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Abstract

A moderate size earthquake (M =5.8, H =49 km) occurred on Jan. 25, 1989
beneath Urakawa, southern part of Hokkaido. Strong ground motions during this
earthquake were well recorded by 10 accelerographs and 2 velocity-type strong
motion seismographs. The recorded peak accelerations range from 320 down to 1
cm/sec?, depending on epicentral distances from 4 to 350 km respectively. In this
paper, we studied the source, propagation path and site effects based on these strong
motion records. First the seismic moment was estimated from the area of the first P
pulses at near stations with the epicentral distance less than 100 km. Next we
obtained acceleration spectra for transverse and radial components and interpreted
the spectral shapes at high frequencies based on the w-square model, the spectrum of
S-wave acceleration. Most spectral shapes obtained are similar to the o-square
model, but some deviate from this model ; the latter shows the sharp peak at about
2 or several Hz which may be attributed to site resonances. We observed the other
site effects: Strong excitation of long-period seismic waves (0.5 Hz) after S arrivals
at stations located in alluvial plain having thick sedimentary layers. These waves
may be surface waves locally generated on the irregular, sediment-basement inter-
face. Finally we obtained the quality factors of S waves at several frequencies,
assuming that geometrical spreading causes a 7! decay in spectral amplitudes; the
quality factors increase with frequency.

1. Introduction

The M =5.8 Urakawa earthquake occurred beneath Urakawa on Jan. 25,
1989. The hypocenter is : longitude 142.79°E, latitude 42.12°N, and a depth of 49
km (after JMA). This earthquake is one of the strongest earthquakes to have
occurred in Urakawa area, in the south of Hokkaido, since the 1982 Urakawa
Oki earthquake (M =7.1). The 1989 Urakawa earthquake was well recorded by
10 strong motion accelerographs and 2 velocity-type strong motion seismo-
graphs. Figure 1 shows locations of the 1982 and 1989 Urakawa earthquakes
and instrument locations that recorded the strong ground motion from the 1989
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Fig. 1. Epicenters of the 1982 and 1989 Urakawa earthquakes and stations recorded
strong ground motion from the 1989 earthquake. The focal mechanism of the
1989 earthquake is also shown.

earthquake. The Urakawa area being at the west side of the Hidaka Moun-
tains in southern Hokkaido, is located near the junction of the Kuril and
Northeastern Japan arcs.

The physical processes of strong ground motion that control the ground
motion are generally separated into three parts: the excitation of seismic
waves at the earthquake source; the effects of the Earth structure on the
propagation of these waves including geometrical spreading, dispersion, scatter-
ing and attenuation; and the local site effects, that is, scattering and
amplification due to topography and surficial geology. In this paper, we study
some of these effects on ground motion by analyzing strong motion records from
the 1989 Urakawa earthquake.

2. Data

The data consist of ten three-component digital accelerograms recorded by
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Table 1. Stations used in this analysis.

;
Station Dis. | Azm. cﬁ;n/ﬂgz gnr)n;g Instrument
name km deg. type
Trans. Radial | Trans. | Radial
URA (Urakawa) 4.0 350 300.08 167.13 20.23 10.74 A
MYR (Moyori) 46.0 66 13.65 7.93 1.20 0.80 \%
OBI (Obihiro) 90.0 21 13.31 15.40 1.58 145 \%
TOM (Tomakomai) 114.6 300 11.88 11.71 0.75 1.00 A
SAP (Sapporo) 158.8 311 3.82 4.82 0.32 0.40 A
KUS (Kushiro) 162.3 53 8.63 5.80 0.30 0.28 A
ASA (Asahikawa) 186.5 349 1.18 1.20 0.16 0.16 A
HAC (Hachinohe) 206.4 211 7.89 9.03 0.30 0.30 A
AOM (Aomori) 221.5 229 9.70 6.30 0.40 0.38 A
NEM (Nemuro) 265.8 58 0.63 1.07 0.04 0.08 A
MRK (Morioka) 302.5 207 2.96 4.32 0.16 0.25 A
OFU (Ofunato) 351.6 195 1.58 1.52 0.06 0.04 A

Anax=maximum acceleration, Vpax=maximum velocity, A=accelerograph, V=
velocity-type strong motion seismograph.

JMA servo-type accelerometer, and two three-component digital velocity seis-
mograms recorded by us (Sasatani et al., 1990). The signals are digitized at
JMA stations by a sampling frequency of 50 Hz and with a dynamic range of 16
bit, but the signals are digitized at our stations by a sampling frequency of 20
Hz, with the same dynamic range. Table 1 shows the station name, epicentral
distance, epicenter-to-station azimuth, maximum values of acceleration and
velocity, and instrument type used at each station.

Figure 2 shows observed accelerograms (radial and transverse components)
with distances. The S wave portion shows the maximum acceleration, but its
attenuation with distance is not so simple. The frequency content of the signals
and the duration of motion after S arrival are different from station to station.
These facts represent the source, propagation path and site effects, which will
be analyzed in detail in the following sections.

3. Source process

We estimated the focal mechanism of the earthquake using short period P
wave first motions obtained by RCEP (Research Center for Earthquake Predic-
tion) of Hokkaido University. Figure 1 shows P wave first motions and the
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Fig. 2. Original transverse and radial accelerograms vs. distances.
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focal mechanism obtained. This mechanism is approximately the same as
obtained by Dziewonski et al. (1990). The Urakawa earthquake was caused by
almost dip-slip (thrust) faulting with maximum pressure axes in the NE-SW
direction.

We estimated seismic moment M, from the area of P-wave displacement
pulse, £,, using the equation (e.g., Frankel, 1981) ‘

_ 782
Mo=—F", (1)
where 7 is hypocentral distance and C is a constant given by
_ FSRe,q:
T Amea® @)

which includes the effects of the surface correction (Fs=2), o and ¢ are average
values of density and P wave velocity in the lithosphere ; the values 2.7 g/cm?
and 7.5 km/sec have been used, respectively. We corrected the radiation
pattern R, ., following Aki and Richards (1980).

Figure 3 shows P wave displacement time histories (vertical components) at
Urakawa, Moyori and Obihiro stations. These were obtained by integrations
of accelerogram and velocity seismograms in the frequency domain using the
FFT method. P wave displacements show double pulses which may indicate
the multiple shock (doublet) and the rupture duration of about 1.5 sec.
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Fig.3. P wave displacement time histories (vertical components) of Urakawa,
Obihiro and Moyori data recorded. The seismic moment at each station was
estimated from shaded area.
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The seismic moment at each station is shown in Fig. 3, and the average
value is M;=5.48%10"" Nm. This value is about more than two times larger
than that estimated from long-period seismic waves (M,=2.1X10" Nm) by
Dziewonski et al. (1990).

4, Acceleration spectra

Fourier amplitude spectra were computed from accelerograms to study the
character of the strong motion. For recorded velocity seismograms (Moyori
and Obihiro) we obtained acceleration spectra by differentiating the velocity
spectra in the frequency domain. Figure 4 illustrates the results for the trans-
verse components of strong ground motion. They were obtained for the whole
record as shown in Fig. 2. There was little difference between spectra for the
transverse and radial components ; then, the character of acceleration spectra
was analyzed based on the results for the transverse components.

We can find conspicuous differences in spectral shape at high frequencies 1
to a corner frequency of anti-alias filter : 10 Hz and 8 Hz for JMA and ourselves
recording system, respectively. The aceceleration spectra may be classified
into the following three types depending on the high frequency spectral shape.
Type I: the spectrum has a sharp peak around 2 Hz (Urakawa and Morioka).
TypeIl: the spectrum has the same but not so sharp peak around several Hz.
(Kushiro, Hachinohe and Ofunato). Typelll: the spectrum decreases with
frequency, but the decay rate differs from station to station (Moyori, Obihiro,
Tomakomali, Sapporo, Asahikawa, Aomori and Nemuro). The different spec-
tral shapes may be attributed to different source, propagation path and site
effects.

We should note that the acceleration spectra shown in Fig. 4 were obtained
for the whole record. Before the interpretation of the different spectral shapes,
we have to check what kinds of seismic waves dominate on each seismogram.
To do this, we applied the multiple filter technique (Dziewonski et al. 1969) to the
corresponding velocity seismograms ; for recorded accelerograms, the velocity
seismograms were obtained by integration in the frequency domain using the
Fourier transform. We used the velocity seismograms for the multiple filter
analysis to enhance relatively low frequency seismic waves. Instantaneous
spectral amplitudes as a function of frequency and time are shown in Fig. 5 for
each type of acceleration spectra. These figures indicate that S wave arrival
dominates at high frequencies (1-10 Hz) for all types and that only for type III,
low frequency (0.5 Hz) seismic waves dominate after S arrivals (also see Fig. 7).



Strong Ground Motion from the Urakawa Earthquake

- ,-\0 —— e M — = e em———— FIOO —— e — —_— ———
URA ilsap T [aOM
K 3 i
100f———i- - <, & |
= — 10
& ; 3 3
T r\ i ES
3 E e
20— R — e & A £
? b ! i 3! T ]
: y Y 3 I
3 1 i
o =1 - 1| e— @ /‘/\ &
H
& ot 1 Jf
‘ - /\/
/ 001 0.1 10 0.0 100 00 o1 o 00 000
0.01 0.1 10 100 100.0 Frequency {(Hz) Frequency (Hz)
Frequencytnzl
0 - 10 0
T K H
¥ P MYR 5 TKUS * [NEM
K 1 "
3 3 &
v Y ¥
H H H
a i 5
€
H £ &
F 8l /\/[ 3 M
H < :
% 3 H
: s/ A
o1 ot ot 1
1 i . 10 0.0 1000
0.01 ot 10 100 1000 0o ° Freauen, ) 100 w00 oot o Frequency (Hz)
Frequency (Hz) quency (Hz v
100 0 10
3 3 1 =2
#1081 & TASA 2 IMRK
7 = s
g k) &
s 10 ) n .1
§ $ :
B H H
€
: E ML E
3 B ] 1 3 h
i i g ¥
& & /J" a /J‘
A 01 01
0.01 01 1.0 10.0 100. o 0.1 10 10.0 100.0 0.01 o1 1.0 10.0 1000
Frequency (Hz) Frequency (Hz) Frequency )
100 10 10
% T 3
2 {TOM i fHAC § tOFU
& E) L E
s v -
H H 3
5
£ £ £
B ! } 5
3 g T
< I <
& @ \/'r'/v a /\jWV/
3 / o o |
o ol 1.0 10.0 1000 001 o 1.0 100 100. 0.01 LAl 1.0 10.0 1000
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Fig. 4. Fourier acceleration spectra of transverse component data which were
obtained for whole-record.



260 A.Mahdavian and T. Sasatani

1989. 1. 25 EQ. TR. COM.

URAKAWA (Type I) HACHINOHE (Type II)

=
w
I S

==
I T O |

)
[N}
11

QOO =N
M

0. 10 o
M8 e

SAPPORO (Type III)

T T 7

T

OO O = =N O
™~

Fig. 5. Multiple filter analysis of velocity seismograms (transverse components) at
Urakawa, Hachinohe and Sapporo stations. Contours of relative energy are
shown at 6 db intervals.

From these facts we may conclude that although the acceleration spectra (Fig.
4) were computed for the whole record, they represent the spectra of S waves,
at least, at high frequencies.

Now we interpret the different spectral shapes based on the @-square
model, the spectrum of S-wave acceleration (Fig. 6). According to this model,
the acceleration spectrum increases with f* at low frequencies ; and it is flat at
high frequencies greater than the corner frequency (Aki, 1967 ; Brune, 1970 ;
Hanks, 1982). Many observations showed that at high frequencies the spectrum
of S-wave acceleration was characterized by a trend of exponential decay (e.g.,
Anderson and Hough, 1984 ;: Rovelli et al., 1988) which was interpreted to be due
to attenuation close to the observation site. The spectral shape of type III is
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Fig.6. Types], II and III acceleration spectra and the w-square model, the spectrum
of S-wave acceleration (a solid line represent the idealized spectrum and a dashed
line, the actual spectrum including attenuation along the path).

very similar to the w-square model : we may assume the corner frequency (/)
of the Urakawa earthquake to be about 0.5 Hz based on the relation between the
seismic moment and the corner frequency given by Takemura et al. (1991). On
the contrary, the spectral shapes of type I and II deviate from this model. They
show a sharp peak at about 2 or several Hz instead of exponential decay at high
frequencies. These deviations are attributed to site resonances and peculiar
amplifications (Anderson and Hough, 1984 ; Rovelli et al., 1988).

5. Attenuation of S waves

Here, we study attenuation of S waves due to propagation in the litho-
sphere. Previous studies (e.g., Aki, 1980) show that the spectral amplitudes of

S waves can be described by
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(3)

g . dr
e o,

where Aq(f) is source spectrum, »~! is the contribution from geometrical
spreading, Q(f) is the quality factor at frequency, f, and p is the S-wave

velocity (we assumed a 5 =4.0 km/sec).

not include the effect of radiation pattern.
effects on high frequency waves have not been observed definitely.

We must note that above equation dose
However, the radiation pattern

If the Q(/)

is independent of depth and constant along the path, an exponential term in

equation (3) is given by exp (—x/7/Q(F)B).

Then the logarithm of spectral

amplitude (corrected for the geometrical spreading) versus distance (») should

show a linear falloff with distance :
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Fig.7. An example of filtered waveforms at central frequencies (Fc) of 0.5,1.0,2.0

and 5.0 Hz.
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The slope of the linear falloff gives the Q(f) value.

We obtained the spectral amplitudes of S-waves from band-pass filtered
velocity seismograms with central frequencies of 0.5,1, 2, and 5 Hz. An exam-
ple of the band-pass filtered seismograms is shown in Fig.7. The spectral
amplitudes of S waves were measured for transverse and radial components and
the average of both values was used as data. Figure 8 shows the spectral
amplitudes versus distance at discrete frequencies. Fluctuations of the ampli-
tudes are somewhat large and may be attributed to no corrections for radiation

7 7z
s F Fc= Q.50 s F Fe= 1.00
s r ~g L
. o}
. - L
z [e) .- o [e] fo)
« 3 I O ° o [of « 3 o feXe)
=~ o}
¢z | o 4 o [e)
J o} o J o O O
1 r o O © TF
a 1 1 1 1 1 1 1 1 L o i L 1 1 1 1 1 1 1
80 180 240 320 400 80 160 240 320 400
Dis. (km) Dis. (km)
4 7
F O URA Fe= 2. 00 s Fc= 5.00
s - L
2 L : o}
4. -~ -
- [oXe} 4 [®)
S o o 4 : o o o
4 3 Q o) « 3 T
<o | 5 - © o 4
c2 r o}
J o ° 3 [}
1 r ] T o
a (S 1 1 i 1 1 1 | S— o 1 1 L 1 I 1 1 1 L
80 180 240 320 400 80 180 240 320 400
DOis. (kem) Dis. (km)

Fig.8. Spectral amplitudes vs. focal distances at discrete frequencies 0.5, 1.0, 2.0 and
5.0 Hz. Each amplitude is the average of the transverse and radial components.

Table 2. Slops, their standard errors (SE) and quality factors
(best estimation).

frequéncy Slop SE Q
0.5 —0.00714 0.00458 55
1.0 —0.00939 0.00475 84
2.0 —0.00910 0.00632 172
2.0 —0.00559* 0.00510* 290*
5.0 —0.00377 0.00695 1040

*=results obtained for data except Urakawa.



264 A.Mahdavian and T. Sasatani

1989. 1. 25 EQ.

[ ® Japan Sea

Q O San Fernando
I N Q=80-f""

1 1000 :— g

Q_VALUE

10000

—T T T

1000

500

|
.

50

T T T

T T T

o L Lo sy .
|c10.i 1.0 ) LQ 100. 05 1

5 10
cy (Hz ) FREQUENCY (Hz}

(SATO 1985)

3

Fig.9. Obtained Q wvalues plotted against frequency. Error bars show 95%
confidence limits of the estimates. At central frequency of 2 Hz we obtained two
results for different data sets: one is the data set including Urakawa (circle) and
the other is the data set except Urakawa (diamond) (see Fig. 8). A triangle at 5
Hz indicates a very large error of estimated Q value. Also shown are the Q
values obtained for the San Fernando earthquake of 1971, and for the Japan sea
earthquake of 1983 (Figure after Sato (1985)).

pattern and site responses, but they show the linear falloff with distance. The
linear regression was obtained by the least-squares method (Table2). As
mentioned in the previous section, the acceleration spectrum at Urakawa has a
sharp peak around 2 Hz attributed to the site resonances. Actually the spectral
amplitude at Urakawa at the central frequency 2 Hz is relatively large. Then
at this central frequency, we obtained the results for two data sets; one is all
data and the other, data except Urakawa station. The resulting values of Q(f)
is shown in Fig.9. Error bars show 95% confidence limits determined from
residuals of regression by equation (4). The 95% confidence limits at 5 Hz was
achieved with a large error of Q. Two data sets at the central frequency of 2
Hz yielded approximately the same @ value. The @ values increase with
frequency as obtained by Aki (1980) and Sato (1985).

6. Discussion and conclusions

During the analysis of strong motion seismograms of the Urakawa earth-
quake we found two kinds of local site responses. One is excitation of long-
period seismic waves (0.5 Hz) after S arrivals. The other is sharp peaks of
acceleration spectrum at high frequencies. Here we compare these site
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Fig.10. Type of the acceleration spectrum at each station and a simple surface
geology of Hokkaido and Tohoku districts.

responses with a simple surface geology of Hokkaido and Tohoku districts (Fig.
10). We observed long-period waves at many stations, except Moyori and
Nemuro, belonging to spectral shape typeIll (Fig.4). These stations are
located on the alluvial plains having thick sedimentary layers; for example,
Obihiro in the Tokachi plain and Sapporo and Tomakomai in the Ishikari plain.
The basement structures to depths of a few kilometers beneath these plains have
been obtained by Matsushima and Okada (1990) and Okada et al. (1990) using
long-period microtremores. The structures obtained show the variation of the
basement depths, that is, the irregularity of the sediment-basement interface.
Then the long-period seismic waves may be surface waves locally generated on
the irregular, sediment-basement interface due to the incident waves (Sasatani
et al,, 1991). Stations belonging to type I and II which show sharp peaks at high
frequencies are located on rock sites and sedimentary plains (Fig. 10). We
believe that sedimentary thickness at these stations is very thin to explain the
high frequency resonances.

In conclusion, we studied the source, propagation path and site effects on
strong ground motion from the Urakawa earthquake of Jan. 25, 1989. We
observed two kinds of local site responses as mentioned above. Furthermore,
we obtained @ values of S waves, which increase with frequency. However,
more data have to be studied to obtain the difinite conclusions.
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