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Abstract

A promising approach for the next generation of earthquake early warning system is based on predicting ground
motion directly from observed ground motion, without any information of hypocenter. In this study, we predicted
seismic intensity at the target stations from the observed ground motion at adjacent stations, employing two differ-
ent methods of correction for site amplification factors. The first method was frequency-dependent correction predic-
tion, in which we used a digital causal filter to correct the site amplification for the observed waveform in the time
domain. The second method was scalar correction, in which we used average differences in seismic intensity between
two stations for the site amplification correction. Results from thousands of station pairs that covered almost all of
Japan showed that seismic intensity prediction with frequency-dependent correction prediction was more accurate
than prediction with scalar correction. Frequency-dependent correction for site amplification in the time domain may
lead to more accurate prediction of ground motion in real time.
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Introduction

One of the main purposes of earthquake early warning
(EEW) is to predict strong ground motion for a local-
ity before seismic waves arrive on the basis of limited
ground motion observation. Most existing EEW systems
rely on rapid estimation of earthquake source param-
eters (origin time, latitude, longitude, depth, and magni-
tude) which are then fed to a ground motion prediction
equation (GMPE). In these EEW systems summarized
by Wenzel and Zschau (2014), two key issues are precise
estimation of source parameters and the precision of the
GMPE. For the first issue, the 2011 Tohoku earthquake
(M9.0) showed that rapid estimation of source parame-
ters is hampered by very large focal areas and the simul-
taneous occurrence of aftershocks (Hoshiba et al. 2011;
Hoshiba and Ozaki 2013). Attempts to solve the problem
of large focal areas have included analysis of real-time
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and indicate if changes were made.

GNSS data (e.g., Colombelli et al. 2013; Grapenthin
et al. 2014) and direct estimation of focal area and rup-
ture direction directly from observed seismograms (Bose
et al. 2012). Other ingenious methods have been pro-
posed to distinguish simultaneous multiple earthquakes
(e.g., Tamaribuchi et al. 2014; Wu et al. 2014). The sec-
ond issue of precision of GMPEs depends strongly on the
influence of site amplification (e.g., Midorikawa 2009).
Because site amplification generally shows frequency
dependency (e.g., Satoh and Kawase 2009), many stud-
ies have attempt to estimate frequency-dependent site
amplification factors from observed waveforms (e.g.,
Phillips and Aki 1986; Kawase and Matsuo 2004; Ikeura
and Kato 2011; Takemoto et al. 2012; Nakano et al. 2015).
On the other hand, in many GMPEs, where the variable
to be predicted is the peak ground acceleration or peak
ground velocity, site amplification effects are corrected
by a scalar value (e.g., Midorikawa 2009). Ground motion
predictions with frequency-dependent site amplification
have been made (e.g., Nozu et al. 2007; Hata et al. 2011);
however, their use in real-time (EEW) system is rare.
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Recently, Hoshiba (2013a) proposed that ground
motion could be predicted directly from observed
ground motion observations in real time by using the
Kirchhoff-Fresnel integral theorem, avoiding difficulties
in estimating hypocentral parameters and improving the
prediction accuracy of ground motion in EEW. In this
approach, real-time simulation of wave propagation uses
the observed wavefield, not the hypocentral parameters,
as the initial condition. Correction of site amplification
remains important in this scheme, and Hoshiba (2013b)
proposed the use of digital causal filters that can be
applied in a real-time setting for the correction.

In this study, we explored the new concept of Hoshiba
(2013a) by attempting to predict ground motion at a
target station from the observed waveforms of an adja-
cent station. If the distance between two stations is small
compared with the epicentral distance, interstation dif-
ferences in ground motion are mainly due to differences
in the site amplification factor. In such a case, we can
predict the ground motion at a target station from the
waveforms of the adjacent station by applying site ampli-
fication correction. In this paper, we conduct seismic
intensity prediction experiments at a target station from
observed waveforms from an adjacent station in two
methods and compare them. We used seismic intensity
scale defined by the Japan Meteorological Agency (JMA
seismic intensity) as the predicted variable of ground
motion. JMA seismic intensity is calculated from three-
component acceleration waveforms (JMA 1996; Hoshiba
and Ozaki 2013).

Experimental methods of seismic intensity
prediction

We used two different methods to predict seismic inten-
sity at a target station from observed waveforms of an
adjacent station in real time. Our underlying assumption
was that the differences in seismic intensities between
the two stations arise mainly from differences in their site
amplification factors. Our two prediction methods dif-
fered in their correction for site amplification.

The first method used frequency-dependent correc-
tion. If we know the frequency-dependent site ampli-
fication factor at both stations, we can adjust the site
amplification term of one station to that of the other sta-
tion through deconvolution and convolution of the site
amplification term. Correction of the site amplification
term allows us to derive the predicted waveforms at the
second station from those of the first. We can then cal-
culate seismic intensity from the predicted waveforms.
Usually, deconvolution and convolution of the site ampli-
fication term are done in the frequency domain. How-
ever, Hoshiba (2013b) proposed a real-time convolution
and deconvolution technique employing digital causal

Page 2 of 15

filters in the time domain, which we adopted for this
study.

The second method used scalar correction. If many
earthquakes have been recorded at both of two adjacent
stations, we can calculate the average differences in seis-
mic intensity between the stations. To predict seismic
intensity at one station, we simply add that average differ-
ence (a scalar value) to the seismic intensity at the other
station.

Although JMA seismic intensity is operationally calcu-
lated in the frequency domain, we adopted the procedure
proposed by Kunugi et al. (2013) for real-time calcula-
tion of JMA seismic intensity in the time domain. This
allowed both of our prediction methods to be applied in
real time, as is required for EEW.

Estimation of frequency-dependent site
amplification factors
To predict seismic intensity for two adjacent stations, we
do not have to know the absolute site amplification term
of either station, only the relative site amplification fac-
tor between them is required. Consider the case where an
earthquake is observed at two stations. If the epicentral
distance is large compared with the interstation distance,
we can neglect the small difference in the source terms at
each station and attribute the differences in amplitude to
the relative site amplification factor and differences in the
path term. Ikeura and Kato (2011) used this approach to
calculate spectral ratios of direct S-waves for many sta-
tion pairs, and they estimated relative site amplification
factors with respect to a reference station by solving the
relevant equations simultaneously. We took the similar
approach in this study.

The observed amplitude of a seismic waveform at
the ith station for the kth earthquake in the frequency
domain can be expressed as follows:

Oic(f) = Rix - Sk (f) - T () - Gi (), )

where O, (f) is the observed amplitude, R;; is the radiation
pattern between the ith station and the kth earthquake,
Si(f) is the source term, T (f) is the path term, and G,(f) is
the site amplification factor at station i. Consider the case
in which adjacent two stations i and j observe earthquake
k, where the hypocentral distances of each station are
long compared with the distance between the stations.
In such a case, we can assume that the radiation pattern
and source term at both stations are almost the same, so
that the observed spectral ratio between stations i and j is
expressed by the following path and site terms:

OuH) _ Tulf) Gi(f) 5
Ol Talh) Gif) @
The ratio of path terms T (f)/ T (f) is expressed by
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where Q(f) means the frequency-dependent intrin-
sic attenuation factor of the medium, S is the seismic
velocity of the medium, and ry, rj are the hypocen-
tral distances from the kth earthquake to each station,
respectively. Substituting Eq. (3) into Eq. (2) and taking a
common logarithm, we can get the relationship between
site amplification factors of two stations,

o ) = S -
“4)

In this study, we used 4.0 km/s for the seismic veloc-
ity of medium S. To avoid the influences of the Q(f) to
the spectral ratios, Ikeura and Kato (2011) calculated
a sophisticated weighted average of observed spectral
ratios (left-hand side of Eq. 4) without any assumption of
the Q(f) value. However, we adopt the Q(f) value based on
Satoh et al. (1994):

110/%%° (f > 1.0Hz
Qf) = { 110 g < 1.0Hzg )
for the correction of the influences of the Q(f).
On the other hand, the relative site amplification factor

for two station, G(f)/G,(f), can be rewritten by using the site
amplification factors relative to a common reference station:

Gi(f) _ Gilf)/Grer(f) _ Gijrer f) ©
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where G,,(f) is the site amplification factor at the reference
station and G;;,(f), ]/,ef(f) are the relative site amplifica-
tion factors at stations i and j with respect to the reference
station. Substituting Eq. (6) to Eq. (4), we get the linear
relationship
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The right-hand side of Eq. (7) is evaluated by using the
observed waveforms, so that we can set up simultane-
ous equations with unknown parameters, log G, ,.f) and
log G, (/), and solve these equations by a least-squares
method.

Estimation of digital filters
We built digital filters that approximate site amplifica-
tion characteristics (“site-correct filters” hereafter) based
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on Hoshiba (2013b). Site amplification characteristics are
modeled by combinations of first-order and second-order
analog filters:

M
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where N and M are the numbers of first- and second-order
filters, w;,, Wy, Wy, Wy, are the angular frequencies and
hy,p hy, are the damping factors that determine the fre-
quency characteristics, G, is the gain factor, and s = i(27f).
After modeling the site amplification characteristics in
Eq. (8), digital filters are designed by using bilinear trans-
form and prewarping techniques. Digital filters that cor-
respond to Eq. (8) are expressed generally in the form:
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where s and z satisfy the following equation:
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=" _ 10
STt (10)

Coefficients of the digital filters are calculated from the
angular frequencies, damping factors, and the gain fac-
tor in Eq. (8) and from the sampling interval of the time
series, AT. Inverse filters, which correspond to the decon-
volution of site amplification at a station, are derived by
the reciprocal of Eq. (8). These site-correct filters satisfy
causality and can be applied in the time domain.

Procedures for estimating frequency-dependent
site amplification

For our estimates of site amplification, we used data
from the strong-motion stations of the Kyoshin Network
(K-NET) and Kiban Kyoshin Network (KiK-net) oper-
ated by the National Research Institute for Earth Science
and Disaster Prevention (NIED, Okada et al. 2004). KiK-
net stations have two sensors, one at the surface and the
other in a borehole. We treated these as the different sta-
tions. We collected waveforms from these two networks
since May 1996 to May 2014, excluding March and April
2011 to avoid the high seismicity related to the 2011
Tohoku earthquake (Hirose et al. 2011). While a part
of KiK-net records have sampling frequency of 200 Hz,
sampling frequency for the most of records is 100 Hz.
We picked station pairs that were less than 30 km apart,
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and calculated spectral ratios from the station records of
earthquakes between 100 and 350 km from both stations,
to satisfy the assumption of a shared source term. We
excluded the records which had a peak ground accelera-
tion value over 100 gal (100 cm/s/s) to avoid influences
of nonlinear behavior of medium to the observed wave-
forms. The time window for the direct S-wave record was
20.48 s, starting 2 s before the theoretical S-wave travel
time as calculated from hypocentral information in the
JMA unified earthquake catalog and the JMA2001 travel
time table (Ueno et al. 2002). Time window of 20 s length
might be appropriate for duration time of direct S-wave
for our data set. After applying a 5 % cosine taper to the
resulting waveforms, we calculated Fourier spectra (with
a 0.4 Hz Parzen window) for the time window from the
three components of the seismometer record using fast
Fourier transform. Spectra of the horizontal component
were vector sums of the NS and EW components. We
then calculated the path-corrected spectral ratios (right-
hand side of Eq. 7) for each station pair, treating vertical
and horizontal components separately. To reduce the var-
iation in the path-corrected spectral ratios, we averaged
them from at least seven earthquakes for each station
pair in a logarithmic scale. Then, we set up simultane-
ous equations (Eq. 7) with one reference station in each
frequency. We selected borehole sensor at IBRH19 (KiK-
net Tsukuba, see Fig. 1) as the reference station, because
the sensor on the borehole is located in the layer with the
S-wave velocity of about 2.8 km/s. Solving the simulta-
neous equations (Eq. 7) for both vertical and horizontal
components, we obtained the site amplification factors
relative to the reference station.
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We then modeled these site amplification factors by
using analog filters (Eq. 8). The number of filters, N and
M, was restricted to values from 0 to 6, ruling out the
case N = M = 0. We estimated the filter parameters w;
w Do Olyp Doy Hypp Moy Gy by a least-squares method
for each combination of N and M and selected the com-
bination that had minimum residuals. Residuals were
calculated for the frequency range of 0.05—20 Hz. Finally,
we calculated the coefficients of the digital filters (Eq. 9)
from the parameters of the analog filters (Eq. 8).

Estimation result of site amplification factors

and site-correct filters

We calculated spectral ratios of adjacent stations using
the records of 5574 earthquakes (Fig. 1). We set up the
simultaneous equations with the station pairs which
shared at least one station with other pairs and then
solved them by a least-squares method. Figure 2 shows
the station distribution of (a) successfully estimated and
(b) not estimated of site amplification factors and site-
correct filters. Stations that we had estimated site ampli-
fication factors cover almost whole area of Japan, with
the exception of northernmost Hokkaido, the northern
part of Kyushu, and outlying islands.

Waveform prediction using site-correct filters

As an example of the predicted waveforms using site-cor-
rect filters, Fig. 3 shows the case for the large earthquake of
25 March 2007 (M6.9 in JMA scale), observed at stations
FKI006 (K-NET Imajoh) and surface station of FKIHO05
(KiK-net Tsuruga). The two stations are 21 km apart, and
epicentral distance to FKIO06 is about 166 km (Fig. 3a).
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Fig. 1 a Epicenters and b magnitude-frequency relation (open circle for number and black for cumulative number) of earthquakes used for calcula-
tion of spectral ratios. Reference station (IBRH19, KiK-net Tsukuba) is shown as a black square on a
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Fig. 3 a Locations of the 25 March 2007 earthquake epicenter and two stations (FKIO06: K-NET Imajoh and FKIHO5: KiK-net Tsuruga). Contour inter-
val is 500 m. b Relative site amplification factors between stations FKI006 and FKIHO5 (surface) by spectral ratio (red) and site-correct filter methods
(black)

The site amplification factors between these two stations,
calculated from the site-correct filters and observed spec-
tral ratios, are quite similar for both horizontal and vertical
records (Fig. 3b). Note that the phase characteristics of the
site-correct filters are determined by the condition of cau-
sality, so that phase characteristics between the two sta-
tions were not included in this waveform calculation.

The observed waveforms of the 25 March 2007 earth-
quake at stations FKIO06 and FKIHO5 (surface) are
shown in Fig. 4a, b, respectively. Under the assumption

that the source term is the same at the two stations, the
waveforms reflect differences in the path and site terms.
Figure 4c shows the waveforms at FKI006 after its site
terms were replaced with those of FKIHO5 (surface), so
that we can regard these waveforms as predicted wave-
forms of FKIHO5. The predicted waveforms are much
more similar to the observed waveforms at FKIHO5, in
both the time and frequency domains, than the observed
waveforms at FKIO06 even without correcting for differ-
ences in the path term.
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Comparison of two intensity prediction methods

To compare the seismic intensity prediction results of
the frequency-dependent and scalar correction meth-
ods, we selected station pairs that were separated by
less than 10 km. We did not predict seismic intensity
at sensors on the borehole of KiK-net stations in these

experiments. Although a practical application of this
method is to predict seismic intensity at a target sta-
tion using records from adjacent stations closer to the
epicenter (front detection), we did not consider the sta-
tus of front stations in this experiment. For the calcula-
tion of scalar correction value and the seismic intensity
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prediction experiments, we used almost the same data  experiments are shown in Fig. 5. Number of earthquakes
set as we used for site amplification estimation, except = was 5972.

for the condition of maximum epicentral distance. An Figure 6a shows a map and relative site amplifica-
average difference in seismic intensity between two sta-  tion factors for a surface station of TKCHO1 (KiK-net
tions for scalar correction was calculated by at least Rikubetsu) and HKDO088 (K-NET Rikubetsu), 5.3 km
seven earthquakes more than 100 km away from both  away. The site amplification characteristics calculated
stations. Comparison of two methods was made with the by spectral ratios showed a trough around 0.6 Hz in the
earthquakes in the same condition as calculating scalar ~ horizontal component and around 1 Hz in the vertical
correction values. Epicenters and magnitude-frequency  component that was replicated by the site-correct digital
distribution used for the seismic intensity prediction filters (Fig. 6b).
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Figure 7 shows the distribution of residuals (observed
minus predicted value) of the seismic intensity pre-
dicted by both methods for each earthquakes recorded
by stations TKCHO1 (surface) and HKDO088. The mean
of residuals by scalar correction equals to zero, because
we used the same waveform data set in both calculat-
ing average seismic intensity differences and predicting
seismic intensity with scalar correction. The histograms
of residuals and root mean square (RMS) of residuals
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clearly show that the frequency-dependent correction
prediction worked better than the scalar correction pre-
diction for this station pair. Interesting feature, azimuthal
dependency of prediction residuals was found in the
both prediction methods. We only point out two possi-
bilities for this feature, and we do not discuss the causes
in detail in this paper: One is the azimuthal dependency
of site amplification and the other is the differences in
source characteristics. Azimuthal dependency of site
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Fig. 7 Predicted intensity residuals of earthquakes (left panel) and histograms of residuals (right panel) for station pair TKCHO1 (surface) and HKD088
after a frequency correction prediction and b scalar correction prediction
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a Frequency correction prediction b Scalar correction prediction
| | | | | | | |
1000 IN=2417 mean of RMS=0.2102 N=2417 mean of RMS=0.2873
750
500 —
250 = ]
0 = — I —
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
RMS of residuals RMS of residuals
Fig. 8 Histograms of RMS of residuals for all station pairs separated by less than 10 km after a frequency correction and b scalar correction predic-
tion

amplification affects both methods, while source charac-
teristics affect scalar correction method. Future work is
required to investigate the azimuthal dependency of pre-
diction residuals in both methods.

When we compared histograms of RMS of residuals for
all 2417 station pairs separated by less than 10 km (Fig. 8),
the mean RMS from the frequency-dependent correction
methods was about 27 % smaller than that from the sca-
lar correction method. Figure 9, showing the RMS histo-
grams in three dimensions, indicates that both prediction
methods worked well to some degree with the RMS resid-
uals less than 0.5 and frequency-dependent correction
sometimes worked worse than scalar correction. Never-
theless, prediction using frequency-dependent correction
improved the RMS of prediction residuals in many cases.

Discussion

We showed that the frequency-dependent site amplifica-
tion correction led to the accurate seismic intensity pre-
diction. In the viewpoint of long lead time for EEW, the
interstation distance of 10 km seems to be too short, and
we should use station pair with longer interstation dis-
tance. At interstation distances larger than the value of
10 km we used, the source and path terms would surely
have a greater influence on intensity predictions. We
therefore evaluated the cases where interstation distances
shorter than 20 km and shorter than 30 km. Histograms
of the resulting RMS of residuals are shown in Fig. 10.
The mean RMS of residuals of both prediction methods
becomes worse as the interstation distance increases,
representing that the differences in seismic intensity
between stations could not be explained by the difference
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Fig. 9 Three-dimensional histogram of RMS residuals for all station
pairs by less than 10 km after frequency correction and scalar cor-
rection. The number of station pairs was counted in bins with sides
measuring 0.02

in site amplification term only, i.e., the effects of path and
source term differences between two stations increased
as the interstation distance increased. This fact suggests
that the effects of path and source term are important for
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Fig. 10 Histograms of RMS of residuals for all station pairs separated by a less than 20 km and b less than 30 km. Left side for frequency correction
prediction and right side for scalar correction prediction

practical use of our seismic intensity prediction concept
with long lead time where we should use station pair with
long interstation distances. The advantages of frequency-
dependent correction become smaller as the interstation
distance elongates, implying that the importance of fre-
quency-dependent site amplification may be masked by
the effects of path and source term. Detailed analysis of
decomposition the effects of source, path, and site terms
to the seismic intensity prediction will be future work.
Recently, Hoshiba and Aoki (2015) proposed numeri-
cal shake prediction method for EEW system. In their
procedure, first current wavefield is estimated using data
assimilation and then ground motion is predicted by

solving a wave equation in real time with current wave-
field as an initial condition. Same as our prediction con-
cept, Hoshiba and Aoki (2015) aims to predict ground
motion without any hypocentral parameters. Our pre-
diction method assumes that the difference in seismic
intensity between two stations is mainly caused by the
difference in site amplification; however, numerical shake
prediction method is based on the physics of wave propa-
gation, so that effects of path term are included in their
method. In addition, because the effect of seismic source
should affect the amplitude distribution of current wave-
field so that estimation of current wavefield incorporates
the effect of source term. As a result, with the numerical
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shake prediction method, the accuracy of seismic inten-
sity prediction will be improved even if the interstation
distance becomes longer or epicentral distance becomes
shorter. Site-correct filters estimated in this study are
indispensable in the scheme of numerical shake predic-
tion, as is shown by Hoshiba and Aoki (2015).

The improvement offered by frequency-dependent
correction was not found in all cases. An example was
the case of the station pair YMTHO6 (surface sensor of
KiK-net Takahata, target station) and YMTO015 (K-NET
Yonezawa, observation station), in which the site-cor-
rect filters closely approximated the observed spectral
ratios (Fig. 11). However, although the standard devia-
tion of residuals of frequency-dependent correction
yielded a lower standard deviation of residuals than the
scalar correction prediction, the mean of the residu-
als deviated from zero, leading to a large RMS value
(Fig. 12). One of the possible reasons of this result is an
azimuthal dependency of site amplification. Earthquakes
in the southeastern region from both stations (left panel
of Fig. 12a) had large residuals, causing the large RMS
value. Figure 13 shows the observed spectral ratios of
each earthquake between YMT015 and YMTHO06 drawn
in different colors corresponding to the backazimuth.
Site-correct filters (Fig. 11b) reproduced the general
characteristics of spectral ratios well (Fig. 13); however,
if we check the observed spectral ratios carefully, there
might be a weak azimuthal dependency around 1 Hz in
horizontal component in observed spectral ratios. We
did not take azimuthal dependency of site amplification
factor into consideration in designing site-correct filters
in this study. If we design multiple site-correct filters
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regarding the azimuthal dependency of site amplification,
we would be able to predict seismic intensity more pre-
cisely. Other reason is the influence of smoothing the site
amplification. Although observed spectral ratios of each
earthquake had many peaks and troughs, site-correct fil-
ters did not represent such features (Fig. 13). The J]MA
seismic intensity is calculated from the peak value of the
observed waveform envelope (JMA 1996; Hoshiba and
Ozaki 2013). Site amplification correction with smoothed
frequency characteristics (Figs. 11b, 13) might not repro-
duce the peak value of the envelope in the target station.
More work in the future will be needed to reveal the rela-
tionship between the peak value of seismic waveforms
and the frequency characteristics of both amplitudes and
phases.

We have shown the importance of frequency-depend-
ent site amplification term for ground motion (seismic
intensity in this study) prediction. Because of dense seis-
mic networks and highly active seismicity in Japan, we
were able to estimate site amplification factor with simple
assumptions in source and path terms. In other area with
relatively sparse seismic networks and low seismicity, it
would be able to estimate reliable site amplification fac-
tor if we adopt other noble method (e.g., coda normali-
zation method (Phillips and Aki 1986; Takemoto et al.
2012) or generalized spectrum inversion, Kawase and
Matsuo 2004; Nakano et al. 2015) and careful treatment
of source term. Our intensity prediction methods, only
correcting site amplification term, might also work well
only with dense seismic network. In sparse seismic net-
work, we have to consider the effect of path and source
term if we would like to predict ground motion directly
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Fig. 11 a Map of stations YMT015 (K-NET Yonezawa) and YMTHO6 (KiK-net Takahata). Contour interval is 200 m. b Relative site amplification factors
between YMT015 and YMTHO6 (surface) calculated by spectral ratio (red) and site-correct filters (black)




Ogiso et al. Earth, Planets and Space (2016) 68:83

Page 12 of 15

Hesidual distributiop

a Frequency correction prediction from YMTO15[A ] to YMTHO6[M]

Residual pistogram‘

|
N=244 mean 0.202 sd 0,285 RMS 0.349
dist=9.87km

' 145°

|

-1 0 1
Obs. intensity — Pred. intensity

Residual distributiop

-2 -1 0
Obs. intensity — Pred. intensity

. i h1w

b Scalar correction prediction from YMTO15[A] to YMTHO6/M]

Residual pistogram‘

|
N=244 mean —0.000 sd 0.347 RMS 0.347
dist=9.87km

X 1 b

|

-1 0 1
Obs. intensity — Pred. intensity

-2 -1 0 1 2
Obs. intensity — Pred. intensity

Fig. 12 Predicted intensity residuals of earthquakes (left panel) and histograms of residuals (right panel) for station pair YMTO15 and YMTHO6 (sur-
face) after a frequency correction prediction and b scalar correction prediction

from observed ground motion. Numerical shake predic-
tion scheme (Hoshiba and Aoki 2015) is one of the solu-
tions for this issue. Appropriate parameter tuning in this
scheme will lead to predict ground motion precisely even
with relatively sparse seismic network.

Conclusion

We conducted experiments predicting seismic intensity
at a station based on the data from an adjacent station,
comparing two different methods, frequency-dependent
correction and scalar correction, to correct relative site
amplification factors. To estimate frequency-dependent

relative site amplification factors, we calculated spectral
ratios of direct S-waves for many station pairs and solved
simultaneous equations to acquire site amplification fac-
tors relative to a reference station. We then designed
site-correct digital filters that approximated these site
amplification characteristics of each station. Also, we cal-
culated average differences in seismic intensity between
two stations for scalar correction. In all but a few cases,
seismic intensity prediction with frequency-dependent
correction using site-correct filters worked better than
prediction with scalar correction, showing the impor-
tance of considering the frequency characteristics of site
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amplification in seismic intensity predictions. As inter-
station distance becomes longer, the differences between
stations in the path and source term increase until the site
amplification correction offers only a marginal advantage
for seismic intensity prediction.
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Appendix: Influence of radiation pattern

In “Estimation of frequency-dependent site amplifica-
tion factors” section, we assumed that radiation pattern of
earthquake k was common to stations i and j if we picked
up the interstation distance was less than 30 km and

epicentral distance was longer than 100 km; however, the
assumption might not be valid in some cases. We show the
influence of the radiation pattern in this section. Figure 14
shows cumulative histogram of azimuthal difference in
each station pair with earthquakes shown in Fig. 1. In our
data set, most of the azimuthal difference between each
station pair is less than 10 degree. Maximum azimuthal
difference is about 17° for interstation distance of 30 km.

Radiation pattern coefficients for P, SH, and SV wave,
R,, Rgy, and Ry, are expressed by the following equations
(e.g., Aki and Richards 2002):

R, (8, i) = cos Asin 8§ sin? iy, sin 2(0 — 6)
— cos A cos § sin 2ij, cos (6 — 65)
+ sin Asin 28 <0052 i, — sin2 iy sin® (6 — 95))
+ sin A cos 26 sin 2ij, sin (6 — 6),
Rsp(0, i) = cos A cosé cos iy sin (6 — 6)
+ cos A sin § sin ij, cos 2(6 — 6s)
+ sin A cos 268 cos iy, cos (6 — 05)
— 0.5 sin Asin 28 sin i, sin 2(0 — 6),
Rsy (0, iy) = sin A cos 28 cos 2ij, sin (6 — 6;)
— cos A cos 8 cos 2ij cos (6 — 65)
+ 0.5 cos A sin § sin 2y, sin 2(6 — 6;)
— 0.5sin Asin 28 sin 2, (1 +sin® (6 — 95)),
(11)
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where 0 and i), are azimuth and take-off angle from
source to receiver and 6, J, A are strike, dip, and rake of
the fault, respectively. We calculated the ratio of SH wave
radiation pattern coefficients for two cases: (1) Epicentral
distance (100 km) was the same and azimuthal difference
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was &0 for a station pair (Fig. 15a) and (2) azimuth from
source to stations was the same, and interstation dis-
tance caused difference in epicentral distance for a sta-
tion pair (Fig. 15b). We assumed strike-slip earthquake of
0, = 0[deg], § = 90[deg], A = O[deg] at 10 km depth. Take-
off angle was calculated based on the JMA2001 velocity
structure (Ueno et al. 2002). We calculated the ratios for
two cases, 60 = 10[deg] and 80 = 17[deg] for case 1. In
case 1, ratio of radiation pattern coefficients shows peri-
odic behavior with four peaks and troughs (right panel
of Fig. 15a). Most of the ratio value lies between 0.5 and
2 especially for 560 = 10[deg]. Because of its periodic
behavior, influence of radiation pattern would be sup-
pressed if we take an average for many earthquakes ran-
domly distributed. On the other hand, for case 2 (right
panel of Fig. 15b), ratio is almost 1 so that difference in
epicentral distance can be neglected. In our site amplifi-
cation estimation, observations (right-hand side of Eq. 7)
were averaged using at least seven earthquakes so that
influence of radiation pattern was reduced. We point out
that the careful treatment of radiation pattern in spectral
ratio calculation may lead to more precise estimation of
site amplification factor.
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Fig. 15 Theoretical radiation pattern coefficients ratio for a case 1: interstation distance causes azimuthal difference and b case 2: interstation dis-
tance causes epicentral distance difference. For a, black line means azimuthal difference (66) is 17°, while red line means azimuthal difference is 10°
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