that the model HB1
constructed by Bullen and Haddon
[1967] on the basis of the free oscil-

Fig. 5. Deviation of spheroidal and tor-
sional free periods for various earth
models from the experimental average
values. The periods T, and T, designate
the experimental and calculated periods
respectively. Vertical bars indicate the
range of 0.1%.
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lation data, shows a good agreement with our results, 0.19 for Sio— Sso-
Theoretical periods and corresponding phase velocities of HB1 model for
the spheroidal as well as torsional modes, are presented in another paper
by Haddon and Bullen [1969].

The average observed periods of torsional oscillations for Ty,— T
are uniformly shorter compared with the theoretical periods of GB-A,
and the discrepancy increases toward shorter periods (see Fig. 5). The
CIT 11A model, which provides a good fit with the observation, has been
determined by Anderson and Toksoz [1963] and Kovach [1965] mainly
from the long period oceanic Love wave data, and has a shallower low-
velocity zone in the upper mantle. As far as the free oscillation is
concerned, the model HB1 satisfies the observation best for the period
range analyzed here.

4, Observed phase velocity

Since the equivalent phase velocity is uniquely determined from the
period, essentially speaking, the discussion about the dispersion curve
hardly exceeds what was discussed in the previous section about the
period. As a propagating wave, the equivalent phase velocity C of a
mode with the order number 7 is derived from the free oscillation period
T by

C=(27a)/[(n+1/2)T] , (4.1)

where a is the earth’s radius, assumed to be 6371km. This formula
is based on the asymptotic expansion of the Legendre function with
large n, and valid outside of the vicinity of the epicenter and the anti-
pode. Table 3 gives the observed phase velocities of both types of
fundamental modes at each station.

The phase velocity dispersion curves are shown in Figs. 6, 7Tand 8
using the average periods as obtained from the observed data. The
vertical bars in these figures show the uncertainty due to the finiteness
of the records. The accuracy of the observed phase velocity is, as seen
in the figures, about 0.995 and 0.49; for the longer and shorter periods
respectively.

For spheroidal modes, or Rayleigh waves as propagating waves, the
observed phase velocities appear to be slightly, but consistently lower
for periods shorter than 350sec, and slightly higher in the period range
from 440 to 540 sec than those for GB-A model (Fig. 6). The discrepancy
is of the order of 0.03km/sec for T=180—350sec, and 0.01km/sec for
T—440— 540sec. The observed phase velocities are in good agreement
with the theoretical values of GB-A model in the period range from
370 to 430sec. As mentioned before, however, HB1 model best explains
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Fig. 6. Experimental phase velocities of spheroidal modes compared with
those of several earth models. Vertical bars indicate the uncertainty
in the period determination due to the finiteness of the record.
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the data for periods shorter than 430sec; only a slight discrepancy exists
for periods longer than 440sec as well as for GB-A model.
The phase velocities for the two paths through SHI and HNR are
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Fig. 7. Experimental phase velocities at SHI and HNR from the free
oscillation periods of spheroidal modes. The great circle paths to SHI
and HNR contain 60% and 809 oceanic parts respectively.
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shown in Fig. 7. The great circle paths through SHI and HNR contain
6095 and 809 oceanic parts respectively. For periods longer than 360 sec,
two observations give fairly close values, but the divergence starts
around this period and becomes significant toward short periods. This
observed difference among the paths is of the order of 0.03km/sec or
0.796 at T=200sec, and the phase velocity at HNR is appreciably
higher than that at SHI. Generally speaking, in the period range discus-
sed here, the phase velocity of propagating waves through oceanic regions
is higher than that through continents which have no significant shield
regions. Such difference in phase velocity is 0.59 to 19 for T=600—
200sec [Toksoz and Andersom, 1966; Derr, 1967]. The structure of the
upper mantle varies markedly among various regions such as ocean,
shield, and tectonic areas [e.g. Bdth, 1965; Kanamori, 1970]. It seems
almost certain that such a large regionality in the upper mantle affects
at least high order free oscillations of the earth.

This can be interpreted as follows: For a spherically symmetric
earth a peak of power spectrum corresponding to one mode of oscillation
contains unresolved components which are degenerated with respect to
azimuthal order number m. The lateral heterogeneity of any kind will
remove this degeneracy and produce a multiplet in the spectrum [Backus
and Gilbert, 1961]. The asymmetrical excitation with respect to m com-
plicates the relative amplitude of the individual lines in the multiplet,
because in general the excitation of free oscillations depends on a geo-
metry of the source. However, in case the spacing between adjacent
split lines is smaller than the line broadening due to the finite length
of the record, the dissipation, and the noise [Gilbert and Backus, 1965;
Smaith, 1966], the multiplet will produce in the spectrum a single broad
line. For high order modes one observes only the envelope of the
multiplet by broadening the individual lines, so that the apparent center
of this envelope which depends on the relative location of the source
and the receiver, will not correspond to the frequency for the spherically
symmetric earth. The divergence between the observations for the path
through SHI, and for the path through HNR, becomes significant for
periods shorter than 350sec. This period can be interpreted as a depth
to which the significant lateral variations of any kind will exist in the
upper mantle not deeper than several hundred kilometers.

For torsional modes, or Love waves as propagating waves, the ob-
served phase velocities are consistently higher toward shorter periods
from 450sec than those of GB-A model and rather close to those of
CIT 11A model, although the observed values scatter appreciably (Fig. 8).
This scatter may be due to the contamination of spheroidal modes to
the transverse component. Both CTA and ADE lie on a great circle
path with 709 oceanic part.

+
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Fig. 8. Experimental phase velocities of torsional modes compared with
those of several earth models.

HB1 model can also explain the observations of torsional modes
for periods shorter than 440sec. However, for both types of modes,
especially in torsional modes, a slight discrepancy exists for periods
longer than 440sec, the GB-A model being superior to HB1 in this period
range.

5. Attenuation of free oscillations

The amplitude of a mode of free oscillation at the time ¢ is expres-
sed by

A(t)=A(t) exp [-7m(t—t)/QT] , (5.1)

from which the @ factor can be computed by measuring the rate of the
decay of spectral amplitudes with time. The rate of decay is ordinarily
estimated by the comparison of two corresponding peaks in two time
ranges [Ness et al., 1961].
v The decay of the spheroidal oscillations has been studied by separate
spectrum analysis of two intervals of 10 hours. The spectrum analysis
as stated before was employed for six stations SHI, IST, NAI, HNR,
LPA and AAE. The @ factor of each mode was determined from the
ratio of the mean amplitude in the individual 10-hour intervals. A sum-
mary of average values of @ at these stations is given in Table 4 and
is also plotted against the period in Fig. 9 for each mode. Despite the
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Table 4. A summary of average @ factors of spheroidal oscillations
and the time interval of data used in the analysis.

k

Station (Zgn, (3138 Sio) (smgs42)
SHI 593.0 275 198
IST 580.1 233 199
NAI 593.8 284 161
HNR 592.7 238 224
LPA 593.3 243 239
AAE 593.3 262 163

Average 251+30 200449

* Time interval of each segment.

scattering of the data, the value of Q tends to increase with the period,
namely

Q=251+30 for S;;—S,; (or T=380—480sec) ,
Q=200+49 for S;—S,, (or T'=200—380sec) .

40 30 20 n Nowroozi [1968] obtained the value

Q T ' 251442 for the spheroidal mode of

300;-  Spheroidal 7 the Alaskan shock over the period

' . range from 300 to 600 sec, and our

i R . | result for the range 380 to 480sec
200 %t e . 4 is very close.

AT The results in Table 4 are

- . 1 almost in accord with other ob-

. . . . . . ' served data by many investigators

10050 300 400 500 [Connes et al., 1962; Nagamune

Period, sec

Fig. 9. Experimental @ factors for sphe- et al" 1964; and see the review
roidal oscillations. by Sato, 1967, also].

6. Amplitude variations

The vertical displacement of spheroidal modes is proportional to the
associated Legendre function Pr(cos @), while azimuthal component of
torsional modes to the derivative dPr™(cos0)/df. The epicenter is as-
sumed to be at the pole of the sphere so that the angle 60, colatitude,
gives the epicentral distance. The integers n» and m determine the
displacement field of a free oscillation on the spherical surface. The
number of nodal lines of displacement in @ direction is #—m, and that
in the azimuthal direction is 2m. The azimuthal order number m general-
ly does not affect the period, and the spectral lines degenerate with

+




Free Oscillations of the Earth Excited by the Kurile Islands Earthquake 1963 105

respect to m for a non-rotating, spherical earth. These unresolved spectral
lines for extremely low order modes split due to the rotation of the earth
[MacDonald and Ness, 1961; Backus and Gilbert, 1961; Pekeris et al.,
1961; Benioff et al., 1961]. However, as was also mentioned before,
for high order modes the observed single spectral line generally containg
unresolved components for azimuthal order number m, because of the
finite length of records, the attenuation, and the noise.

A simple method to determine the m value in the unresolved mul-
tiplets is the comparison between the vanishing points in the tesseral
harmonics and the missing peaks in the observed spectra [Saté and Usami,
1963]. For this purpose, we, following Saté and Usami [1963], calculated
the zero point curves of P(cos ) function and its somewhat modified
forms for n=1—50, m=0, 1 and 2 (Figs. 10a, b, ¢, d). The cross points
of lines associated with » and 0 show the k-th vanishing points of these
functions. If the order number n, m and the colatitude ¢ are fixed, we
can determine whether the specified amplitude vanisheg or not.

The displacement field of an oscillation can be determined by the
equivalent force system of dislocation, and it is assumed here that the
dependence on azimuthal order number is limited to 0, 1 and 2. For ex-
ample, the vanishing modes expected at NAI between n=9 and 40 are
n=16, 21, 26, 31, 36 for m=0 or 2, and 10, 15, 27, 32, 37 for m=1.

|
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Fig. 10a. Zero points of P (cosd) and its modified functions. The cross point
of slant and vertical lines gives k-th zero point of the respective function.
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Fig. 10d. Zero points of P7{(cos?) and its modified functions. The cross point
of slant and vertical lines gives k-th zero point of the respective function.

On the other hand, the observed missing peaks are n=12, 24, 26, 31
and 36. Accordingly the orders 26, 31, 36 coincide well for m=0 or 2,
but others 12, 24 coincide neither with m =0, 2 nor 1.

Table 5 gives the result of comparison between the theoretical vanish-
ing points and observed missing peaks over the range of n=9—40 in all
the spectra of eleven stations. According to this ‘table, the existence
of the modes m=0 and 2 is almost certain, while that of the mode m=1
is questionable, although there are some missing peaks that cannot be
ascribed to any of the orders m=0, 1 or 2. These undefined missing
peaks might have been caused either by the finiteness of the fault, or

Table 5. Comparison between the zero points of
P functions and the missing peaks of observed
spectra for n=9—40.

Spheroidal Torsional
Np* 29 5
m=0,2 16 4
m=1 1 1
Undefined 12 0

* N, is the total number of observed missing peaks for
n=9—40.




108 K. ABE, Y. SATO and J. FrEZ

the ellipticity and heterogeneity of the earth. When = is large we can
hardly separate the mode m=0 from m=2 because of the closeness of
vanishing points in the domain not far from the equator. The source
mechanism of the earthquake has been determined by the comparison
between the observed and the theoretical radiation patterns for long-
period surface waves by Kanamori [1969]. He concluded that the source
of the earthquake is predominantly pure dip-slip with a dip angle at
22°. In this case, the excitation of free oscillation is almost limited to
m=0 and 2 for the spheroidal and to m=2 for the torsional modes.

7. Distribution of spectral amplitude on the earth’s surface

Since we obtained the spectral amplitude at a number of stations,
we can expand them into a series of spherical surface harmonics of the
form

|Fi(0, 6)| = A+ A, P,(cos 0) + P:(cos 0) - (BZ cos 26+ C? sin 2¢), (7.1)

where |F| is the observed amplitude of spheroidal oscillations for the
#-th mode at i-th station, ¢ the azimuth as seen from the source to the
station. Amplitudes were corrected for the attenuation assuming the

value
1300 for S,—S,;
200 for S,—S,,

and were reduced to the time of earthquake occurrence;

L U 7.2
exp (—rt)-[1—exp (—7T)] ' (7.2)

|5 =

where U, is the mean displacement amplitude of the ground at the point
of observation over the time interval T,, y=z/QT, T the period, and ¢,
is the starting time of the analyzed record. For this calculation six

stations SHI, IST, NAI, HNR, NDI
i o, ot Lo and TOL were used. The equation
"53‘:3""‘“’,‘ e ) . (7.1) is a linear algebraic equation
’ with unknowns A4, A,, B: and
C:, and there are six equations
of this type for each mode n.

180

Phase Angle
Spheroidal , m=2

AVG.= 133°

Degree

, ,
076 36 20 50

20
Mode Number

Fig. 11. Phase angle ¢ for the expansion
of spectral amplitudes into the spherical
surface harmonics. The angle N133°E
fits the dip direction of the earthquake
fault.

Hence, the coefficients can be
determined by applying the method
of least squares.

Figure 11 shows the phase angle
¢ defined by the expression
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P2(cos ) - (B2 cos 2¢+ C? sin 2¢) = Dy - P; cos [2(6—¢)] « (7.3)

The average value of ¢ calculated in this way gives N133°E+13° in
the range n=9—30, and this angle corresponds to the direction for the
maximum amplitudes of P? term. The source mechanism of this Kurile
Islands earthquake will be assumed as a double couple with a pure dip-
slip motion on a fault dipping at 45° [Abe, 1969]. In this mechanism,
the components of m=0 and 2 are excited for the spheroidal oscillations.
The theoretical radiation pattern for the component of m=2 has two
spatial orientations of maximum amplitude, in which one is the strike
of the fault and another is the dip
direction of the fault. Stauder .
and Bollinger [1966] and Kanamors i o Amplitude Ratio
[1969] obtained the dip direction of o * . Seheroidal 1
the fault of N133°E for the earth- . : ]
quake, and this direction of N133°E

1.0

x1072

is in good agreement with our ob-  ° 0 TR LT
servation. Figure 12 shows the Fig. 12. Amplitude ratio as a function
ratio of the coefficients Dg/|As], of order number =, |Dn%/A.l. Solid
where D? is the maximum ampli- curve shows the theoretical result
tude for P? term, and A4° for P derived from the assumption that the
. source mechanism is a double couple
term. This corresponds t.O the with a pure dip-slip motion on a fault
spectral ratio of the excitation for dipping at 45°. A step source time
m=0 and m=2. Although the function is also assumed (see e.g. Abe

observed data scatter slightly, the [1969D).

major feature is consistent with the theoretical value expected from
the amplitude excitation for the 45° dip-slip type earthquake. The basic
formula has been given by Saito [1967]. A further study on the ampli-
tude of the free oscillation and its excitation is carried out with Saito’s
method by Abe [1969].

8. Phase angle of free oscillations

The free oscillation of the earth is, if the medium is laterally homo-
geneous, expressed by a formula of the form

u=A-R,(r)- Y"(0, 9)-exp (ip,?) , (8.1)

where v is a displacement component,
R, is a function of r with a parameter =,
Y0, ¢) is the spherical surface harmonies or its modified form
with parameters » and m,
p, i$ an eigen frequency,
and A is a quantity independent of 0 and ¢ [Saté et al., 1967, 1968].
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If this equation holds, the complex amplitudes at various stations
corresponding to an oscillation with the eigen frequency p, should have
phase angles with difference of integral multiples of . .

5n

anr-

3n-

2n

radian

Phase ,

-7

SPHEROIDAL

\-Slz

~S25

Fig. 18a. Phase angle of free oscillations reduced to the time of earthquake
occurrence at HNR. The epicentral distance is 54.8°.
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Fig. 13b. Phase angle of free oscillations at NAI. The epicentral distance
is 106.9°.

Figures 13a, b show the phase angles reduced to the time of earth-
quake occurrence. The phase difference at two stations is rather irregular
(see Fig. 14). Although we are unable to explain the cause of this
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Fig. 14. Phase difference between HNR and NAI

seatter, it is possible that the source finiteness and the lateral inhomo-
geneity of any kind may disturb the observed phase.

9. Conclusions

Various analyses have been made on the spectral peaks, amplitudes,
and phases of the free oscillations of the earth. The following conclusions
can be derived.

For the spectral peaks: (i) The experimental eigen periods and
equivalent phase velocities have been determined over the range S; to
S,, or 820 to 170sec for spheroidal modes, and over the range T, to T,
or 820 to 170sec for torsional modes. These sets of data are tabulated
individually for eleven stations. (ii) As far as the free oscillation is
concerned, the model HB1 satisfies the observation best. (iii) The observa-
tional data for the path through different stations, however, appear to
be slightly different, and such divergence becomes significant for periods
shorter than 350seec. It is found that they vary in such a way as to
reflect the existence of the significant lateral inhomogeneity of any kind
in the upper mantle not deeper than several hundred kilometers.

For the amplitudes: (i) The @ factors for spheroidal modes have
also been determined from the amplitude decay with time. (ii) The
azimuthal order number m has been found to be either 0 or 2 from the
zero point of the amplitudes of spectral peaks. For this purpose, we
have calculated the zero point curves of P(cos ) function and its some-
what modified forms for n=1-50, m=0, 1 and 2. (iii) The spectral
amplitudes of the spheroidal modes have been expanded into terms of
the spherical harmonies. The direction for the maximum amplitudes of
P? term and the ratio of coefficients for P} term and P? term have been
determined. The results from (ii), (iii) are consistent with the results
expected from the earthquake mechanism and excitation of waves.

For the phases: For a search of any significant pattern of the free
oscillation modes of the sphere, the phase difference at two stations has
been compared. However, the phase difference thus obtained shows
fairly irregular values, and it may be possible that the source finiteness
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ellipticity, and lateral inhomogeneity disturb the observed phase. Much
is to be expected from the free oscillation amplitudes, which seem to be
more stable than phases.

Acknowledgments

We wish to thank Dr. Hiroo Kanamori who kindly provided us with
a number of seismograms. We are also very grateful to him for kindly
reading the manuscript and giving us various comments. We benefited
from discussions with Drs. Tatsuo Usami, Masanori Saito, and Stewart
W. Smith in the early stages of this work. Misgs Itsue Ochi assisted
us in the preparation of the data in digital form and the drawings.

References

ABE, K., Estimation of seismic moment and wave energy from the earth’s free oscillation,
Bull. Earthq. Res. Inst., 47 (1969), in preparation.

Awisor, L.E., Free spheroidal vibrations of the earth at very long periods, Part I—Calcula-
tion of periods for several earth models, Bull. Seism. Soc. Am., 53 (1963), 483-501.

Avsopr, L.E., Excitation of free oscillations of the earth by the Kurile Islands earthquake
of 13 October 1963, Bull. Seism. Soc. Am., 54 (1964a), 1341-1348.

Avsopr, L.E., Spheroidal free periods of the earth observed at eight stations around the
world, Bull. Seism. Soc. Am., 54 (1964b), 755-776.

ANDERSON, DoN L., Recent evidence concerning the structure and composition of the earth’s
mantle, Phys. Chem. Earth, 6 (1965), 1-131.

ANDERSON, DON L., Latest information from seismic observations, Chapter 12, in The
Earth’s Mantle, edited by T.F. Gaskell, (1967), pp. 3565-420, Academic Press, London.

ANDERSON, DoN L., and M.N. Toksoz, Surface waves on a spherical earth, 1, J. Geophys.
Res., 68 (1963), 3483-3500.

BAckuUS, G., and F. GILBERT, The rotational splitting of the free oscillations of the earth,
Proc. Natl. Acad. Sci. U. S., 47 (1961), 362-371.

BATH, M., Lateral inhomogeneities of the upper mantle, Tectonophysics, 2 (1965), 483-514.

BeNIOFF, H., F. PrESS, and S.W. SMmITH, Excitation of the free oscillations of the earth
by earthquakes, J. Geophys. Res., 66 (1961), 605-619.

BLACKMAN, R.B., and J.W. TukEY, The Measurement of Power Spectra, (1958), 190 pp,
Dover Publ., New York.

BoLt, B.A., Recent information on the earth’s interior from studies of mantle waves
and eigenvibrations, Phys. Chem. Earth, 5 (1964), 55-119.

BuLLEN, K.E., and R.A.W. HADDON, Derivation of an earth model from free oscillation
data, Proe. Natl. Acad. Sci. U.S., 58 (1967), 846-852.

CONNES, J., P.A. BLuM, G. JoBERT, and N. JOBERT, Observation des oscillations propres
de la terre, Ann. Geophys, 18 (1962), 260-268.

CooLEY, J.W., and J.W. TUKEY, An algorithm for the machine calculation of complex
Fourier series, Mathematics of Computation, 19 (1965), 297-301.

DERR, J.S., A comparison of free oscillations of oceanic and continental earth models,
Bull. Seism. Soc. Am., 57 (1967), 1047-1061.

DzIEWONSKI, A., and M. LANDISMAN, Great circle Rayleigh and Love wave dispersion from
100 to 900 seconds, (1969), in press.

GILBERT, F., and G. BACKUS, The rotational splitting of the free oscillations of the earth,




Free Oscillations of the Earth Excited by the Kurile Islands Earthquake 1963 113

2, Rev. Geophys., 3 (1965), 1-9.

HappoNn, R.A.W., and K.E. BULLEN, An earth model incorporating free earth oscillation
data, Phys. Earth Planet. Interiors, 2 (1969), 35-49.

HAGIWARA, T., A note on the theory of the electromagnetic seismograph, Bull. Earthq.
Res. Inst., 36 (1958), 139-164.

KanaMori, H., Application of synthetic seismograms to determination of source param-
eters (abstract), Trans. Am. Geophys. Union, 50 (1969), 238, full text in preparation.

Kanamorl, H., Velocity and Q of mantle waves, Phys. Earth Planet. Interiors, 2 (1970),
in press.

KovacH, R.L., Seismic surface waves: Some observations and recent developments, Phys.
Chem. Earth, 6 (1965), 251-314.

MacDoNALD, G.J.F., and N.F. NEss, A study of the free oscillations of the earth, J.
Geophys. Res., 66 (1961), 1865-1911.

NAGAMUNE, T., Y. SATO, and M. SAITo, Short period free oscillation of the earth caused
by the Chilean Earthquake of May 22, 1960 and related problems, Jour. Phys. Earth,
12 (1964), 37-41.

NEss, N.F., J.C. HARRISON, and L.B. SLICHTER, Observations of the free oscillations of
the earth, J. Geophys. Res., 66 (1961), 621-629.

Nowroozl, A. A., Eigenvibrations of the earth after the Alaskan earthquake, J. Geophys.
Res., 70 (1965), 5145-5156.

NowRroozI, A.A., Measurement of Q values from the free oscillations of the earth, J.
Geophys. Res., 73 (1968), 1407-1415.

PekEris, C.L., Z. ALTERMAN, and H. JAROSCH, Rotational multiplets in the spectrum of
the earth, Phys. Rev., 122 (1961), 1962-1700.

PrEss, F., Long-period waves and free oscillations of the earth, Research in Geophysics,
vol. 2, edited by H. Odishaw, (1964), pp.1-26, MIT Press, Cambridge.

Press, F., A. BEN-MENAHEM, and M. N. Toksdz, Experimental determination of earthquake
fault length and rupture velocity, J. Geophys. Res., 66 (1961), 3471-3485.

Sarro, M., Excitation of free oscillations and surface waves by a point source in a
vertically heterogeneous earth, J. Geophys. Res., 72 (1967), 3689-3699.

8aTo, R., Attenuation of seismic waves, Jour. Phys. Earth, 15 (1967), 32-61.

8aTd, Y., and T. Usami, Method of determining the degree of free oscillation of a radiaily
heterogeneous elastic sphere, Bull. Earthq. Res. Inst., 41 (1963), 331-342.

SaTO, Y., T. Usami, and M. LANDISMAN, Theoretical seismograms of spheroidal type on
the surface of a gravitating elastic sphere. II, Case of Gutenberg-Bullen A’ earth
model., Bull. Earthq. Res. Inst., 45 (1967), 601-624.

Sa1o, Y., T. UsamI, and M. LANDISMAN, Theoretical seismograms of torsional disturbances
excited at a focus within a heterogeneous spherical earth—Case of a Gutenberg-
Bullen A’ earth model, Bull. Seism. Soc. Am., 58 (1968), 138-170.

SmiTH, S.W., An investigation of the earth’s free oscillations, Ph. D. thesis, California
Institute of Technology, Pasadena, (1961).

SmrtH, S.W., Free oscillations excited by the Alaskan earthquake, J. Geophys. Res., 71
(1966), 1183-1193.

SmirH, S.W., Free oscillation analysis and interpretation, Trans. Am. Geophys. Union,
48 (1967), 409-411.

STAUDER, W., and G. A. BOLLINGER, The S-wave project for focal mecanism studies, earth-
quakes of 1963, Bull. Seism. Soc. Am., 56 (1966), 1363-1371.

Toxsoz, M.N., and DoN L. ANDERSON, Phase velocities of long-period surface waves and
structure of the upper mantle, 1. Great-circle Love and Rayleigh wave data, J. Geophys.
Res., 71 (1966), 1649-1658.




114 F'ree Oscillations of the Earth Excited by the Kurile Islands FEarthquake 1963

T. 1963 F = + a7 MihiZic & % #ER A IR

I O |
f@*%rz}f{
LR D
EHEEHEE « EE TRt Jose FREZ

A EHSBIEBIT D 5 B 11 ¥ O T VA « 2~ 4 v 7 EHWIR 0GB\, 1963 48 10
Ao =t m 7 WHEROMER A bRER AT Lic. HBRE) O EA RITROMERT I & L Cor s,
RIEDOKE X RONAD G L TR OIS E Sh e,

DUH BIIRH) RO R CHIRTH O FEH JAIN5 I 820 £22 & 170 Bofibl o bihve. =i b o
ﬁmﬁﬁw%hnﬂm?éﬁmﬁﬁmmmmuIBI%?»@E%@K%LT%Mﬂm@ﬁEO%¢
DSCHRCEERS L&l LTH £~ FE =83 5. Bic 5N TEA2h 6 o fiivs 350 &
omM@ﬁwacbﬁgyﬁka.:@:auwﬁokﬂvvr»mxﬁﬁééﬁbfmaagb
ha,

DOL BIIRF D IRIBOWEE 5 Q Zskdte. L LT Q=251 (380~480 ), Q=200 (200~
380 TtHB. |

ﬁ&ﬁ@®ﬁﬁ%%??7u—m%@M§htZ&ﬁbwa%e%—FKﬁmf5ﬁ%ﬁ@@g
@ﬁ%lbﬁbt.%@%%m:mzo%—ﬁﬂﬁmb,:@ME@xﬁ:XAmaﬁﬁéné§®
EFE LIS,

AT ARBTG5 E — FICRIS T I O PIGZE 2 R, FRE BB L. —komE
X b @ oLl NI E i uBIIE oMl ad R LT\ 5,

5mﬁﬁ@m@%mf@%m&%&5twm&m®ﬁﬁ%Lt.L»L:o@@ﬂﬁf@ﬁméu
?ﬁénéombbzw<B&T#K0$ﬁwf@ot.&mib%ﬁm@k%é®ﬁﬁmﬁmﬁﬁ
LIciERN BB 5 X 5Th 5.




