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Abstract Locating change regions of seismic velocities and seismic scattering properties associated
with volcanic activities and earthquakes is important for structural monitoring. To increase such
applications, we propose to use sparse modeling to estimate spatial distributions of seismic scattering
property changes. The sparse modeling is an inversion technique that enables us to estimate model
parameters from a small data set with sparsity condition such as #* norm regularization. We apply this
technique to seismic ambient noise cross-correlation functions from 17 Hi-net stations around the
epicenter of the 2008 Iwate-Miyagi Nairiku, Japan, earthquake (Mw = 6.9). We compute waveform
decoherences at the 0.5-1 Hz band and invert the waveform decoherences for the spatial distributions of
seismic scattering property changes. Just after the main shock, the largest change occurred at the south of
the epicenter, and the maximum change of the scattering coefficient in this region is estimated to be

0.032 km™. The result from an ordinary linear least squares inversion with the #* norm regularization is
almost consistent with that from the sparse modeling. Moreover, we confirm the superiority of sparse
modeling in imaging with smaller data sets. Only five seismic stations that are deployed near the epicenter
so as to surround the change regions are necessary to retrieve the result from 17 stations. On the other
hand, in the case of the #> norm regularization, we need at least 15 stations. The sparse modeling will be
helpful to estimate the spatial distribution of seismic scattering property changes from a small data set.

1. Introduction

Seismic interferometry is a technique to estimate changes of seismic velocity and/or seismic scattering prop-
erty using cross-correlation functions (CCFs) of seismic ambient noise (e.g., Curtis et al., 2006; Shapiro,
2004). In recent years, seismic velocity changes associated with volcanic activities and earthquakes have
been estimated by many previous studies, and a dense seismic network enables us to locate change regions
of seismic velocities (e.g., Brenguier et al., 2008, 2014; Nimiya et al., 2017; Wang et al., 2019). As an exam-
ple at a volcano, Brenguier et al. (2008) succeeded in detecting seismic velocity decreases of about 0.1%
preceding eruptions to the east of the crater at Piton de la Fournaise, Reunion Island, and attributed these
changes to dilatation of the edifice due to pressure increases in the magma chamber. As a recent example
at an earthquake source region, Nimiya et al. (2017) estimated spatiotemporal seismic velocity changes dur-
ing the 2016 Mw 7.0 Kumamoto earthquake, Japan, and the regions of large seismic velocity decreases were
located near the rupture faults and Aso volcano. Their interpretation is as follows: The velocity decreases
near the faults (0.3-0.4 %) might have been due to damages in regions shallower than 10 km, a change in
the stress state, and/or an increase in pore pressure. The seismic velocity reduction observed at Aso vol-
cano (0.7-0.8%) was likely caused by pressurized volcanic fluids. Seismic scattering property changes cause
waveform changes of seismic ambient noise CCFs. There are still only a few previous studies based on this
principle. Spatial distributions of seismic scattering property changes associated with volcanic activities and
earthquakes have been estimated by using CCFs and linear least squares inversions using sensitivity ker-
nels (e.g., Hillers et al., 2015; Machacca-Puma et al., 2019; Obermann et al., 2014, 2013). Obermann et al.
(2013) succeeded in detecting changes in seismic scattering property around the crater of the October 2010
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eruption at Piton de la Fournaise, Reunion Island. Obermann et al. (2014) found changes of seismic
scattering property associated with the 2008 Wenchuan, China, earthquake. They succeeded in locating
decoherence, a measure of dissimilarity between two waveforms and is defined as 1-(coherence), around
the earthquake epicenter using seismic ambient noise CCFs in the 1-3 s period band. They interpreted that
the coseismic changes can be directly related to severe damages at shallow depths caused by the main shock
and many aftershocks. Obermann et al. (2014) is the only previous study that estimated spatial distributions
of seismic scattering property changes associated with a large earthquake by applying seismic interferom-
etry analysis. To understand seismic scattering property changes, it is necessary to increase the number of
applications.

Although locating change regions of seismic velocities and seismic scattering properties is important for
structural monitoring, one limiting factor is the number of seismic stations. Machacca-Puma et al. (2019)
estimated spatial distributions of seismic velocity and seismic scattering property changes at Ubinas volcano,
Peru, only from six seismic stations. However, a large number of seismic stations are thought to be necessary
to conduct imagings in general. For example, Obermann et al. (2013) used 19 broadband seismic stations
that are deployed in the area with about 15 km of the east-west and 10 km in the north-south. Obermann
etal. (2014) used 114 seismic stations in the target area (29°N to 32°N and 100°E to 105°E). Conducting such
estimations is not easy in regions where only a small number of stations are set up.

The #' norm regularization approaches have been applied in reflection seismology problems for denoising
in the last four decades (e.g., Claerbout & Muir, 1973; Santosa & Symes, 1986). Sparse modeling is a tech-
nique to estimate model parameters from a small data set with sparsity constraints. #' norm regularization
is one of the approaches in the sparse modeling, and Tibshirani (1996) proposed a “least absolute shrink-
age and selection operator (LASSO)” that is a representative method to solve a linear regression problem by
using #* norm regularization. LASSO has been widely used in sparse modeling. In recent years, this tech-
nique has been used for earthquake source inversions or geodetic inversions (e.g., Evans & Meade, 2012;
Nakata et al., 2016; Yao et al., 2011). Yao et al. (2011) estimated the distribution of source powers during the
rupture of the 2011 Tohoku-Oki, Japan, earthquake from teleseismic P waves recorded by an array of stations
in the United States. Their estimation results of the distribution of source powers at 0.5-1 and 0.2-0.5 Hz
bands shared similar features as back projection results in other previous studies that revealed dominant
seismic energy radiation in the downdip. They also confirmed that the distribution of source powers at
0.1-0.2 and 0.05-0.1 Hz bands was almost consistent with slip inversion results from seismic data and geode-
tic data that revealed large slip patches dominantly close to the trench. Evans and Meade (2012) estimated
spatial distributions of coseismic slip and afterslip associated with the 2011 Tohoku-Oki earthquake using
Global Navigation Satellite System (GNSS) data and the sparse modeling. They compared results from the
sparse modeling with those from the damped least squares inversion and showed that the sparse modeling
recovered more compact and sharply varying slip distributions than those from the damped least squares
inversion. Although sparse modeling has been used in various kinds of analyses, there is no previous study
that applies this technique to estimate spatial distributions of seismic scattering property changes.

We apply seismic interferometry to seismic ambient noise data before and after the 2008 Mw 6.9
Iwate-Miyagi Nairiku, Japan, earthquake, and estimate the spatial distribution of seismic scattering property
changes from decoherences of seismic ambient noise CCFs by using the sparse modeling. For comparison,
we also apply an ordinary linear least squares inversion with £? norm regularization to locate change regions
of seismic scattering properties. To interpret possible causes of seismic scattering property changes associ-
ated with the Iwate-Miyagi Nairiku earthquake, we compare the results with other observations. Finally,
we discuss the minimum number of seismic stations and their appropriate configurations to retrieve a reli-
able result. We conduct imaging by using both of sparse modeling and #? norm regularization by changing
the numbers and distributions of seismic stations and clarify the superiority of the sparse modeling in the
imaging with a small data set.

2. Data and Methods
2.1. Data

The 2008 Mw 6.9 Iwate-Miyagi Nairiku earthquake occurred on 14 June 2008 (Japan Standard Time) in the
central part of the Tohoku region in northeast Japan. The depth of the hypocenter was approximately 6 km,
and the focal mechanism of the main shock was a reverse fault type. The hypocenter of this earthquake
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Figure 1. (a) Study area (pink in the inset), locations of 17 Hi-net stations (blue squares in the closeup) and the epicenter of the 2008 Iwate-Miyagi Nairiku,
Northeast Japan, earthquake (red star in the close-up). The two subfaults estimated by Ohta et al. (2008) are shown by gray rectangles. The two black triangles
represent active volcanoes, Kurikoma and Naruko. (b) Record section of seismic ambient noise CCFs in the 0.5-1 Hz band. These CCFs are computed by

stacking daily CCFs over 1 year in 2007.

is located among the dense seismic network, Hi-net, which is operated by the National Research Institute
for Earth Science and Disaster Resilience (NIED) (National Research Institute for Earth Science and Dis-
aster Resilience, 2019). Strong ground motions were observed at accelerometers that were deployed near
the epicenter; the peak ground acceleration (PGA) reached approximately 4,000 gal (Aoi et al., 2008). We
use seismograms on the vertical component during the years of 2007 and 2008 from 17 Hi-net stations. The
locations of seismic stations are shown by blue squares in Figure 1a. A three-component short-period seis-
mometer with a natural frequency of 1 Hz is installed at each station. All the seismograms are recorded with
a sampling frequency of 100 Hz.

2.2. Calculation Procedure of Seismic Ambient noise CCFs

First, we filter seismic ambient noise records at the 0.5-1 Hz band and select 10 min long data having ampli-
tudes of smaller than 10 times the average root-mean-square (RMS) amplitude of seismic ambient noise
recorded in 2007. Second, we apply temporal flattening technique (Weaver, 2011) and spectral whitening
(e.g., Bensen et al., 2007; Shapiro et al., 2006) for suppressing the influence of earthquakes and persistent
monochromatic noise sources on seismic ambient noise CCFs. Third, we compute CCFs every 10 min and
calculate daily CCFs (hereafter called DCCFs) by stacking these 10-min CCFs every day for 136 pairs from 17
stations. The obtained CCFs are represented to be Green's functions recorded at one of the station pairs from
a virtual source at the other station of the pair. Figure 1b is a record section of CCFs in the 0.5-1 Hz band.
The Rayleigh waves that propagate with 3 km/s are seen. These CCFs are computed by stacking DCCFs
over 1 year in 2007. In this study, we use these 1 year stacked CCFs as reference CCFs (hereafter called
RCCFs). Figure 2 shows examples of temporal changes in daily coherence values over 2 years for four station
pairs (N.ICEH-N.NRKH, N.OGCH-N.ICEH, N.HMSH-N.SMTH, and N.OGCH-N.TAJH). These coherence
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Figure 2. Temporal changes of coherences over 2 years for station pairs of NICEH-N.NRKH (first panel),
N.OGCH-N.ICEH (second panel), N HMSH-N.SMTH (third panel), and N.OGCH-N.TAJH (fourth panel). These station
pairs are shown by black solid lines in Figure 1a. Coherence values are computed between the CCF stacked over

1 year in 2007 and 10 days stacked CCFs by sliding 10 days long time windows by 1 day. The red lines represent the day
of the Iwate-Miyagi Nairiku earthquake. The pink solid lines represent mean coherence values before the earthquake
(1 January 2007 to 13 June 2008), and dashed ones represent the mean coherence minus 3 times standard deviations
(30) of coherence values. SNR represents the mean signal-to-noise ratio of the 10 days stacked CCFs.

values are computed between the RCCF and 10 days stacked CCFs with sliding 10 days long time win-
dows by 1 day. In this study, the coherence value is computed in the frequency domain using the relation,
Coh,,(f) = |ny( f )|2 /P (f)P,,( f), where Coh,(f) is the coherence value between signals x and y at a fre-
quency f. P (f) and P,(f) are power spectral densities of x and y, respectively, and P, (f) is the cross-spectral
density of x and y. In this study, we use the mean values of Coh,,,(f) between the 0.5 and 1 Hz band. The signif-
icant decoherences were detected associated with the Iwate-Miyagi Nairiku earthquake (red lines). The pink
solid lines represent mean coherence values before the earthquake (1 January 2007 to 13 June 2008), and
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pink dashed lines represent the mean coherence minus 3 times standard deviations (3¢). The station pairs of
N.ICEH-N.NRKH and N.OGCH-N.ICEH show a sharp drop of coherences associated with the earthquake
(see top two panels). The coherences gradually increased after the earthquake and recovered to around the
mean coherences within 1 month after the earthquake. Though seasonal effects may exist, we cannot see
significant decoherences, exceeding mean coherence minus 3o, in the same season in 2007. Therefore, the
significant decoherences in June 2008 should have been caused by the Iwate-Miyagi Nairiku earthquake.
In contrast, we do not see such significant decoherences for the station pairs of NHMSH-N.SMTH and
N.OGCH-N.TAJH, which do not cross around the epicenter or both of the stations located far from the epi-
center (see bottom two panels). Coherence for the station pair of N.OGCH-N.TAJH shows large temporal
fluctuation. We also show mean signal-to-noise ratios (SNRs) of 10 days stacked CCFs for each station pair.
A root-mean-square (RMS) amplitude of a CCF from +90 to +100 s and from -100 to -90 s in lag times is
assumed as a noise part and that from 16 to 64 s after the direct Rayleigh wave arrival time is assumed as a
signal part. Mean SNR of 10 days stacked CCFs for this station pair is a little bit lower than those for other
station pairs. This can be because the interstation distance of this station pair is longer compared to the
other station pairs. The large temporal fluctuation of coherences for this station pair can be caused by the
low SNRs of CCFs.

2.3. Imaging Method of Seismic Scattering Property Changes

First, we stack DCCFs over two periods. The first period is before the Iwate-Miyagi Nairiku earthquake, 1
May 2008 to 13 June 2008 (hereafter called Period I), and the second one is after the earthquake, 15 June
2008 to 31 July 2008 (Period II). These two periods are shown in Figure 2 by blue and green shaded areas,
respectively. After that, we compute decoherence values between RCCFs and stacked CCFs in the two peri-
ods, respectively. As already mentioned in section 1, the decoherence is defined as 1-(coherence). These
decoherence values are measured by sliding a 16 s long short time windows from 16 to 64 s after the direct
Rayleigh wave arrival time without overlapping. This is because Obermann et al. (2016) calculated the lapse
time dependence of energy partition ratio between body waves and surface waves, and they pointed out that
surface waves were predominant until 6 to 8 times the mean-free time in lapse time. In this study, we assume
the spatially uniform Rayleigh wave velocity to be 3 km/s. This is justified because, according to Nishida
et al. (2008), the spatial variation of S wave velocities at a depth of 2 km is a few percent in our study area.
The scattering mean-free path in our study area is estimated to be 30 km (Appendix A). In this case, the
mean-free time is 10 s. Therefore, we assume that surface waves are predominant for most of the short time
windows. We select those decoherence values according to SNRs of stacked CCFs in Period II. We only use
decoherence values from time windows whose SNRs are larger than 1.5.

After the data selection, we take differences of decoherence values in Period I (dc‘l’bs(t)) and Period II
(de™(t)):

deS%S(1) = |deSP(1) — deS™(p)] . 1

Here, t is a lag time. As shown in Figure 2, the coherence levels before the earthquake are different for dif-
ferent station pairs. For example, the coherences are low even before the earthquake for the station pair
of N.OGCH-N.TAJH whose interstation distance is as long as 66.1 km. Therefore, we use differences of
decoherence values before and after the earthquake to focus on the coseismic changes of decoherence. A
decoherence value represents changes in waveforms. We cannot know whether the decoherence is caused
by an increase or decrease of the scattering coefficient. Hence, in this study, we use absolute values of
differences in decoherence values.

Decoherence values due to a scattering property change at a point is expressed using the following
relationship (e.g., Larose et al., 2015; Margerin et al., 2016):
Ky (X, t;Xg, Xg). 2

n cAg,(X)
deiy () = ==

Here, dciyzn(t) is a synthesized decoherence value at the lag time ¢, c is the Rayleigh wave velocity (assumed to

be 3 km/sin this study), and Ag,,(x) is an amount of a change in scattering coefficient at a location x between
Periods I and II. Scattering coefficient of Rayleigh wave means scattering power per unit area and is given
by the product of the number density of scatterers and the differential scattering cross section. Small-scale
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Figure 3. (a) An example of the decorrelation kernel for the station pair of N.OGCH-N.ICEH at 38.6 s in lag time. The
white dashed ellipse represents a single scattering ellipse. The kernel is calculated assuming the scattering mean-free
path of Rayleigh wave to be 30 km. This parameter is estimated from envelopes of seismic ambient noise CCFs (see
Appendix A). (b) Examples of cross sections of sensitivity kernels for two different interstation distances. Blue and
orange solid lines represent the kernels for the station pairs whose interstation distances are 30 and 60 km, respectively.
They are calculated at a lapse time of 40 s after the direct Rayleigh wave arrivals.

fluctuations in mass density and seismic velocities work as scatterers (e.g., Sato et al., 2012). K (X, t; Xz, Xg)
is a decorrelation kernel (Margerin et al., 2016). X, X, and X, are the locations of a change region, source,
and receiver, respectively. The decorrelation kernel is the spatial weighting function for locating seismic
scattering property changes and is calculated by using the following equation:

B fot I(xg, t — ' X)I(x, '; x)dt!

Ky (X, 1%, Xg) = T fxg) , (3)

where I(Xg, t; Xg) is the energy propagator calculated from the 2-D radiative transfer model which assumes
isotropic scattering and source radiation of scalar waves in an infinite medium (e.g., Shang & Gao, 1988;
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Sato, 1993). The energy propagator is described as follows:
20 (\/cztz—rz—ct)

Y @
2z — 12 ¢

where r is the distance between source and receiver, g, is the total scattering coefficient, and H is the
Heaviside function.

e~k r
Inn= 27rcr(S (t_ E) *8

To compute sensitivity kernels, the value of scattering coefficient in a study area is necessary. Hence, we
estimate it using envelopes of seismic ambient noise CCFs based on the passive method developed by Hirose
et al. (2019). As a result, the total scattering coefficient g, (or the scattering mean-free path #) is estimated
to be 0.033 km™! (or 30 km) at the 0.5-1 Hz band (Appendix A). Figure 3a shows an example of a sensitivity
kernel for the station pair N.OGCH-N.ICEH. The sensitivity kernel shows two peaks around the two seismic
stations. This means that if a change region of seismic scattering properties is close to the station, large
decoherences should occur. The widths of those two peaks are proportional to the mean-free path around
the two stations (Figure 3b). The white dashed ellipse in Figure 3a represents a single scattering ellipse. The
sensitivity kernel is computed using energy propagators which represent energy transport from a source to
a receiver at a lapse time ¢. Seismic energies outside the single scattering shell do not contribute to energy
transportations from the source to the receiver at a lapse time t. Therefore, values of the sensitivity kernel
are zero outside the single scattering shell.

For spatially distributed changes in scattering coefficient, decoherence values are expressed as the contri-
bution from all points of scattering property changes as follows:

A1) = g / ALK (X, £ X, X)AS(X). 5)

Here dS(x) is a small surface. Discretizing Equation 5 by dividing the study area into small square cells, we
set up a linear inverse problem to estimate scattering property changes (Ag values) at all the square cells as
shown in Equations 6 and 7. This can be considered as a tomographic inversion for the spatial distribution
of Ag values.

d =Gm, (6)
cAs
d; = e, Gy = ==Ky m; = Ag;, ™
d is a data vector for which each component d; (i = 1, ..., n) corresponds to observed decoherence values

for a given station pair and lag time. n is the total number of measurements. G is a matrix for which each
component Gy; corresponds to the sensitivity kernel K;; for a given station pair and lag time weighted by the
surface area of the cells As and Rayleigh wave velocity c. m is a model vector for which each component m;
contains the Ag for each small cell j. In this study, we estimate the model vector m which minimizes the
following objective function:

1
F= zlld—GmII§+ﬂIIm|I1- ®

The first term of the right-hand side of Equation 8 is the sum of squared residuals (SSRs) between observed
and synthesized decoherence values. The second term of the right-hand side is the #! norm of a model
vector, and A is a hyperparameter. The optimization using £ norm regularization (e.g., Tibshirani, 1996) is a
means of sparse modeling and is also called “LASSO.” Figures 4a and 4b are schematic pictures for the sparse
modeling and #* norm regularization in a 2-D case, respectively. The blue ellipses represent the contours
of SSR, and the red diamond and circle represent the constraint of the #! and #> norms, respectively. The
minimum value of the objective function (green star) is the intersection of the ellipse and the diamond/circle.
In the case of sparse modeling, the diamond region is more likely to produce an intersection that has one
component of the solution that is zero. This is because a diamond is convex so it is easier to intersect with an
ellipse at an apex. In sparse modeling, most of the model parameters are estimated to be zero. This means
that we can reduce the number of model parameters, and hence, we can estimate a model vector m from a
small data set.
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Figure 4. (a) Schematic picture for the sparse modeling. The red diamond represents #* norm regularization term.
The blue contours represent the sum of squared residuals. The green star is an optimal point. (b) That for the #2 norm
regularization. The red circle represents #2 norm regularization term. (c) An example of the soft-thresholding function.
y A is a threshold value.

In the #' norm regularization, the second term of the right-hand side of Equation 8 is nondifferentiable.
Therefore, we use the Iterative Shrinkage Thresholding Algorithm (ISTA) (e.g., Beck & Teboulle, 2009) and
minimize the objective function by repeating the following procedure:

m,, =S, (m -yG'(Gm; —d)). 9

m, is the estimated model vector on the kth iteration. GT(Gm, — d) is a gradient of %||d - Gm||§ (the first
term of the right-hand side of Equation 8). y (>0) is a step size. The ISTA will converge when the step size
y € (0,1/L] is used (e.g., Parikh & Boyd, 2013), where L is a Lipschitz constant. We use the maximum
eigenvalue of the matrix G'G as the Lipschitz constant L (e.g., Beck & Teboulle, 2010). On the ISTA, most
of the model parameters are kept to be 0 due to the following soft-thresholding function (Figure 4c):

V—yi,v>yl
S = s 10
/) {0 ,0<v<yi (10)

where v is a real number. The model parameters are kept to be positive during iterations. The
soft-thresholding function returns 0 in the case of 0 < v < y A. Accordingly, we can estimate a sparse model
vector that minimizes Equation 8.

3. Results
3.1. Spatial Distribution of Seismic Scattering Properties

In this part, we use all 17 Hi-net stations to estimate the spatial distribution of seismic scattering property
changes. As mentioned in section 2, we select decoherence values according to the SNRs of stacked CCFs in
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Figure 5. (a) Spatial distribution of Ag values inferred from the sparse modeling. The red star represents the epicenter. The two subfaults estimated by Ohta

et al. (2008) are shown by gray rectangles. (b) The initial (gray) and estimated (red) models. All of the initial model parameters are fixed to zero (see Text S1 and
Figure S1 in the supporting information). (c) Observed (blue) and synthesized (red) decoherence values for all station pairs and lag times (Table S1). Orange
shaded parts correspond to decoherence values that satisfying the following: (1) The station pairs that cross the three small cells with large Ag values (31, 32,
and 40 of cell index). (2) The station pairs include N.ICWH or N.ICEH that locate within the region of large change. (d) Observed (blue circle) and synthesized
(red circle) decoherence values at each lag time for the four station pairs in Figure 2.

Period II (after the earthquake). In this study, we use 406 observed decoherence values. To use Equation 6,
we need to divide the study area into small cells whose size is smaller than the scattering mean-free path
in the study area to assume that scattering occurs only once within each cell. As shown in Appendix A,
the scattering mean-free path of Rayleigh wave in our target region is estimated to be 30 km. Therefore, we
divide the study area into 63 small cells with a size of 0.15° x 0.15° (approximately 13 km x 16 km) and
estimate Ag values for all small cells. Figure 5a shows the estimated spatial distribution of Ag values using
sparse modeling after 212 iterations. The region with the largest Ag value is estimated at the south of the
epicenter of the main shock, and its value is 0.032 km™ (Ag/g, = 97 %). Misfit (SSRs) between observed and
synthesized decoherences is 5.38. The red line in Figure 5b represents the estimated Ag values for the small
cells. The gray line represents the initial model. In this study, the initial model is a zero vector, as we do not
possess any a priori information about the expected changes. In this case, only six small cells have nonzero
values, and this indicates that the sparse modeling works well. Figure 5c shows observed and synthesized
decoherence values for all station pairs and lag times. Orange shaded parts correspond to decoherence val-
ues satisfying the following conditions: (1) The station pairs that cross the three small cells with large Ag
values (31, 32, and 40 of Cell index. See Text S1 and Figure S1 in the supporting information). (2) The sta-
tion pairs include NICWH or N.ICEH that locate within the region of large change. Many spiky-shaped
parts in observed decoherences correspond to the orange shaded parts. Synthesized decoherence values are
calculated using the estimated model parameters and decorrelation kernels (Equation 5). Figure 5d shows
observed and synthesized decoherence values at each lag time for the four station pairs in Figure 2. Syn-
thesized decoherences almost explain observed ones. As shown in Equation 8, we consider both the SSRs
(data fitness) and the #' norm (sparsity of the model), and the #! norm term is weighted by a hyperparam-
eter A. The value of A affects estimated Ag values. The top panel of Figure 6 shows its effect: Pink lines on
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Figure 6. (top) Ag values for each small cell and A. (middle) Numbers of nonzero estimated model parameters for
each A. (bottom) BIC values for each A. The black dashed lines on each panel represent the value of 4 with the
minimum BIC.

the top panel represent estimated Ag values for the small cells. The middle panel shows the numbers of
nonzero model parameters. For a large A, only sparsity of a model is considered, and accordingly, all model
parameters become 0 or nearly equal 0. We determine the optimal value of A by calculating the Bayesian
information criterion (BIC) (e.g., Kass & Raftery, 1995):

BIC:nln(SSTR> +df xIn(n).

(€3Y)
Here, n is the number of the data and df is the degree of freedom of the estimated model. In the case of £*
norm regularization, df is the number of the nonzero model parameters (Wang et al., 2009). The bottom
panel of Figure 6 shows BIC for all 4. In our case, the BIC becomes the minimum (BIC = -2000.8) for 4 = 6.3,
and we use this value.

3.2. Recovery Tests

To check the reliability of our inversion results, we conduct recovery tests. Figure 7a shows the input model
of the recovery tests. We input Ag value of 0.033 km™! (Ag/g, = 100%) to only one small cell at the south of
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Figure 7. (a) Input model of the recovery tests. The Ag value of 0.033 km™! (Ag/g, = 100%) is assigned to only one small cell at the south of the epicenter. Input
Ag values for the other small cells are zero. (b) An example of synthesized decoherences. The gray line represents the decoherences calculated from the input
model shown in (a). The blue one represents decoherences after adding noises to the gray ones, and these decoherences are used in the recovery tests. (c) The
result of the recovery tests using sparse modeling. The Ag values shown in the figure are averaged for 50 estimations. (d) Sum of estimated Ag values (blue) and
the number of nonzero model parameters (orange) for all 50 estimations resulting from the sparse modeling. The red line represents input Ag value, 0.033 km™!.

the epicenter. Input Ag values for the other small cells are set to be 0. First, we compute synthesized deco-
herence values for this input model using Equation 5. The gray line in Figure 7b represents the synthesize
decoherence values from the input model. Second, we add noises to these synthesize decoherences:

de™ (1) = de™ () + N(0, 67). 12)
Here, dcfy "(t) is the synthesized decoherence value from the input model for a station pair i. N(0, al.z) is the
noise term and is sampled from a Gaussian distribution, which is defined for each station pair. We compute
coherences between a RCCF and 10 days stacked CCFs from 1 January 2007 to 13 June 2008 and calculate a
variance of these coherence values for each station pair. We use 10 times variance as Giz for each station pair.
The blue line in Figure 7b is an example of the synthesized decoherences with noise. Third, we estimate a
spatial distribution of Ag using dcfy "(t) as input data. We conduct the same estimation for 50 times with
changing dc™™ ().

Figure 7c shows the results of the inversion. The input change region at the south of the epicenter is well
recovered. The Ag values shown in Figure 7c are averaged for 50 estimations. The Ag value at the south of
the epicenter is estimated to be 0.027 + 0.003 km~!, and this value is 82% of the input value (0.033 km™1!).
Figure 7d shows the sum of estimated Ag values for all small cells (blue line) and the number of nonzero
model parameters (orange line) for all 50 estimations resulting from the sparse modeling. The sum of esti-
mated Ag values for all small cells is 0.034 +0.002 km™! on average, and this value is almost the same as the
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input value. Nonzero model parameters were estimated at six small cells on average; however, estimated Ag
values at the other cells are significantly small compared to that at the south of the epicenter. We also con-
ducted the same synthetic tests with higher noise levels. Although Ag values at the south of the epicenter
are underestimated with increasing noise level, the result that maximum change is located at the south of
the epicenter is retained even in the case of higher noise levels.

According to the results of the recovery tests, the region of large seismic scattering property changes that is
estimated at the south of the epicenter should be reliable, though the value of Ag is slightly underestimated.

4. Discussion
4.1. Comparison With Other Observations

In some previous studies, seismic velocity decreases related to the 2008 Iwate-Miyagi Nairiku earthquake
were detected by seismic interferometry analyses (e.g., Hobiger et al., 2012, 2014; Takagi et al., 2012; Wang
et al., 2017). Takagi et al. (2012) reported that about 0.3-0.4% Rayleigh wave velocity decreases at the south-
ern part of the fault zone in the 0.25-0.5 Hz band. Hobiger et al. (2012) detected about 0.6% velocity decrease
at a maximum around the south of the epicenter in the 0.5-1 Hz band. These previous studies compared
seismic velocity changes with PGA and concluded that such large seismic velocity decreases were caused by
the strong ground motion. An accelerometer located near the epicenter (N.ICWH) recorded a strong motion
of approximately 4,000 gal (Aoi et al., 2008). This region is located just at the north of the region of large
seismic scattering property changes. Suzuki et al. (2010) estimated the fault slip distribution by waveform
inversions using strong motion data recorded at K-NET and KiK-net stations. The maximum slip was esti-
mated to be 6.2 m for the area approximately 10 km to the south of the hypocenter of the main shock, and this
region is well consistent with the region of the largest Ag. The region of large slip extended from about 1 to
6 km at depth. Since the peak sensitivity of Rayleigh wave phase velocity to shear velocity is about one third
of wavelength, Rayleigh waves at the 0.5-1 Hz band will be sensitive to structural changes to about 1-2 km.
Therefore, a large structural change caused by the large fault slip might have introduced seismic scattering
property changes. Such large coseismic slip at the south of the epicenter was also detected by GNSS obser-
vations (e.g., linuma et al., 2009; Ohta et al., 2008). The gray rectangles in Figures 5a and 9a represent the
fault planes estimated by Ohta et al. (2008). The slip amounts were estimated to be 1.8 m for the northern
fault plane and 3.5 m for the southern one, respectively. The region of the largest Ag includes the southern
fault plane, supporting our interpretation that the large slip might have caused seismic scattering property
changes.

Although the regions of large seismic scattering property changes are well consistent with the regions of
large slip and strong ground motion, we cannot rule out other possible causes of large seismic scattering
property changes. One candidate is fluid migration: Hillers et al. (2015) reported significant decoherences
associated with geothermal reservoir stimulation in Switzerland. They interpreted that these decoherences
were caused by fluid injection. In the case of the Iwate-Miyagi Nairiku earthquake, the Kurikoma volcano
locates close to the epicenter of the main shock. The crustal fluid beneath the active volcano might have
moved to a shallow region associated with the earthquake and that may have caused the seismic scattering
property changes. The other possible cause of large seismic scattering property changes is landslides. They
occurred especially around the Kurikoma volcano associated with the earthquake. The dimension of the
largest one was estimated to be 900 x 1,300 m (Yonezawa et al., 2010). Such an area of material weakness
may be related to the seismic scattering property changes.

These candidates must be related to the large seismic scattering property change that occurred at the south
of the main shock; however, we are not able to evaluate the contributions each cause to the seismic scatter-
ing property changes. Depth sensitivity of Rayleigh waves may be used to clarify the main cause of seismic
scattering property changes: Strong ground motion and landslide generally cause structural changes espe-
cially in a shallow region. If a seismic scattering property change is caused by these factors, estimated Ag
values are expected to be larger at higher-frequency bands than those at lower-frequency bands when con-
sidering surface waves only. At frequency bands below 0.5 Hz, we could not constrain the values of scattering
mean-free path by using envelopes of CCFs. However, it is interesting to see if we can find frequency depen-
dence in the spatial distribution of Ag values. Therefore, we conducted the same inversions at 0.25-0.5 and
0.125-0.25 Hz bands by assuming the scattering mean-free path to be 100 km. The results are shown in the
supporting information as a guidance (Text S2 and Figure S2). Both at two frequency bands, regions of large
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Figure 8. Similar to Figure 5 but obtained from the #2 norm regularization.

changes were located around the epicenter. The estimated maximum Ag/g, value at the 0.125-0.25 Hz band
is a little bit smaller than those at the 0.25-0.5 and 0.5-1 Hz bands. This might reflect that seismic scattering
property changes at higher-frequency bands are caused by some factors that can occur at shallow depths:
large fault slip, strong ground motion, and landslide.

4.2. Comparison With #*> Norm Regularization

4.2.1. Result From the Linear Least Squares Inversion With #> Norm Regularization

We estimate the spatial distribution of seismic scattering property changes from an ordinary linear least
squares inversion with the #? norm regularization which has been widely used to solve linearized inverse
problems. In the case of the Iwate-Miyagi Nairiku earthquake, we have 17 seismic stations that are enough
to conduct the ordinary linear least squares inversion. Therefore, we can compare the results from the sparse
modeling with those from the #? norm regularization (Figure 8).

Figure 8a shows the spatial distribution of Ag values. Here, we use the proximal gradient method (e.g.,
Beck & Teboulle, 2009; Nesterov, 2007) to estimate values of Ag. We selected the optimal value of A which
minimizes BIC. For the £ norm regularization, df in Equation 11 is defined as the trace of the data resolution
matrix, df = tr[G (GTG + /11) 71GT] (Hastie et al., 2001). The BIC value of the estimated models from the #>
norm regularization is -1872.5. The regions of large Ag values are located around the epicenter of the main
shock, and this result is well consistent with the result from the sparse modeling. As shown in Figure 8d,
the synthesized decoherence values are relatively similar to observed ones as well as those from the sparse
modeling. The maximum Ag value is about 0.021 km~! (Ag/g, = 64%) at the small cell which locates to the
south of the epicenter. Misfit (SSRs) between observed and synthesized decoherences is 5.52. This is a little
bit larger than that of the sparse modeling. Estimated Ag values from the #? norm regularization are smaller
than those from the sparse modeling. This is because the number of small cells with nonzero values is 18
in the case of the #* norm regularization (Figure 8b). As shown in Figure 8c, the synthesized decoherence
values roughly explain observed ones. However, the synthesized decoherences from the sparse modeling
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Figure 9. (a) Spatial distributions of Ag values obtained from the sparse modeling for four different distributions of
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panel. Those four seismic arrays are composed 3 (Array 1), southern part (Array 2), eastern part (Array 3), and western
part (Array 4), respectively. (b) Similar to (a) but obtained from the # 2 norm regularization.
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can better explain the observed ones, especially spiky-shaped parts. This can be because the estimated Ag
value from the sparse modeling is more sharply large at the south of the epicenter than that from the #>
norm regularization. The BIC value from the #* norm regularization is 128.3 less than that from the #? norm
regularization. When the difference between BIC values from different two models is larger than 6, these
two models are considered to be strongly different (Kass & Raftery, 1995). Based on the above discussions,
we conclude that the estimated model from the #' norm regularization is better than that from the #* norm
regularization.

4.2.2. Comparison Between Sparse Modeling and #> Norm Regularization With Smaller Data Sets
To validate the applicability of sparse modeling with a smaller data set, we estimate spatial distributions of
seismic scattering property changes by changing combinations of used stations.

First, we divide the study area into four regions around the epicenter and conduct estimations. Figure 9a
shows the results for four different seismic arrays. These seismic arrays are composed of seismic stations
in the northern part (Array 1), southern part (Array 2), eastern part (Array 3), and western part (Array 4),
respectively. Although large seismic scattering property changes are estimated at the south of the epicen-
ter for Arrays 2 and 4, such change regions are not estimated for Arrays 1 and 3. This is probably because
Arrays 2 and 4 include station pairs which cross around the south of the epicenter while Arrays 1 and 3 do
not. As shown in Figure 2, the station pairs of NICEH-N.NRKH (first panel) and N.OGCH-N.ICEH (sec-
ond panel) which cross the south of the epicenter show significant decoherences related to the Iwate-Miyagi
Nairiku earthquake. On the other hand, Arrays 1 and 3 are mainly composed of the station pairs which do
not cross around the south of the epicenter. Most of these station pairs do not show significant decoherences
related to the earthquake: For example, the station pairs of NN HMSH-N.SMTH (third panel in Figure 2) and
N.OGCH-N.TAJH (bottom panel in Figure 2) do not show clear coherence drops. Those results indicate that
we need station pairs which cross the south of the epicenter to detect the significant seismic scattering prop-
erty change related to the Iwate-Miyagi Nairiku earthquake. We also conduct estimations using the same
four seismic arrays and the #? norm regularization (Figure 9b). In the case of the #> norm regularization, the
change regions at the south of the epicenter are not estimated significantly for all the four arrays. Although
both of the sparse modeling and #? norm regularization by using those four seismic arrays do not reproduce
the results from all 17 stations, the results from the sparse modeling are better than those from the # 2 horm
regularization.

Second, we use other arrays and check how many seismic stations are needed to reproduce the result from all
17 stations: The top left panel of Figure 10 shows the result from three seismic stations closest to the epicenter
(Array 5). The result from this seismic array still cannot retrieve the result from all 17 stations. The top right
panel of Figure 10 shows the result from five seismic stations that are deployed to surround the epicenter at
close range (Array 6). The large seismic scattering property change at the south of the epicenter is sharply
retrieved for Array 6, and the maximum value of Ag is the same as that from all 17 stations (0.032 km™1).
This suggests that if seismic stations are deployed to surround the change region and near the epicenter, we
can retrieve the change region from only five stations in the case of the Iwate-Miyagi Nairiku earthquake.
For comparison, we conduct the same estimations using the #* norm regularization. Figure 11 shows the
estimation results. In the result from Array 6, the maximum value of Ag is estimated to be 0.0083 km~. The
result from all 17 stations is 0.021 km~!, and hence, five seismic stations are not enough to retrieve the result
from all 17 stations in the case of the £? norm regularization. When we use the #> norm regularization, we
need 15 stations to retrieve the result from all 17 stations (Array 9). Arrays 7 and 8 are composed of 5 and 12
seismic stations that are located far from the epicenter, respectively. Although there are some station pairs
which cross around the change region at the south of the epicenter, no significant change region of seismic
scattering property is estimated both in the cases of the sparse modeling and #> norm regularization. Those
results indicate that seismic stations near the change region are important to retrieve it, and seismic stations
far from the change region cannot retrieve it well even if they cross around this region.

To confirm that interpretation, we compare sensitivity kernels for different interstation distances. Figure 3b
shows cross sections of sensitivity kernels for interstation distances of 30 km (mean-free path) and 60 km
(twice the mean-free path). In this study, we compute decoherence values by sliding a 16 s long time window
from 16 to 64 s after the direct Rayleigh wave arrival time without overlapping. Decoherence values are
calculated at later lapse times for station pairs with long interstation distances. The two sensitivity kernels
that are shown in Figure 3b are computed at a lapse time of 40 s after direct Rayleigh wave arrivals. As
mentioned in section 2, there are two peaks whose widths are proportional to the mean-free path around

HIROSE ET AL.

15 of 20



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2019JB019307

Array 5 '
(3 stations) 1A

Array 6 '

39.4¢ 1

39.4r (5 stations) ﬂ

0.030 0.030

39.2} 1110925 — 39.2}
40.020
39.0} Kurikoma - 41 Ho.015

4 [40.025
n | —

—
{0.020 1
39.0} Kurikoma 1[{o.015 £

Ag [km~?!

- 10.010 {0.010 2
38.8} Naruko 1 38.8t1 Nar T
10.005 0.005
A A

0.000 0.032 km*'
38.6} - 38.6} 1

0.000

140.2 140.6 141.0 141.4 140.2 140.6 141.0 141.4

: ' Array 8 ' ;
3945 (12 stations) - - 1 ﬂo.o3o

Array 7 '

3941 (5 stations) 1a

0.030

39.2} o 0.025 — 392} - s 11 0.025 —
—
40.020 10.020 !

39.0f Kurikoma 4 [Ho.015 39.0¢ - Kurikoma 4

10.015 X~

10.010 n {0.010 2

38.8f Naruko | 1 38.81 Naruko || 1
410.005 0.005
A m A

Ag [km™1

0.000
38.6} - : 38.6f ) :

0.000

1 1 1 1 1 1
140.2 140.6 141.0 141.4 140.2 140.6 141.0 141.4

Figure 10. Spatial distributions of Ag values obtained from the sparse modeling for four different distributions of
seismic stations (Arrays 5-8). Arrays 5 and 6 are composed of the three and five seismic stations closest to the
epicenter, respectively. Arrays 7 and 8 are composed of 5 and 12 seismic stations that are located far from the epicenter,
respectively.

the two stations, and this is the reason why seismic stations near the change region are important to retrieve
the change region. As shown in Figure 3b, the peak values of the two sensitivity kernels are not significantly
different from each other. On the other hand, the values of the sensitivity kernels in the region between two
stations are found to be significantly different: That for the station pair with an interstation distance of 30 km
is about 1.7 times larger than that for the station pair with an interstation distance of 60 km. This means that
the station pair with a long interstation distance is less sensitive to a seismic scattering property change in
a region between two stations. Accordingly, for the estimation of the spatial distribution of Ag values using
sensitivity kernels, it should be better to use seismic stations near the change region and station pairs with
short interstation distances. In other words, important data on the estimation are limited and the other data
are redundant.

5. Conclusions

We applied seismic interferometry to the seismic ambient noise data before and after the 2008 Iwate-Miyagi
Nairiku, Japan, earthquake and successfully detected significant decoherences associated with the earth-
quake. We estimated the spatial distribution of seismic scattering property changes using sparse modeling
which enables us to locate change regions from a small data set. By using the sparse modeling, the region
of the largest seismic scattering property changes was located at the south of the epicenter. The maximum
value of Ag, variation of scattering coefficient, at this region was estimated to be 0.032 km™' (Ag/g, = 97 %).
We also conducted the ordinary linear least squares inversion with the #* norm regularization. The results
from the sparse modeling and that from the #* norm regularization were consistent. The regions of large
seismic scattering property changes are well consistent with the regions of large slip and strong ground
motion, though fluid migration and landslides are not ruled out. We could not identify a cause of the seismic
scattering property changes, results of previous studies and our study indicate that large structural changes
occurred associated with the Iwate-Miyagi Nairiku earthquake. Finally, we explored the applicability of
sparse modeling by reducing the number of seismic stations. We confirmed that we can retrieve the change
regions from only five stations that are deployed to surround the change regions for this case. On the other
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Figure 11. Similar to Figure 10 but obtained from the #2 norm regularization. The Array 9 is composed of 15 seismic
stations closest to the epicenter.

hand, in the case of the #*> norm regularization, 15 seismic stations are necessary to reproduce the result
from all 17 stations. The sparse modeling needs less data than the #* norm regularization. We found that the
station pairs with long interstation distances do not strongly affect the estimation result even if these pairs
cross around the change regions. This is because, for a station pair with a long interstation distance, the
value of its sensitivity kernel between two stations is small. This means that the important station pairs for
the estimation are limited and the other pairs are redundant. The sparse modeling will be useful to estimate
the spatial distribution of seismic scattering property changes from the small data set.

Appendix A: Scattering Mean-Free Path and Intrinsic Absorption Parameter in
the Study Area

We estimated scattering mean-free path and intrinsic absorption parameter of Rayleigh wave at the 0.5-1 Hz
band in the study area based on a passive method developed by Hirose et al. (2019). We computed envelopes
of CCFs of seismic ambient noise on the vertical-vertical (ZZ), vertical-radial (ZR), vertical-transverse (ZT),
radial-vertical (RZ), and transverse-vertical (TZ) components by stacking DCCFs over 1 year in 2007. We
computed the mean squared (MS) envelopes by smoothing their squared amplitudes in 4 s. They were
summed with respect to the three components and normalized by the envelopes at 55 s in lapse time for coda
normalization. The best fit parameters were estimated by modeling the space-time distributions of energy
densities using 2-D radiative transfer theory (e.g., Sato, 1993; Shang & Gao, 1988) (see also Equation 4). We
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Figure Al. (a) Spatial distributions of energy densities for six time windows. The gray circles are observations that are calculated using the envelopes of the
seismic ambient noise CCFs. The red solid curves represent synthesized values that are calculated by using the 2-D radiative transfer equation (Equation 4
multiplied by e~?*) and the best fit values of the scattering mean-free path and intrinsic absorption parameter. The red dashed curves represent synthesized
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vertical axes represent the scattering mean-free path and the intrinsic absorption parameter, respectively. The red cross indicates the minimum SSR (best fit), by
which SSRs on the grid points are normalized.
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calculated the sum of the squared residuals (SSR) between the observed and synthesized energy densities
and determined the best fit values. Figure Ala shows space-time distributions of observed (gray circles) and
synthesized (red solid lines) energy densities. Figure A1lb shows the result of grid search. The best fit scat-
tering mean-free path £ is estimated to be 30 km (total scattering coefficient g, = 0.033 km™!), and best fit
intrinsic absorption parameter b (b = Q;lw) is 0.02s71.

We also estimate scattering mean-free path and intrinsic absorption parameter at the 0.125-0.25 and
0.25-0.5 Hz bands. The intrinsic absorption parameters are estimated to be 0.03-0.04 s~! at the 0.125-0.25 Hz
band and 0.02-0.03 s7! at the 0.25-0.5 Hz band, respectively. In contrast, the scattering mean-free paths are
not constrained in these frequency bands. The scattering mean-free path is mainly determined by spatial
gradients of the energy densities in early lapse times which include direct and early coda parts of CCFs. At
those frequency bands, the spatial gradients of the energy densities are almost flat within the seismic net-
work, and this may lead to the weak constraint of the scattering mean-free paths. Accordingly, it is necessary
to use a larger seismic network to estimate scattering mean-free paths at the 0.125-0.25 and 0.25-0.5 Hz
bands in the case of the focal area of the Iwate-Miyagi Nairiku earthquake.
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