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Introduction

1.1 Prologue

In classical seismological observation, the first task was to read P- and S-wave

onsets and maximum amplitudes of earthquake seismograms registered at stations

to determine the earthquake hypocenter and its magnitude. Those measurements are

also useful for the study of the Earth medium structure. In the 1960s, recorded direct

arrival signals were often clipped since the dynamic range of recording systems

was small. A complementary method was proposed to estimate the magnitude of

an earthquake by measuring the duration time from the P-wave onset until the seis-

mogram amplitude falls to the ground noise level (e.g., Solov’ev, 1965; Tsumura,

1967).

In the USA, Aki (1969) proposed to estimate the source spectrum phenomeno-

logically from the spectrum of coda waves following the clipped direct arrival,

where the word “coda” means the tail part of a seismogram. In the ex-Soviet

Union, Rautian and Khalturin analyzed multi-bandpass filtered seismograms of

earthquakes for a wide range of frequencies and lapse times up to more than

thousands of seconds in various regions. They found that coda amplitudes have

a common decay curve at different epicentral distances. They proposed a method

to estimate the source spectrum of an earthquake from the spectrum of coda waves

(e.g., Rautian et al., 1978, 1981). Nikolaev (1975) studied the collapse of a seismic

wavelet with increasing travel distance in relation to the degree of medium het-

erogeneity. In Japan, Tsujiura (1978) reported that bandpass-filtered coda waves

of local earthquakes have a common decay curve independent of earthquake mag-

nitudes and epicentral distances. Their studies have led to the gradual recognition

of the term “coda” in the seismological community. Seismologists often classified

seismogram envelope patterns of small earthquakes in relation to regional differ-

ences of their epicenters (e.g., Research Group for Aftershocks, 1971); however,

the physical mechanisms of complex seismogram envelope formation were not yet

clearly understood in those days.
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2 Introduction

In 1975, Aki and Chouet (1975) proposed a theoretical model to explain the exci-

tation of coda waves quantitatively based on the theory of scalar wave scattering

in random media (Chernov, 1960). Their single back-scattering model predicts that

the power spectrum of coda waves is a convolution of the source power spectrum,

the inverse square of the lapse time as a geometrical factor, and the back-scattering

coefficient. The back-scattering coefficient is related to the power spectral density

function (PSDF) of the random fractional velocity fluctuations. It was the first use

of the radar equation in seismology. They ignored phase information and dealt

with wave energy density, that is, their model is the simplest type of radiative

transfer theory (RTT). Their work was a breakthrough for studying the random

inhomogeneity of the solid Earth medium.

Many moonquake seismograms registered by the Apollo seismic network were

found to be spindle-like (Nakamura, 1977b), which also boosted the study of wave

scattering and the synthesis of seismogram envelopes in highly heterogeneous

media based on the diffusion model (Wesley, 1965).

In the mid-1970s, one of the authors (HS) was involved in seismological obser-

vation at the deep-borehole seismic station IWT of National Research Center for

Disaster Prevention (NRCDP) (currently National Research Institute for Earth Sci-

ence and Disaster Resilience (NIED)) in Japan. He routinely read the P- and S-wave

onsets and the maximum amplitude of each seismogram recorded on a paper chart;

however, many seismograms were clipped because the recording system had a

small dynamic range. He was also asked to read the duration of coda waves tF−P to

estimate the magnitude of the earthquake (see Figure 1.1 (a)). In addition to P and

S arrivals, complex wave trains appear between these direct arrivals and after the S

arrival. Although their phases are complex, the variation of the amplitude envelope

looks smooth and systematic. He also got to know that the acoustic and mass-

density well-logs measured in the borehole exhibit random fluctuations superposed

on the step-like structure (see Figure 1.1 (b)). Inspired by the coda model of Aki

and Chouet (1975), he became interested not only in coda wave excitation but also

in a wide variety of three-component velocity seismogram envelopes in relation to

random heterogeneity.

There were a few number of literature discussing wave scattering in seismo-

logical fields in those days. However, since the 1960s, there have been many

studies based on the RTT in various fields of physics: on the propagation of

light/electromagnetic waves in outer space, in the turbulent atmosphere and clouds,

and the acoustic wave propagation through the turbulent atmosphere and ocean. It

would be interesting for readers to learn those developments from review works

and textbooks (e.g., Foldy, 1945; Chernov, 1960; Furutsu, 1964; Tatarskii, 1971;

Barabanenkov et al., 1971; Flatté et al., 1979; Rytov et al., 1989; Apresyan and

Kravtsov, 1996; Ishimaru, 1997). These studies were gradually introduced in the
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Figure 1.1 (a) Typical velocity seismogram of a small earthquake, where the direct
wavelet is often clipped on a paper chart. (b) Acoustic and mass density well-logs
of the IWT site of NRCDP (Shiomi et al., 1997, Fig. 3).

seismological community. Wu (1985) first proposed the use of the RTT, which can

handle multiple scattering, for the study of coda excitation. Since then, original

developments in the study of seismic wave scattering have been made in relation

to the random heterogeneity of the solid Earth medium in the framework of RTT.

1.2 Recent Seismological Observation of Earthquakes

From the 1970s to the 1980s, seismic observation networks linked by telemetry

were built in earthquake-prone countries around the world. In 1995, the Hyogo-ken

Nanbu (Kobe) earthquake of M 7.3 took place in western Japan. That earthquake

caused a major disaster and numerous deaths. Subsequently, NIED built “Hi-net,” a

nationwide network for real-time monitoring of seismic activity throughout Japan.

The average separation of stations is as short as 20–25 km. Each station has a

three-component velocity seismograph at the bottom of a borehole. The seismo-

graph has a flat response to the ground velocity for frequencies higher than 1Hz.

The digital telemetry system drastically broadened the dynamic range of the whole

seismological observation system.
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4 Introduction

1.2.1 Coda Waves

Time Traces

The Hi-net array allows us to study how high-frequency seismic waves propagate.

Even if it is difficult to analyze the phase information, we can see the spatiotem-

poral change in the mean squared (MS) velocity amplitude, which is proportional

to the seismic energy density. Figure 1.2 (a) shows MS velocity–amplitude time

traces of a local earthquake registered at various epicentral distances. MS velocity–

amplitudes of coda waves decrease according to a common decay curve irrespec-

tive of epicentral distances. Figure 1.2 (b) shows MS velocity–amplitude time

traces of different magnitude earthquakes registered at approximately equal epi-

central distances, where each MS velocity–amplitude time trace is normalized by

that at 100 s in lapse time measured from the origin time. This procedure is known

as the coda normalized method. Coda normalized MS velocity amplitudes decrease

according to a common decay curve irrespective of earthquake magnitudes.

Spatial Distributions

Changing the viewpoint, we show snapshots of the spatial distribution of seismic

energy density in the 8–16Hz band at different lapse times. Figure 1.3 (a) shows

those of a crustal earthquake for a wide range of epicentral distances. The coda

energy density is uniformly distributed inside of the S wavefront at a lapse time of

80 s. Figure 1.3 (b) shows those of an explosive P source in a volcanic field at small

epicentral distances registered by a dense seismic array. Conversion scattering from

P to S waves due to the strong heterogeneity effectively generates S waves, which

concentrate near around the source. The excitation of coda waves strongly depends

on the degree of medium heterogeneity.
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Figure 1.2 (a) Semi-log plot of MS velocity–amplitude time traces of an M 4.7
local earthquake (closed circles in the inset) registered at different stations (closed
boxes). (b) Semi-log plot of coda normalizedMS velocity–amplitude time traces of
different magnitude earthquakes (M 4.0–4.6, closed circles in the inset) registered
at nearly equal epicentral distances (closed box), where Hi-net data of NIED are
used.
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Figure 1.3 Semi-log plot the spatial distribution of seismic energy density at dif-
ferent lapse times measured from the origin time. (a) For a crustal earthquake in
western Japan, where Hi-net data of NIED are used. S-wave radiation is domi-
nant. (b) For a chemical explosion (P source) at Asama volcano, Japan, where
gray curves are best-fit isotropic scattering model solutions (Yamamoto and Sato,
2010, Fig. 4).

1.2.2 Envelope Broadening

Another scattering effect is the envelope broadening of a seismic wavelet. Fig-

ure 1.4 (b) shows the temporal change of the root mean squared (RMS) velocity

seismogram amplitudes at different epicentral distances, where the earthquake epi-

center and stations are shown in Figure 1.4 (a). The apparent duration of the S

wavelet is broadened with increasing epicentral distance.

Figure 1.5 (a) shows a typical velocity seismogram of a small earthquake with its

bandpass-filtered RMS amplitude traces, where tp is the peak delay time from the

S onset. Figure 1.5 (b) plots tp against hypocentral distance for many earthquakes

in the magnitude range from 2.3 to 5.5. Although the scatter is significant, the peak

delay increases with increasing hypocentral distance, as shown by the regression

line (white) in each frequency band.

The envelope broadening with increasing travel distance can be explained by the

accumulation of narrow-angle ray bending around the principal ray direction due to
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Figure 1.4 (a) Hi-net stations of NIED (boxes) and anM 4.7 earthquake in the east-
ern Honshu, Japan. (b) RMS amplitudes of stacked transverse-component velocity
seismograms (2–4Hz band) at different epicentral distances, where each trace is
normalized by the maximum peak value.
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Figure 1.5 (a) Velocity seismogram (NS comp.) and bandpass-filtered RMS
amplitude time traces (horizontal component) of a small earthquake in NE-
Honshu, Japan, where tp is the peak delay from the S onset. (b) Log-log plot of
peak delay time tp versus hypocentral distance r (Takahashi et al., 2007, Figs. 2
and 3).

slowly varying velocity fluctuations (Sato, 1989; Obara and Sato, 1995; Saito et al.,

2002b). Regional studies in the Japan arc revealed that the gradient of peak delay

time against travel distance depends on frequency. When S wavelets propagate
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1.3 Developments in Theory and Observation 7

beneath Quaternary volcanoes, long delays are observed at stations on the back-arc

side (Takahashi et al., 2007).

1.3 Developments in Theory and Observation

Since the late 1970s, significant advances have been made in the study of seismic

wave propagation and scattering in random heterogeneities mainly on the basis of

the RTT. Aki (1982, 1984) reviewed the research status in the early 1980s, and

Aki (1991) and Sato (1991) summarized the discussion held at the 1989 IASPEI

meeting in Istanbul. In the following, we enumerate developments in theory and

observation up to recent years, where detailed explanation of terms related to

scattering will be given in Chapter 2.

• Modeling and analysis of coda waves: Aki and Chouet (1975) proposed the

single back-scattering model for synthesizing the coda-wave envelope following

the S arrival in random media. The single isotropic scattering model was devel-

oped by Kopnichev (1975) and Sato (1977); later the multiple isotropic scattering

model was developed (Zeng et al., 1991; Shang and Gao, 1988; Sato, 1993;

Paasschens, 1997). The isotropic scattering coefficient giso of S waves and coda

attenuation factor Q−1c have been measured from the coda analysis of local earth-

quakes in various regions of the world (e.g., Rautian and Khalturin, 1978; Jin

and Aki, 1988; Matsumoto and Hasegawa, 1989; Cichowicz and Green, 1989;

Nishigami, 2000; Yoshimoto and Jin, 2008; Lee and Sato, 2006; Jin and Aki,

2005; Havskov et al., 2016; Mitra et al., 2022). Measurements of those quan-

tities were also done for moonquakes and Martian events (Gillet et al., 2017;

Menina et al., 2021). S-wave giso values of granite and gabbro rock samples

were measured at an ultrasonic frequency of 1MHz (Sato, 2019a; Zhou et al.,

2021).

Wu and Aki (1988) used the RTT for the measurement of scattering atten-

uation and intrinsic absorption from coda envelope analysis. Hoshiba et al.

(1991) proposed the multiple lapse-time window analysis based on the time-

dependent RTT, which is a powerful tool for the simultaneous measurement of

giso and intrinsic absorption Q−1
I

from the entire S-wave seismogram envelopes

of local earthquakes (e.g., Fehler et al., 1992; Hoshiba, 1993; Mayeda et al.,

1992; Feustel, 1998; Chung et al., 2009; Carcolé and Sato, 2010; Rachman and

Chung, 2016; Eulenfeld andWegler, 2017; Shito et al., 2020; Calvet et al., 2023).

A summary of reported S-wave giso values will be shown in Figure 1.6.

• Coda normalization method: The uniform distribution of coda energy density

at a long lapse time is the observational base for the coda normalization method.

It is a valuable tool for measuring site amplification factor, attenuation factor,
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and source radiation energy (e.g., Rautian and Khalturin, 1978; Tsujiura, 1978;

Aki, 1980a; Phillips and Aki, 1986; Yoshimoto et al., 1993; Kato et al., 1995;

Fehler and Sato, 2003; Takahashi et al., 2005).

• Modelling of Rayleigh-wave coda: The isotropic scattering model was

extended to the propagation of a Rayleigh wavelet around the spherical sur-

face of the solid Earth (Sato and Nohechi, 2001; Maeda et al., 2003). Analyzing

Rayleigh waves, Sato and Nishino (2002) estimated giso ≈ 2 × 10
−6 km−1 for

0.0056–0.0125Hz. Maeda et al. (2006) interpreted that higher-mode Rayleigh

waves are uniformly distributed at a long lapse time due to large velocity disper-

sion and scattering. They dominate over the fundamental mode Rayleigh waves

because of small intrinsic attenuation in the lower mantle. Applying the isotropic

scattering model to Rayleigh coda waves excited by a mars-quake, Onodera et al.

(2023) estimated giso = 3.4 × 10
−4
−5.7 × 10−3 km−1 for 0.05–0.09Hz.

• Scattering attenuation: To compensate for the coda excitation, scattering atten-

uates the direct wave amplitude in randommedia. Since the 1980s, scattering has

come to be recognized as one of the physical mechanisms of attenuation. There

have been various approaches to evaluate scattering attenuation in randommedia

(e.g., Aki, 1980b; Wu, 1982; Sato, 1982a; Dubendorff andMenke, 1986; Shapiro

and Kneib, 1993; Roth and Korn, 1993; Fang and Müller, 1996) and those in

cracked media (Kikuchi, 1981; Yamashita, 1990; Benites et al., 1992; Kawahara

and Yamashita, 1992; Guo et al., 2018; Sato, 2021).

• Finite difference (FD) simulation of waves in random media: FD simula-

tions have been used for the synthesis of coda waves in random media (e.g.,

Frankel and Clayton, 1986; Frankel and Wennerberg, 1987). Furumura and Ken-

nett (2005) synthesized wave propagation through the oceanic slab composed of

a random layer to explain intensity anomalies in northern Japan.

• Envelope broadening with increasing travel distance: The apparent duration

of the S wavelet of a regional earthquake is broadened with increasing travel

distance in slowly varying random velocity fluctuations. Assuming Gaussian-

type random media, Sato (1989) synthesized the envelope broadening by

the Markov approximation theory based on the parabolic approximation. The

Markov approximation was extended to the case of von Kármán-type random

media (Saito et al., 2002b; Takahashi et al., 2007; Saito et al., 2008), and that

for a vector wavelet was also developed (Sato, 2006; Sawazaki et al., 2011). The

synthesized envelopes were compared with FD simulation results (e.g., Fehler

et al., 2000; Saito et al., 2003; Korn and Sato, 2005; Emoto et al., 2010, 2012).

Envelope broadening was measured in various areas in the world (e.g., Tripathi

et al., 2010; Petukhin and Gusev, 2003; Calvet et al., 2013).

• Synthesis of full-seismogram envelope in random media: Even if random

media are statistically homogeneous and isotropic, the Born approximation
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1.3 Developments in Theory and Observation 9

predicts that the scattering pattern of scalar waves is anisotropic depending

on frequency. Monte Carlo (MC) simulations have often been used to solve

the radiative transfer equation (RTE) for a given anisotropic scattering coeffi-

cient (e.g., Gusev and Abubakirov, 1987; Hoshiba, 1991; Hoshiba et al., 1991;

Yoshimoto, 2000).

The development of vector wave scattering in random elastic media was done

by using the Born approximation (Sato, 1984; Wu and Aki, 1985). Sato (1984)

synthesized three-component RMS velocity-seismogram envelopes of a small

earthquake based on the single scattering approximation. Several theoretical

approaches to deriving the RTE have been proposed (e.g., Turner and Weaver,

1994; Ryzhik et al., 1996; Margerin et al., 2000; Margerin, 2005). Przybilla

and Korn (2008) synthesized vector wave envelopes using MC simulations and

then validated the accuracy by comparing with FD simulation results. Takeuchi

(2016) developed the differential MC method that can simultaneously com-

pute synthetic envelopes and their partial derivatives with respect to structural

parameters, which reduces the required CPU time.

• Measurement of the PSDF of random velocity fluctuations: The PSDF of the

random fractional velocity fluctuations was measured from the frequency depen-

dence of the S-wave envelope broadening (e.g., Obara and Sato, 1995; Saito

et al., 2005; Takahashi et al., 2009; Kubanza et al., 2006; Ugalde, 2013). Using

the MC simulation, Sens-Schönfelder et al. (2009) analyzed Lg-wave excitation

and blockage in a laterally inhomogeneous medium. Analyzing S and S-coda

waves registered by ocean bottom seismometers, Takemura et al. (2023) esti-

mated the random structure beneath the ocean. Combining deterministic and

statistical structures, Sanborn et al. (2017) synthesized high-frequency vector

seismograms. There were not only measurements of medium heterogeneity of

the lithosphere but also those of the mantle and the CMB region from tele-

seismic P-wave envelope analysis (e.g., Cormier, 1995; Margerin and Nollet,

2003; Margerin and Nolet, 2003; Poupinet and Kennett, 2004; Shearer and Earle,

2004; Shearer, 2015). From the fluctuation analysis of log-amplitude and travel

time of tele-seismic P waves recorded by the USArray, Cormier et al. (2022)

stochastically inverted for the precise depth variation of the RMS fractional

velocity fluctuation in the mantle. A summary of reported PSDF measurements

will be shown in Figure 1.7.

• Retrieval of Green’s function of the wave equation from coda waves and

microseisms: We can consider that late coda waves of local earthquakes are in

the equipartition state (Weaver, 1982; Hennino et al., 2001). There have been

developments in coda interferometry, which is the retrieval of Green’s function

of the wave equation from the cross-correlation analysis of coda waves or micro-

seisms registered at distant stations (e.g., Campillo and Paul, 2003; Snieder,
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2004; Curtis et al., 2006; Sato, 2009; Wapenaar et al., 2010). The solution of the

RTE is used as the sensitivity kernel for imaging the distribution of scatterers

(Pacheco and Snieder, 2006; Obermann et al., 2013).

• Temporal changes in coda characteristics: The temporal changes in Q−1c and

giso have been reported in association with major earthquake occurrences and

volcanic eruptions (e.g., Fehler et al., 1988; Jin and Aki, 1986, 1989; Gusev and

Lemzikov, 1985; Sato, 1987, 1988b; Hiramatsu et al., 2000; Jin et al., 2004; Aki,

2009).

1.4 Recent Measurements of Random Velocity Inhomogeneities

1.4.1 Isotropic Scattering Coefficient of S waves

In the framework of the RTT, the isotropic scattering model is simple and mathe-

matically tractable, where the isotropic scattering coefficient giso is a quantitative

measure of scattering strength per unit volume (2.3a). It is equal to the reciprocal of

the mean free path as used in the kinetic gas theory. The excitation of coda waves

increases as the giso value increases. Since the late 1970s, the giso value of S waves

has been measured in various areas of the world. The size of the medium sampled

varies widely, from rock samples on the order of millimeters to the crust and mantle

on the order of thousand kilometers.

Figure 1.6 plots the reported giso values of S waves against frequencies from

0.1Hz to 1MHz, where the appropriate intrinsic absorption Q−1
I

value is assumed
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Figure 1.6 Log-log plot of reported isotropic scattering coefficients of S-waves
measured in various regions of the solid Earth over a wide frequency range
(modified from Sato, 2019a, Fig. 4, references therein).
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