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1. Introduction

Since 1962 the period of free oscillation, phase and group velocities,
common spectrum and resulting theoretical seismograms have been in-
vestigated using various earth models. A homogeneous elastic sphere
[Satd et al. (1962), Usami and Satd (1964)], a homogeneous mantle and
a homogeneous liquid core [Satd et al. (1968)] and Gutenberg-Bullen A’
earth model [Satd et al. (1967a)] were treated in this course of study,
and the surface disturbances due to the stress applied in a localized part
on the spherical surface were calculated. For the case of a homoge-
neous mantle with a liquid core, the effect of radial and tangential
stresses was compared using theoretical seismograms based on the con-
tribution of all the modes having period larger than 5.0sec. [Usami and
Satd (1970), Satd et al. (1968)] and in this way the contribution of
short waves in those cases was studied.

In the second paper of this series [Satd et al. (1967a)], the case of
Gutenberg-Bullen A’ earth model was investigated employing modes
with radial mode number {=1~10 and proper periods longer than 80 sec.
In this work fundamental features of the effect of gravity was made
clear and in the calculated seismogram a new phase of surface wave
named R, was found, which was understood to be associated with radial
higher modes :=2 and 3. In spite of well developed long waves general
features did not resemble the actual seismograms, owing to the lack of
short waves. In the present work, therefore, the fundamental and radial
higher modes (1=1~10) with periods as short as 10 seconds are
introduced in the caleulation, the effect of such short period modes being
studied.
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2. Earth Model and Fundamental Quantities.

The same earth model as used in the second paper of this series
[Satd et al. (1967a). Cited as paper II hereafter] is also adopted in the
present paper. The radial variation of P and S wave velocities and of
density appear in both graphical and tabular forms in an earlier paper
[Usami and Sato (1965)].

The non-dimensional frequencies of the modes which have radial
mode numbers t=1~10 and period between 10 and 80 sec were newly
calculated using the method explained in paper II. Such values are
graphically expressed in another papar [Usami et al. (1970b)]. The effect
of gravity on these modes was proved to be negligibly small.

In paper II and another work by Usami et al. (1970b), the phase
and group velocities calculated by asymptotic formulae

ClVso=7/(n+1/2)

are given in graphical forms. For the fundamental mode, the group
velocity decreases with the period decrease and shows a minimum value
3.58 km/sec at period near 220 seconds. It increases again, attaining to
its maximum value 3.96 km/sec near 60 seconds and then decreases again
making minimum 2.87km/sec near a period 18 seconds. '

Common spectrum, which is a function of spatial and time characteris-
tics of applied force, is calculated for both radial and colatitudinal com-
ponents and is exhibited in Figures 1la and 1b. Sinece common spectrum
is independent of the variables ¢,  and ¢, it may be used to calculate
the displacement at all times and locations. Negligibly small values
have been omitted from the figures in the interest of clarity. In the
rectangular enclosures, some parts of the figure are given in enlarged
forms. Comparison of the common spectrum in the present study with
that in paper II shows that:

1) The maximum value of fundamental mode for the radial com-
ponent in the present study is much larger than that in paper II. The
relation is reverse for the colatitudinal component.

2) The ratio of amplitude of radial higher modes to fundamental
mode is smaller in the present study than in the case treated in paper
I1. ‘

3) In general, the present study shows simpler features than paper
II. ' ‘
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Fig. 1. Common speetrum of radial and colatitudinal components for radial modes i=
1~10 as functions of the colatitudinal order number n. The ordinate scale is consistent
with that in paper II. A part of the figure is shown in a rectangular enclosure in en-
larged scale. The maximum colatitudinal order number n employed in the numerical work
can be inferred from the Figure.
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3. Theoretical Seismograms

A pure radial stress is assumed on the surface in a circular area
around the pole. Its space distribution is, assuming the axial symmetry
(m=0),

Fig. 2. Theoretical seismogram of spheroidal disturbances at 13 points on the sur-
face of Gutenberg-Bullen A’ earth model. The solid line refers to (1u1200) and (1¥1200)»
namely, to the sum of contributions from fundamental mode. The dotted curve expresses
(10%1200) and (1gv1200), that is, the sum of all the contributions from radial modes 71=1~10.
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@°(cos ) = {(1) g ig‘) (6,=0.008 radian) (3.1)
0

The time function is

fity= 1 0<t<t, (t,=0.002) 3.2
0 t, < Itl ’
U-COMPONENT

T
0.8 10

TIME(UNIT=2ra/Vso=11268sec.)

i n
For example, (iun)=3} 3} ;u,. Predominant waves are Rayleigh waves. Expected arrival
i=1n=0

times of various body phases are shown in a form of travel time curve. As to the notation

of wave, 2(PS), for example, means surface reflected wave PPSS. The unit of time is
27a/Vso=11268 sec.
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and its Fourier transform is
S*(t) = —4j-sin*(pt,/2) [p (3.3)

The largest values of colatitudinal order number n employed in the syn-
thesis can be inferred from the curves in Figure 1.

Theoretical seismograms were calculated at 13 points on the surface,
that is, #=15°, 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135°, 150°, 165°,
170° and 175° for the time interval £{=0.0005 (0.0005) 1.0000. They

6=15 — | :
O 14 T
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are shown in Figures 2a and 2b. 2ra/Vs=11268sec, the time for the S
wave to circle the globe, is taken as the unit of time. Vg, is the S
wave velocity on the surface.

In Figure 2, thin dotted curves refer to () and (v and solid
curves t0 (U and (Wim). For the epicentral distance 4=170°, broken
line is used instead of solid line in the interest of clarity. The ordinate
scale is consistent to that in paper II. Arrival times of various body
waves is given in a form of travel time curves. Figure 2 indicates that:

V-COMPONENT

5 WW‘«,MW
; I

T ] i A
0.8 10
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.Fig. 3. Particle motion of the initial part of Rayleigh
waves. The pattern of locus shows typical features of
Rayleigh wave. The scale is consistent to that of Fig. 2.
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1) Short period waves are more predominant in the present case

than in paper II, reflecting the time and space function of the applied
force.

2) Amplitude of Rayleigh waves in the present case is larger than
in the case of paper II. Near the end of surface wave, shorter period
waves of smaller amplitude with a shuttle shape appears very clearly.
This wave corresponds to the fundamental mode with about 18 second
period, and its arrival time can be interpreted by the minimum group
velocity. ’

3) Direct waves, reflected, refracted and diffracted waves at the
core boundary, and reflected waves from the free surface are identified
on the theoretical seismograms and their arrival times show good agree-
ment with travel time curve obtained from a simple theory of geomet-
rical optics. Among body waves, the onsets of multiple reflected S
waves at the surface such as 2S, 3S, 4S and 5S are identified in the
theoretical seismograms.

4) The difference between solid and dotted curves means the
contributions from radial higher modes and is small during the passage
of Rayleigh waves. This illustration confirms that the fundamental
mode is closely related to the surface waves and radial higher modes
to body waves.

5) Surface waves named R, in paper II are not found in the
present case. This wave stems from maximum and minimum group
velocities of radial higher modes 7=2 and 3 and has a period of several
hundred seconds. In the present case, the common spectrum is small
for this period range, which fact explains the absence of this kind of
wave.

The loci of particle motion due to Rayleigh waves at various points
on the surface are illustrated in Figure 3. These show characteristics
typical to Rayleigh waves such as 1) retrograde particle motion, 2)
ratio of amplitude of vertical component to horizontal one being nearly
equal to 1.4, the value for plane Rayleigh wave, and 3) rapid amplitude
increase near the pole and antipole. Moreover, it is found in Figure 3
that the locus pattern becomes complicated and the number of loops
increases with the epicentral distance. The initial part of Rayleigh
waves at 4=185° and 190° is disturbed by the coda of the waves
propagated along the minor ares of reverse side (4=175° and 170° res-
pectively) and shows an irregular locus pattern.

The numerical work was carried out mainly by HITAC 5020E at the
Computer Centre of the University of Tokyo and partly by IBM 7090
through the courtesy of UNICON, to which our sincere thanks are due.
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