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Abstract

For the purpose of understanding the excitation of the first higher
mode of oceanic Rayleigh waves, the waves are simulated for the
seismic sources with a pure dip-slip motion along a vertical fault
plane, for various focal depths from 10 to 500 km. It is suggested
that the first higher mode of oceanic Rayleigh waves generated by
deep earthquakes with the focal depth of about 200 or 300 km can be
observed in the period range from 20 to 50 seconds, with the ampli-
tude exceeding that of the fundamental mode. The optimum filtering
parameters for the analysis of dispersed oceannic Rayleigh waves are
determined by using the simulated Rayleigh waves of the fundamental
and first higher modes. The filtering parameters will be used most
effectively for the determination of the group velocity dispersion
curves of oceanic surface waves.

1. Introduction

The velocity of seismic surface waves is, as well as the heat flow,
gravity, seismic activity, electrical conductivity and velocity of body
waves, one of the essential physical data for the study of the earth’s in-
terior. The velocities of the fundamentral modes of Rayleigh and Love
waves are often used for the inference of the physical property of rocks
constituting the lithosphere and asthenosphere under the ocean or con-
tinent, because those fundamental modes are strongly excited by numerous
shallow earthquakes, which account for a major portion of seismic events
occurring in the earth and are easily observed with long-period seismo-
graphs of various types.

On the other hand, the generation, propagation, dispersion and attenua-
tion of higher mode Rayleigh waves were investigated by UsAMI, SATO
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and LANDISMAN (1965) by using theoretical seismograms. It is suggested
by HARKRIDER (1970) and FUKAO and ABE (1971) that surface waves of
the first higher mode are also useful for the investigation of the under-
ground structure and focal mechanism of earthquakes. The first higher
mode of oceanic Rayleigh waves was employed by KOVACH and ANDERSON
(1964) for the investigation of the structures near the well-developed low
velocity zone under the Pacific.

In the previous paper (YOSHIDA, 1978a) the possibility of the observa-
tion of the first higher mode from a 200-km source depth was examined
by calculating the medium-response in the period range from 20 to 300
sec in a simple form. If we can compare synthetic seismograms of the
first higher mode excited by deep earthquakes with the observation, the
analysis of the observed seismograms in the time and frequency domains
will effectively progress.

2. Source model and upper mantle structure

At the focus the source is assumed that the focal mechanism is a
displacement dislocation with a step-function time dependence and the
normal components of stresses are continuous across the fault. The slip
dislocation along an infinitesimal fault plane is equivalent to a double
couple of body forces without moment (KNOPOFF and GILBERT, 1960 ;
MARUYAMA, 1963 ; BURRIDGE and KNOPOFF, 1964). The moment of either
of the two component couple is called the seismic moment and it is equiv-
alent to the product of the rigidity, the dislocation area of the fault
surface and the average dislocation over it (AKI, 1966).

TFor such a force system radiation patterns of surface waves for ver-
tically heterogeneous elastic media have been derived by several authors
(HASKELL, 1964 ; HARKRIDER, 1964 ; BEN-MENAHEM and HARKRIDER, 1964 ;
SAITO, 1967 ; ODAKA and USAMI, 1970) on the basis of the normal mode
theory. Using the result of the surface wave excitation theory by SAITO
(1967) theoretical seismograms (e. g., KANAMORI, 1970a, b) and theoretical
Fourier spectra (TSAI and AKI, 1970) were calculated and compared with
the observed waves. In the generation of theoretical seismograms we
must take into consideration many factors (USAMI, 1971) such as the focal
mechanism, the seismic moment, the structure of medium along the epi-
center-station path, the focal depth, the epicentral distance and the at-
tenuation effect of the wave in a dissipated medium.

The factors related to the source and medium mentioned above are
selected keeping in mind that, 1) the source mechanism of deep earth-
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quakes near the circum-Pacific seismic zone is usually a normal or reverse
thrust type, the fault plane dipping close to normal (e.g., HONDA, MASA-
TSUKA and EMURA, 1956 ; ICHIKAWA, 1960), 2) surface waves travel across
the Pacific, and 3) the waves will be observed at the station equiped with
the WWSSN long-period seismograph deployed in and around the Pacific.

Seismograms are synthesized by assuming that the source is the
pure dip-slip motion along a vertical fault plane with a slip angle 90°.
The epicentral distance is 90° in terms of the fault plane geometry and
coordinate system in Fig. 1. According to SAITO (1967) and TAKEUCHI
and SAITO (1972), the vertical component of displacement for the 4 th
radial harmonics and the » th order .S, excited by the dip-slip source
having the seismic moment of M, is given as

{Un(r, 0, 9, 1) =DMy itn(r, 0, ) - cOs ;0,t , (1)
where
2n+1 1

—— (1) F(w,) - P,)(cos 0) - y.(r).  (2)
4z Us

i}l-l/n(fry 0: ¢)=Sln ¢.
The transfer function F(,w,) is written in the form
F(w) =1[[\ ory-+nln-+ Dysdr] &)

ww, is the angular frequency, and » the radial distance from the center
of the earth. The source time spectrum of the step-function is multiplied
in (3). w: and y; are the radial factors of the vertical and horizontal com-
ponents of displacement respectively, v, is the radial factors of horizontal
component of stress. p and g are the density and rigidity, respectively.
The quantity with the subscript s refers to the one at the source. The

@ EPICENTER OSTATION

Fig. 1. The coordinate system and fault plane geometry.
¢ is measured from the fault strike direction to the
station. The epicenter is assumed to be at the pole
0=0°. a is the radius of the earth, ¢ the dip angle, 2
the slip angle which specifies the direction of the mo-
tion of the hanging wall relative to the foot wall, and
I is the focal depth.




612 M. YOSHIDA

first higher mode is calculated in the range of the order number n of
the associated Legendre function from 17 to 650, which corresponds to the
period range from 280 to 14 sec. To compare its wave forms and spectra
the fundamental mode is also generated in the order number of 17 to
900, which corresponds to the period range of 380 to 140 sec.

The oceanic upper mantle model PC-MAX, which was proposed by
YOSHIDA (1978b) for the highest-velocity-area in the Pacific on the basis
of the group velocity dispersion, was employed as the structure of the
medium along the epicenter-station path. Hence the synthesized seismo-
grams will simulate the waves propagating in the western Pacific where
the velocity is very high.

The quality factor @, is rarely reported in the observation for the
first higher mode of Rayleigh waves. According to the attenuation data
of surface waves (e.g., YAMAKAWA and SATO, 1964 ; NAGAMUNE, SATO
and SAITO, 1964 ; BEN-MENAHEM, 1965; ANDERSON, BEN-MENAHEM and
ARCHAMBEAU, 1965 ; SATO, 1967 : ABE, SATO and FREZ, 1970 ; KANAMORI,
1970c ; SMITH, 1972 ; NAKANISHI, 1979; YOSHIDA, 1981), the @ values of
the fundamental mode of Rayleigh waves vary from 100 to 400 for the
period range from 20 to 400 sec.

In the following calculations an intermediate value @,=200 is as-
sumed for the fundamental mode, while ,Q,=400 for the first higher
mode. Higher @ value for the higher mode will be adequate since, compared
with the fundamental mode, higher modes are affected by the medium in
the deeper part of the earth, where the @ value becomes larger than in the
shallower part (ANDERSON and HART, 1978). The expression of the vertical
component of displacement including the attenuation effect is written as

U1, 0, 6, ) =My n(r, 0, 3)-e7t°nt%% . cos ;w,t . (4)

Since the azimuthal angle ¢ measured from the fault strike is assumed
to be 90°, Rayleigh waves are most effectively excited.

3. Wave forms of the first higher modes of
simulated Rayleigh waves

The synthetic seismograms calculated through the expression (4), in
which the seismic moment M, of 7.6:<10" dyne-cm is substituted, are
shown in Fig. 2. The value of the seismic moment is the same as that
for the Great Kanto earthquake of 1923 (KANAMORI, 1971) and this value
is temporarily adopted to see the absolute amplitude of the ground dis-
placement at the epicentral distance 10000 km.




613

Spectra of the First Higher Mode

595 'aw)) jaaesy

£joulu 9q 0} pawnsse aIe (§) uolssaidxs oy} ul ¢ pur g yjog
opowr JI9ySIy 3siy oy} ‘(B) opowl [BjUSWEBPUNY dY} JO SdABM YIJI9[ABY OlULBIIO JO SWERIFOWSISS [BIIIDI00Y], g "SIy

000 pooe

o
w Jueudedsig

-3
o

0007

o008z 008z
wse [ch)
iy 00§ =H
008z 0o
7 N
wso (13
- ———
w00 =H
08z 03z
sy [0 03]

©
W “udwadmdsig

o

wy 00K

] ©
wy “uawadedsig

'yydep [eo0F 9yj} SI fF "£3100[0A dnoxl 9yj ale sosoyjuasied oy} Ul S[BISWNN
*(9) sopowr om} 8y} JO UOIIBUIqUWIOD By} pue ‘(q)

2as ‘awiy JoARl)

o

usn

1]

Wy 009:H

W uewadedsig

-
©

wy 00Z=H

008z

oo

=]
wy “puondsiq

. A AN AnANAN A
AR <m<>(><><>%<><><s<><< v << ,, UAY

use)

AAAAAA

(98

AAAAAAAANN

wy Oi=H

AR AR AR AT AV

0

©
uswadwidsig

-
<
w




614 M. YOSHIDA

04
FIRST HIGHER MODE

£ H=300 km
g
H a
£° T
]
5 400
H

AN

V
500
1) 62500 G5s6) (5000 @S) . 6N Owis)
1000 100 1800 i 7200 2600 3000

Travel Time, sec

Fig. 3. Theoretical seismograms of oceanic Rayleigh waves of
the first higher mode versus the focal depth (H).

We see in Fig. 2 that the excitation of the first higher mode is very
weak for a shallow source H=10 km and is negligible compared with the
fundamental mode, while for the focal depth larger than 100 km the first
higher mode is comparable to the fundamental mode. It should be also
noted from the same figure that the short-period components of both
fundamental and first higher modes decrease with the increase of the
focal depth and the two modes overlap each other near the group velocity
of 4.20 km/sec. The fundamental mode with the group velocity lower than
about 4.20 km/sec is dominated, while the first higher mode with the
velocity higher than the value is predominant.

The normal dispersion is clearly seen in the wavetrains of the first
higher mode excited by deep sources with the focal depth of 400 and 500
km (Fig. 3) while the fundamental modes from the source depth of 200
and 300 km show a typical anomalous dispersion (Fig. 2). The wavelets
composed of the short-period components appear on the first higher mode
only for 100 and 200km source depths and on the fundamental mode only
for 10 and 100 km source depths. For the source depth of 400 and 500 km,
the first higher and fundamental modes are well seperated on the records.

4. Optimum filtering parameters for the analysis
of dispersed oceanic Rayleigh waves

In the analysis of observed surface waves, the calculation of the group
or phase velocities in high accuracy is essential. In order to determine
the optimum filtering parameters for the analysis of oceanic Rayleigh
waves, the group velocity of the fundamental and first higher modes was
calculated by the usc of the multiple filter technique (DZIEWONSKI, BLOCH
and LANDISMAN, 1969). The Gaussian function written below was used
as the window function.
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{ 0 ; for w<win
Hy(w)=1{ ¢ om w0 0nS0<oun )
0 ; for w>wyn

w,n=(1—BAND)-w,
(6)
Wy m=(1-+BAND) -w,,,
where the parameter BAND is the relative bandwidth, and w;, and w,
are the lower and upper band limits of the symmetrical filter respectively.
o, is the center freuency. The parameter o« in the equation (5) is ex-
pressed as

a=p|BAND?, )

where f is determined by the function value at the band limits

The seismogram generated using the upper mantle PC-MAX was
Fourier transformed and the spectrum was multiplied by the Gussian
function (5), and we obtained the in-phase spectrum #.(w).

According to GOODMAN (1960), the instantaneous spectral amplitude
An(t) and phase ¢,(t) are expressed as

An(t)- e m® =l (t)+ign(t) 9)

where h,(t) and ¢n(t) are the in-phase and quadrature time functions. In
terms of the Fourier series the quadrature spectrum is related as

ar=—by, br=a,, (10)

where a, and b, denote the cosine and sine coefficients of the in-phase
spectrum.

For synthetic seismograms, the instantaneous spectral amplitudes
were calculated at each of the group arrival time for each center fre-
quency ., to determine the dispersion relation of group velocity by
employing a set of filtering parameters 8 and BAND. The optimum
parameters, which give a satisfactory agreement between the group velo-
city calculated by the use of the functions (5) and (9) and the theoretical
one reported in the previous study (YOSHIDA, 1978b), were determined as
B=3.15 and BAND=0.15 («=140) in the period range from 20 to 250 sec.

The group velocity of the first two modes for the focal depth of 200
and 400 km, as determined by employing the filtering parameters men-
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tioned above, is shown in Fig. 4. The period range displayed is different
between the two modes and between the two focal depths, since as was
discussed above the period with the predominant excitation depends not
only on the mode but also on the focal depth.

A notable point made clear from Fig. 4 is that at the periods less
than 50 sec the first higher mode propagates with a velocity larger than
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Fig. 4. Group velocities (solid ecircles) of the first higher and fundamental
modes for the focal depths 200 and 400 km. Numerals in the figure are
the normalized amplitudes of the instantaneous amplitude spectra in a log
scale, the maximum being 99 for each center frequency. The area within
the boundary of solid lines shows the velocity range propagating with
high energy. The maximum values of the instantaneous amplitude spectra
are shown in the top row designated as MAXAMP in an arbitrary scale.
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4.24 km/sec while the fundamental mode does with a velocity lower than
418 km/sec (Fig. 4a). This velocity difference between the two modes
makes mode separation easy in a long epicentral distance even if the ex-
citations of them are not so different. Looking at the amplitude of the first
higher mode for a 200-km source depth, which is indicated by MAXAMP
in the top row in the figure, the excitation in the period range from 20
to 50 sec is very strong.

In the case of the focal depth of 400 km the first higher mode is ex-
cited mostly in the period range from 40 to 90 sec, and the group velocity

FUNDAMENTAL MODE H=10 km

0 V/\[\ /\/\/\[\/\/\/\/\/\/\/\/\/\I‘\/\/xl\ ALAAAS
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Fig. 5b.
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Fig. 5. Band-pass filtered seismograms. T is the wave period and AMP
means the maximum half amplitude of each filtered seismogram in an
arbitrary scale.

at the period 90 sec is 4.5 km/sec (Fig. 4b), 0.6-km/sec higher than the
fundamental mode. Hence compared with the case for a 200-km source
depth the mode separation will be easier.

Fig. 5 shows a few examples of the in-phase time function in the ex-
pression (9). For a 10-km source depth, the dispersive property of the
fundamental mode is well observed from the difference of the arrival
times of the band-pass filtered wavetrains. From the traces of the first
higher modes for 200- and 400-km source depths we see that the wave-
trains show no clear dispersion for periods from 20 to 90 sec.

The energy of the wavetrains, which will be relatively estimated
from the amplitude AMP described in the right hand side on the traces,
is maximum at 30 sec for a 200-km source depth and at 70 sec for a
400-km source depth, suggesting that the predominant period shifts towards
longer periods with increasing focal depth.

5. Spectra of the first higher modes of
simulated oceanic Rayleigh waves

The amplitude spectra of the fundamental and first higher modes are
shown in Fig. 6. The general spectral patterns of two modes can be ex-
plained by the scaling law of surface wave spectra between the spectral
peak period (7,) and the focal depth (H), which is related as
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_ A H
T,= C U’ (11)

where 2 is the wave length, and C and U are the phase and group velo-
cities respectively.

Namely, the spectral peak of the first higher mode is shorter than
that of the fundamental mode since the velocity of the former is faster
than that of the latter, and in the two modes the spectral peaks shift
towards longer periods with increasing focal depth.

It should be noted that, in the first higher mode, the intensity of the
amplitude spectra for a 10-km source depth is remarkably small, less than
109 of that for a 100-km depth in the period range from 20 to 300 sec
(Fig. 6b). In the fundamental mode it is an interesting phenomenon that
the spectra for a 10-km source depth are forming a cusp, with the spec-
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Fig. 6. Amplitude spectra of the fundamental and first
higher modes shown in Fig. 2. The ordinate is given
in an arbitrary scale.

tral peak located near the period 10 sec. This peculiar spectra may be
caused by the situation that the focal depth is located near the boundary
layer between oceanic crust and upper mantle (Fig. 6a).

Fig. 7 shows that there is a period range in which the excitation of
the first higher mode is stronger than the fundamental mode for the focal
depth larger than 100 km. The period ranges approximately from 20 to 30,
50, 70, 90, and 30 to 110 sec for the focal depth of 100, 200, 300, 400, and 500
km respectively. ARKHANGEL'SKAYA (1977) found some relations similar
to those mentioned above, by analyzing observed Rayleigh waves of the
fundamental and first higher modes propagating in a continent, and used
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Fig. 7. Amplitude spectral ratio of the first higher mode to the
fundamental mode. Numerals attached to the solid or dotted
lines indicate the focal depth in km.

the spectral ratios of two modes mainly for the purpose of the determina-
tion of the focal depth.

From the theoretical analyses of the amplitude spectra and velocity
analyses we can say that i) for deep earthquakes the excitation of the
first higher mode is comparable or superior to that of the fundamental
mode in a part of the period range from 20 to 110 sec, and ii) the wave-
trains of the first higher mode separate from those of the fundamental
mode with increasing focal depth and increasing wave period of Rayleigh
waves.

So far we made synthetic seismograms assuming constant @ values
of 200 and 400 for the fundamental and first higher modes, respectively.
If we use the frequency-dependent @ value in the expression (4) the am-
plitude of the two modes will become somewhat different. In facts, the
observed @ value for the fundamental mode is slightly lower in the period
range from 20 to 300 sec and higher at the periods longer than 800 sec
(SMITH, 1972) and the similar trend will be expected for the first higher
mode. Hence, even if we take the frequency-dependent @ value into con-
sideration for the generation of synthetic seismograms, the pattern of the
spectral ratio of the first higher mode to the fundamental mode will be
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characterized as shown in Fig. 7 approximately.

The results obtained above with respect to the features of the first
higher mode through synthetic seismograms will be useful for the studies
of the upper mantle structures under the ocean, the focal mechanism of
deep earthquakes and the propagation of multi-mode Rayleigh waves.
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