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[1] This is the first paper in a two-part series on a newly developed imaging approach for
small-scale heterogeneities (<1 km) in the crust with effects of scattering modes. To obtain
a reliable crustal heterogeneous structure, we follow the six major steps: (1) removing
overall complex propagation effects, including anelastic attenuation, by using a statistical
technique with the use of the Akaike Information Criterion (AIC), (2) obtaining high-
resolution frequency-wave number ( f-k) power spectra and slowness vectors of spectral
peaks in the time-frequency domain, based on a stationary autoregressive model,
(3) estimating polarization vectors of the scattered waves identified in step 2 with a
stationary multivariate autoregressive model, (4) determining scattering modes
(i.e., P or S wave arrival) from the angle between the slowness and polarization vectors
obtained in steps 2 and 3, respectively, (5) correcting effects of seismic-source radiation
and surface geology by a coda-normalization approach, and finally (6) mapping
the f-k power spectra into small blocks in a model space as scattering coefficients, using a
slowness-weighted back-projection. We can incorporate scattering modes as well as
propagation effects such as anelastic attenuation factors in the background medium, with
the AIC based amplitude recovery technique. The resolution in f-k spectrograms and the
accuracy of polarization estimates are significantly improved through the present
approach, so that not only more scattered phases are clearly identified but also their spatial
three-dimensional locations are pinpointed more precisely and stably than previous
approaches in imaging based on scattering theory.
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1. Introduction

[2] The Earth has been found to be heterogeneities in a
broad range of scales [Wu and Aki, 1988; Sato and Fehler,
1998]. Seismic coda waves (hereafter called simply ‘‘coda
waves’’) are considered to be scattered waves due to small-
scale heterogeneities distributed randomly and uniformly
[Aki, 1969; Aki and Chouet, 1975].
[3] Over the past several decades, a considerable number

of studies have been made to develop imaging approaches
for small-scale heterogeneities, using by teleseismic [e.g.,
Gupta et al., 1990; Revenaugh, 1995; Scherbaum et al.,
1997; Bostock et al., 2001], regional [e.g., Nishigami, 1991;
Chávez-Pérez and Louie, 1998; Asano and Hasegawa,
2004; Taira and Yomogida, 2004], and local records [e.g.,
Spudich and Bostwick, 1987; Dodge and Beroza, 1997] for

earthquakes (passive-sources) since the pioneering work of
Aki [1969]. Several novel migration methods have also been
introduced by using active-sources in exploration seismol-
ogy [e.g., Matsumoto et al., 1998; Huang et al., 1999a,
1999b], as summarized by Fehler and Huang [2002] and
Wu [2003].
[4] Several seismic array analyses of coda waves have

recently revealed that P- and S-coda waves contain coherent
scattered waves from specific seismic scatterers distributed
nonuniformly. Wagner [1997] analyzed seismograms for
regional earthquakes recorded by the broadband seismic
array located at the Piñion Flats Observatory, southern
California, in order to reveal the nature of P-, S- and Lg-coda
waves. He concluded that the observed P-, S-, and Lg-coda
waves in the region are mainly composed of coherent forward
scattered waves.
[5] Once we identify coherent arrival phases in coda

waves, a simple linear inversion scheme can be generally
derived between seismic data and strengths as well as
locations of seismic scatterers distributed in a medium,
based on the single isotropic scattering model [Sato,
1977]. These strengths may be called scattering coeffi-
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cients or scattering potentials, depending on assumed
scattering models. Unlike relatively low frequency seismic
waves (<1 Hz) used for now popular seismic travel time
tomographic inversion studies, we must carefully take into
consideration complex behaviors of both effects of seismic-
source radiation (hereafter called ‘‘source effect’’) and sur-
face geology (hereafter called ‘‘station effect’’) on coda
waves for imaging a spatial distribution of seismic scatterers
in the above scheme. To minimize these effects, most of the
previous studies on imaging of small-scale heterogeneities
normalized the amplitudes of the observed coda waves by a
reference amplitude in the very beginning of their analyses.
This ‘‘normalization’’ leads them to obtain the distribution
of scattering coefficients or potentials as not ‘‘absolute’’ but
‘‘relative’’ values.
[6] In this study, we try to map the absolute power

spectrum of each coda wave into a scattering coefficient
after corrections of the source, station, and propagation
(e.g., anelastic attenuation) effects, followed by applications
of a coda-normalization approach and an amplitude recov-
ery with the use of the Akaike Information Criterion (AIC)
based on a stationary autoregressive (AR) model. The idea
of both the AIC and a stationary AR model is also applied to
the array processing of waveform data, so that the spatial
resolution of three-dimensional distribution of scattering
coefficients is much improved, compared with the previous
studies. This idea also enables us to discuss their frequency-
dependent characteristics in a quantitative manner.
[7] In addition to the above corrections, we conduct the

frequency-wave number ( f-k) and polarization analyses with
a stationary AR model of three-component (3-C) seismic
array data sets, in order to determine scattering modes of
scattered phases, based on their slowness and polarization
vectors. We shall particularly emphasize the importance of

such a signal processing because of the enhancement of the
detectability of relatively weak scattered waves. Although
3-C arrays require much more cost in field and a large
amount of data processings, we shall show the importance
of analysis techniques for a 3-C array in the imaging studies
of coda waves.
[8] In the present paper, called Paper I, we shall explain our

new imaging approach for three-dimensional distributions of
scattering coefficients, using high-frequency (>1 Hz) coda
waves. As an example, we shall employ the seismic data sets
from the dense array observations in the Nagamachi-Rifu
fault area, northeastern Japan [e.g., Hasegawa et al., 2001].
The concrete results of these data sets with the approach in
this paper will be given in the other paper, called Paper II
[Taira et al., 2007], including their seismological as well as
tectonic implications.
[9] Let us outline our imaging approach here. Figure 1

shows the flowchart of data processing steps of the present
approach. First, we remove overall propagation effects,
based on amplitude recovery with the AIC. Next, we
determine ray parameters and scattering modes (i.e., P-P
or P-S) of coda waves, using f-k and polarization analyses
with stationary AR and MAR models, respectively.
Thirdly, source and station effects, including frequency
dependency and scattering modes, are corrected on the
basis of a coda-normalization approach. Before estimating
scattering coefficients, we once again conduct the f-k
analysis of coda waves, after the corrections of source,
station, and overall propagation effects, in order to obtain f-k
power spectra related only to scattering coefficients. Finally,
we map these f-k power spectra into scattering coefficients,
and obtain the three-dimensional distribution of scattering
coefficients for each scattering mode at each frequency. As
summarized in Figure 1, the present approach requires five

Figure 1. Flowchart of data processing steps in this study. To correct source and station effects,
including the wave-type (i.e., P or S wave) of each coherent scattered wave in coda waves, we need to
evaluate scattering modes in the previous step. We conduct the f-k analysis twice so that the former in step
2 and latter in step 4 can determine scattering modes and f-k power spectra, respectively.
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