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ABSTRACT

We evaluate local effects on strain seismograms for a Rayleigh wave
observed at Matsushiro Seismological Observatory, Japan Meteorological
Agency, central Japan, by applying a method proposed in a previous re-
port (Okamoto et al. 2007). The method involves examination of polariza-
tion angles, local phase velocity, and accuracy of velocity seismograms. The
results are as follows: 1) Polarization angles of observed strain seismograms
agree with expected ones from those of velocity seismograms also observed
at Matsushiro; 2) Local phase velocity estimated by comparison between
strain and velocity seismograms is 54% larger than the theoretical value
calculated from the PREM velocity model; 3) Velocity spectra observed at
Matsushiro have almost the same amplitude as an average of those at F-net
observation stations near Matsushiro. These results indicate that both EW
and NS component strain seismograms observed at Matsushiro have been
reduced by 35% in amplitude for a Rayleigh wave due to local heterogeneity.
The local effects on a Rayleigh wave are quite different from that on a Love
wave obtained in the previous report.

(Key words: Strain seismogram, Rayleigh wave, Phase velocity)

1. INTRODUCTION

An extensometer (or a strainmeter) has an advantage over a seismometer by having good
frequency response up to the DC component, and can be used as a very broadband seismometer.
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In addition to that, strainmeters have been installed and are in operation in a very deep tunnel
(Takemoto et al. 2004) and borehole (Ishii et al. 2003); this type of set up provides ideal
conditions for the detection of tiny signals essential for the research of deep Earth structure.

Recently, some researchers have taken advantage of this and utilized strain seismograms
in seismological applications, especially in the longer period range. For example, Kawasaki et al.
(1991) applied strain seismograms to detect silent earthquakes. Miyabayashi et al. (1999) and
Komaki et al. (2006) also applied strain seismograms to detect core modes and Slichter modes,
respectively.

However, as many geodesists have reported, local heterogeneity of media in the immediate
vicinity of a site causes large variation in observed strain associated with Earth tides (for
example, Bilham et al. 1974). This fact implies that strain seismograms associated with the
passage of seismic waves may also be affected by local heterogeneity. Thus, it is very important
to know the effects of local media on observed strain seismograms before using such records
for seismological applications, including CMT inversion. In a previous report, we proposed a
simple method to evaluate local effects on strain seismograms when investigating the effects
at Matsushiro for a Love wave in a period range of 170 - 400 sec (Okamoto et al. 2007). As
reported, the EW and NS component strain seismograms were amplified by a factor of 1.28
and 1.83 for a Love wave, respectively.

In the present study, we investigate the local effects for a Rayleigh wave observed in a
period range of 150 - 300 sec. The method adopted in this study is basically the same as that
proposed in the previous report.

2. POLARIZATION ANGLE

First, we investigate the polarization angle of a strain seismogram for a long period Rayleigh
wave. For a Love wave, we previously found that the amplitude ratios of the EW to NS compo-
nent observed strain seismograms were 0.7, although the theoretical value is unity (Okamoto et al.
2007). Since the amplitude ratio is a reciprocal of the tangent of the polarization angle, the
result can be described as “the polarization angles of an observed strain seismogram being 55°
[=arctan(1/0.7)], although the theoretical value is 45°”. Our purpose in this section is to ex-
amine whether there exists such a deviation from a theoretical value in the polarization angle
for Rayleigh waves or not.

Theoretically, the polarization angle of strain seismograms recorded by EW- and NS-
component extensometers is related to that of velocity seismograms at the same site as:

tanf, =tan’ 6, . (D

where 6, and 6, respectively denote the polarization angles of strain and velocity seismograms
measured counterclockwise from an easterly direction, and are assumed to be -90° < 6, < 90°
and -90° < 6, <90° . Actually can 6, take only values within a range of 0° < 6, < 90°.
Equation (1) can be easily obtained as follows: Consider a plane Rayleigh wave with an
angular frequency @ traveling in a @-direction. 6 is measured counterclockwise from the
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east. We take xz -axis in the @-direction and make xr-axis perpendicular to xg -axis clockwise.
o is assumed very small and we consider only long-period surface waves in this study. Then
the displacement field can be expressed by:

(ZAR (o, t, xR)J_[AR () exp[i { [t — k(@) xp1+0p )]

up (o, t, xg) B 0 L (2)

where u and u; denote radial and transverse component displacement, A, amplitude, k; wave-
number along the x; -axis, and ¢, initial phase at x, =0, respectively. If both a two-compo-
nent seismometer and two-component extensometers are installed at the origin and in the east-
west and north-south directions, the output from the seismometer is expressed by:

vy(w, 1)

o) o)
(VE((D I)lewAR(“’)[:;eJexp[z<wt+¢R>] , =

where v, (@, 1) and v, (@, ) denote EW- and NS- component velocity seismograms, and
from equation 12 in Benioff (1935), the output from the extensometers is expressed by:

2

(SEE (@ 1) J: —iky (©) A (@) {Cész ZJ exp [i (0 +¢g)] S
s

Enw (@, 1)

where g, (o, t) and €, (@, t) denote EW- and NS- component strain seismograms, respectively.
The tangent of the polarization angle of velocity and strain seismograms are respectively given
by:

tanf, =vy /vy =tan@ , (%)

and

tanf, =&, /€ =tan’ 6 . )

From equations (5) and (6), we finally have equation (1). In this section, we examine whether
observed strain and velocity seismograms satisfy relation (1) or not.

On 28 March 2005, a very large earthquake with a moment magnitude of 8.6 occurred off
the west coast of Sumatra Island, Indonesia. This earthquake, also known as the largest after-
shock of the Great Sumatra-Andaman Earthquake of 26 December 2004, is quite suitable for
this analysis because its focal mechanism and source-receiver azimuth, shown in Fig. 1, made
the amplitude of Rayleigh waves observed at Matsushiro large and Love waves relatively
small because of their radiation patterns.
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Fig. 1. Map of observation station and source of 2005 offshore west coast Sumatran
Island Earthquake.

Before investigation of the polarization angles of observed strain and velocity seismo-
grams from this earthquake, we first perform the same analysis for theoretical strain and ve-
locity seismograms to verify the applicability of this method. The theoretical seismograms at
Matsushiro are synthesized based upon the normal mode theory (Gilbert and Dziewonski 1975),
by superposition of eigenfunctions with periods longer than 45 sec. The Earth model PREM
(Dziewonski and Anderson 1981) and the Harvard CMT solution are adopted in the calculation.
The source parameters are summarized in Table 1. It should be noted that NS and EW compo-
nent strain rods at Matsushiro are respectively installed in the direction of N2°W and E2°N, as
reported by Yamagishi et al. (1976). Thus NS and EW component strain seismograms are
respectively calculated for extensometers polarized in the direction of N2°W and E2°N. In
addition, we have to replace equations (4) and (6) by
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Table 1. West coast offshore Sumatran Island Earthquake Harvard centroid mo-

ment tensor solution.

Datc 28 Mar. 2005
Centroid Time 16:10:31.5 UTC
Latitude 1.67 N
Longitude 97.07E
Depth 25.8 km
Mw 8.6
Half Duration 49.4 sec
Moment Tensor (x10* dyne cm)
M, 0.266
M,, -0.114
M, -0.153
M., 0.839
M, -0.568
M, 0.148
Ep (0, 1) . cos*(0-2° .
. iy (@) Ag(@)] %972V lexpli (@i +9,)1 | -
ENN(CO, t) n (9—2 )
and
tan, =€, /€p; =tan’(0—2°) )
respectively. From equations (5) and (8), we have
tan®, =tan’(6, —2°) . )

instead of relation (1).

Figures 2a - ¢ show spectrograms for the EW and NS component theoretical strain seismo-
grams produced by the multiple filter technique (Dziewonski et al. 1969), and the arctangent
of their amplitude ratio, respectively. Theoretical dispersion curves for fundamental mode
Rayleigh waves are also plotted. Note that the arctangent of the amplitude ratio of the NS to
EW component in Fig. 2c corresponds to the polarization angle measured counterclockwise



906 Terr. Atmos. Ocean. Sci., Vol. 18, No. 5, December 2007

from the direction of the EW component strain rod. This can be shown as follows: From
equation (7), the theoretical strain seismograms, consisting of various frequency contents, can
be expressed by:

—oo

(D) | [cos’(6-2) .
(gNN(r)]_ l[sin2(9—2°)]TkR(w)AR(w) expli(@i+gp)ldo (10

In equation (10), the fact that the ratio of NS to EW component strains is tan2(0—2°) is
important. By applying a narrow band-pass filter with a center angular frequency of  to the
strain seismograms (10), we obtain spectrograms expressed by:

| €xp (@, 1) | cos’(6-2)
— B N
[| Eyy (0, 1) | R0 sin®(0-2°) | ° (11)

(a)

Period [sec]

log[strain]

-9 -8

(b)

Period [sec]

log[strain]

-9 -8

()

1000

o
=1
o

200

Period [sec]

Angle[Degree]
45 90135

Q 2000 4000 6000 8000 10000 12000 14000
Time [sec]

Fig. 2. Spectrograms for (a) EW and (b) NS component theoretical strain seismo-
grams at Matsushiro for the 2005 offshore west coast Sumatran Island
Earthquake, and (c) arctangent of amplitude ratio of the NS to EW
component. The time is measured from 161031 UT 28 March 2005
(corresponding to the centroid time). White curves denote theoretical
dispersion curves for fundamental mode Rayleigh waves in PREM.
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where | Ep(@, 1) | and | e (@, 1) | denote spectrograms for EW and NS component strain
seismograms, and B, (®, r) the instantaneous amplitude of the radial component strain
seismogram, respectively. Note that the ratio of NS to EW component spectrograms is tan>(6—2°)
again. From equations (8) and (11), it follows that:

6, = arctan [tan2(19V —2°)] =arctan [| Exn (@, 1) |/| exp (@, 1) |] , (12)

which means that the arctangent of amplitude ratio of the NS to EW component in Fig. 2¢c
corresponds to the polarization angle measured counterclockwise from the direction of the
EW component strain rod.

Figure 3 plots cross-sections of Fig. 2¢ along the dispersion curves for R1 to R3 phases,
showing that polarization angles for the theoretical strain seismogram measured from the di-
rection of the EW component strain rod are 20° in the period range of 50 - 300 sec.

Figures 4 and 5 are the same plot as Figs. 2 and 3 for theoretical velocity seismograms,
respectively. As shown in Fig. 5, polarization angles for the theoretical velocity seismogram
are E33°N in the period range of 50 - 300 sec, corresponding to the radial direction, and we
have tan@, :tanz(ev —2°) as we expected. The fluctuation in the polarization angles of R1
phase seen in Figs. 3 and 5 would be due to contamination of the Love wave, because G1 and
R1 phases arrive at almost the same time.

Observed strain seismograms, shown in Fig. 6, and velocity seismograms, shown in Fig. 7,
are analysed in the same way. Figures 8 and 9 are the same plots as Figs. 2 and 4 for observed
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Fig. 3. Cross-sections of spectrograms in Fig. 2c along the dispersion curves for
R1 (red), R2 (green), and R3 (blue) phases.
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Fig. 6. Observed strain seismograms at Matsushiro from the 2005 offshore west
coast Sumatran Island Earthquake. (a) EW and (b) NS component. The
time is the same as Fig. 2.
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Fig. 7. The same as Fig. 6 for observed velocity seismograms.
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Fig. 9. The same as Fig. 2 for observed velocity seismograms.
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strain and velocity seismograms, respectively. The polarization angles of R1 to R3 phases for
observed strain and velocity seismograms are tabulated in Table 2. Again taking the declina-
tion of two degrees into account, we find that every pair of polarization angles satisfies the
relation tan6, = tanz(ev —2°). Thus polarization angles of strain seismograms for a Rayleigh
wave do not depart from the expected ones from velocity seismograms, in contrast to the Love
wave case.

For a Love wave, however, we found deviation from theoretical value not only in the
polarization angle but also in the amplitude ratio of velocity to strain (Okamoto et al. 2007).
The amplitude ratio for a Rayleigh wave will be investigated in the following section.

3. LOCAL PHASE VELOCITY

Intercomparison of records from strain and velocity seismographs installed at a single
station give local phase velocities of seismic waves (Mikumo and Aki 1964). And if both
strain and velocity seismograms have not been affected by local geology, the obtained phase
velocities should agree with theoretical values. In the Love wave case, the estimated local
phase velocity at Matushiro was 22% smaller than the theoretical value, suggesting that the
observed strain had been amplified by local geology structure (Okamoto et al. 2007).

Here, we apply the method to Rayleigh waves. First, however, as with our previous study,
theoretical seismograms are analysed to confirm the applicability of the method. Figures 10a - ¢
show spectrograms for du,, /dr calculated from theoretical velocity seismograms, duj, /dx, from
theoretical strains, and their amplitude ratio which should correspond to local phase velocities
of Rayleigh waves, respectively, where u; denotes a radial component displacement field, x
the direction of wave propagation, and ¢ time (for more detail, refer to Okamoto et al. 2007).

Figure 11 plots cross-sections of Fig. 10c along the dispersion curves for R1 and R2
phases. As we expected, the estimated phase velocity from the theoretical seismograms is
consistent with the theoretical value in the period range of 50 - 500 sec for R1 and 50 - 300 sec
for R2.

Observed strain and velocity seismograms are analysed in the same way. Figure 12 is the
same plot as Fig. 10 for observed seismograms. The velocity seismograms have been cor-
rected for instrumental response.

Table 2. The polarization angles of R1, R2, and R3 phases for observed strain
and velocity seismograms. The angles are measured counterclockwise
from the direction of E2°N for strain and EO°N for velocity.

Phase R1 R2 R3
Strain 9° 32° 17°
Velocity 23 40° 31
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Fig. 10. Spectrograms for (a) duy, /dt and (b) duy /dx, calculated from the theo-

retical velocity and strain seismograms at Matsushiro for the 2005 off-
shore west coast Sumatran Island Earthquake, and (c) the ratio of duy, /ot
to duy /dx, . The time and white curves are the same as in Fig. 2.
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Cross-sections of Fig. 10c along the dispersion curves for R1 (red) and
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for the fundamental mode Rayleigh wave in PREM.
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Fig. 12. The same as Fig. 10 for observed velocity and strain seismograms.

Figure 13 plots cross-sections of Fig. 12c along the dispersion curves for R1 and R2
phases, showing that the estimated local phase velocity from the observed seismograms is
approximately 54% larger than the theoretical value, in contrast to the result for the theoretical
seismogram. It seems that the factor (54%) is independent of the period for the period range
150 - 300 sec.

Fluctuation in the estimated phase velocities of R2 phase seen in Figs. 11 and 13 is due to
two technical difficulties. One was strong dispersion of the Rayleigh wave when the period
longer than 300 sec. In such cases, plotting energy distribution for strongly dispersed waves is
quite difficult, and not only peaks but also troughs appear along dispersion curves. The other
was the small amplitude of the R2 phase when the period was shorter than 130 sec. The phase
velocities in the Figs. 11 and 13 have been estimated by taking the amplitude ratio of velocity
to strain spectrograms, and the ratio tends to be quite unstable when the denominator is small.

Figures 14 and 15 show results for two other earthquakes: the Timor Earthquake of 11
November 2004 and the Carlsberg Ridge Earthquake of 15 July 2003, respectively. Both figures
show almost the same result for the Sumatra Earthquake (Fig. 13), implying that local effects
are independent of the wave propagation direction.

It follows from this result that both EW and NS component strain seismograms for a
Rayleigh wave have been reduced by 35% (1/1.54 =0.65) in amplitude, unless velocity seismo-
grams have been affected by local geology structure. The local effects on velocity seismo-
grams will be examined in the following section.
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Fig. 15. Cross-sections of the spectrogram ratio of du /0t to duy /dx, along the
dispersion curves for the R1 phase for the Carlsberg Ridge Earthquake
of 15 July 2003. The solid and dotted black curve is the same as in Fig. 13.

4. COMPARISON OF VELOCITY SEISMOGRAM WITH OTHER SEISMOGRAMS
AT F-NET STATIONS

In this section, we compare the velocity seismogram observed at Matsushiro with those
observed at F-net (Okada et al. 2004) stations near Matsushiro to investigate local effects on
observed velocity seismograms.

Figure 16 is a map of observation stations used. At all stations, velocity seismograms
have been recorded by STS-1 broadband seismometers. All stations have nearly the same
epicentral distance and azimuth from the epicenter as Matsushiro (every deviation from
Matsushiro is less than 4%), and differences in radiation pattern and distance attenuation are
very small.

Figures 17 and 18 show cross-sections of spectrograms for the radial component of theo-
retical (Fig. 17) and observed (Fig. 18) velocity seismograms at Matsushiro and F-net stations
along the dispersion curves for R1 and R2 phases. In Fig. 17, all spectra have nearly the same
amplitudes in the period range of 50 - 500 sec. Although the velocity spectra observed at
different stations have slightly different amplitudes (Fig. 18), the spectrum at Matsushiro is
almost the same in amplitude as an average of those at F-net stations and every deviation from
Matsushiro is less than 15% in the period range of 100 - 500 sec. Thus we consider the velocity
seismograms observed at all observation stations, including Matsushiro, to have not been affected.
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Fig. 18. The same as Fig. 17 for observed velocity seismograms.

5. COMPARISON WITH THE THEORETICAL STRAIN SEISMOGRAM

The results obtained from the above analyses in the period range of 150 - 300 sec are sum-
marized as follows:

1. Polarization angles of the strain seismogram agree with expected ones from the velocity
seismogram.

2. Amplitude ratio of velocity to strain is 54% larger than the theoretical value.

3. The above factor (54%) is independent of period.

4. Velocity seismograms are nearly unaffected by local structure.

From these results, it follows that both EW- and NS-component observed strains should
be multiplied by a factor of 1.54, to remove the local effects. In this section, we finally compare
observed strain seismograms before and after correction with theoretical strain seismograms
to check the accuracy of the factors.

Figures 19 and 20 show the theoretical and observed strain seismograms. All seismograms
have been filtered in the period range of 171 - 400 sec. In Fig. 20, the theoretical strain seismo-
grams have been divided by 1.54, unlike the case of Fig. 19. In Fig. 20, the observed and
theoretical seismograms are in good agreement, whereas in Fig. 19, the observed seismograms
have remarkably smaller amplitudes than the theoretical strains. Note that the above factors
are not what were determined to match these waveforms.
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Fig. 19. Theoretical (red) and observed (blue) strain seismograms. (a) EW and
(b) NS component. All seismograms have been filtered in the period range
of 171 - 400 sec.
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Fig. 20. The same as Fig. 19. Both theoretical strain seismograms have been di-
vided by a factor of 1.54.
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This comparison also indicates that local effects must be removed from observed strain
seismograms before we use the observed strain seismogram for seismological analyses, and
that the above factors are practical enough for the correction.

6. SUMMARY

We evaluated local effects on strain seismograms observed at Matsushiro for a Rayleigh
wave in a period range of 150 - 300 sec.

First, we investigated polarization angles for a Rayleigh wave. The polarization angles
agreed with the expected ones from those of velocity seismograms also observed at Matsushiro.

Next, we compared the strain seismogram with a velocity seismogram recorded with an
STS-1 broadband seismometer. A ratio of a partial derivative of a displacement field with
respect to time to that with respect to wave propagation direction equals a phase velocity of the
wave theoretically. Utilizing this fact, we estimated the phase velocity of a Rayleigh wave
using the observed velocity and strain seismogram. The result was 54% larger than the theo-
retical phase velocity.

Finally, we compared the velocity seismogram with other velocity seismograms recorded
by STS-1 broadband seismometers at F-net observation stations near Matsushiro, finding that
every deviation from Matsushiro was less than 15%.

From these results, we conclude that both the EW- and NS- component strain seismograms
have been reduced by 35% for a Rayleigh wave.

It is already known that near-station heterogeneities may cause magnification of strain in
amplitude. For example, Taniguchi and Oike (1984) investigated distribution of strain change
in an observational tunnel caused by a Rayleigh wave and by Earth tides, by extensometers
installed across a fracture zone of the Yamasaki Fault, finding that the strain amplitude at the
fracture zone was approximately twice as large as that at the neighboring bedrock. Local effects
on strain seismograms at hard rock site, however, have never been quantitatively evaluated.
As improbable as it may sound, the local effects for Rayleigh waves are quite different from
those for Love waves even when the period is the same.

Presently, there are a lot of extensometers and borehole-type strainmeters installed and in
operation all over the world. The strainmeters, having a good frequency response up to the DC
component, can be used as very broadband seismometers if the output signals are sampled at
high frequency. As is made clear in this study, however, strainmeters have a predisposition to
be affected by local geology structure, and investigation and quantitative evaluation of the
local effects are required for any strain records observed at stations prior to using the records
for seismological applications. Our method paves the way for the application of strain records
in seismology.
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