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Abstract

The 2011 Off the Pacific coast of Tohoku earthquake (hereafter called the Tohoku earthquake)
and its following seismicity around Japan revealed the limitation of any earthquake early
warning (EEW) systems based on the estimation of source parameters in their first stage. In
general, the ground motion at a given site is represented by the convolution of source, path,
site amplification, and instrumental response terms. Because the observed waveforms should
reflect the complex effects of source and path terms up to the arrival time, a ground motion
prediction directly from observations, that is, a wavefield monitoring approach for EEW is
one of the promising schemes to overcome the issues arisen from the Tohoku earthquake. To
improve the precision of ground motion predictions in the wavefield monitoring approach, we
focus on the effects of site amplification and path terms.

Chapter 2 discusses about site amplification factors. Site amplification factors usually
have frequency dependency. However, site amplification has been measured by scalar values
in the ground motion prediction equation adopted in most of the current operational EEW
methodologies. To consider the frequency dependency of site amplification characteristics
for the purpose of EEW, we estimate frequency-dependent site amplification factors and cor-
responding time-domain minimum-phase filters which approximate frequency characteristics
for strong motion stations in Japan. These time-domain filters can be applied to the observed
waveforms in a real-time manner so that they are utilized for a real-time ground motion
prediction. The effect of real-time correction of frequency-dependent site amplification has
been investigated through experiments of seismic intensity prediction by the correction of the
site amplification factors to the observation at an adjacent station. The frequency-dependent
site amplification correction has yielded results with smaller residuals than the correction by
scalar values. The shorter the interstation distance become, the more the frequency-dependent

correction improves. In other words, some path terms are required for accurate prediction
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with a long interstation distance (i.e., long lead time).

In chapter 3, we focus on attenuation properties as a part of the above mentioned path
effects. Seismic attenuation for high-frequency (> 1 Hz) seismic waves is classified into
two mechanisms: intrinsic and scattering attenuations. Since seismic energy is conserved
during scattering, scattering attenuation affects the duration of the ground motion as well
as the amplitude. Separation and precise estimation of intrinsic and scattering attenuation
structures would lead to the better prediction of the ground motion, not only the maximum
amplitude but also the duration of ground motion. We propose a new method to estimate
intrinsic and scattering attenuations separately in 3D space. The proposed method consists of
two parts, the estimation of attenuation parameters by the envelope fitting method followed by
mapping these parameters into 3D space with sensitivity kernels of the attenuation parameters.
A depth-dependent velocity model has been considered to include the effect of a realistic
seismic velocity structure on the observed shape of seismogram envelopes. We have adopted
a non-isotropic scattering model to treat an envelope broadening effect which is important
for the duration of ground motions. The newly estimated 3D heterogeneous intrinsic and
scattering attenuation distributions in southwestern Japan has been compared with the 2D
structure estimated by the multiple lapse time window analysis. Strong intrinsic and scattering
attenuations in the Kyushu region, whose tectonics is more active than the other regions, has
been detected by the two analyses. In addition, we have found depth dependency of both
intrinsic and scattering attenuations, especially in the Chugoku region. Furthermore, a low
intrinsic attenuation zone was found at the depth of 10-50 km in the central Shikoku region.
Such features could not be retrieved by the conventional 2D analysis of attenuation structure.

In chapter 4, the effect of heterogeneous attenuation structure in the Numerical Shake
Prediction scheme, which is based on the wavefield monitoring approach, is investigated by
the simulations of ground motion prediction for the 2016 Kumamoto earthquake. We have

extended the calculation code of the Numerical Shake Prediction scheme to incorporate the
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heterogeneous attenuation structure estimated in chapter 3. First, the 2D heterogeneous atten-
uation structure derived from the multiple lapse time window analysis based on the isotropic
scattering model was used in the simulation. Comparing the prediction residuals of max-
imum seismic intensity, the introduction of 2D heterogeneous attenuation structure yielded
12% lower for 10 s ahead and 15% lower for 20 s ahead predictions. Next, we conducted the
same experiment but based on the non-isotropic scattering model. The prediction accuracy of
maximum seismic intensity was improved about 10% for predictions 10 s ahead and 9% for
predictions ahead 20 s, with a slightly different tendency to those of the isotropic scattering
model, probably originated from the difference in the dimension of the estimated attenua-
tion structure and the ground motion prediction simulation. Comparing the four prediction
models, i.e., isotropic or non-isotropic scattering model and homogeneous or heterogeneous
structure, the heterogeneous structure with the non-isotropic scattering model resulted in the
smallest root-mean-square value in residuals of the whole predicted envelopes. These results
indicate that the non-isotropic scattering model has an ability to predict the whole envelope
with the Numerical Shake Prediction scheme and that the heterogeneous attenuation structure
enables to improve the prediction precision of the scheme.

In summary, the time-domain filters introduced in chapter 2 enables us to correct site
amplification factors for the observed waveform in real time. In addition, the heterogeneous
attenuation structures estimated in chapter 3 results in a more precise prediction of ground
motions in the Numerical Shake Prediction scheme, as shown in chapter 4. These results will
lead to more precise real-time prediction of ground motions based on the wavefield monitoring

approach.
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1 Motivation of this study

1.1 A brief introduction to earthquake early warning

History of the earthquake early warning

The basic concept of earthquake early warning (EEW) is to warn of strong ground motion at
a given point before its arrival. Unlike the traditional earthquake prediction, EEW does not
concern earthquake occurrence but ground motion immediately after an earthquake occurs.
Its lead time is usually short, less than a few tens of seconds. According to Allen et al. (2009),
the first appearance of the idea of EEW can be found in the report by J. D. Cooper at San
Francisco Bulletin on November 3, 1868. In this report, Cooper proposed the idea that just
after the detection of an earthquake near its hypocenter, ringing a bell at a densely inhabited
area by electronic current over a wire from the detected place. Cooper’s idea is based on the
difference in propagation velocity between seismic waves and electronic current. Because
the propagation velocity of electronic current is much faster than that of seismic waves, it
is expected to notify the occurrence of an earthquake immediately after its detection, if an
appropriate detection analysis and communication systems exist. To implement the idea of
EEW, not only waveform analysis techniques but also reliability of the equipment such as
seismometers and communication line compose key issues. After about one hundred years
later, thanks to the progress of both waveform analysis techniques and equipment, Cooper’s

idea has been realized.

Development of the EEW systems around the world
In Japan, studies on early detection and analysis of earthquakes have been conducted in the
safe operation of railway transportation systems since 1950s. Nakamura & Saita (2007)

summarizes the history of EEW for railway transportation systems. Nakamura’s pioneering



work on the analysis of initial P-waves of earthquakes, including the estimates of both the
backazimuth from their portion and the magnitude from their predominant period (Nakamura,
1988), had great influence on the following studies in real-time seismology such as Odaka
et al. (2003), Wu & Kanamori (2005), Kanamori (2005) and so on.

After the implementation of the EEW system for the railway transportation system (e.g.,
Ashiya, 2004), the Japan Meteorological Agency (JMA) planned to issue the warning of
ground motion for general public, and began to develop a new EEW system in cooperation
with the Railway Technical Research Institute and the National Research Institute for Earth
Science and Disaster Prevention (NIED; now the National Research Institute for Earth Science
and Disaster Resilience). Utilizing some excellent works such as Odaka et al. (2003), Tsukada
et al. (2004), Horiuchi et al. (2005) and other related works, JMA launched the operation of
their EEW system for general public in October 2007 (Hoshiba et al., 2008; Doi, 2011).

Let us turn our attention to worldwide effort. In Mexico, the Michoacan earthquake
(magnitude 8.1), which occurred on September 19, 1985, was the turning point for the EEW
system (Espinosa-Aranda et al., 2009). Over ten thousand people were died in Mexico City,
about 400 km away from the epicenter. After the event, the Centro de Instrumentacion y
Registro Sismico (CIRES) began to develop the Sistema de Alerta Sismica of Mexico City
(SAS), an EEW system for Mexico City, in 1988, and its experimental operation started in
1991. Since 1993, SAS has issued warning information for general public in Mexico (Hoshiba,
2012). 14 years after the Michoacan earthquake, a magnitude 6.7 earthquake occurred near
Oaxaca on June 15, 1999. This event has lead to the another EEW system development
for Oaxaca, called Sistema de Alerta Sismica de Oaxaca (SASO). SAS and SASO has been
integrated into the Seismic Alert System of Mexico (SASMEX) by the CIRES. SASMEX
has been working well for large earthquakes, including magnitude 8 class event occurred on
September 8, 2017 (http://www.cires.org.mx/sasmex_historico_es.php).

Taiwan is located on the plate boundary and several destructive earthquakes have struck



there so that the EEW is expected to reduce the seismic hazard (Wu et al., 2013). According
to Wu et al. (2013), initial experimental EEW system was constructed by the Central Weather
Bureau (CWB) in 1993. The initial system was designed to issue ground motion warnings
to the capital, Taipei, for the earthquakes occurred on central-eastern area (around Hualien)
of Taiwan. Later, the CWB has begun to utilize the nationwide strong motion seismome-
ter network for nationwide service of the EEW. At the same time, the CWB has continued
to improve the EEW system, and currently the system called the Earthworm Based Earth-
quake Alarm Reporting (¢e(BEAR) has been implemented for the EEW service (Chen et al.,
2015). The CWB has begun to issue ground motion warning for general public at least since
2018 (e.g., https://www.recordchina.co.jp/b567522-s0-c10-d0135.html, last accessed August
2018), although no official announcements seem to be issued from CWB.

In Romania, the intermediate-depth earthquakes originating at the Vranca region, about 140
km north of Bucharest are expected to be the major seismic hazard at the country (Bdose et al.,
2007). Ionescu et al. (2016) reports the status of the EEW service at Romania. According to
Ionescu et al. (2016), the National Institute for Earth Physics (NIEP) has operated the Rapid
Earthquake Early Warning System (REWS), which consists of two systems: one is based on
the PRobabilistic and Evolutional early warning SysTem (PRESTo; Satriano et al., 2011) with
110 strong motion stations covering the whole country, and the other is developed by the NIEP
specialized for earthquakes at the Vranca area. The REWS has been in operational phase since
2013, and has been sending warning information for not only emergency authorities but also

general public (Ionescu et al., 2017).

Basic methodology of current operational EEW systems
Current operational EEW algorithms can be classified into two types: (1) on-site and (2)
network-based algorithms. The on-site algorithm utilizes seismic records from only one

station, and usually predicts ground motions of S-waves from those of P-waves around a given



observation site (e.g., Kanamori, 2005; Bose et al., 2009; Parolai et al., 2017). One advantage
of on-site algorithm is that the algorithm is self-completed to issue the alerts. In the area close
to the hypocenter, on-site algorithm would be powerful because the algorithm does not have to
wait the analysed results from several stations. The network-based algorithm utilizes seismic
records from several stations. In general, the network-based algorithm is more reliable than
the on-site algorithm and would issue warnings with long lead time when the hypocenter is
not close to the target area. In this study, we will not discuss the on-site algorithm and will
focus on EEW systems based on the network-based algorithm.

Basic methodologies of currently operating network-based EEW systems, such as JMA
EEW system (Hoshiba & Ozaki, 2014), E-larmS/E-larmS2 (Allen, 2007; Kuyuk et al., 2014)
and PRESTo (Satriano et al., 2011), are similar to each other. Each warning system consists

of several techniques of waveform analysis:

1. Event detection as a result of appropriate grouping of triggered stations

2. Phase arrival picking (usually for P-waves) and hypocenter determination

3. Magnitude estimation from the maximum amplitude of each waveform with some
empirical relationships

4. Ground motion prediction at a target site by utilizing a ground motion prediction

equation (GMPE) with hypocentral parameters (location and magnitude)

The basic concept of each EEW system is in common; to determine hypocentral parameters
then predicting ground motion from those parameters as quickly as possible. Because there
are a strict limitation in calculation time, usually some selected stations of P-waves are used

in these EEW systems.



1.2 The 2011 off the Pacific coast of Tohoku earthquake (Mw
9.0) and EEW

The Tohoku earthquake (e.g., Hirose et al., 2011) is one of the devastating earthquakes in
and around Japan. According to Hoshiba et al. (2011), the JIMA EEW system successfully
issued a warning message before the arrival of strong ground motion for the Tohoku region
(about 200 km from the epicenter), however, the warning was not issued for the Kanto region
(about 200 to 350 km from the epicenter), where the maximum observed seismic intensity
was 6 upper, the 2nd highest value of the JMA seismic intensity scale. One reason of missing
alerts for the Kanto region was the underestimation of its earthquake magnitude at an early
stage. The JMA EEW system estimated its magnitude in the JMA scale as 7.2 when the
system issued the first warning (8.6 s after the first triggered time), and finally a magnitude
of 8.1 at 105.0 s (Hoshiba & Ozaki, 2014). However, the seismic moment of this event was
estimated to be in the order of 10?2 Nm (corresponding moment magnitude is 9.0), and the
duration of its source rupture time was up to 150 s (e.g., Yoshida et al., 2011). The JMA EEW
system was forced to estimate its magnitude with a few P-wave portions while the rupture
was still ongoing, resulted in the underestimation of its magnitude. In addition, point source
assumption for GMPE was not appropriate for such a huge event. For example, Kurahashi &
Irikura (2011) estimated five strong motion generation areas, and one of them was about 200
km far from the epicenter. In such a case, the assumption of point source was violated.

The seismicity around Japan after the Tohoku earthquake was more active than before
(Hirose et al., 2011). Not only the aftershocks around the large focal area, the Tohoku
earthquake induced many earthquakes over all the Japanese islands. Due to the large number
of aftershocks and induced earthquakes, earthquakes occasionally occurred simultaneously,
which confused the operation of the JMA EEW system. If several earthquakes occurred

simultaneously, stations far from each other also triggered simultaneously and the system



might recognize these plural events as one event. Thus, the system estimates the hypocenter
and magnitude improperly, resulting in an inappropriate ground motion prediction (Hoshiba

et al., 2011; Hoshiba, 2014).

1.3 Improvement of the EEW methodologies after the Tohoku
earthquake

EEW can be classified as a kind of ground motion predictions. In general, the observed ground
motion is represented by the convolution of source, path, site amplification, and instrument
response terms. For a precise ground motion prediction, careful treatment of the first three
factors are required (e.g., chapter 26 of Hasegawa et al., 2015). This statement also holds for the
EEW. In the EEW, observed waveforms can be used for prediction. In this way, using observed
waveforms as an input is different from standard ground motion prediction problems in strong
ground motion seismology. The conventional EEW methodologies (section 1.1) make use of
this point to estimate source characteristics, such as its location and magnitude. As mentioned
in the section 1.2, the Tohoku earthquake has revealed the two issues. Both issues are related
to the estimation of source terms: the first is the underestimation of the magnitude and the
second is the inappropriate treatment of the earthquakes occurred simultaneously. To tackle
the first issue, utilizing the real-time GNSS data to estimate magnitude of a large earthquake
have been proposed (e.g., Colombelli et al., 2013; Grapenthin et al., 2014). A novel grouping
method based on bayesian inference (Tamaribuchi et al., 2014; Wu et al., 2015) can be the
solution for the second issue.

Hoshiba (2013b) has devised a different approach for EEW from the above mentioned
studies. The basic concept of Hoshiba (2013b) is the real-time monitoring of ground motions
with a dense seismic network and ground motion prediction based on the physics of wave
propagations. Hereafter we call the approach of Hoshiba (2013b) as the wavefield monitoring

approach in this study. The wave equation (e.g., section 18.4 of Snieder, 2004) describes



that the time evolution of ground motions is determined by the spatial distribution of ground
motions if there is no external excitation term. Hence, if the current distribution of ground
motions is obtained, ground motions in the future can be predicted based on the wave equation.
This approach of Hoshiba (2013b) also utilizes observed waveforms, but the usage is different
from the approaches mentioned in section 1.1. Hoshiba & Aoki (2015) has implemented the
concept of Hoshiba (2013b), by adopting a data assimilation technique to monitor ground
motions in real time and the radiative transfer theory in its prediction stage. Despite the
continuous efforts for the early estimation of source terms mentioned above, attempts to

improve the prediction precision in the wavefield monitoring approach are rare.

1.4 Outline of this study

In this study, to improve the precision of ground motion prediction based on the wavefield
monitoring approach, we focus on two of the three terms that affect the observed ground
motions; site amplification and path terms. For the purpose of EEW, waveform analysis needs
to be conducted in real time. We propose methodologies applicable to consider these two
factors for the real-time prediction of ground motions.

In chapter 2, following the methodology of Hoshiba (2013a), we estimate site amplification
factors of the Japanese dense strong ground motion networks called Kyoshin Network (K-NET)
and Kiban Kyoshin Network (KiK-net) (Okada et al., 2004; Aoi et al., 2004), and approximate
the frequency characteristics of site amplification in each station by time-domain filters. Then,
we show how effective it is to introduce frequency dependency in site amplification through
seismic intensity prediction experiments. Next, we focus on path terms, especially their
attenuation effect. In chapter 3, we propose a new method to estimate intrinsic and scattering
attenuations separately in three-dimensional (3D) space, and compare this new 3D attenuation
model with the two-dimensional (2D) attenuation model estimated by a conventional method.

Then, we examine the importance of heterogeneous attenuation structure in the real-time



ground motion prediction through the ground motion prediction simulation at chapter 4.

Finally, we summarize this study and future perspectives in chapter 5.



2 Frequency-dependent site amplification for
real-time ground motion prediction

This section has been published as:
Ogiso, M., S. Aoki, and M. Hoshiba, Real-time seismic intensity prediction using frequency-

dependent site amplification factors, Earth Planets and Space, 68:83, 2016.

2.1 Introduction

It is often observed that the different maximum amplitudes of ground motion in time do-
main at two stations for a common earthquake even if their interstation distance is less than
several hundred meters (e.g., Noguchi et al., 2005). This difference can be attributed to the
velocity contrast in the subsurface structure (e.g., Bard & Bouchon, 1985), 2D and 3D basin
shape (e.g., Sdnchez-Sesma & Luzdn, 1996), wave scattering and focusing effects due to the
topography around stations (e.g., Bouchon, 1973), and so on, which is called site effects.
The empirical site amplification factors derived from observed waveforms are widely used to
model these complex effects in actual data. Because site amplification factors usually show
frequency dependency (e.g., Satoh & Kawase, 2009), many studies have attempted to estimate
amplification factors with frequency dependency (e.g., Phillips & Aki, 1986; Iwata & Irikura,
1986; Kawase & Matsuo, 2004; Ikeura & Kato, 2011; Takemoto et al., 2012; Nakano et al.,
2015b). On the other hand, site amplification effects are corrected by simple scalar values
in many ground motion prediction equations (GMPEs), where the prediction variable is the
peak ground acceleration or peak ground velocity (e.g., Midorikawa, 2009). Although ground
motion predictions with frequency-dependent site amplification have been conducted (e.g.,
Nozu et al., 2007; Hata et al., 2011), their use in any real-time (EEW) systems has yet to be

investigated in detail.



Hoshiba (2013b) has recently proposed the scheme of real-time ground motion prediction
where future ground motion is predicted directly from the observations in real time, avoiding
difficulties in estimating hypocentral parameters. Correction of site amplification remains
important in their approach, and Hoshiba (2013a) has proposed the use of digital causal filters
that can be applied in a real-time setting for making the correction.

In this chapter, we explore the above new concept of Hoshiba (2013b) by predicting ground
motion at a target station from the observed waveforms of its adjacent station. If their
interstation distance is small compared with the epicentral distances, differences between
ground motions of the two stations are mainly due to the difference in their site amplification
factors. In such a case, we may be able to predict the ground motion at a target station from
the observation at the adjacent station by applying their site amplification corrections. We
conduct experiments on seismic intensity prediction at a target station from the waveforms of
the adjacent station using two methods and compare their results. We use the seismic intensity
scale defined by the JMA (JMA seismic intensity) as the index of ground motion. The JMA

seismic intensity is defined as

Iva = logy A2 +0.94, (2.1)

where A2 is the sum of squares of band-pass filtered three-component accelerograms (Japan

Meteorological Agency, 1996; Hoshiba & Ozaki, 2014).

2.2 Experimental methods of seismic intensity prediction

We have used two different methods to predict seismic intensity at a target station from
observed waveforms of an adjacent station in a real-time manner. Our underlying assumption
is that the differences between seismic intensities of the two stations arose mainly from

differences in their site amplification factors. Our two prediction methods differ in their
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correction for site amplification. The first method employs frequency-dependent correction.
If we know the frequency-dependent site amplification factor at both stations, we can adjust
the site amplification term of one station to that of the other station 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 calculate predicted seismic intensity from the predicted waveforms. Usually,
deconvolution and convolution of the site amplification term are done in the frequency domain.
However, Hoshiba (2013a) has proposed a real-time convolution and deconvolution technique
employing digital causal filters in the time domain, which we have adopted for this study. The
second method uses scalar correction. If many earthquakes have been recorded at both of two
adjacent stations, we can calculate the average differences between the seismic intensity of
the stations. To predict seismic intensity at one station, we simply add that average difference
(a scalar value) to the seismic intensity at the other station.

Although the JMA seismic intensity originally requires a calculation in the frequency
domain, we have adopted the procedure proposed by Kunugi et al. (2013) for a real-time
calculation of the 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.

2.3 Estimation of frequency-dependent site amplification factors

For the frequency-dependent correction method described in section 2.2, we need relative
site amplification between the station pairs. Let us consider the case when an earthquake is
observed at two stations. If the epicentral distance is large compared with the interstation
distance, we can neglect the small differences of radiation patterns at each station and attributed
the differences in amplitude to the relative site amplification and differences in the path term.
Ikeura & Kato (2011) adopted the above assumption to estimate site amplification factors.

They calculated spectral ratios of direct S-waves for many station pairs, then estimated relative

11



site amplification factors with respect to a reference station by solving the relevant equation
systems simultaneously. We took the similar approach in this study. Figure 2.1 shows the
schematic illustration of the site amplification estimation.

The observed amplitude of a seismic waveform at the i-th station for the k-th earthquake in

the frequency domain can be expressed as follows:

Oir (f) = Ri (8, ¢i) - Wi (f) - Ti (f) - Gi (), (2.2)

where O;x (f) is the observed amplitude, Ry (0;, ¢;) the radiation pattern (6; and ¢; are
incident angle and azimuth for station i, respectively), Wy (f) the source term, Tjx (f) the
path term, and G; (f) the site amplification term at station i. Now we consider the case when
two adjacent stations i and j observe the common earthquake k. If the hypocentral distances
of each station are long enough compared with the inter-station distance, one can assume that
the radiation pattern is almost the same, i.e. 6; ~ 6; and ¢; = ¢;. In such a case, observed

spectrum ratio between stations i and j can be expressed by the following path and site terms:

Oic (f) _ R (0i,¢i) - Wi (f) T (f) - Gi (f) T (f)  Gi (f)

- ~ . (2.3)
Ojc () Re (0j.¢) - Wi (f) - Tine () - G () Tie () G (f)
The ratio of path terms T;x (f) /Tjx (f) is expressed by
Ti (f) _ Tik (_ nf ) 24
Ton = P\ "o g n o)) .

where Q (f) is the frequency-dependent intrinsic attenuation factor of the medium, £ the
seismic velocity of the medium, and r;, rjx are the hypocentral distances from the k-th

earthquake to each station. Substituting Eq. (2.4) into Eq. (2.3) and taking a common
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logarithm, we can get the relationship between site amplification factors of two stations,

Gi(f) _ Ok (f) rik nf .
logyg G, logyg [Ojk ) e exp {Q B (rlk r]k)}] : 2.5

In this study, the seismic velocity of medium is supporsed to be § = 4.0 km/s. To avoid the
influence of the Q (f) to the spectral ratios, Ikeura & Kato (2011) calculated a sophisticated
weighted average of observed spectral ratios (right-hand side of Eq. 2.5) without any assump-
tion of the Q (f) value. In this study, however, we adopt the Q (f) value based on Satoh et al.
(1994):

11099 (f > 1.0 Hz)
Q(f) = (2.6)
110 (f < 1.0 Hz)

for the correction of the influences of the Q (f). On the other hand, the relative site amplifi-
cation 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) _ Gi (f) [Grer (f) _ Gigeer ()
Gi () G (NGt ()~ Gt ()

2.7

where Gt (f) is the site amplification factor at the reference station and G;jret (), Gjref (f)
are the relative site amplification factors at stations i and j with respect to the reference station,

respectively. Substituting Eq. (2.7) to Eq. (2.5), we get the linear relationship

O; i
loglo Gi/ret f) - 10g10 Gj/ref (f) = 10g10 |:Oji 8:; :j_i exp {Qﬂ(];) (rik - rjk)}] . (2.8

The right-hand side of Eq. (2.8) is evaluated by using the observed waveforms, so that we can
set up simultaneous equations with unknown parameters, log;q G /et (f) and log;o G /ret (f),

and solve these equations by a least-squares method.
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Figure 2.1 Schematic illustration of the relative site amplification estimation.

2.4 Estimation of digital filters

We have built digital filters that approximate site amplification characteristics ("site-correct
filters" hereafter) based on Hoshiba (2013a). Following Hoshiba (2013a), site amplifica-
tion characteristics are modeled by combinations of first- and second-order analog filters.

Frequency response F () of such a combination of analog filters is represented by

M.
F(s)=G (wzn)(s+w1n) ‘ (wzm)2 52+ 2hpwims + 0, (2.9)
9 = Gy H 11 . @
Win ) \S+wi ) | 1 \Wim 52 4+ 2howams + w%m
where Nr and My are the numbers of first- and second-order filters, wi,, W, Wim, Wam are
the angular frequencies and hy,,, hy,, are the damping factors that determine the frequency
characteristics, G is the gain factor, and s = i (27 f) where i is the imaginary unit.

After modeling the site amplification characteristics by Eq. (2.9), digital filters are designed

using bilinear transform and prewarping techniques. Digital filters which correspond to
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Eq. (2.9) are expressed generally in the form:

2

don T dinZ + ainz -1\ 4 aom + almz_1 + armz
F(2) =g ]—[ [1 , (2.10)
m=1

1+ binz 1+bi,z7 1+ bzt + by 772

where s and z satisfy the following equation:

1-z!

= — 2.11
1+z1 ( )

Coeflicients of the digital filters ao,, ain, b1n, Aom> A1ms A2m»> P1m, bom, and go are calculated
from the angular frequencies, damping factors, the gain factor in Eq. (2.9) and from the
sampling interval of the time series, 7. Hoshiba (2013a) represents these coefficients of the
digital filters explicitly using those of the analog filters in its appendix. The time-domain
digital filters F1,(z) and F>,,(z) (n = 1,---,Nr;m = 1,---, M¢) represents the convolution
of site amplification at a given station. Inverse filters, which correspond to the deconvolution
of site amplification, are derived from the reciprocal of Eq. (2.10). These site-correct filters

satisfy causality and can be applicable in real time.

2.5 Data and procedures for the frequency-dependent site am-
plification

For the site amplification estimation, we used data from the strong-motion stations of the K-
NET and KiK-net operated by the National Research Institute for Earth Science and Disaster
Resilience (NIED, Okada et al., 2004; Aoi et al., 2004). KiK-net stations have two sensors,
one at the surface and the other in a borehole, which are treated as different stations in this
study. 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 Tohoku earthquake
(Hirose et al., 2011). Figure 2.2 shows the epicentral distribution and magnitude-frequency

relationship of the used earthquakes. Total number of earthquakes was 5574. While the
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sampling frequency of a part of KiK-net records is 200 Hz, that for most other records is
100 Hz. We picked up station pairs that were less than 30 km apart, 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 (see Fig. 2.1). The records with a peak ground
acceleration value over 100 gal (100 cm/s/s) were excluded to avoid influences of nonlinear
behavior of medium to the observed waveforms. 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 catalogue and the JMA2001 travel
time table (Ueno et al., 2002). 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 accelerograms using fast Fourier transform. Note that spectra of the
horizontal component are vector sums of the NS and EW components. We then calculated the
path-corrected spectral ratios for each station pair (Eq. 2.8) with one reference station in each
frequency. We selected a borehole sensor at IBRH19 (KiK-net Tsukuba, see Fig. 2.2) 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. Site amplification at the reference station was set to be 1 for all
frequency bands. We set up the simultaneous equation systems (Eq. 2.8) with the station pairs
which shared at least one station with other pairs, then solved them by a least-squares method
to derive relative site amplification factors relative to the reference station. We separately
estimated the relative site amplification factors for vertical and horizontal components.
These site amplification factors were then modeled by using analog filters (Eq. 2.9). The
number of filters, Ny and M, was restricted to values from O to 6, ruling out the case
Nf = My = 0. We estimated the filter parameters, w1, Wan, Wim, W2m, Mim, hom, and Gy
by a least-squares method for each combination of Ny and My and selected the combination
that had minimum residuals. Residuals were calculated for the frequency range from 0.05

to 20 Hz. Finally, the coefficients of the digital filters (Eq. 2.10) were calculated from the
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Figure 2.2 (a) Epicenter distribution and (b) Magnitude-frequency distribution of earth-
quakes used for site amplification estimation

parameters of the analog filters (Eq. 2.9).

Figure 2.3 shows the station distribution for which site amplification factors and corre-
sponding site-correct filters successfully estimated and not estimated. Stations that we have
estimated site amplification factors cover almost whole area of Japan, with the exception
of northernmost Hokkaido, the northern part of Kyushu, and outlying islands due to the

seismicity and long interstation distances.

2.6 Waveform prediction using site-correct filters

As an example of the predicted waveforms using site-correct filters, Fig. 2.4 shows the case
for the large earthquake of 25 March 2007 (M6.9 in JMA scale), observed at stations FKI006
(K-NET Imajoh) and FKIHOS5 (KiK-net Tsuruga). The two stations are 21 km apart, and
epicentral distance to FKIO06 is about 166 km (Fig. 2.4a). The site amplification factors

between these two stations, calculated from the site-correct filters and observed spectral
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Figure 2.3 Distribution of stations for which site amplification factors and site-corrected
filters have been (a) successfully estimated and (b) not estimated

ratios, are quite similar for both horizontal and vertical records (Fig. 2.4b). Note that the
phase characteristics of the site-correct filters are determined by the condition of causality, so
that phase characteristics between the two stations have not been included in this waveform
calculation.

The observed waveforms of the 25 March 2007 earthquake at stations FKIO06 and surface
sensor of FKIHOS are shown in Fig. 2.5a, 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 2.5¢ shows the waveforms at FKI006 after its site terms are replaced with those
of surface sensor of FKIHOS, so that we can regard these waveforms as predicted waveforms
of FKIHOS. The predicted waveforms are much more similar to the observed waveforms at
FKIHOS, in both the time and frequency domains, than the observed waveforms at FKI006

even without correction for the differences in the path term.
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Figure 2.4 (a) Locations of the 25 March 2007 earthquake epicenter and two stations
(FKI006: K-NET Imajoh and FKIHO0S5: KiK-net Tsuruga). Contour interval of topography
is 500 m. (b) Relative site amplification factors between FKI006 and surface sensor of
FKIHOS by spectral ratio (red) and site-corrected filter methods (black).

2.7 Comparison of two intensity prediction methods

To compare the seismic intensity prediction results of the frequency-dependent and scalar
correction methods, 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 both
methods. Although a practical application of this method is to predict seismic intensity at a
target station using records from adjacent stations closer to the epicenter, i.e., front detection,
we do not consider the status of front stations in this experiment. For the calculation of
scalar correction value and the seismic intensity prediction experiments, we used almost
the same data set as our site amplification estimation, except for the condition of maximum
epicentral distance. An average difference between seismic intensity of two stations for scalar
correction was calculated by at least seven earthquakes more than 100 km away from both

stations. Comparison of two prediction methods was made with the earthquakes in the same
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Figure 2.5 Waveforms and their spectra from (a) observations at station FKI006, (b)
observation at the surface of station FKIHO5, and (c) site-corrected waveforms at station
FKIHOS based on observations at station FKI006. Dotted lines represent the 40.96 s time
window used for spectrum calculation.
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condition as the calculation of scalar correction values. Epicenters and magnitude-frequency
distribution used for the seismic intensity prediction experiments are shown in Fig. 2.6.
Number of earthquakes is 5972.

Figure 2.7 shows a map and relative site amplification factors for a surface station of
TKCHOI1 (KiK-net Rikubetsu) and HKDO088 (K-NET Rikubetsu), 5.3 km away. The site
amplification characteristics calculated by spectral ratios show a peak (or trough) around 0.6
Hz in the horizontal component and around 1 Hz in the vertical component that has been
replicated by the site-correct filters. (Fig. 2.7b).

Figure 2.8 shows the distribution of residuals (observed minus predicted value) and his-
tograms of residuals of the seismic intensity predicted by both methods for each earthquake
recorded by surface sensor of station TKCHO1 and HKDO088. The mean of residuals by scalar
correction equals to zero, because we have used the same waveform data set in both calculating
average seismic intensity differences and predicting seismic intensity with scalar correction.
The histograms of residuals and root mean square (RMS) of residuals (right panels of Fig. 2.8)
clearly show that the frequency-dependent correction prediction resulted in smaller residuals
than the scalar correction prediction for this station pair. As an interesting feature, azimuthal
dependency of prediction residuals has been found in both prediction methods. Here we only
point out two possibilities for this feature, and we do not discuss the causes in detail: one is the
azimuthal dependency of site amplification and the other is the differences in source character-
istics. Azimuthal dependency of site amplification would affect both methods, while source
characteristics would affect scalar correction method. Future work is required to investigate
the azimuthal dependency of prediction residuals in both methods.

When we compare histograms of RMS of residuals for all 2417 station pairs separated by
less than 10 km (Fig. 2.9), the mean RMS from the frequency-dependent correction method
is about 27 % smaller than that from the scalar correction method. Figure 2.10, showing

the RMS histograms in three dimensions, indicates that the frequency-dependent correction
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Figure 2.6 (a) Epicenters and (b) magnitude-frequency relation (open circle for number
and black for cumulative number) of earthquakes used for seismic intensity prediction
experiment.

(b) Site amplification characteristics
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Figure 2.7 (a) Map of stations TKCHO1 (KiK-net Rikubetsu) and HKDO088 (K-NET

Rikubetsu). Contour interval of topography is 200 m. (b) Relative site amplification
factors between surface sensor of TKCHO1 and HKDOS8S calculated by spectral ratio (red)
and site-correct filters (black).

sometimes resulted in larger residuals than the scalar correction. Nevertheless, prediction

using frequency-dependent correction has improved the RMS of prediction residuals in many

cases.

22



(a) Frequency correction prediction from TKCHO1[A ] to HKDOSS/M]

Residual distribution Residual histogram
ON=o7 mean 0.052 54 0 216 RMS 0 222
dist=5.30km
35
30
25
20
15
10
c 77
J
——— i 0 A I ‘H ‘
145° -2 -1 0 1 2
S o Obs. intensity — Pred. intensity
|

-1 0 1
Obs. intensity — Pred. intensity

(b) Scalar correction prediction from TKCHO1[A ] to HKDOSS/M]

Residual distribution Residual histogram

40 N=91 mean 0.000 sd 0300 RMS 0300

dist=5.30km

35

30

25

20

15 -

10

5 |

. i 0 | I |_| —’—‘_1 il T
-2 -1 0 1 2
S o Obs. intensity — Pred. intensity
|

-1 0 1
Obs. intensity — Pred. intensity

Figure 2.8 Predicted intensity residuals of earthquakes (left panel) and histograms of
residuals (right panel) for station pair TKCHO1 (surface) and HKDOS8S after (a) frequency-
dependent correction and (b) scalar correction prediction.
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Figure 2.9 Histograms of RMS of residuals for all station pairs separated by less than 10
km after (a) frequency-dependent correction and (b) scalar correction prediction.

2.8 Discussion

We have shown that the frequency-dependent site amplification correction leads to the accurate
seismic intensity prediction in our prediction experiment. 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 distance. At interstation distances larger than the value of 10 km
we have used, the source and path terms would surely have a greater influence on intensity
predictions. We therefore evaluate 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. 2.11.
The mean RMS of residuals of both prediction methods becomes large as the interstation
distance increases, representing that the differences between seismic intensity of the two
stations cannot be explained by the difference in site amplification term only, i.e., the effects

of path and source term differences between two stations increase as the interstation distance
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Figure 2.10 Three-dimensional histogram of RMS residuals for all station pairs by less
than 10 km after frequency-dependent and scalar correction prediction. The number of
station pairs was counted in bins with sides measuring 0.02.

increases. This fact suggests that the effects of path and source terms are important for
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 frequency-dependent site amplification may be masked by the effects of path and source

terms.

Hoshiba & Aoki (2015) have proposed the Numerical Shake Prediction scheme for EEW

system. In their procedure, first current wavefield is estimated using data assimilation and
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then ground motion is predicted by solving a wave equation in real time with the current
wavefield as the initial condition. Same as our prediction concept, Hoshiba & Aoki (2015)
aims to predict ground motion without any hypocentral parameters. Our prediction method
assumes that the difference between seismic intensity of two stations is mainly caused by the
difference in site amplification; however, the Numerical Shake Prediction scheme is based
on the physics of wave propagation, so that effects of path term are included in the method.
In addition, because the effect of seismic source should affect the amplitude distribution of
current wavefield so that estimation of current wavefield incorporates the effect of source term.
As a result, with the Numerical Shake Prediction scheme, the accuracy of seismic intensity
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 the Numerical Shake Prediction, as shown by Hoshiba & Aoki (2015).

The improvement offered by frequency-dependent correction has not been found in all
cases (see Fig. 2.10). An example is the case of the station pair YMTHO6 (surface sensor
of KiK-net Takahata, target station) and YMTO15 (K-NET Yonezawa, observation station),
in which the site-correct filters closely approximate the observed spectral ratios (Fig. 2.12).
However, although the frequency-dependent correction has yielded a lower standard deviation
of residuals than the scalar correction prediction, the mean of the residuals have deviated from
zero, leading to a large RMS value (Fig. 2.13). 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. 2.13a) have large residuals, causing the large RMS value. Figure
2.14 shows the observed spectral ratios of each earthquake between YMTO15 and YMTHO06
drawn in different colors corresponding to the backazimuth. Site-correct filters (Fig. 2.12b)
allow us to reproduce the general characteristics of spectral ratios well (Fig. 2.14); however,
if we check the observed spectral ratios carefully, there may be a weak azimuthal dependency

around 1 Hz in horizontal component in observed spectral ratios. We have not taken azimuthal
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dependency of site amplification factor into consideration in designing site-correct filters in
this study. If we design multiple site-correct filters regarding the azimuthal dependency of
site amplification, we would be able to predict seismic intensity more precisely. Other reason
is the influence of smoothing the site amplification. Although observed spectral ratios of
each earthquake have many peaks and troughs, site-corrected filters do not represent such
features (Fig. 2.14). The JMA seismic intensity is calculated from the peak value of the
observed waveform envelope (Japan Meteorological Agency, 1996; Hoshiba & Ozaki, 2014).
Site amplification correction with smoothed frequency characteristics (Figs. 2.12b and 2.14)
might not reproduce the peak value of the envelope in the target station. More work in the
future will be needed to reveal the relationship between the peak value of seismic waveforms
and the frequency characteristics of both amplitudes and phases.

We have shown the importance of frequency-dependent site amplification term for ground
motion (seismic intensity in this study) prediction. Because of dense seismic networks and
highly active seismicity in and around Japan, we have been 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 possible to estimate reliable site amplification
factor if we adopt other noble method (e.g., coda normalization method: Phillips & Aki, 1986
and Takemoto et al., 2012 or generalized spectrum inversion: Kawase & Matsuo, 2004 and

Nakano et al., 2015b) and careful treatment of source term.

2.9 Conclusion

We have 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 equation system to acquire site amplification
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Figure 2.11 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-dependent correction and right side
for scalar correction prediction, respectively.

factors relative to a reference station. We then designed site-correct digital filters that ap-
proximate these site amplification characteristics of each station. Also, we calculated average
differences between seismic intensity of two stations for scalar correction. In all but a few
cases, seismic intensity prediction with frequency-dependent correction using site-correct

filters resulted in smaller residuals than prediction with scalar correction, showing the impor-
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(b) Site amplification characteristics
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Figure 2.12 (a) Map of stations YMTO15 (K-NET Yonezawa) and YMTHO06 (KiK-net
Takahata). Counter interval of topography is 200 m. (b) Relative site amplification factors
between YMTO15 and surface sensor of YMTHO6 calculated by spectral ratio (red) and

site-corrected filters (black).

tance of considering the frequency characteristics of site amplification in seismic intensity
predictions. As interstation distance becomes longer, the differences between stations in the

path and source terms increase until the site amplification correction offers only a marginal

advantage for seismic intensity prediction.
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(a) Frequency correction prediction from YMTO15[A ] to YMTHO6M ]

R‘esi(jua[ disjribytiop

0 Residual tgistogramI

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

. _ hrn

-2 -1 0

Y A e Obs. intensity — Pred. intensity
-1 0 1

Obs. intensity — Pred. intensity
(b) Scalar correction prediction from YMTO15[A ] to YMTHO6M ]

Resigiua[ distribytiop Residual rlﬂstogramI

. L l
O 40 N=224 mean —0.000 5d 0.347 RMS 0.347
_ bist=9.87km
35
30
25 —
20 H
15 - H
10
0 |[_1_| T =
-2 -1 0 1 2
Obs. intensity — Pred. intensit
—_l T T TTTT l_ Yy Yy

-1 0 1
Obs. intensity — Pred. intensity

Figure 2.13 Predicted intensity residuals of earthquakes (left panel) and histograms of
residuals (right panel) for station pair YMTOI1S5 and surface sensor of YMTHO6 after (a)
frequency correction and (b) scalar correction prediction.
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Figure 2.14 (a) Horizontal and (b) vertical component of observed spectral ratios of
each earthquake between YMTO15 and surface sensor of YMTHO6. Earthquakes with the
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are in black. Frequency characteristics of site-correct filters are plotted in white broken

lines.
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3 Estimation of heterogeneous attenuation structure

Section 3.2 has been published as a part of following paper:

Ogiso, M., M. Hoshiba, A. Shito, and S. Matsumoto, Numerical Shake Prediction for Earth-
quake Early Warning Incorporating Heterogeneous Attenuation structure: The Case of the
2016 Kumamoto Earthquake, Bulletin of the Seismological Society of America, 108 (6),
3457-3468, 2018, ©Seismological Society of America.

3.1 Introduction

Seismic attenuation is one of the basic seismic parameters of the medium in the Earth, as
with seismic velocities of P- and S-waves. Attenuation parameters characterize the intrinsic
properties of the medium. Recent dense seismic networks have enabled us to estimate detailed
3D attenuation structures in a variety of regions. Discussion about the relationship between
attenuation structure and seismotectonics or volcanic activity is one of the important topics
in seismology at present (e.g., Tomatsu et al., 2001; Nakajima et al., 2013; Komatsu & Oda,
2015; Kitaet al., 2014). Detailed information of the 3D attenuation structure is also important
for ground motion prediction. Nakamura & Uetake (2012) derived a frequency-dependent
3D attenuation structure of and around Japan, showing that the heterogeneous attenuation
structure resulted in a better prediction of peak ground velocities in various frequency bands
than a homogeneous structure.

The influence of the seismic scattering during seismic wave propagation depends on the
wavenumber of seismic waves, characteristic scale length of the heterogeneity in the medium,
and propagation distance (e.g., Fig. 13.11 of Aki & Richards, 1980). When the propagation
distance is the order of 10° to 102 km, not only intrinsic attenuation but also seismic scattering
plays an important role to alter the seismic amplitude at any stations in the high frequency

range (roughly > 1Hz). Intrinsic attenuation, that is, energy absorption in the medium,
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always reduces the amplitude of seismic waves while seismic scattering works on not only
the decrease of amplitude but also the elongation of the duration of ground motion. Hence,
the separate estimation of intrinsic absorption and seismic scattering should be important for
precise ground motion prediction including both the maximum amplitude and the duration of
ground shaking as well as understanding the structure of the Earth.

Recent developments of modeling seismogram envelopes, as summarized in Sato et al.
(2012), have enabled us to estimate intrinsic and scattering attenuation parameters simulta-
neously from the observed seismogram envelopes. For example, Wu & Aki (1988) estimated
intrinsic and scattering attenuations at the Hindu Kush region, based on the radiative transfer
theory with the isotropic scattering model (Wu, 1985). They compared the travel distance
dependency of seismic energy integrals between data and model predictions, using only one
finite time window for each energy integration. Later, Fehler et al. (1992) proposed the multi-
ple time window analysis (hereafter MLTWA) where they extended the approach of Wu & Aki
(1988) to use three time windows in investigating the distance dependency of energy integrals.
The numerical basis of Fehler et al. (1992) was provided by Hoshiba et al. (1991). Instead of
using multiple stations in Fehler et al. (1992), Hoshiba (1993) used a single station to analyze
distance dependency of energy integrals. Since Fehler et al. (1992) and Hoshiba (1993), the
MLTWA has been widely used for a separate estimation of intrinsic and scattering attenuation
parameters around the world, summarized in the Fig. 8.13 of Sato et al. (2012). Carcolé & Sato
(2010) estimated intrinsic and scattering parameters for a given Hi-net stations (Okada et al.,
2004) using the MLTWA, and then interpolated these parameters between stations to derive a
detailed 2D distribution of intrinsic and scattering attenuation parameters in Japan. Eulenfeld
& Wegler (2016) developed the Qopen package in which they estimated source amplitude,
site amplification factors, intrinsic attenuation, and scattering coeflicient simultaneously by
the envelope fitting. Eulenfeld & Wegler (2017) applied Qopen to USArray network data

to derive a 2D distribution of intrinsic attenuation and scattering coefficients in the United
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States. Prudencio et al. (2013) and Del Pezzo et al. (2016) proposed a different approach
with a space-weighting function to estimate a 2D distribution of attenuation parameters. The
above previous studies attempted to estimate intrinsic and scattering attenuation parameters
simultaneously in 2D space.

Nishigami (1991) formulated an inversion scheme of 3D distribution of relative scattering
coeflicients under the assumption of the single scattering. The scheme of Nishigami (1991) has
been applied to 3D heterogeneities of scattering coefficients at San Andreas fault (Nishigami,
2000), Campi Flegrei caldera (Tramelli et al., 2006), and Mt. St. Helens (De Siena et al.,
2014). Asano & Hasegawa (2004) improved the scheme of Nishigami (1991) to estimate 3D
distribution of absolute scattering coefficients. Taira & Yomogida (2007) proposed a method
to detect localized strong scattering regions in 3D space using seismic array observations,
and Taira et al. (2007) applied the method to reveal the frequency-dependent 3D scattering
structure around the Nagamachi-Rifu fault, near Sendai, Japan. These previous studies aimed
at estimating 3D distribution of scattering coefficients were based on the single scattering
model and intrinsic attenuation parameter was assumed.

Takahashi et al. (2009) estimated a 3D distribution of random velocity fluctuations in
northeastern Japan from the analysis of peak delay times of seismogram envelopes. They
used the Markov approximation (e.g., chapter 9 of Sato et al., 2012) to model seismogram
envelopes, that is, a multiple scattering model was adopted. Takahashi (2012) estimated
a 3D heterogeneous distribution of intrinsic attenuations with the correction of scattering
attenuations. These pioneering studies of Takahashi and his colleagues focused on the
seismogram envelopes of the direct S-wave and did not utilize scattered waves following
the direct S-waves.

In this chapter, we estimate heterogeneous distributions of intrinsic and scattering attenua-
tion parameters in southwestern Japan by two methods. First, we estimate 2D distribution of

intrinsic attenuation and scattering coefficients by the MLTWA. Second, we propose the new
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method of estimating 3D distribution of the intrinsic attenuation and the strength of random
velocity fluctuation simultaneously from the whole of seismogram envelopes, then apply the
proposed method to southwestern Japan. Finally, we discuss the features of the estimated

heterogeneous attenuation structures.

3.2 2D heterogeneous attenuation structure of southwestern
Japan estimated by the Multiple Lapse Time Window
Analysis

Seismic scattering distorts the waveform shape of direct waves and excites wave trains follow-
ing the direct waves (e.g., Aki, 1969). The wave trains excited by the seismic scattering have
been widely called seismic coda. The MLTWA utilizes the difference between the contribu-
tion to the temporal decay character of seismic energy of intrinsic and scattering attenuations
(Hoshiba et al., 1991). The coda energy immediately after the direct waves (in most cases,
direct S-waves) depends on the total attenuation defined by the sum of intrinsic and scattering
attenuations. The contribution of seismic scattering to the coda energy gradually increases as
time elapses. By investigating the travel distance dependency of the coda energy in multiple
time windows, the separation of intrinsic and scattering attenuation parameters turns to be
possible (Hoshiba et al., 1991).

In this section, we estimate a 2D distribution of intrinsic attenuation and scattering coeffi-
cient of southwestern Japan by the MLTWA under the assumption of the isotropic scattering
model, following the procedure of Carcolé & Sato (2010). We used 293 stations and 3117
earthquakes in this analysis. Figure 3.1 shows the distribution of stations and epicenters
used in the MLTWA. The hypocentral depths of earthquakes are less than 30 km. First,
we collected seismic waveforms of the events at the stations shown in Fig. 3.1 where their
hypocentral distances are less than 50 km for the Kyushu and 100 km for the other regions.

Because we will later use the estimated attenuation structure in this section for the JMA
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seismic intensity prediction in chapter 4, we focus on the heterogeneous attenuation structure
in a frequency range of 1-2 Hz. After applying a 1-2 Hz band-pass filter to each waveform,
we calculated the squared sum of the three-component velocity seismograms to derive a time
series of its energy density in the time window of 45 s starting 1 s before the direct S-wave
arrival. Hence, the estimated intrinsic attenuation and scattering coeflicient were for S waves.
We divided this time window into three sub-windows of 15 s (Fig. 3.2a), then integrated the
energy density in each sub-window. Although we adopted the time window of 15 s for the
energy integration, a shorter time window would be acceptable in the MLTWA (e.g., Hoshiba,
1993; Yoshimoto & Okada, 2009). Geometrical spreading effect can be compensated by mul-
tiplying these integrated energy densities by its hypocentral distance. To eliminate the effects
of the source and site amplification terms, the coda normalization technique was applied to
each time series of energy density. We adopted a window of 15 s starting 57.5 s after the
origin time as the coda normalization window. This time window for the coda normalization
is suitable for observations with hypocentral distance less than 100 km (Hoshiba et al., 1991).
We calculated the integral of energy density in the coda normalization window, and divided
the energy densities of the above three 15 s sub-windows by those of the coda normalization
window. Then, we made a scatter diagram of the coda-normalized energy densities of the
three sub-windows versus hypocentral distances for each station (Fig. 3.2c). The distance
dependency of the coda-normalized energy densities in these three sub-windows can be mod-
eled using an analytical equation derived by Paasschens (1997). The time series of energy

density E (r,t) is represented by:

E (r,t) = Wsexp (— 27Tft) X

0Oi

) . Vt21/8 5 \3/4
exp (=goVor) goVot)a(t z ) + { /oD } exp(—goVot)G(goVot(l - r_) )(9(1——

4nVor? Vo) (4nVor/Bao) ) Vir?
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where E (r,t) is the time trace of energy density at the hypocentral distance r on the time
t measured from its earthquake origin time, f the frequency, W, the magnitude of source
energy, Vp the medium velocity, ® the step function, Q; the intrinsic attenuation factor, go the
scattering coefficient which relates to the probability of scattering. The function G is defined

as

- {F(3/4k +3/2) xk

G(x)=8-3x)? —}, (3.2)
; T (3/4k) k!

in which I' denotes the gamma function. Vj in Eq. (3.1) can be calculated from the hypocentral
distance and the arrival times of direct S-waves. With given values of O I'and go, we calculated
a time series of energy density of a given source-station pair using Eqgs. (3.1) and (3.2) and
energy density distributions in three time windows for comparison with the observed data
(Fig. 3.2b, ¢). We conducted a grid search ranging from 0.001 to 0.1 with an increment
of 0.0001 for both Qi‘l and go to find their optimal values at each station, then derived a
2D distribution by interpolation. The grid interval of this interpolation was 0.02° in both
longitude and latitude.

Figure 3.3 shows the interpolated distribution of Qi‘1 and gy, together with the estimated
values at each station. Both intrinsic and scattering attenuations are strongly heterogeneous in

the central and southern part of Kyushu, yet weakly heterogeneous in Chugoku and Shikoku.
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Figure 3.1 Distribution of stations (black squares) and earthquakes (gray circles) for the
MLTWA. The hypocentral depths are less than 30 km. The Chugoku, Shikoku, and Kyushu
regions are outlined by gray dashed ovals.

3.3 Estimating 3D distribution of intrinsic and scattering attenu-
ations in southwestern Japan

3.3.1 Scattering regime
Here we briefly review the scattering regime for our 3D attenuation structure estimation,
following Sato et al. (2012). If a medium has random velocity fluctuations, the velocity at a

certain location x, V (x), may be represented by

V(x) = Wil +£(X)}, (3.3)

where Vj is the mean velocity of the medium and £(x) represents the random fluctuations
in the velocity at the location x. We assume that (V(x)) = Vj and (£(x)) = 0 where (---)
denotes the ensemble average. Autocorrelation of velocity fluctuations at spatial lagy, R(y, x),
is represented by

R(y,x) = (£ (x) £ (x +Y)). (3.4)
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Figure 3.2 Example of MLTWA at station N.DWAH (location indicated in Fig. 3.3).
(a)Observed envelope for an earthquake on 31 July, 2011, calculated after band-pass
filtering. (b) Calculated energy density envelope using equations of Paasschens (1997).
(c) Comparison of coda-normalized energy from calculations (curves) and observations
(symbols) for time windows 1 (circles), 2 (squares), and 3 (triangles) plotted against
hypocentral distance. Curves are the calculated energy distribution in each window using
best-fit values of Qj and gg.
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Assuming the velocity fluctuation is isotropic and stationary, R(y,X) does not depend the
location x, therefore it becomes a function only of lag distance r = |y|. The strength of
fractional fluctuations of the velocity is given by mean square of fractional fluctuations &2,
which is defined as

e2=R(0). (3.5)

In an exponential-type random medium, R(r) is represented by

R(r) = 2 exp (—L), (3.6)

ar
and its power spectrum density P(m) is represented by

8nela’

P(m)=——,
" (1 +ar2m2)2

(3.7
where a; is the representative correlation distance and m is the wavenumber.

If the condition s?a?k} < 1 is satisfied for an incident wave with wavenumber ko, the
Born approximation is applicable. In this case, the non-isotropic (Born) scattering coefficient
g (¥; ko) for the scalar waves can be calculated as

k4
g (Wiko) = =P (2ko sin g), (3.8)
b8 2

where ¢ is the direction angle of the scattered wave measured from the direction of incident
wave (called the scattering angle, see Fig. 4.1 of Sato et al., 2012). If g does not depend on
the scattering angle ¢, the scattering is called isotropic. Otherwise, g varies according to the
scattering angle v/, which is called non-isotropic scattering.

Energy propagation of scalar waves in a 3D medium, including scattered waves, can be

described by the radiative transfer theory (Przybilla et al., 2006; Wegler et al., 2006; Sato
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et al., 2012). The radiative transfer equation in this case becomes:

0 0
Ef(x, r,q) + Voq&f(x,t,q) =

%
- {s0tko) + ko7 } VoS (k.1 @) + 1 95 dQy 8 (koq — koq) f(x.1:q").  (3.9)

where f(x,?;q) is the energy at time ¢ on location x with propagation direction q, go(ko) is
the total scattering coefficient, Qi_1 is the inverse of intrinsic attenuation factor, g(koq — koq")
means the scattering coefficient for changing propagation direction from q’ to q, and 56 dQ,
is the integral over solid angles. The total scattering coefficient, go(ko), is calculated by
taking the average of g over solid angles, i.e., go(ko) = (1/4n) 55 dQ, g(koq — koq’). Note

that Eq. (3.1) is an approximate solution of Eq. (3.9) for the isotropic scattering case.

3.3.2 Monte Carlo simulation of the radiative transfer theory

The solution of Eq. (3.9) is given by Zeng (1991) for the isotropic scattering case, and by
Sato (1995) for the non-isotropic scattering case. However, it is difficult to treat complex
heterogeneities of the Earth, e.g., depth dependency of velocity, scattering coefficient or
intrinsic attenuation, by any analytical solutions. Monte Carlo simulation is another approach
to derive the solution of Eq. (3.9) (e.g., Gusev & Abubakirov, 1987; Abubakirov & Guseyv,
1990; Hoshiba, 1991; Yoshimoto, 2000; Shearer & Earle, 2004; Sanborn et al., 2017).
Because Monte Carlo simulation can take such a complex heterogeneities of the medium into
consideration, we have adopted Direct Simulation Monte Carlo (DSMC) of Yoshimoto (2000)
to solve Eq. (3.9).

In the DSMC, the energy distribution of wavefield is discretized as many particles, and the
propagation of energy is represented by the movement of the particles. Each particle is emitted
from the source and its movement is independent from each other, or with no interactions.
The heterogeneity of medium velocity, scattering coefficient and intrinsic attenuation (V, g,

and Q') in the Eq. (3.9) are treated as the function of location x of the each particle. Here
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we assume the source radiation to be isotropic. Initial azimuthal angle ¢ and takeoff angle

of each particle are therefore assigned by

@Y = 2nU 1
(3.10)
0= cos_l(l =2U,),
where U; and U, are uniform random numbers between 0 and 1. Each particle is located at

X = (r¢ 6, ¢) where r. is the distance from the center of the Earth, 6 is the azimuth, ¢ is

the colatitude. It moves in each time step, according to the following relationships (Koketsu,

1991):
‘fir; = -V (x)cos?
o = Vrix) sin cos ¢
| Z—f = r:./s(i’;)e sin 1 cos ¢ (3.11)
< (O V) g o (0% s o)
Z—f =L (— Sir% Bgr(f) ~ e a‘ég‘) ) + Vr(f) sin sin ¢ cot §

where 7 is the travel time. In a small time step At¢, each particle moves by the distance
of V(x)Ar. Scattering probability along the path of each particle is represented by 1 —
exp (—go(x)V(x)At) (section 3.1 of Sato et al., 2012). Hence, wave scattering occurs when

the following condition is satisfied:

I —exp (—go(x)V(x)At) > Us, (3.12)

where Us is the uniform random number between 0 and 1. In the case of isotropic scattering,
new azimuthal and takeoff angles are determined by the other two uniform random numbers

and Eq. (3.10) upon the wave because the scattering angle does not depend on the propagation
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direction of the incident waves. In the case of the non-isotropic scattering adopted later in
this chapter, a new scattering angle ¢ measured from the propagation direction of the incident
waves is determined so as to obey the probability density function of Eq. (3.8), then new

azimuthal and takeoff angles are calculated from those of incident waves and .

3.3.3 Step 1: estimating the attenuation parameters of each envelope by the
envelope fitting method

To estimate attenuation structure, we utilize amplitude information from the observed wave-
form. In general, observed seismic amplitude is expressed by the convolution of source,
path, and site amplification terms. Attenuation structure relates to the path term. Other two
terms, source and site amplification terms, also affect the amplitude of observed waveforms.
In this section, we first separate attenuation parameters from other terms in each observed
seismogram envelope by the envelope fitting method.

The observed narrow band-pass-filtered seismogram envelope of the i-th earthquake at

station j located at x; is represented by
Wl.(;.bs(t) = Wl'SjEi(gij;Xj9 l') CXP (_bijt)’ (313)

where Wi‘;.bs(t) is the observed envelope at time ¢, Wl.sj is the constant that includes source
amplitude, site amplification and the effect of radiation pattern, E;(g;;;X;,1) is the Green’s
function of the envelope with the strength of a fractional velocity fluctuation &;;, and b;; is
equivalent to 2z f Q; where Q;il is the inverse of intrinsic attenuation factor and f is the
frequency. The Green’s function of the envelope E;(&;;; X, 1) is the solution of the radiative
transfer equation (Eq. 3.9) with a delta function as an initial condition. In the calculation of
E;(gij;X;,1), exponential-type random media described in section 3.3.1 is assumed and the
correlation distance, a,, in Eq. (3.7) is set to be constant. Although Sawazaki et al. (2011)

have shown that the non-isotropic radiation pattern affects the shape of seismogram envelopes,
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the complex effect of seismic wave scattering makes it difficult to model such an influence of
radiation pattern deterministically in each observed envelopes (e.g., Takemura et al., 2017).
Instead, we assume an isotropic source radiation and introduce the path-dependent constant
term W;,' which depends on both earthquake and station locations for simplified consideration
of non-isotropic radiation pattern.

To estimate optimal values of Wl.sj, g;;j and b;;, we calculate Green’s function E;(g;;;X;,1)
with an assumed value of g;;. Taking a natural logarithm of both sides of Eq. (3.13), we

derive the following linear relation:

log WP (1) — log E;(sij:X;,1) = log Wy — byjt. (3.14)

A linear equation (3.14) can be solved in a least-squares sense for each earthquake—station pair
if there are enough number of observed data Wl.‘;.bs. The optimal g;; for each earthquake—station

pair is estimated by the grid search of g;;.

3.3.4 Step 2: mapping attenuation parameters into 3D space
Waveform inversion is one of the powerful tools to investigate the internal structure of the
Earth. Generally speaking, an initial structure model is assumed in waveform inversion.
Difference between observed and calculated waveforms with the initial structure is used
to update the initial (or assumed) structure. Sensitivity kernels connect the differences in
waveforms with the modification amount of structural parameters (e.g., Yoshizawa, 2005).
In this section, we estimate 3D distributions of two attenuation parameters, the inverse of
intrinsic attenuation Q; I"and the strength of fractional velocity fluctuation &, using sensitivity
kernels.

Takeuchi (2016) has proposed a calculation procedure of 3D sensitivity kernels between

differential envelope and attenuation parameters (Qi‘1 and &) using a Monte Carlo simulation.
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According to Eq. (11) of Takeuchi (2016), a differential envelope AW (¢) is expressed as

AW (1) = f 208 ot + 3 20008k) f ko6Q\dl exp(—ko f Qi‘ldl) Wo, (3.15)
e(Xk) ! !

k

where 6Q‘1 is the perturbation of the inverse of intrinsic attenuation factor, d¢ is that of the
strength of fractional velocity fluctuation, gg the total scattering coeflicient, ko the wavenumber
and W, the energy emitted from the source. fldl denotes the integral along a propagation
path of each particle in the Monte Carlo simulation. Subscription k denotes the k-th scattering
event of each particle at location xg, and }; denotes the summation over all scattering events
of each particle. Equation (3.15) represents the relationship between the differential envelope
in the left-hand side and the perturbation of attenuation parameters, 5Q~! and de, in the
right. Because Takeuchi (2016) has relied on the Monte Carlo simulation, sensitivity kernels
derived from Eq. (3.15) are basically numerical and approximated solutions. However, if we
use many particles in the Monte Carlo simulation, the difference between numerical solution
and analytical one (e.g., Mayor et al., 2014; Margerin et al., 2016 for 2D space) can be
negligible. One advantage of the approach of Takeuchi (2016) is that we can derive sensitivity
kernels in fully 3D space, including realistic velocity structures such as depth dependency in
velocity. Note that Eq. (3.15) does not contain the perturbation of correlation distance a;.
As shown in Fig. 6 of Gaebler et al. (2015), a; and ¢ strongly correlate each other so that
the separate estimation of a, and € from observational data is generally difficult. Same as
the assumption of Takeuchi (2016) and section 3.3.3 in this study, we fix the value of a; in
calculating sensitivity kernels using Eq. (3.15).

Although observed seismogram envelopes are usually used in calculating Eq. (3.15), they
contain several features difficult to model precisely. For example, a site amplification factor
may have azimuthal dependency (e.g., Nakano et al., 2015a). Such an issue makes it difficult
to separate the magnitude of source energy and site amplification from Wl.sj of Eq. (3.14), then

affects Wy in Eq. (3.15). Alternatively, we utilize the envelopes synthesized in section 3.3.3 as
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our observed data. Because the synthesized envelopes should represent the estimated intrinsic
attenuation factor and the strength of random velocity fluctuation, separation of source energy
and site amplification in Wl:} is not necessary for mapping the estimated attenuation parameters

into 3D space. In this way, Eq. (3.15) becomes

1
Wedl(r)
Wl:;.

-1 .
- El (Qini, Sini, Xja t) =

_ [0 20&(xk) O B f »
{ [ E2g0ar+ 3, 222 - [ s dz}exp( ko lQimdz), (3.16)

k

in which Wl%al(t) is the synthesized envelope in the first step and E;(Q;l, &inis X;, 1) is the

Green’s function of envelope between the i-th earthquake and the j-th station with structural

-1
ini

parameters Q- . and &j,i. In Eq. (3.16), we explicitly indicate the initial assumed value of Qi‘l
and & by the subscript "ini".

The integral along araypath fl dlinEq. (3.16) is discretized by the relationship dI = V (x)At
where Atz is a small time step. Since Eq. (3.16) becomes a linear equation with respect to
perturbations 6Q~! and Je, it can be rewritten in a well-known matrix form with many
observed data:

d = Gm, (3.17)

where d is the data vector, m the model parameter vector, and G the matrix composed by
sensitivity kernels for both §Q~! and de.

The matrix G is large and sparse in an application of the waveform inversion, resulted in a
difficulty of solving Eq. (3.17) in a straightforward way in most cases. Bayesian-type algebraic
reconstruction technique (ARTB) of Herman et al. (1979) is one of the effective techniques to
solve large and sparse matrix inversion problems. In seismology, Hirahara (1988) first utilized
ARTB in seismic tomography followed by Kamiya & Kobayashi (2000) and Nakamura et al.
(2006). In this study, we also adopted ARTB to solve Eq. (3.17).
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Let d; is the i-th component of vector d and g; the i-th row vector of n X m matrix G of
Eq. (3.17) where the numbers of components of data vector d and model vector m are n and

m, respectively. The algorithm of ARTB can be summarized as follows (Hirahara, 1988):

Algorithm 1 Algorithm ARTB
Input: d: data vector, G: matrix which consists of sensitivity kernels
Output: m: model vector
Initialization: u'") = 0 (u is the n-th dimensional vector), m‘" = mg
for p = 1 to P (p-th global iteration step) do
for i = 1 to n (i-th data iteration step) do
k=n(p—-1)+i

c (k)
k) = ) I/Udi(di_g:m;k))_ui
1+]g;i |
ukrh = y® 4 Rg,

m&+D = m*+D 4 C(k)g

end for
end for

where g; and E are defined as

_ 1
g = o (m1Gi1, om2Gi2, -+ -, O-mmGim)t, (3.18)
1
and
_ 1 t
= 2 2 2
8= (021Gt 053Gy Ty Gim) - (3.19)
1
(Om1, Om2s -+ * » Omm) are the m-th column components of the model covariance matrix o,

o g; the standard deviation for the i-th data, and 21X the relaxation parameter for the k-th step.
The ratio of oy, and o4; works to stabilize the inversion results. If oy; is large, i.e., the quality
of the data is low, or the diagonal components of matrix o, are small, i.e., the initial model
is expected to be close to the true model, the solution m is strongly constrained to the initial
model value my. The square of off-diagonal components of o, represents the covariance
between each model parameters. In this chapter, we set the off-diagonal components of o,

to be zero, and o; is set to be constant regardless of i. After sufficient global iteration steps,
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m®) converge to the final solution in the least-squares sense denoted by . As shown above,
ARTB does not require the whole components of matrix G so that it can be applied in a large

equation system such as an envelope inversion in this study.

3.3.5 Data and target region
To apply the method proposed in sections 3.3.3 and 3.3.4 to southwestern Japan, we collected
three-component velocity seismograms of 328 earthquakes recorded at 236 stations of Hi-
net (Okada et al., 2004). Station and hypocenter distributions are shown in Fig. 3.4 (a)
and (b), respectively. Magnitude range of earthquakes covered from 3.0 to 4.5 in the JMA
magnitude scale, which was sufficiently small to neglect the influence of source time functions.
Epicentral distance of seismograms was restricted to be less than 100 km, and the depth range
of earthquakes was down to 90 km. Because the DSMC can treat depth-dependent velocity
structure, we adopted the 1D velocity structure shown in Fig. 3.4 (c¢). Our velocity structure
was similar to the S-wave velocity structure of the JIMA2001 model (Ueno et al., 2002). After
applying a 1-2 Hz or 2-4 Hz band-pass filter for each seismic record, we calculated its mean-
square (MS) envelope by taking a vector sum of each three-component seismograms. Then,
each MS envelope was resampled from 100 Hz to 1 Hz after taking a moving average with a
time window of 1.5 s. Irrelevant envelopes such as contaminated by other small earthquakes
or any malfunctions of seismometers were excluded by visual inspection.

We assumed the exponential-type random medium with @, = 1 (km) in calculating
E;(gij;x;, 1) with Eq. (3.9). The above value of the correlation distance a, was selected

following the crustal structure model proposed by Kobayashi et al. (2015).

3.3.6 Result (1): Attenuation parameters for each earthquake-station pair
In application of the method proposed in section 3.3.3 to the actual data described in section
3.3.5, we set the range of our grid search for g;; from 0.016 to 0.136. The Green’s function

of seismogram envelope E;(g;;;X;,t) was calculated using the DSMC with the 1D velocity
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Figure 3.4 (a) Stations, (b) hypocenters and (c) 1D velocity structure used for the analysis

of section 3.3. Gray ovals in (a) represent approximate regions called Kinki, Chugoku,
Shikoku, and Kyushu, respectively.

structure of Fig. 3.4 (c). The time window for envelope fitting (Eq. 3.14) was set to be 60 s
measured from the arrival time of the corresponding direct S-wave. After searching the global
minimum of b;; and &;; for each observed envelope, we calculated a correlation coeflicient
between observed and synthesized envelopes, and excluded them if the correlation coefficient
was less than 0.8. Figure 3.5 shows the scatter diagrams of intrinsic attenuation (Ql._j') and
velocity fluctuation (g;;) together with their histograms in two different frequency ranges.
Both Qi‘j1 and g;; at 2-4 Hz are clearly smaller than those at 1-2 Hz. Positive correlation
between Qi‘j1 and g;; is obvious in both frequency range in Fig. 3.5. Modal values of Qi‘j1 and
g;; are about 0.005 and 0.05 at 1-2 Hz while 0.00275 and 0.036 at 2-4 Hz, respectively. The
estimation error of each Ql.‘j1 at each frequency range was calculated by the Jackknife method

(e.g., chapter 3 of Wolter, 1985).
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Figures 3.6-3.9 show spatial distributions of Qi‘j1 and g;;, scatter diagrams of Qi‘j1 and
g;j, and comparisons of observed and synthesized envelopes for several stations of a common
earthquake in the frequency range of 1-2 Hz. Figure 3.6 is for the earthquake that has occurred
in the crust of the Chugoku region while Fig. 3.7 for the one in the Kyushu region. In both
cases, large Qi‘j1 and g;; values are found in earthquake-station pairs with short hypocentral
distances. These results imply that both Qi‘j1 and g;; in the shallow part of the crust would
be large. In addition, both Ql._j1 and g;; values tend to be larger in the Kyushu region than
in the Chugoku region. The same relationship can be found in the results of other crustal
earthquakes. Hence, both intrinsic attenuation and velocity fluctuation were expected to be
larger in the Kyushu region than the other regions.

Figures 3.8 and 3.9 show the result for the intraplate earthquake that occurred in the
Kinki and Kyushu regions, respectively. In Fig. 3.8, we can see weak hypocentral distance
dependency in both Qi‘j1 and g;;, although the absolute values of Qi‘j] and g;; are smaller, that
is, weak intrinsic attenuation and scattering, than the case of crustal earthquakes (Figs. 3.6
and 3.7). In summary, Figs. 3.6-3.9 suggest the existence of complex 3D heterogeneity in

both Q~! and ¢ in the target region shown in Fig. 3.4(a).

3.3.7 Result (2): 3D heterogeneous structure of intrinsic attenuation and ve-
locity fluctuation

To apply the mapping method described in section 3.3.4 to the result shown in section 3.3.6,
we discretized the subsurface structure of the target region by small blocks. Size of each
block was 0.4° in the latitudinal and longitudinal directions and 20 km in the depth direction,
except for the shallowest layer whose thickness was set to be 10 km. ARTB was applied to the
envelopes synthesized in section 3.3.6, except the envelopes whose g;; lay on the edge values
of the parameter space: 0.016 or 0.136.

ARTB was applied sequentially to each earthquake. First, we applied ARTB with the initial

model of attenuation and the first earthquake to calculate 6 07! and d&. The calculated 5Q~!
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Figure 3.5 Scatter diagram of Qi_jl and g;; for all the earthquake-station pairs using
frequency range of (a) 1-2 Hz and (b) 2-4 Hz. Histograms of Qi_jl and g;; are upper and
right panel of scatter diagram, respectively. The bins of Ql._j1 and &;; are 0.0005 and 0.004,

respectively. Each error bar denotes estimation error of Q;.l inferred from the Jackknife
method.

and d¢ were then used to modify the initial model. The modified model was used in the
sensitivity kernel calculation for the second earthquake, and the first modified model was
modified again by the values of §Q~! and de calculated for the second earthquake. Repeating
the above procedure for all the earthquakes shown in Fig. 3.4(b), we obtained our final 3D
heterogeneous distribution of Q~! and & of the target area. The initial attenuation parameters
were taken from the modal values shown in Fig. 3.5: (Qi_n}, Eini) Was (5.0 x 1073,0.05) at
the frequency range of 1-2 Hz and (2.75 x 1073, 0.036) at 2-4 Hz, respectively. To avoid the
attenuation parameters to be inappropriate, we set the lower limits for 0~! and &; Q! should
be larger than 0.6667 x 10~3 or Q < 1500 in the frequency range of 1-2 Hz and 0.25 x 1073 or
Q <4000 in 2-4 Hz, respectively, and & was assumed to be larger than 0.01 in both frequency
ranges. We set the standard deviation for model parameters (i.e., diagonal elements of o)

to be 1.0 for §Q~!, and 0.1 for §& in each block and adjusted standard deviation for the data

to stabilize the inversion described in section 3.3.4. Because seismic wave scattering is a
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Figure 3.6 Spatial distribution of (a) Qi_jl and (b) &;;, (¢) scatter diagram of Qi_j1 and
€;j, and (d) comparison of observed (gray line for non-resampled and black for resampled)
and synthesized (red) envelopes at stations N.KTWH and N.MYKH for the earthquakes
occurred at 19:15:03 on March 19, 2005. Stars in (a) and (b) represent epicenter and
hypocentral depth is plotted at upper left of each panel. Shades of symbols in (c) denote
hypocentral distance. Red circles in (a) and (b) show locations of stations shown in (d).
Vertical axis of (d) is in linear scale with which maximum value is shown in top right.
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Figure 3.7 Same as Fig. 3.6 but for earthquake occurred at 17:23:51 on April 17, 2014
and stations N.TKKH and N.SNIH.
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Figure 3.8 Same as Fig. 3.6 but for earthquake occurred at 01:31:33 on October 31, 2015
and stations N.OTOH and N.YZEH.
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Figure 3.9 Same as Fig. 3.6 but for earthquake occurred at 20:36:33 on May 28, 2006 and
stations N.IKTH and N.KKEH.
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stochastic process, each observed seismogram envelope is a realization which obeys a certain
probability distribution function. Hence, estimated structural parameters in the step 1 (section
3.3.6) basically had a scatter. In other words, structural parameters might be different from
each other in the two seismogram envelopes even if each raypath is similar to each other.
Thus, we assumed various values in the standard deviation for the data, to find acceptable
inversion result. Appropriate value of standard deviation for the data was determined by
the trade-off curve between data residual and variance of model perturbation. We adopted
8000 for standard deviation for the data (oy;) for all the data at 1-2 Hz and 11000 at 2-4 Hz,
respectively.

To investigate the resolution of the inverted attenuation distribution model, we con-
ducted a checkerboard resolution test, assuming the checkerboard pattern with (Q_l, g) to
be (0.01,0.073) and (0.003,0.031). The velocity structure for the checkerboard resolution
test was the same as that of our inversions (Fig. 3.4c). Seismogram envelopes in the assumed
checkerboard pattern were synthesized using the DSMC. The data set of envelopes was the
same as that in the 1-2 Hz frequency range. Figure 3.10 shows the result of the checkerboard
resolution test. Because we needed a large value for the standard deviation of the data in the
inversion process to obtain the stable results, the amplitudes of the inverted anomalies of both
intrinsic attenuation and velocity fluctuation in the resolution test were smaller than those of
the assumed ones. Nevertheless, assumed checkerboard pattern has been reconstructed well
for the first and second layers (layers 1 and 2). Because of the distribution of earthquakes
used in this study (Fig. 3.4b), assumed pattern has been recovered only in the limited area of
the Kinki, Shikoku, and Kyushu region of the third layer (layer 3). Although we should pay
attention to the amplitude of anomalies in the inverted attenuation structure, we conclud that
the regional and depth dependencies of both attenuation parameters can be discussed.

Figures 3.11 and 3.12 show the estimated 3D distributions of the intrinsic attenuation and

the strength of velocity fluctuation in the frequency ranges of 1-2 Hz and 2-4 Hz, respectively.
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Figure 3.10 Inverted anomalies of (a) intrinsic attenuation and (b) strength of fractional
velocity fluctuation of the checkerboard resolution test. From left to right, the 1st layer
(0 to 10 km depth), 2nd layer (10 to 30 km depth), and 3rd layer (30 to 50 km depth),
respectively.

Interesting features of our estimated attenuation parameters are as follows: (1) larger values
of Qi‘1 and ¢ in the first layer of the Kyushu region than the other regions, (2) their smaller
values in the layer 2 than the layer 1, which is obvious in the Chugoku region, and (3) an area
of small Q7 !in the central Shikoku between the two areas of large O; Uin the layer 3 of eastern
and western Shikoku regions. These features can be seen in the frequency ranges of both 1-2
and 2-4 Hz, although their absolute values of attenuation parameters at 2-4 Hz are smaller

than those at 1-2 Hz. To estimate the error of the inverted attenuation parameters (Figs. 3.11
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and 3.12), we have conducted a Jackknife test for them. In the Jackknife test, we first sorted
the used earthquakes into 10 groups. Each group contained 90% of the total earthquakes,
that is, the removed earthquakes at each group were about 10% of the total earthquakes. The
removed earthquakes were selected using the uniform random variables without duplication.
Then, we conducted the same inversion process described in section 3.3.4 for each group, and
combined the 10 inverted results to calculate the estimation error of Qi‘l and e. Figs. 3.13 and
3.14 show the spatial distributions of estimated errors of Qi_1 and ¢ in the frequency ranges of
1-2 Hz and 2-4 Hz, respectively. The maximum values of the estimation error for Q; ! were
4.46 x 1073 at 1-2 Hz and 2.31 x 1073 at 2-4 Hz while 0.021 and 0.019 for &, The errors in

our inversions do not affect the discussions in the following section.

3.4 Discussion

As aprevious result, the 2D intrinsic and scattering attenuation structure of southwestern Japan
for the frequency range of 1-2 Hz estimated by Carcolé & Sato (2010) have the following
features. First, their intrinsic attenuation in the Kyushu region is stronger than the other
regions. Second, a region of large scattering is found around the volcanic front in the Kyushu
region, and weak in the other regions. Takahashi et al. (2013) have estimated the strong
seismic scattering at a shallow depth beneath active volcanoes in the Kyushu region from the
analysis of peak delay times of the direct S-waves. Both 2D (Fig. 3.3) and 3D (Figs. 3.11 and
3.12) attenuation models in this study have the same features as these previous studies. The
2D structure estimated by the MLTWA in this study (Fig. 3.3) indicates the two regions of
strong intrinsic and scattering attenuation regions: central and southern Kyushu. The strong
attenuation area in southern Kyushu is not clear in Carcolé & Sato (2010), probably due
to the difference between used stations of theirs and ours. We have utilized more stations
in the southern part of Kyushu than Carcolé & Sato (2010) so that its strong attenuation

around the volcanoes has been clearly estimated. Although the horizontal resolution of our
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Figure 3.11 Estimated 3D distribution of (a) intrinsic attenuation and (b) strength of
fractional velocity fluctuation using 1-2 Hz frequency range. From left to right, the 1st
layer (0 to 10 km depth), 2nd layer (10 to 30 km depth), and 3rd layer (30 to 50 km depth),
respectively. Red triangles denote active volcanoes listed in Japan Meteorological Agency
(2013). Area with no perturbed attenuation parameters is shaded by gray.

3D attenuation structure (Figs. 3.11 and 3.12) is still coarse in comparison of the attenuation
structure with volcanoes in detail, the strong intrinsic and scattering attenuation in layer 1 of
the Kyushu region found in our 3D model would relate to the active volcanoes in the region.
Next, we discuss the depth dependency of attenuation parameters found by our 3D anal-
ysis. Comparing the attenuation parameters between layers 1 and 2 (Figs. 3.11 and 3.12),

we can see that both intrinsic and scattering attenuations in layer 2 are weaker than those
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Figure 3.12 Same as Fig. 3.11 but using the frequency range of 2-4 Hz.

in layer 1, particularly in the Chugoku region. By considering the checkerboard resolution
test (Fig. 3.10), this feature can be evaluated to be reliable. Similar depth dependency of
attenuation parameters has been derived in Southern California (Wang & Shearer, 2017).
Wang & Shearer (2017) has estimated the depth-dependent 1D intrinsic and scattering at-
tenuation structures by the forward modeling of the stacked seismogram envelopes in the
frequency range of 2-4 Hz. Takemura & Furumura (2013) analyzed the energy partition of
direct P-waves of crustal earthquakes in Japan and found that the energy partition in the trans-

verse component was increased as the propagation distance increased in high frequency range
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Figure 3.13 Estimated 3D distribution of errors for the (a) inverse of intrinsic attenuation
factor and (b) strength of fractional velocity fluctuation inferred from the Jackknife test
using the frequency range of 1-2 Hz.

(roughly > 8Hz). Takemura & Furumura (2013) has proposed the crustal structure model
whose strength of random velocity fluctuations increases as the depth increases through the
forward modeling of the waveform of initial P-waves by the finite difference calculation.
Meanwhile, they also pointed out that their proposed model could not explain the frequency
dependency in the energy partition of the initial P-waves. Their observed energy partition
in the transverse component in both frequency range of 1-2 and 2-4 Hz seemed independent

of the propagation distance (Figs. 6 and 7 of Takemura & Furumura, 2013), implying that
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Figure 3.14 Same as Fig. 3.13 but using the frequency range of 2-4 Hz.

their crustal structure model may be inconsistent with the observations in the low frequency
range. Since the same two frequency ranges (1-2 and 2-4 Hz) have been used in this section,
the derived scattering attenuation parameters in this section may be consistent with the above
discussion of Takemura & Furumura (2013). Note that Takahashi et al. (2013) have proposed
the structure model where the power spectrum density of the random media decreased at
depth, seems to be inconsistent with the above mentioned model of Takemura & Furumura
(2013). To reveal the attenuation characteristics of the medium in a wide frequency range, it

is important to compare the estimated structure models by the various analysis techniques in
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a wide frequency range in the future. Our proposed structure estimation method relies on the
Born approximation so that it is difficult to apply it directly to the seismogram envelopes at
a higher frequency range than this study (i.e., > 4 Hz), and further theoretical developments
are required for modeling high-frequency seismogram envelopes.

Now, let us discuss the intrinsic attenuation properties in the Shikoku region. The area of
low intrinsic attenuation can be found at the depth of 10-50 km in the central Shikoku region,
surrounded by high intrinsic attenuation areas in west and east, as shown in Figs. 3.11 and
3.12. One interesting feature is that the strength of random velocity fluctuation in the Shikoku
region is weak and almost homogeneous at the above depth while its intrinsic attenuation
parameter shows obvious regional dependency. Kita & Matsubara (2016) have estimated a
3D heterogeneous total attenuation structure, i.e., sum of intrinsic and scattering attenuations,
in and around the Shikoku region and found an area of low attenuation at the depth of 10-20
km at its certain region. Considering the separate estimation by our 3D analysis, the low
attenuation area of Kita & Matsubara (2016) can be attributed to not scattering but intrinsic
attenuation. The central and western Shikoku regions are known as a focal area of long-term
slow slip events, and the activity of the long-term slow slip events shows spatiotemporally
heterogeneous (Kobayashi, 2014). Because the spatial resolution of our 3D structure is lower
than that of Kita & Matsubara (2016), our discussions may not go into detailed relationship
between the attenuation structure and the focal areas of long-term slow slip events, as Kita &
Matsubara (2016) have done. Here, we only point out the possibility that the spatiotemporal
heterogeneities of the slow slip events (Kobayashi, 2014) may have some interactions with
the heterogeneous intrinsic attenuation in the Shikoku region.

Finally, we compare the ranges of intrinsic and scattering attenuation parameters in this
study with those in several previous studies that have discussed frequency-dependent attenua-
tion parameters. Sawazaki et al. (2011) estimated intrinsic attenuation and strength of random

velocity fluctuation in the Chugoku and Shikoku regions by modeling the envelope broaden-
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ing effect of direct S-waves in several frequency ranges of 2-16 Hz. Takahashi et al. (2013)
estimated a 3D distribution of power spectral densities of random media from the analysis
of peak delay times of the direct S-waves at 4-32 Hz. In addition, Takahashi et al. (2014)
estimated 3D distribution of intrinsic attenuation from the maximum amplitude of direct S-
waves. On the other hand, Takemura et al. (2017) focused on the distortion of the radiation
pattern in direct P- and S-waves at 0.5-4 Hz and estimated intrinsic attenuation and strength
of random velocity fluctuation in the Chugoku region by the forward modeling of waveforms
with the finite difference method. Each of these previous studies have proposed a model to
characterize frequency dependency of intrinsic attenuation or power spectrum density of the
random media. Figure 3.15 compares the intrinsic attenuations and power spectrum densities
estimated in this study with the models proposed by the previous studies mentioned above.
There are two models from Takahashi et al. (2013) and Takahashi et al. (2014) because they
have modeled each parameter for two regions (weak and strong) separately. Although analysis
methods and frequency ranges are different, the ranges of our estimated attenuation parame-
ters are consistent with the previous studies, implying that the attenuation characteristics of

southwestern Japan can be modeled by these previous and our studies.

3.5 Conclusion

In this chapter, we have estimated the 2D and 3D intrinsic and scattering attenuation structures
of the southwestern Japan. The 2D attenuation structure has been estimated using the MLTWA
under the assumption of isotropic scattering. For estimating the 3D heterogeneous attenuation
structure, we have proposed a new method consisting of two steps. The first step estimates
intrinsic attenuation and strength of random velocity fluctuation for each earthquake—station
pair by the envelope fitting method, and the second maps the above attenuation parameters to
3D space using sensitivity kernels. A depth-dependent velocity structure has been considered

by using the Monte Carlo simulation in modeling the seismogram envelopes at each step. We
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Figure 3.15 Comparison of (a) intrinsic attenuation and (b) power spectral density function
of random media between this study and previous studies. Black solid lines denote the
maximum and minimum values for each layer using the frequency range of 1-2 Hz while
gray solid lines for 2-4 Hz. Numbers on top of the solid lines represent the depth of the
layer: 1, 2, and 3 for 0-10, 10-30, and 30-50 km depth, respectively. Circles and broken
lines show estimated and modeled intrinsic attenuation and power spectral density function
in the previous studies. Note that the intrinsic attenuation of the layer 1 and 3 are plotted
with some shifts from the actual frequency (1.5 or 3.0 Hz) to avoid overlapping with those
of the layer 2.

have applied the proposed method to estimate the attenuation structure in southwestern Japan.
The estimated 3D attenuation structure has been compared with the 2D attenuation structure
derived by the MLTWA. The resulted overall feature is in common, that is, strong intrinsic
and scattering attenuation in the Kyushu region where tectonic activities are higher than
the other regions. In addition, we have found non-negligible depth dependency of intrinsic
attenuation and random velocity fluctuation in our 3D structure. Such depth dependency
of attenuation parameters is particularly noticeable in the Chugoku region. Furthermore,
horizontal variation of intrinsic attenuation has been found at the depth of 10-50 km beneath
the Shikoku region where random velocity fluctuation is relatively weak and uniform. These
features of horizontal and depth dependency of attenuation parameters cannot be retrieved

by any conventional analyses in 2D space. The ranges of values of intrinsic attenuation and
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power spectrum density are consistent with previous studies, indicating that the structural
parameters of the southwestern Japan can be reliably modeled by the previous studies as well

as this study.
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4 Numerical shake prediction with heterogeneous
attenuation structure

Sections 4.2, 4.3 and 4.4.1 has been published as a part of following paper:

Ogiso, M., M. Hoshiba, A. Shito, and S. Matsumoto, Numerical Shake Prediction for Earth-
quake Early Warning Incorporating Heterogeneous Attenuation structure: The Case of the
2016 Kumamoto Earthquake, Bulletin of the Seismological Society of America, 108 (6),
3457-3468, 2018, ©Seismological Society of America.

4.1 Introduction

Ground motion prediction in most of currently operational EEW systems (e.g., E-larmS:
Allen, 2007, PRESTo: Satriano et al., 2011, and the JMA EEW system: Hoshiba & Ozaki,
2014) relies on a ground motion prediction equation (GMPE). In constructing GMPE, a kind
of regression analyses is usually conducted. The influence of a complex attenuation structure
in the observed ground motion is suppressed through such regression analyses, making it
difficult to consider the effect of the heterogeneous attenuation structure in any operational
EEW systems.

Hoshiba & Aoki (2015) have proposed the Numerical Shake Prediction scheme, where a
ground motion is predicted by the wave propagation simulation instead of GMPE. Because the
scheme of Hoshiba & Aoki (2015) adopts the wave propagation simulation for prediction, it is
possible to consider heterogeneous attenuation structure in its prediction stage. In this chapter,
we extend the prediction scheme of Hoshiba & Aoki (2015) to consider the heterogeneous
attenuation structure in the wave simulation propagation, and investigate how effective it is

on the ground motion prediction.
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4.2 Ground motion prediction scheme: Numerical Shake Pre-
diction

The Numerical Shake Prediction scheme (Hoshiba & Aoki, 2015) predicts a ground motion
with wave propagation simulation from a current distribution of ground motions. Because
calculation time is at a premium in EEW, Hoshiba & Aoki (2015) have adopted the radiative
transfer theory in 2D space (e.g., Sato et al., 2012) for their wave propagation simulation,
rather than computationally expensive approaches such as finite-difference and boundary
integral methods. In the radiative transfer theory, wave propagation is approximated by
energy propagation without phase terms. In a 2D medium with a constant velocity Vj, the
space and time evolution of the energy distribution f (X, ?; q) is represented by the following
equation (Sato et al., 2012; Hoshiba & Aoki, 2015):

i) G, Vo ("
5 TVl f(xnq) =~ {g0(ko) +koQ{1}Vof(x,t;q)+—°f d0’g(koq—koq") f(x,1:q")

ot 2r

4.1
where x is the location vector, q and q’ are the direction vectors of energy propagation
(propagation directions are 6 and 6”), and k¢ is the wavenumber. g(koq — koq’) is the
scattering coefficient for changes in propagation direction from q’ to q, and go(ko) is the
total scattering coefficient, that is, go(ko) = (1/2m) f:r g(koq — koq’)dO, where f_7; do is the

integral over all the scattering directions. Q; I is the inverse of intrinsic attenuation factor.
This equation holds for both P- and S-waves; Vj is either Vp or Vs, P- and S-wave velocities,
respectively. Similarly, Qi_1 is either Q;l or le , the inverse of intrinsic attenuation factors for
P- and S-waves. Given the initial distribution of seismic energy fini(X,t; q), we can calculate
future energy distribution with Eq. (4.1). We assume no phase conversions between P and S

waves during each scattering process.

Same as chapter 3, we adopted the Monte Carlo simulation based on the radiative transfer
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theory (e.g., Yoshimoto, 2000) to calculate energy propagation with Eq. (4.1). In the Monte
Carlo simulation, energy distribution is discretized by many particles having a certain energy.
Energy propagation process is approximated by the movement of each particles. For the
prediction variable, we adopt the JMA seismic intensity Iyva (Japan Meteorological Agency,
1996; Hoshiba & Ozaki, 2014) as an index of the strength of ground motion. As shown
in Eq. (2.1), the JMA seismic intensity is related to the logarithm of seismic energy. The
radiative transfer theory describes the energy transport of the wavefield so that our results can
easily be translated into Iya.

The wave propagation starts from the current energy distribution, or initial condition,
fini(X, £; q), which can be estimated from the observations by data assimilation technique.
Because the energy propagation direction 6 is difficult to estimate in practice without special
equipment such as seismic arrays, we instead estimate the energy distribution without the

propagation direction, Fi,;i(X, t), as calculated from fin;(x, ¢; q) by:

Fi(x,1) = fﬂ d fini (X, 1; q). 4.2)

T

Following the technical terms of the numerical weather prediction, fini(X,;q) and Fini(X, )
are also called as an analysis (e.g., Kalnay, 2003).

To reduce our computational cost, we adopt a simple data assimilation technique called
the optimal interpolation (e.g., Kalnay, 2003), to estimate Fii(X,?) in the analysis step. The
analysis can be represented by the combination of the energy distribution predicted at time ¢
from one time step earlier, Fyreq(f — At;X, 1), and the observed energy distribution at time 7,

Fops Xobs, ) as follows:

1
Fini(x,1) = Fpred(t —At;x,1) + BH' (R + HBHT) {Fobs(xobs’ ) — HFpred(t - At;X,t)} >
4.3)

where B is the background error covariance matrix, R the observational error covariance
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matrix, and H the observation matrix that connects the model space x and observation space
Xobs (€.g2., Kalnay, 2003). Here we assume n observation stations, and the model space
x is discretized into m grids. In this study, we define each component of matrix H, h;,

i=12,...,n,¢g=12,...,m)as

2
hig = - exXp —; . (44)

in which r;, is the distance between the i-th station and the g-th grid, a is the correlation

distance, and d; is the normalization coefficient defined as,

m 2
d; = Zexp (—2—;‘7). 4.5)

g=1
The size of H becomes n X m. The observation matrix H works as the projection operator
of the model space x into observational space Xq,s. The m X n matrix BHT denotes the
background error covariance matrix between the g-th grid in the model space x and the i-th
station in the observational space Xqps. The (gi)-th element of BH', bgi, is represented by:

_bkg bkg bkg

bgi - /'lgi Og 0; 7 (46)

where ,uZl;g is the correlation of background error between the g-th grid and the i-th station,
crE,kg and O'?kg are the standard deviation of background error at the g-th grid and the i-th
station, respectively. The n x n matrix HBH' denotes the projection of the model space onto

the observational space. The (ij)-th (i, j = 1,2, ..., n) element of HBH', bg., is represented

by:

bke ; bkg bk 4.7)

H_
bij = wij o0y

Similarly, the observational error covariance matrix R has n X n elements with its (ij)-th
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obs ; .
element Rl.j is represented by:

obs _  obs _obs _obs
R” = oo, (4.8)

obs bs

where 13 is the correlation of the observational error between the i-th and j-th stations, o}

and o';?bs are the standard deviation of observational error at stations i and j, respectively. By

introducing the m x n matrix W defined by W = BH" (R + HBH") !, its (gj)-th element Wgj

satisfies:

N
> e (RS + 1) = by (4.9)
j=1

Substituting Eqgs. (4.6-4.8) to (4.9) and assuming that the standard deviations of both back-

: . . bk bk bk
ground and observational error do not depend on the locations, i.e., o7 & = o & = o £ =

o ¢ and O'?bs = a;?bs = 0°P, the following system of equations for W, are obtained:

C obs () bkg bkg
;ng {,uij (O_bkg) + } = Hg; - (4.10)
u?}.’s, ulsjl.(g, and 0-°% /P%¢ determine the behavior of the optimal interpolation.

In every time step, we calculate the predicted energy distribution at time z, fpreq (1—A#; X, 1; )
and its integration over all the propagation direction Fyreq(f — Af; X, 1), with the Monte Carlo
simulation following Eq. (4.1). Then, we calculate Fiyi(x, 1) from Fyeq(r — Az;X, 1) and
Fobs(Xobs, 1) using Eq. (4.3). If Fipi(x,1) is larger than Fyeq(f — Af;X, 1) at certain grid cell
x, we add new energy there. To do so, we assign more particle to that particular cell and
adjust the energy of each particle such that the sum of the energy in the cell equals Fin;(X, ?).
The propagation direction of each new particle is set to follow the distribution of propagation
directions in the predicted energy distribution fyreq(f — At; X, 1, q). If Fprea(t — At;X, 1) equals
zero, that is, there is no observed seismic waveform at time ¢ — Ar on grid cell x, the

propagation direction of the new particles are assigned based on a uniform random number
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between —m and 7. The wave type (P or S) of each new particle is also set to follow the
energy ratio of P- and S-waves in fyrea(f — Af;X,15q). If Fyeq(r — Az, X, 1) equals zero, the
wave type of the particle is assigned such that S-wave energies are 3/2(Vp/Vs)> times larger
than those of P-waves (Eq. 6.10 of Sato et al., 2012) in the corresponding cell. If Fj,(x, 1)
is smaller than Feq(f — Af;X, 1), the energy at cell x is adjusted to Fjyi(X,7) by randomly
removing particles from the cell. By combining Fj,;(X, ¢) and energy propagation direction of
Sprea(t — At;X, 15 q), we can estimate the initial condition at time 7, or fin;(X,7; q), to calculate
the predicted energy distribution based on Eq. (4.1). Because all the seismic stations are at the
surface (or at very shallow depths compared to the hypocentral depth), the analysis represents
the 2D distribution of ground motions, and we conduct the wave propagation simulation in
2D space. The difference between geometrical spreading of 2D and 3D space may result
in overprediction in our 2D computation. To account for this effect, energy decay for each
particle is set to be proportional to #~1->, where r is the travel distance of each particle from
its origin in the wave propagation simulation. The Numerical Shake Prediction scheme is
schematically shown in Fig. 4.1. Table 4.1 lists the parameters used for the simulation of
ground motion predictions, including those to construct matrices W and H.

The observed waveform retains the complex effects of source and path terms, therefore
the estimated initial condition (Eq. 4.3) also contain their effects: however, adopting a ho-
mogeneous attenuation structure in the Numerical Shake Prediction scheme precludes a full
consideration of the effect of heterogeneous attenuation structures. To consider the het-
erogeneous attenuation structure, the inverse of the intrinsic attenuation Qi_1 and scattering

coefficient g(koq — koq’) in Eq. (4.1) should depend on the location vector x:

o7 — 07 (%),
4.11)
g(koq — koq') — g(koq — koq'; x).

Note that the medium velocity V) also depends on the location, however, we assumed the
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Vo to be constant in this study. Not only intrinsic and scattering attenuation but also the
heterogeneous velocity structure affects the observed amplitude due to the focusing and
defocusing effect. However, we assumed that the velocity was horizontally homogeneous in
estimating the attenuation structure in chapter 3. Hence, estimated heterogeneous attenuation
structure in chapter 3 has already contained the influence of amplitude fluctuation due to the

variation of velocity structure.

4.3 Target earthquake, data and preprocessing for ground mo-
tion prediction experiments

In this study, we employed the mainshock (My, 7.0) of the 2016 Kumamoto earthquake which
began at 01:25:05 on 16 April 2016 (in Japan Standard Time: UTC + 9 hours). This event
triggered a M 5.7 event at 32 s after the origin time (e.g., Miyazawa, 2016; Nakamura &
Aoi, 2017; Suzuki et al., 2017). The Numerical Shake Prediction scheme (Hoshiba & Aoki,
2015; section 4.2) is effective for earthquakes that occurred simultaneously or very close in
time, and the 2016 Kumamoto earthquake sequence is a good example to demonstrate that
capability. Figure 4.2 shows the epicenter and focal mechanism of the target event as well as
the K-NET and KiK-net station distributions (Okada et al., 2004; Aoi et al., 2004) used for the
present Numerical Shake Prediction exercise. The target area of the prediction in this study
includes almost whole southwestern Japan. We applied the site-correct filters (Ogiso et al.,
2016; chapter 2) to the observed accelerograms in a real-time manner to produce waveforms
in which the site amplification term at each station referenced that of an arbitrary reference
station; we selected station IBRO11 (K-NET Tsukuba), about 50 km northeast of Tokyo as
the reference station. Then, we calculated time series of the JMA seismic intensity (Japan
Meteorological Agency, 1996; Hoshiba & Ozaki, 2014) in time domain at each station using
Kunugi et al. (2013)’s technique. We adopted these site-corrected time series of seismic

intensity as the observations in this study.
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Figure4.1 Schematic illustration of the Numerical Shake Prediction scheme. In each time
step, observation and prediction of corresponding time is combined by the data assimilation
to make analysis. The analysis is then used as the initial condition for the wave propagation

simulation to predict future ground motion.
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Table 4.1 Parameters for the Numerical Shake Prediction.

Parameter description Value
Grid interval (longitudinal and latitudinal 0.02°
directions)

Time interval for data assimilation Is
S-wave velocity (Vs) 3.5 km/s
Vp/Vs ratio 1.73
Correlation distance of the background er- 10 km

ror (observation matrix and optimal inter-
polation): a

Correlation type of the background error

exp (—rizj / az)
(optimal interpolation): N?Jl.(g

rij is the distance between the i-th grid (or
station) and the j-th station
0ifi # j, otherwise 1

Correlation of the observational error be-
tween i-th and j-th stations (optimal inter-
polation): ,u;?]t.’S

Ratio of observational and background error 1.0
(optimal interpolation): ¢-°P%/o-Pke

Number of the particles used in the simula-

tion

8,000,000

4.4 Results of the Numerical Shake Prediction with a heteroge-
neous attenuation structure

4.4.1 |Isotropic scattering case: the attenuation structure derived from the

MLTWA
We first show results using the heterogeneous structure estimated in section 3.2 under the
assumption of isotropic scattering. The adopted heterogeneous structure is shown in the right
panels of Fig. 3.3. We compare results with homogeneous structure of Qi‘1 = 0.0047 and
g0 = 0.0067 km™" for S-waves. These values are averaged values over all the stations used in
the MLTWA, and are also used for areas where no stations exist around a particular grid cell
in the case of heterogeneous structure. Qi‘1 for P-waves is set to be a half of that for S-waves,

and go for P-waves the same as that for S-waves.
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Figure 4.2 Map of the ground motion prediction experiments. The largest star is the
epicenter of the largest earthquake (My, 7.0) of the 2016 Kumamoto earthquake sequence
(plotted with the JIMA centroid moment tensor solution); the small star is the epicenter of
the M 5.7 induced earthquake. Inverted triangles mark strong-motion stations (K-NET and
KiK-net) used for the ground motion prediction simulation. The Chugoku, Shikoku, and
Kyushu regions are outlined by gray dashed ovals.

Figure 4.3 shows snapshots of the Numerical Shake Prediction simulation for the homo-
geneous and heterogeneous structures. Because the observational data are common in both
structure cases, the analyses are similar to each other in Fig. 4.3. At a glance, there is no
obvious difference in the distributions of the 10 s prediction and residual in Fig. 4.3. One
reason for this is that the focal area of the target event was in central Kyushu, an area of strong
intrinsic and scattering attenuation. We expect that differences between the two structures
in the predicted wavefield and residual distribution would be obvious in this strongly hetero-

geneous area. However, because central Kyushu is also the focal region of the Kumamoto
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earthquake sequence, differences between the homogeneous and heterogeneous structures are
masked by underprediction due to the small hypocentral distance.

Although the distributions of the residuals are similar for both structure cases, the values
of the residuals (shown by the depth of color in Fig. 4.3), appear to be slightly smaller
in the heterogeneous structure case. Figure 4.4 compares the observed and predicted time
series of seismic intensities using both structure cases. The heterogeneous structure provides a
smaller prediction residuals than the homogeneous structure at stations OITHO7 and MYZH12
(Fig. 4.4b, c). At station YMGHI10 (Fig. 4.4d), discrepancies in the attenuation structure
around the station are small, resulting in almost the same prediction for both structure cases.
Both cases underpredict the maximum intensity at station OITHI1 (Fig. 4.4e), since the
induced earthquake (small star of Fig. 4.4a) produces the maximum intensity there.

Because an important aspect of EEW is the precision of the predicted maximum ground
motion, we also compare the maximum values of the predicted and observed seismic intensi-
ties. Figure 4.5 shows the residuals at each station for predictions 10 s and 20 s ahead, as well
as the RMS values of prediction residuals from a selected set of stations: Figure 4.6 shows
the histograms of the residuals. These residuals are plotted versus hypocentral distance for
the 10 s and 20 s predictions in Figs. 4.7 and 4.8, respectively. When calculating RMS of
residuals, we excluded stations for which intensities were unavoidably underpredicted (i.e., at
short and long hypocentral distances): these stations are shown as small circles of Fig. 4.5
and are shaded in gray in Figs. 4.7 and 4.8. Stations close to the epicenter of the target
earthquake (within 50 km for the 10 s and 70 km for the 20 s prediction) were excluded
because the wavefront of the predicted direct S-wave had already passed by the prediction
time. The predicted seismic intensity at these stations was determined by the coda excited by
the predicted direct S-wave. Because coda wave energy is spatially homogeneous (e.g., Sato
et al., 2012), the predicted intensities at these stations are almost identical, and smaller than

the observed intensities. This also explains the underpredicted maximum intensity at station
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OITHI11 (Fig. 4.4e). OITH11 is about 13 km west of the epicenter of the induced earthquake,
too short an epicentral distance for a 10 s ahead prediction. Stations at hypocentral distances
greater than about 300 km were prone to underpredict because of the effect of Lg waves.
We assumed that the wave packets propagated as body waves, and the estimated attenuation
structure (Fig. 3.3) was also based on body wave propagation. As shown in Furumura &
Kennett (2001), Lg waves are dominated at hypocentral distance greater than about 300 km
in this region. The geometrical spreading factors are different between body and Lg waves,
and both the intrinsic and scattering attenuation structures estimated in this study (Fig. 3.3)
may not be appropriate for Lg waves.

In the 10 s prediction for a homogeneous structure (left panel, Fig. 4.5a), overpredicted
stations (shades of red) are obvious in most of Kyushu. In addition, the residual versus distance
plotin Fig. 4.7b clearly shows that more stations have negative residuals than positive residuals
at distances less than about 150 km. The same is true in the heterogeneous structure case, but
the residuals are close to zero for most stations (right panel, Fig. 4.5b). This improvement in
predicted intensity is especially evident at stations in the area of strong intrinsic and scattering
attenuation south of the epicenter (Fig. 3.3: shown in cyan in Fig. 4.7¢c). Residuals of the
two stations (one was OITH11) located to the northeast of the target earthquake become large
when using the heterogeneous structure (Fig. 4.5a). As shown in Fig. 4.4 (e), the observed
maximum intensity at those stations is caused by the induced earthquake whereas the 10 s
or 20 s prediction was performed solely for the target earthquake. Comparing the observed
intensity from the target earthquake and our predictions, the predictions in both structure
cases are acceptable. By inference from Fig. 3 of Suzuki et al. (2017), the influence of the
induced earthquake on the observed maximum intensity has been expected at only two or
three stations. Hence, we do not consider the influence of the induced earthquake in this RMS
calculation.

The RMS of the 10 s prediction residuals is 0.34 for the homogeneous structure and 0.30
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for the heterogeneous structure, a relative improvement of about 12% although 0.34 is a small
RMS residual with little room for improvement. The standard deviation of prediction residuals
become small when we adopt the heterogeneous structure (Fig. 4.6a). In the 20 s prediction
with the homogeneous structure, stations about 100 km from the hypocenter are obviously
overpredicted (Figs. 4.5b and 4.7b). Residuals at these stations are clearly improved under
the heterogeneous structure (Figs. 4.5b and 4.7¢); the RMS residuals are decreased from 0.45
for the homogeneous structure to 0.38 for the heterogeneous structure. Although the RMS of
residuals is larger for the 20 s prediction than the 10 s prediction, the relative improvement
was about 15%, greater than that for the 10 s prediction case. For 5 s predictions (figures not

presented), the relative improvement is about 7%.
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Figure 4.4 (a) Map of four stations (inverted triangles) and the epicenters of the target
earthquake (large star) and induced earthquake (small star). Plots of the observed time
series of seismic intensity (black lines), and 10 s prediction using homogeneous and
heterogeneous structures (blue and red lines, respectively) for stations (b) OITHO7, (c)
MYZH12, (d) YMGHI10, and (e) OITH11. Note that predicted envelopes are shifted by 10
s to overlap the observed time series.
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Figure 4.5 Distributions of intensity prediction residuals for the (a) 10 s and (b) 20
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4.4.2 Non-isotropic scattering case: the attenuation structure estimated in
this study

Introducing non-isotropic scattering coefficient in Eq. (4.1) enables us to treat non-isotropic
scattering effect in the Numerical Shake Prediction scheme. A non-isotropic scattering
coeflicient can be calculated based on the Born approximation. According to Sato et al.
(2012), the power spectral density of the 2D exponential-type isotropically random media is

given by

2reda?

S T

(4.12)

where m is the wavenumber, ¢ is the RMS of random fluctuation of medium velocity and a; is
the correlation distance of randomness. The wavenumber of incident wave is denoted by ko,
then, similar to the 3D case described in section 3.3.1, the non-isotropic scattering coefficient

g(6; ko) for the scalar wave in 2D media is given by

0
(8 ko) = ki Pap (2k0 sin E)’ (4.13)

where 6 is the scattering angle measured from the direction of incident wave (Wegler et al.,
2006).

We first assumed a homogeneous structure as Ql._1 = 0.005, a; = 1 (km), and € = 0.05,
in the frequency range of 1-2 Hz (Fig. 3.5a), and calculated the non-isotropic scattering
coeflicient (Eq. 4.13) to introduce the non-isotropic scattering effect to our Numerical Shake
Prediction scheme. Other parameters for the scheme were same as listed in Table 4.1.
Figure 4.9 shows the distribution of maximum intensity prediction residuals for 10 s and 20
s predictions using isotropic and non-isotropic scattering models. The attenuation structure
is homogeneous for each scattering model: hence, the isotropic scattering model in Fig. 4.9

is the same as the homogeneous structure case in Fig. 4.5. RMS of maximum intensity
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prediction residuals is almost same or slightly large if the non-isotropic scattering model is
adopted. This result indicates that there would be more appropriate attenuation parameters
for the non-isotropic scattering model. Attenuation parameters of (Qi‘l, g) = (0.005,0.05)
used for the homogeneous structure include the effect of 3D wave propagation, that is, a
depth-dependent velocity structure, so that these values would not be appropriate in the 2D
wave propagation model.

Non-isotropic scattering model based on the scattering coefficient derived by the Born
approximation can model full seismogram envelopes (Przybilla et al., 2006; Wegler et al.,
2006). To confirm such a feature, we compare the observed time series of real time seismic
intensities (i.e., observed seismogram envelopes) with the predicted ones. We calculate
residuals of the predicted envelopes at the time when both observed and predicted seismic
intensities are larger than 0.0, then RMS of them at each station. Hereafter we call this
RMS as the RMS residual of whole envelope. Figure 4.10 shows the distribution of RMS
residuals of whole envelope for 10 s and 20 s predictions. So far as this case, isotropic and
non-isotropic scattering models yield nearly the same predicted envelopes. The correlation
distance a used in the optimal interpolation (Table 4.1) determines how much the optimal
interpolation broadens the wavefront of the direct waves in space. The longer the correlation
distance becomes, the wider the area observation at each station affects around the station.
Hence, the wavefront in our analysis would be strongly broadened in space if a large value of
correlation distances were adopted for the optimal interpolation. This process works as the

equivalent to the envelope broadening in time domain caused by strong forward scattering.

Next, to investigate the heterogeneous attenuation structure in the Numerical Shake Predic-
tion scheme with non-isotropic scattering model, we adopted attenuation parameters of the
layer 2 using the frequency range of 1-2 Hz estimated in section 3.3 (Fig. 3.11). As mentioned
before, the estimated heterogeneous attenuation structure in section 3.3 was in a 3D domain.

To utilize this 3D attenuation structure for present 2D wave propagation calculation, the atten-
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Figure 4.9 Same as Fig. 4.5 but for using isotropic (left) and non-isotropic (right) scattering model.

uation structure should be transformed from 3D to 2D. Making an appropriate transformation
for all the earthquakes would be difficult because the influence of each structural layer to the
observed amplitude of seismogram depends on the wave propagation path, i.e., hypocenter
and station locations. The purpose of this section is to investigate the effect of heterogeneous

attenuation structure in the Numerical Shake Prediction scheme. On the premise that there
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Figure 4.10 Distribution of RMS residuals of whole envelope for (a) 10 s and (b) 20 s
ahead prediction using homogeneous attenuation structure. In (a) and (b), prediction based
on isotropic scattering model was on the left panel while based on non-isotropic scattering
model was on the right panel. The star is the epicenter of the target earthquake. Stations
plotted in small circles were excluded in calculating a mean value of RMS which was
plotted in right lower of the each panel.
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would be more appropriate 2D attenuation structure for non-isotropic scattering model, we
adopted the attenuation structure of layer 2 of Fig. 3.11 as the heterogeneous structure in
this experiment, and compared the predictions of the heterogeneous structure with those of
homogeneous one.

Figures 4.11 and 4.12 show the distributions of prediction residuals for maximum seismic
intensity and RMS residuals of whole envelope, respectively. In the 10 s prediction case,
relative improvement is about 10% for both RMS residuals of maximum intensity prediction
and mean RMS residuals of whole envelope when we use the heterogeneous attenuation
structure (Figs. 4.11a and 4.12a). In the 20 s prediction case, the relative improvement of
RMS is about 9% for maximum intensity prediction and 11% for mean RMS residuals of
whole envelope, respectively (Figs. 4.11b and 4.12b). These results are slightly different
from those based on isotropic scattering model (section 4.4.1), that is, almost the same
relative improvement for both 10 s and 20 s predictions. Nevertheless, prediction residuals
of maximum intensity has been improved when we adopt the heterogeneous attenuation
structure in non-isotropic scattering model. Figures 4.14 and 4.15 show the histograms of
RMS residuals of whole envelope for 10 s and 20 s predictions based on four prediction models.
Comparing the homogeneous and heterogeneous structure cases (a and b of Figs. 4.14 and 4.15
for the isotropic scattering case, or ¢ and d for for non-isotropic scattering case), the frequency
peak of each histogram is slightly shifted to left with the heterogeneous structure. Focusing on
the differences between the isotropic and non-isotropic scattering models with heterogeneous
attenuation structure (b and d of Figs. 4.14 and 4.15), we can see that the number of stations
with RMS values larger than 0.5 has been reduced in case of the non-isotropic scattering
model than the isotropic scattering. Although the heterogeneous attenuation structure with
the isotropic scattering model yields the smallest RMS of residuals for maximum intensity
predictions (Figs. 4.5 and 4.11), the heterogeneous attenuation structure with non-isotropic

scattering model results in the smallest RMS residuals of whole envelope (Figs. 4.10, 4.12
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and 4.13) in both 10 s and 20 s predictions among four prediction models. Figures 4.16 and
4.17 show the plots of the observed versus four predicted envelopes (with the homogeneous
or heterogeneous attenuation structure and the isotropic or non-isotropic scattering model)
of 10 s and 20 s predictions at four stations, respectively. In both 10 s and 20 s predictions,
maximum intensities are almost the same in these four prediction models. Focused on the
coda part, we can see that the predictions based on the non-isotropic scattering model with
heterogeneous attenuation structure yields the closest prediction to the observation among
the four models. We conclude that the non-isotropic scattering model is appropriate in wave
propagation simulations, and that the non-isotropic scattering model has potential to reproduce
the whole seismogram envelope with any appropriate attenuation structure, as already shown

by Przybilla et al. (2006) and Wegler et al. (2006).

4.5 Discussion and conclusion

In this chapter, we first extended the Numerical Shake Prediction scheme to incorporate the
heterogeneous attenuation structures estimated in chapter 3. Next, we conducted ground mo-
tion prediction simulations, using the extended Numerical Shake Prediction scheme for the
largest event of the 2016 Kumamoto earthquake sequence to investigate the effect of a hetero-
geneous attenuation structure to the prediction accuracy of seismic intensity. The simulations
were conducted for four prediction models: homogeneous or heterogeneous attenuation struc-
ture based on either isotropic or non-isotropic scattering model. In the isotropic scattering
model, we adopted the 2D heterogeneous structure retrieved by the MLTWA (section 3.2)
while the layer 2 of the 3D attenuation structure developed in section 3.3 for the non-isotropic
scattering model. With the isotropic scattering model, the heterogeneous attenuation struc-
ture predicted residuals of maximum intensity 12% smaller for the 10 s and 15% smaller for
the 20 s prediction than the homogeneous structure. Relative improvements of residuals in

maximum intensity with heterogeneous attenuation structure with the non-isotropic scattering
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Figure 4.11 Same as Fig. 4.5 but with non-isotropic scattering model.

model was about 10% smaller for both 10 s and 20 s predictions, slightly small compared with
the isotropic scattering model. The non-isotropic scattering model with the heterogeneous at-
tenuation structure predicted whole seismogram envelopes with the smallest residuals among
four prediction models. In summary, heterogeneous attenuation structures have improved

the prediction residuals of the Numerical Shake Prediction scheme with both isotropic and
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Figure 4.12 Distribution of RMS residuals of whole envelope for (a) 10 s and (b) 20 s
ahead prediction using homogeneous (left) and heterogeneous (right) attenuation structures
with non-isotropic scattering model. Mean value of RMSs is shown in the lower right corner
of each panel. The star is the epicenter of the target earthquake. Stations shown as small
circles were excluded from mean value calculation of RMS.
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non-isotropic scattering models.

Let us now discuss some aspects in the present experiments. First, detailed tendency of
prediction improvement is different between isotropic and non-isotropic scattering models.
The effect of heterogeneous attenuation is expected to be large for a long lead time, be-

cause the total attenuation (intrinsic plus scattering attenuation) affects seismic amplitude as
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and (d) heterogeneous structure with non-isotropic scattering model.
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Figure 4.16 (a) Map of four stations (inverted triangles) and the epicenters of the target
earthquake (large star) and induced earthquake (small star). Plots of the observed time series
of seismic intensity (black lines), 10 s prediction using homogeneous and heterogeneous
structure with isotropic scattering model (broken light blue and broken light red lines
respectively), and 10 s prediction using homogeneous and heterogeneous structure with
non-isotropic scattering model (blue and red lines, respectively) for stations (b) OITHO7,
(c) KGS022, (d) FKO003, (e) NGS001. Note that predicted envelopes are shifted by 10 s
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Figure 4.17 Same as Fig. 4.16 but for 20 s prediction.

exp(—n ft/Q) where ¢ is the time, f is the frequency, and Q is the total attenuation. In the
isotropic scattering model, this hypothesis was confirmed, however, not in the non-isotropic
scattering model. This fact would be attributed to how the waves are affected by the hetero-
geneous attenuation structure. In section 3.2, we assumed homogeneous velocity structure
so that the effect of ray bending caused by velocity heterogeneity was not included in the

estimated structure (Fig. 3.3). On the other hand, the attenuation structure shown in Fig. 3.11
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was fully in three dimensional. As mentioned in section 4.4.2, the dimension of the structure
should be reduced from 3D to 2D. The influence of attenuation in each layer to the observed
amplitude in the 3D space varies depending on hypocenter and station locations, meaning a
simple dimension reduction used in this study would not always be appropriate for all the
hypocenter—station pairs.

Second, we point out the importance of frequency dependency of an attenuation structure
for more precise prediction. The frequency characteristics of the band-pass filter used for
the JMA seismic intensity has a peak frequency around 1 Hz (Japan Meteorological Agency,
1996; Hoshiba & Ozaki, 2014), however, the peak frequency of the observed seismogram at a
station is not always around 1 Hz. Hence, the observed seismic intensity at arbitrary stations
is not caused by the seismic wave energy around 1 Hz in every case. Hence, attenuation
structure of the frequency range of 1-2 Hz is not always appropriate for all the earthquakes.
For more appropriate predictions using the Numerical Shake Prediction scheme, frequency
dependency of an attenuation structure should be considered. One solution to realize such
an idea is to run the schemes parallel with various frequency ranges, and a prediction is
conducted by combining the results of all the frequency ranges.

Finally, we mention the computational cost to adopt non-isotropic scattering process in
the Numerical Shake Prediction scheme. In a Monte Carlo simulation, the occurrence of
scattering is judged by a random number. If a scattering occur, a new propagation direction
of a given particle is determined by other random numbers. In the isotropic scattering model,
the new propagation direction can be determined directly from the random numbers (e.g.,
Eq. 3.10 for 3D case). In the non-isotropic scattering process, one additional procedure is
required to determine the new propagation direction, because the new propagation direction
should obey the probability distribution function calculated from the non-isotropic scattering
coeflicient (Eq. 4.13). Pre-computed tables for scattering angles and binary search techniques

(e.g., section 3.4 of Press et al., 1992) would greatly reduce the computational cost (Shearer
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& Earle, 2004). An additional calculation load for the non-isotropic scattering model can be
negligible using such a technique with modern computers. For more sophisticated real time
ground motion predictions, that is, not only the maximum amplitude but also the duration of
ground motions, non-isotropic scattering model should be adopted in the Numerical Shake

Prediction scheme.
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5 Conclusion and future perspectives
5.1 Summary of this study

The Tohoku earthquake and its following aftershock activity have revealed the limitation of
operational EEW systems that are based on early estimation of source parameters. New EEW
(or real-time ground motion prediction) methodologies are required for a robust and precise
ground motion prediction in real time even in such a great earthquake sequence. Wavefield
monitoring approach, where ground motion is predicted directly from observations, has been
proposed to tackle the issues arisen from the Tohoku earthquake. The effort to improve
the prediction precision in the wavefield monitoring approach has been demanded. In this
study, we have focused on the effect of site amplification term and path term, especially
heterogeneous attenuation structure, to investigate how these terms improve the real-time
ground motion prediction based on the wavefield monitoring approach.

In chapter 2, we have estimated frequency-dependent site amplification terms and corre-
sponding minimum-phase time-domain filters which approximate frequency characteristics of
the site amplification at each K-NET and KiK-net strong motion station. The stations whose
site amplification and corresponding time-domain filters estimated successfully in this scheme
distributes almost whole of Japan, except the northern part of Hokkaido, the northwestern
part of Kyushu, and outlying islands. The estimated time-domain filters enabled site amplifi-
cation correction in a real-time manner. We investigated the effects of frequency-dependent
site amplification correction by the seismic intensity prediction experiments where seismic
intensities at a target station was predicted by the real-time site amplification correction of
those at an adjacent station. These experiments were conducted for the station pairs with three
interstation distances, less than 10, 20, and 30 km. In all the cases, the frequency-dependent
site amplification correction by the estimated time-domain filters showed smaller prediction

residuals than the scalar correction using averaged seismic intensity differences. Prediction
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residuals became smaller as an interstation distances decreased. These results imply that the
influence other than a site amplification term becomes large with its interstation distance,
hence the path term should be carefully considered for a prediction with a long interstation
distance, that is, a prediction with a long lead time.

The Numerical Shake Prediction scheme is one of the real-time ground motion prediction
scheme based on a wavefield monitoring approach. This scheme requires the site amplification
correction for estimating the current wavefield from observed ground motions. The time-
domain filters estimated in chapter 2 can be used for this request. Since the ground motion
prediction in the scheme is conducted by the wave propagation simulation, the effect of path
terms is naturally taken into account in the scheme. Hence, the scheme is expected to solve
the issue in the prediction with long lead time shown in chapter 2. Careful treatment of
the detailed heterogeneous attenuation structure in the scheme is expected to improve the
prediction precision. In chapter 3, we have estimated the heterogeneous attenuation structure
of southwestern Japan by two methods. We first have estimated 2D heterogeneous distribution
of intrinsic attenuation and scattering coeflicients in southwestern Japan by the conventional
multiple lapse time window analysis based on the assumption of isotropic scattering. Next,
we have proposed the method to estimate 3D distribution of intrinsic attenuation factors and
the strength of random velocity fluctuations from the seismogram envelopes and then applied
it in southwestern Japan. The method consists of the following two steps. In step 1, we
estimate the above two parameters for each earthquake-station pair by the envelope fitting
method. In step 2, we map all the estimated attenuation parameters in step 1 into a 3D space
using 3D sensitivity kernels of these parameters. The attenuation structures estimated by both
the MLTWA and the new method showed strong intrinsic and scattering attenuation in the
Kyushu region than the other regions such as Kinki, Chugoku and Shikoku, which is consistent
with previous studies. We also found that the intrinsic attenuation factors and the strength of

random velocity fluctuation are smaller in the lower crust than those in the upper crust, and
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strong horizontal variations of intrinsic attenuation factors in the focal area of episodic slow
slips beneath the Shikoku region.

In chapter 4, we have extended the Numerical Shake Prediction scheme to deal with a
heterogeneous attenuation structure in its ground motion prediction stage, and investigated its
effect for prediction precision thorough ground motion prediction simulations for the largest
event of the 2016 Kumamoto earthquake sequence. First, the 2D heterogeneous attenuation
structure derived by the MLTWA was included in the scheme. The relative improvement of
seismic intensity prediction residuals, calculated from the mean RMS of maximum intensity
prediction residuals, became 10% small for the 10 s prediction and 15% small for the 20
s one in the heterogeneous structure. This result indicates that the heterogeneous structure
should be considered for predictions, and its effect becomes large as the lead time increases.
Next, the 2nd layer of the estimated 3D heterogeneous attenuation structure in chapter 3 was
utilized in the scheme with a non-isotropic scattering model. The relative improvements of
maximum intensity prediction was about 10% for both 10 s and 20 s predictions. Although the
heterogeneous attenuation structure with the isotropic scattering model showed the smallest
residuals in the maximum intensity prediction, the heterogeneous attenuation structure with
the non-isotropic scattering model resulted in the smallest RMS residuals of whole envelope.
A non-isotropic scattering model should be adopted for real-time predictions of not only
maximum amplitude but also whole of the ground motion, and the heterogeneous attenuation
structure helps us to improve the prediction precision in the Numerical Shake Prediction

scheme.

5.2 Perspectives for future studies

Here we state some issues for future studies of real-time ground motion prediction schemes
based on a wavefield monitoring approach for nationwide service.

A dense station network with real time data transmission will be demanded. In Japan,
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several dense strong motion station networks have already existed, however, most of the data
acqusition of K-NET stations are not in real time. Dense seismic stations are indispensable
for wavefield monitoring. To conduct ground motion prediction for a certain area from
observations at adjacent stations with frequency-dependent site amplification corrections,
reliable time-domain site-correct filters are required for all the target areas, even if there are
no stations. The estimation procedure of site amplification adopted in chapter 2 depends
on observed waveforms. The site amplification derived from the observed waveform is
expected to be more reliable than that from the other information, e.g., estimated by the
subsurface velocity structure. However, low seismicity will be problematic when one try
to use observed waveforms. Another method to estimate reliable site amplification without
observed waveforms, such as the one based on local subsurface velocity structure, is required
especially for regions with low seismicity as well as with no stations.

Another consideration of the site amplification term is also required in the Numerical Shake
Prediction scheme. In chapter 4, we regarded the time series of seismic intensity with the site
amplification unified to one reference station as the observation. Hence, the site amplification
of predicted ground motion was also unified to the reference station. Convolution of site
amplification is necessary for proper ground motion prediction of an arbitrary area. Time-
domain filters like those estimated in chapter 2 can be applied for seismic waveforms, but not for
seismogram envelopes such as the output of the Numerical Shake Prediction. Establishment
of techniques to convolve the site amplification with seismogram envelopes is required.

Treating the effect of 3D structure is necessary for full consideration of path terms in
the Numerical Shake Prediction scheme. At first, 3D attenuation structure which covers all
the target areas for prediction should be estimated. In this study, we proposed a method to
separate estimation of intrinsic and scattering attenuation structure in 3D space in chapter
3. Seismicity is an important factor for estimating attenuation structures, since weak and

localized seismicity reduces the reliability in the estimation of attenuation structure. We
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utilized seismogram envelopes to estimate intrinsic and scattering attenuations. Not only
intrinsic and scattering attenuation factors but also velocity structure should affect the shape
of seismogram envelopes. The velocity structure adopted in this study may not be suitable for
envelope calculations. Not a traveltime-based but a waveform-based heterogeneous velocity
structure is required for more detailed estimation of intrinsic and scattering attenuations. Next,
to utilize the full information of a 3D heterogeneous attenuation structure in the Numerical
Shake Prediction scheme, wavefield calculations in fully 3D space is necessary. To do so, an
initial ground motion distribution in 3D space will be needed for 3D wavefiled calculations.
However, because almost all seismic stations are located at the surface or very shallow
depth compared with usual hypocentral depths, it is essentially difficult to estimate the 3D
distribution of ground motions by simple techniques such as optimal interpolation. Any
advanced data assimilation technique such as Kalman filter or adjoint method in 4D (3D
space domain plus time domain), may resolve the difficulty in estimating the 3D distribution
of ground motions. In addition, we should incorporate the heterogeneous velocity structure
in the scheme.

Finally, we point out the importance of developing effective operational systems. In general
earthquake information systems, observed waveforms are usually transmitted to the central
servers at first, then analyses are conducted to make information, and finally the public will
receive its information via broadcast, social networking service, etc. For an EEW purpose,
these procedures should be executed as fast as possible, because strong ground motions may hit
less than a few seconds after its origin time in near-source areas. Time delay of data acquisition
and information transfer for the general public should be minimized, and calculation time of
an analysis system should also be small. For minimizing the calculation time of the Numerical
Shake Prediction scheme, parallel computing may be one of the solutions. Parallel computing
is also important for nationwide service of the scheme in Japan. The overall system of EEW

service should run automatically, without any assistance from operators. Hence, fail safe
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design and enhancement of the availability are the other important aspects required in the

EEW systems.
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