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Short-period ( < 1s) seismograms are strongly affected by small-scale ( < 10km) heterogeneities in the crust. We found that
the latter part of long-period ( > 10s) seismograms are also affected by small-scale heterogeneities. We modeled observed seismic
energy field by the 3-D finite difference simulation of the seismic wave propagation. The observed seismic energy is affected by both
the intrinsic attenuation due to the anelasticity of the medium and the scattering attenuation due to the small-scale heterogeneity.
We focus on the spatial variation of the energy field revealed by the Hi-net and separately estimate the effects of the intrinsic and
scattering attenuations. The best-fit characteristic scale and the RMS fractional fluctuation of the small-scale heterogeneity are 3.2km
and 5%, respectively. This result is consistent with previous studies. Different from previous studies, we estimate parameters of the

small-scale heterogeneity by using seismograms whose wavelengths are comparable to the characteristic scale of the heterogeneity.
Keywords: Numerical modelling, Wave propagation, Wave scattering and diffraction

1. Introduction 2. Data

The structure of the seismic wave velocity in the Earth We analyze three earthquakes whose magnitudes are 4.3,
has been estimated by deterministic methods as typified 4.9 and 5.2, occurred in southwestern Japan. The small-scale
by the seismic wave tomography. Although the resolution heterogeneity in southwestern Japan is relatively uniform
depends on the target scale, the velocity structure in Japan is compared to other regions in Japan (Carcolé & Sato, 2010
estimated at the resolution of 20km (e.g. Matsubara et al., 2017 [5]). We analyze three period ranges: 8-16s, 4-8s and 2-4s.
[1]) corresponding to the station separation of Hi-net (High The energy density is defined as the sum of squared velocity
Sensitivity Seismograph Network Japan) (Okada et al., 2004 seismograms of three components, multiplied by the mass
[2]; Obara et al., 2005 [3]). On the other hand, small-scale density.
heterogeneities smaller than the resolution of the deterministic
method have been statistically modeled (see Sato et al., 2012 3. Estimation of Medium Parameters
[4]). In the statistical method, we consider the random small- 3.1 3-D Simulation of the Seismic Wave Propagation
scale fluctuation and discuss the characteristic scale and the The calculation volume is 1536km in the horizontal
strength of the fluctuation. These parameters characterize the directions and 512km in depth. This volume is large enough to
spectrum of small-scale heterogeneities. We usually analyze model the coda waves without the effect of the boundary. The
short-period ( < 1s) seismograms to estimate the spectrum, grid interval is 1km and the time interval is 0.02s. We conduct
since short-period seismic waves are strongly affected by the 3-D simulation of the elastic wave propagation by using
small-scale heterogeneities. Conversely, we do not take into the staggered-grid finite difference scheme with the accuracy
account small-scale heterogeneities when we analyze long- of fourth order in space and second order in time. We adopt
period (> 2s) seismograms. However, we find that the latter part the MPI parallel computation for efficient calculations (e.g.
(coda) of long-period seismograms are affected by small-scale Furumura & Chen, 2004 [6]). We assume the 1-D background
heterogeneities. In this study, we model this characteristic of  velocity structure (Kubo et al., 2002 [7]) and superimpose the
the energy field of long-period seismic waves by using the 3-D 3-D random fluctuation in the crust.
finite difference simulation of the seismic wave propagation and
estimate the power spectrum of small-scale heterogeneities in

the crust.
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3.2 Estimation of the Small-Scale Heterogeneity

We calculate the spatial integral of the energy density around
the source area (coda) and that over the entire area, separately
and take the ratio of them. By taking the ratio, the effect of
the intrinsic attenuation can be canceled. We estimate the
characteristic scale and the strength of the fluctuation of small-
scale heterogeneity by modeling the energy ratio. We show the
estimated power spectrum in Fig. la. Our result is consistent
with the extrapolated value of previous studies. Our analyzed
wavenumber range covers the corner wavenumber of the power
spectrum. In this frequency range, the seismogram consists
of the body and the surface waves. It is hard to analyze such
complex seismograms by using the theoretical method with
many assumptions. In the finite difference simulation, strong

assumptions are not necessary.

3.3 Estimation of the Intrinsic Attenuation

We estimate the intrinsic attenuation parameter by using the
best-fit scattering parameters estimated in the previous section.
We search the best-fit parameter of the intrinsic attenuation by
modeling the attenuation of the absolute value of the observed
energy. We show the comparison of our estimated intrinsic
attenuation parameter and those of previous studies in Fig. 1b.
Our result is close to the result in the stable upper crust obtained
by the analysis of the Rayleigh wave (Mitchell, 1995 [8]).
Surface waves might be dominant at the period band which we

analyzed.
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3.4 Modeling of the Seismic Wave Energy Field

We show the seismic wave energy field calculated by using
the estimated scattering and intrinsic attenuations at the period
band of 4-8s in Fig. 2. The simulated energy field correctly

models the observed one.

4. Conclusion

We estimate statistical parameters of small-scale
heterogeneities and the intrinsic attenuation in the crust by
modeling the spatiotemporal variation of the seismic wave
energy. We conduct the 3-D finite difference simulations of
the seismic wave propagation to correctly model the complex
energy field. By using the dense seismic network Hi-net, we
analyze the spatial distribution of energy density. We separately
estimate the scattering and the intrinsic effects by using the ratio
of the energy densities of the coda area to that of the entire area.
The best-fit spectrum of small-scale heterogeneities is consistent
with those of previous studies. This study is the first to
estimate the spectrum by using the waves whose wavenumbers

correspond to the characteristic scale of the heterogeneity.
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Fig. 1 Comparison of estimated (a) power spectrum density function and (b) intrinsic attenuation of this study and those of previous studies. Results

of previous studies are compiled by Sato et al. (2012)[4].
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Fig. 2 Comparison of observed (upper) and calculated (lower) energy densities at the period band of 4-8s.
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