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Source processes of the 2005 West Off Fukuoka Prefecture earthquake and its
largest aftershock inferred from strong motion and 1-Hz GPS data
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We simultaneously inverted strong motion and 1-Hz GPS data recorded during the 2005 west off Fukuoka
prefecture earthquake (Mjy4 7.0) for its source process. The data at a GPS station near the source region provided
strong constraint on the fault geometry and asperity area. The resultant slip distribution suggests a single asperity
close to the Genkai island, where many houses were severely damaged. The maximum slip is 1.4 m, and the total
seismic moment is 1.0 x 10" Nm (My 6.6). We also inverted strong motion data recorded during the largest
aftershock (Myva 5.8). The resultant slip distribution shows two asperities on the fault plane. The maximum slip
in the major asperity is 0.12 m and the total seismic moment is 2.0 x 10" Nm (My 5.5). The main shock and
largest aftershock may cause stress change on the Kego fault, which is a major fault running through the city of

Fukuoka.

Key words: The 2005 west off Fukuoka prefecture earthquake, source process, strong motion, 1-Hz GPS data,

joint inversion.

1. Introduction

At 10:53 a.m. on March 20, 2005 (JST=UT+49 hours), a
shallow earthquake with a magnitude (Myy4) of 7.0, which
was estimated by the Japan Meteorological Agency, oc-
curred in the west off Fukuoka prefecture, Japan (Fig. 1).
This earthquake killed one person, injured more than one
thousand, damaged many houses on the Genkai island close
to the source region, and damaged some buildings in the
downtown of Fukuoka. The epicenter of the main shock is
located in the northwest of the Kego fault which is a major
active fault running through the city of Fukuoka.

At 6:11 a.m. on April 20, 2005, the largest aftershock
(Myva 5.8) occurred in the southeast of the main shock.
The aftershock distribution immediately before the largest
aftershock indicated a seismic gap around the hypocenter
of the largest aftershock (Fig. 2). The focal mechanism
of the largest aftershock determined by the F-net of the
National Research Institute for Earth Science and Disaster
Prevention (NIED) (2005) and Ito et al. (2006) showed that
the fault strike differs by 8—10° from that of the main shock.
The aftershock distribution after the largest aftershock also
shows this difference in the strike. Therefore the fault of the
largest aftershock may not be a part of the main source fault,
but may be a branch. This fault of the largest aftershock
seems to be connected with the Kego fault. It is possible
that the main shock and aftershock sequence has changed
stress condition on the Kego fault. Source analyses of the
main shock and largest aftershock may provide information
about the stress change on the Kego fault.

In addition to the strong motion data, we inverted 1-Hz
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GPS data recorded during the 2005 west off Fukuoka pre-
fecture earthquake for its source process. Recent studies
have demonstrated the ability of 1-Hz GPS data for the stud-
ies of source processes in cases of great earthquakes (Lar-
son et al., 2003; Koyama et al., 2004; Irwan et al., 2004;
Miyazaki et al., 2004). In this paper we attempted to use
1-Hz GPS data for the source process of a moderate-size
earthquake, the west off Fukuoka prefecture earthquake. Ji
et al. (2004) have already used 1-Hz GPS data for source
process of the 2003 San Simeon earthquake (Mw 6.5). They
used only five 1-Hz GPS stations, which is much less than
the number of the seismic stations and may not provide
strong constraint on the result. In this study, we use twelve
GPS stations, which is equal to the number of the seis-
mic stations, and perform inversions of strong motion data
alone, 1-Hz GPS data alone, and the two-fold joint inver-
sion. For the largest aftershock, we inverted strong motion
data alone because of low signal-to-noise ratio of the 1-Hz
GPS data.

2. Main Shock

We used strong motion data recorded by accelerometers
at twelve stations of the nation-wide K-NET and KiK-net
installed in Japan by the NIED. While the K-NET consists
of instruments on the surface only, the KiK-net consists of
both borehole instruments (at depths greater than 100 m)
and surface ones. In general, borehole seismograms are less
influenced by the shallow soil conditions than the surface
ones. Therefore, we mainly used the KiK-net borehole data
and additionally used the K-NET surface data. Figure 1(a)
shows the distribution of strong motion stations. In order to
obtain filtered velocity seismograms, the seismograms were
numerically integrated, bandpass-filtered between 0.05 and
0.5 Hz, resampled at a rate of 2 Hz, and windowed for 30 s
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Fig. 1. Station distribution. Large and small stars denote the epicenters
of the main shock and largest aftershock, respectively. (a) K-NET
(triangle) and KiK-net (inverted triangle) stations. (b) GEONET stations
(square).

from 1 s before the P-wave arrivals.

We used GPS data recorded at twelve stations of the
GEONET in Japan by the Geographical Survey Institute
(GSI) (Fig. 1(b)). The 1-Hz GPS data from the Nippon GPS
Data Service corporation were analyzed by using GIPSY-
OASIS 2 developed at the Jet Propulsion Laboratory (e.g.,
Zumberge et al., 1997) and rapid products of the Interna-
tional GPS service. The positions of Usuda, Aoshima, and
Tonaki are away from the epicenter and they are strongly
constrained since the coseismic displacements at these sta-
tions assumed to be negligible. The receiver clock at Usuda
is used as the reference clock. The resultant GPS displace-
ment waveform data were windowed for the 60 s including
the S-waves. We kept the sampling rate of 1 Hz and the time
resolution is therefore worse than that of the strong motion
data.

The strong motion and 1-Hz GPS data were inverted
for the source process by using the multiple time-window
method of Yoshida et al. (1996). Considering the fault geo-
metry, we referred to the aftershock distribution determined
by the JMA. Since station 1062 of the GEONET is close
to the fault, the static displacement there is very sensitive
to the fault geometry (Nishimura et al., 2006). Thus we
carried out some preliminary inversions assuming various
fault geometries, and we finally adopted a fault with the
geometry of (strike, dip, slip)=(123°, 87.7°, —1°), which
recovered the static displacement at the station 1062 well.
The rupture is assumed to be initiated at the hypocenter
determined by the Kyushu University (latitude 33.75°N,
longitude 130.16°E, depth 14.0 km). The 32 x 28 km? fault
plane was assumed and was divided into fifty-six 4 x 4 km?
subfaults. We let the slip angle change from —46° to 44°.

The Green’s functions for strong motions were calculated
by using the reflectivity method, which was originally de-
veloped by Kohketsu (1985) and modified by Hikima and
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Fig. 2. Fault geometries for the main shock and the largest aftershock.
Gray circles are hypocenters of the aftershocks (a) between the main
shock and largest aftershock and (b) in three days after the largest
aftershock occurred. Large and small stars denote hypocenters of the
main shock and the largest aftershock, respectively. Fault geometries
are represented by boxes (thick lines are the top edges). Bottom left and
right panels show vertical cross-section parallel to and perpendicular to
the strike direction of the main shock fault, respectively.

Koketsu (2004) and Koketsu et al. (2004) for buried re-
ceivers. The Green’s functions for 1-Hz GPS data were cal-
culated by using the frequency-wavenumber (FK) method
developed by Zhu and Rivera (2002). The Green’s functions
by the FK method can reproduce both dynamic and static
displacement components. In the method of Yoshida et al.
(1996), each subfault is approximated by a point dislocation
source placed at its center. However, this approximation is
too rude for the station 1062 and nearby subfaults. We then
distributed 8 x 8 virtual sources on each of the subfaults and
averaged their waveforms for the central point source.

The 1-D structures for the calculation of Green’s func-
tions were constructed based on Kawase et al. (2003). We
modified them using the genetic algorithm coded by the first
author, which is based on Goldberg (1989) and Kobayashi
and Nakanishi (1994), so as to find a 1-D structure mini-
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Fig. 3. Result from an inversion of the strong motion alone for the main
shock. (a) Slip distribution. Star denotes the hypocenter. The contour
interval is 0.5 m. (b) Slip rate functions in the subfaults. Small crosses
denote the locations of the point sources in the subfaults. (c) Observed
(gray) and calculated (black) strong motions. Station name, component,
maximum amplitude (Max) in cm/s, and variance reduction (VR) are
given to the left of each waveform. The variance reduction for all the
waveforms is 0.59.

mizing differences between synthetic and observed seismo-
grams of some large aftershocks excluding the largest.

The source time function is assumed to be six ramp func-
tions with a rise time of 1.0 s. We carried out the prelim-
inary inversions with rupture velocities, which trigger time
of the first time window at each subfaults, between 2.0 and
3.4 km/s, and chose a velocity that minimizes the differ-
ence between the observed and synthetic seismograms. We
applied the positivity and smoothing constrains during the
inversion (Yoshida et al., 1996). The weight for the smooth-
ing constraint were determined to minimize the Akaike’s
Bayesian information criterion (Akaike, 1980).

We first inverted strong motion data alone for the main
shock assuming the rupture velocity of 3.0 km/s. For the
NS and EW components at FKO006 and NS component at
FKOO007 near the fault, we chose 2.1, 1.4, and 1.2 times
heavier weights than those for the others, respectively. Fig-
ure 3 shows the resultant slip distribution and compares the
observed and calculated strong motions. This solution indi-
cates an asperity (an area of large slips) on shallow, south-
eastern part of the fault plane. The maximum slip is 1.6 m,
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Fig. 4. Result from an inversion of the 1-Hz GPS data alone for the main
shock. (a) Slip distribution. (b) Slip rate functions in the subfaults.
(c) Observed (gray) and calculated (black) 1-Hz GPS data. Station
name, component, maximum amplitude in cm, and variance reduction
are given to the left of each waveform. The variance reduction for all
the waveforms is 0.35.

and the total seismic moment is 1.2 x 10 Nm (Mw 6.7).
Although most the seismograms were well recovered (the
variance reduction is 0.59), the synthetic vertical compo-
nents at FKO006, FKOH03, FKOH10, and NGS022 were
not in good agreement with the observed ones. These sta-
tions are close to the P-wave radiation node of the strike
slip fault. Therefore the vertical components are small and
very sensitive to the details of the fault geometry and three-
dimensional structure along the paths. These may be rea-
sons for the disagreement.

We next inverted 1-Hz GPS data alone. We assumed the
rupture velocity of 2.7 km/s. The NS component at the sta-
tion 1062 was weighted 2.8 times more heavily than the oth-
ers. Figure 4 shows the resultant slip distribution and com-
pares the observed and calculated 1-Hz GPS waveforms.
The slip distribution indicates one asperity in the shallow,
southeastern part of the fault plane, quite similar to that in-
ferred from the previous inversion of strong motions. How-
ever, the asperity is confined to the shallowest subfaults and
the maximum slip of 1.8 m is larger than that of the previ-
ous inversion. This concentration is required by the static
displacement of about 18 cm at the GPS station of 1062.
The total seismic moment of 9.1 x 10'® Nm (M 6.6) is
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Fig. 5. Result from a joint inversion of the strong motion and 1-Hz GPS data for the main shock. (a) Slip distribution. (b) Slip rate functions in the
subfaults. (c) Observed (gray) and calculated (black) strong motions. The variance reduction for all the strong motions is 0.56. (d) Observed (gray)
and calculated (black) 1-Hz GPS data. The variance reduction for all the 1-Hz GPS waveforms is 0.34.

slightly smaller than the previous inversion. The synthetic
waveforms of the horizontal components are mostly in good
agreement with the observed ones (the variance reduction
for the horizontal components is 0.49), but those of the ver-
tical components are worse (the variance reduction is 0.07)
because of the low signal-to-noise ratio.

We simultaneously inverted the strong motion and 1-Hz
GPS data all together. We assumed the rupture velocity of
3.0 km/s. All the waveforms were equally weighted except
for the components mentioned above. Figure 5 shows the
resultant slip distribution and compares the observed and
calculated waveforms. The maximum slip is 1.4 m, and
the total seismic moment is 1.0 x 10'° Nm (Mw 6.6). The
peak is located the shallower subfaults as shown in the result
from the GPS data inversion, but the synthetic strong mo-
tions are still in good agreement with the observed ones (the
change of variance reduction from 0.59 to 0.56 was small).
Therefore, the 1-Hz GPS data provided strong constraint on
the asperity.

3. Largest Aftershock

We finally inverted the strong motion alone for the source
process of the largest aftershock of April 20. We used
strong motion data recorded at the same stations as those
used for the main shock. The observed seismograms were

processed similarly to those of the main shock except for
the sampling rate of 5 Hz.

For the fault geometry, we adopted a focal mechanism
of (strike, dip, slip)=(133°, 88°, —33°) determined by the
JMA and the hypocenter determined by the Kyushu Uni-
versity (latitude 33.67°N, longitude 130.29°E, depth 13.0
km). The 12 x 8 km? fault plane was assumed and was
divided into twenty-four 2 x 2 km? subfaults. We let the
slip angle change from —78° to 12°. The source time func-
tion is assumed to be four ramp functions with a rise time
of 0.5 s. Preliminary analysis gives the rupture velocity
of 3.2 km/s that minimizes the difference between the ob-
served and synthetic seismograms.

Figure 6 shows the resultant slip distribution and com-
parison between observed and synthetic seismograms. The
solution shows two asperities, the major one on the shal-
low, southeastern part of the fault plane, and the minor one
on the shallow, northwestern part. The maximum slip in
the major asperity is 0.12 m and the total seismic moment
is 2.0 x 107 Nm (Mw 5.5). The slip vectors show lateral
strike slip.

4. Discussion
The present study successfully inverted 1-Hz GPS data
for the source process of the main shock with a moderate
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Fig. 6. Result from an inversion of the strong motion alone for the largest
aftershock. (a) Slip distribution. Star denotes the hypocenter. The
contour interval is 0.05 m. (b) Slip rate functions in the subfaults. (c)
Observed (gray) and calculated (black) strong motions. The variance
reduction for all the waveforms is 0.48.

magnitude (Myva 7.0 and Mw 6.6-6.7). The slip distri-
bution is consistent with that from the inversion of strong
motion data, and the horizontal components of 1-Hz GPS
waveform are well recovered. The station 1062 of the
GEONET is closest to the source region, and its data pro-
vided strong constraint on the fault geometry and asperity
area. Figure 7 shows the result from an inversion of the 1-
Hz GPS alone without the data of 1062. The peak moved to
the northwest. The maximum slip significantly decreased
from 1.8 m to 0.85 m, and the total seismic moment slightly
decreased from 9.1 x 10'"® Nm (My 6.6) to 8.8 x 10'® Nm
(Mw 6.6). The slip distribution is rather similar to that from
the inversion of strong motion data alone.

The resultant slip distribution shows that the asperity area
of the main shock is located shallower than the hypocenter
and is not adjacent to the hypocenter. This feature was also
shown in the slip distribution of the 2000 western Tottori
earthquake (Myya 7.3) (Iwata and Sekiguchi, 2002; Sem-
mane et al., 2005), but many large earthquakes show that
the hypocenter was located in or adjacent to the asperity.
In addition, the aftershock distribution of the 2005 west off
Fukuoka prefecture earthquake is also similar to that of the
2000 western Tottori earthquake. Most of the aftershocks of
both earthquakes occurred at depths between the hypocen-
ter and asperity (Fig. 8). Semmane et al. (2005) suggested
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Fig. 7. Slip distribution from an inversion of the 1-Hz GPS data alone
without the data of the station 1062. The variance reduction for all the

waveforms is 0.33.
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Fig. 8. Contour map of slip distributions of the main shock and largest af-
tershock. The contour intervals are 0.5 m for the main shock and 0.05 m
for the largest aftershock. Large and small stars denote hypocenters of
the main shock and largest aftershock, respectively. Circles are after-
shocks between the main shock and largest aftershock. Triangle denotes

the Genkai island.

that the source region of the 2000 western Tottori earth-
quake is classified into four layers, the bottom layer where
the failure began, the second layer where many aftershocks
occurred, the third layer where coseismic slip is maximum,
and the top layer where neither slip (the 2000 western Tot-
tori earthquake occurred on subsurface fault) nor aftershock
occurred. This classification may be applicable to the 2005
west off Fukuoka prefecture earthquake.

The asperity region is close to the Genkai island, where
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many houses were damaged. Although the distance be-
tween the hypocenter and the Genkai island is about 17 km,
the distance between the top of the asperity and the Genkai
island is 2-3 km. This closeness to the asperity may be di-
rectly linked to the severe damage. The damaged buildings
in Fukuoka city were mostly distributed in the northeastern
side of the Kego fault. Sato and Kawase (2006) showed
that the thick Quaternary sediments (~50 m) above the pre-
Tertiary bedrock mainly contributed the damage.

The largest aftershock occurred in a gap of the aftershock
distribution. We infer that the seismic gap may be associ-
ated with the difference between the fault strikes of the main
shock and the largest aftershock. The rupture propagation
of the main shock may have ended around the seismic gap
as shown by the slip distribution (Fig. 8), and the stress on
the branch fault of the largest aftershock increased. Then
the largest aftershock released the stress on the branch fault,
but may have increased stresses around the tip of the branch
fault, in particular in the southeast of the asperity shown in
Fig. 6, where the aftershock activity is low.

S. Conclusion

We inverted strong motion and 1-Hz GPS data for source
processes of the main shock and largest aftershock of the
2005 west off Fukuoka prefecture earthquake. The inver-
sion of the 1-Hz GPS data alone for the main shock (Mjyya
7.0) successfully recovered the slip distribution, which is
consistent with that from the strong motion data alone. We
combined the 1-Hz GPS data with the strong motion and in-
verted them. Compared with the result from strong motion
alone, the asperity has been concentrated. This concentra-
tion is mainly caused by the displacement at a GPS station
closest to the source region. The maximum slip is 1.4 m,
and the total seismic moment is 1.0 x 10" Nm (Mw 6.6).
The resultant slip distribution suggests that an asperity is
close to the Genkai island, where many houses were dam-
aged.

The largest aftershock occurred on a fault that branches
off the fault of the main shock. The resultant slip distribu-
tion shows two asperities on the fault. The maximum slip in
the major asperity is 0.12 m and the total seismic moment
is 2.0 x 10'7 Nm (Mw 5.5). The main shock and aftershock
sequence may change stress field around the Kego fault.
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