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Highlights

Time-lapse imaging of seismic scattering property and velocity in

the northeastern Japan

Takashi Hirose, Qing-Yu Wang , Michel Campillo, Hisashi Nakahara, Ludovic

Margerin, Eric Larose, Takeshi Nishimura

• Fluid migration causes changes in co-seismic scattering properties near

volcanoes.

• Co-seismic velocity drops are affected by the combined effects from

changes in both dynamic and static stress.

• Post-seismic relaxation of velocity is slower than scattering properties.

• Seasonal variation in the scattering properties is correlated with heavy

rain and snow.
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Abstract

Investigating spatio-temporal changes in crustal structure is a key to under-

standing the dynamic processes in the earth’s crust associated with large

earthquakes and volcanic activities. The dense seismic network in the north-

east part of Japan (Tohoku region) allows us to apply the seismic interferom-

etry to continuous recorded ambient noise data for studying crustal chages

related to the 2008 Mw 6.9 Iwate-Miyagi Nairiku earthquake and the 2011

Mw 9.0 Tohoku-oki earthquake. We track for the first time the changes in

both seismic scattering properties and velocities over five years, and spatially

localize them based on the coda wave decorrelation and travel time sensitivity

kernels calculated from the solution of the radiative transfer equation. The
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2008 Iwate-Miyagi Nairiku earthquake caused significant changes in both

seismic scattering properties and seismic velocities in the vicinity zone of the

epicenter subjected to dynamic stress perturbations. The relaxation process

of elastic modulus as shown in velocity changes is slower than the recov-

ery process of scattering properties. Changes in scattering property asso-

ciated with the 2011 Tohoku-Oki earthquake around some active volcanoes

in Tohoku are likely related to geofluid migrations. The decrease in seismic

velocity exists mainly along the eastern coastal region and extends to the

central Quaternary volcanic chains under the combined dynamic and static

stress changes by the earthquake. Beyoud the significant earthquake-related

changes, we observe strong seasonal changes in scattering properties due to

heavy rain and snow at local scales. The waveform correlation is possibly

sensitive to the fluid content and might be a useful indicator of fluid migra-

tion in the crust. This is the first time comprehensively demonstration and

comparison of the spatiotemporal changes of both seismic scattering proper-

ties and velocities under the influence of the same earthquakes. We suggest

that combined study of different physical parameters can reveal and help

understand the crustal evolution better.
Keywords: seismic scattering property changes, seismic velocity changes,

Tohoku-Oki earthquake, fluid migration, stress perturbation, seasonal

variation

1. Introduction1

Investigating spatio-temporal changes in crustal structure is essential to2

help understand the dynamic processes of large earthquakes and volcanic3
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activities. Seismic interferometry technique offers opportunities to track4

changes in crustal structure using the continuous recorded ambient seismic5

noise. Many previous studies reported seismic velocity changes associated6

with large earthquakes, and demonstrated the mechanisms responsible for7

the changes in seismic velocity can be dynamic stress/strain changes due8

to strong shaking (Brenguier et al., 2008; Schaff and Beroza, 2004; Minato9

et al., 2012; Brenguier et al., 2014; Wang et al., 2019), static strain changes10

(Wang et al., 2019), and pressurized fluids (Brenguier et al., 2014; Nimiya11

et al., 2017).12

13

The seismic scattering property change, representing changes in the small-14

scale medium heterogeneity structure, has been estimated using the reduc-15

tion in waveform correlation of seismic ambient noise CCFs. Some previous16

studies reported changes in seismic scattering property related to large earth-17

quakes (Obermann et al., 2014; Hirose et al., 2020) and volcanic activities18

(Obermann et al., 2013; Sánchez‐Pastor et al., 2019; Hirose et al., 2022).19

Hirose et al. (2020) reported changes in seismic scattering properties around20

the focal area of the 2008 Iwate-Miyagi Nairiku earthquake in the northeast21

part of Japan (referred to as the ”Tohoku region” in this article). From the22

limited number of applications, the possible mechanisms of changes in the23

seismic scattering properties have not been systematically investigated. In24

contrast, many previous studies have estimated seismic velocity changes asso-25

ciated with large earthquakes. For example, the 2008 Iwate-Miyagi Nairiku26

earthquake (Takagi et al., 2012; Hobiger et al., 2012, 2014), and the 201127

Tohoku-Oki earthquake (e.g., Minato et al., 2012; Brenguier et al., 2014;28
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Wang et al., 2019). Moreover, seasonal changes in crustal seismic velocities29

were well investigated and interpreted by Wang et al. (2017). Even though30

these previous studies, there is no precise 2-D maps of either changes in31

scattering properties or velocity based on the time-lapse sensitivity kernels.32

Moreover, in contrast to seismic velocity changes, seasonal changes in scat-33

tering property have not yet been estimated.34

35

This study first aims to estimate spatio-temporal changes in both seismic36

scattering property and velocity in the Tohoku region before and after the37

two big earthquakes, the 2008 Iwate-Miyagi Nairiku earthquake and the 201138

Tohoku-Oki earthquake. We simultaneously invert and and compare both39

temporal changes and spatial distributions of seismic scattering property40

and velocity. We also estimate spatio-temporal changes in seismic scattering41

property in a quiet period without having big event and compares them with42

the seasonal changes in crustal seismic velocities investigated by Wang et al.43

(2017). This is the first time time-lapse imaging of changes in both scattering44

properties and velocity.45

2. Data and Methods46

We use continuous seismic recordings from 121 Hi-net stations (High-47

Sensitivity Seismograph Network maintained by the National Research In-48

stitute for Earth Science and Disaster Resilience, NIED) shown by the blue49

crosses in Figure 1a. A three-component short-period seismometer is in-50

stalled at the bottom of the observation well with depth larger than 100 m.51

The sampling frequency of the Hi-net station is 100 Hz, and the natural fre-52
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quency is 1 Hz. We apply seismic interferometry to seismic ambient noise53

data on the vertical component from 2008 to 2012. To improve the temporal54

stability of noise records before correlation, we apply one-bit normalization55

(Campillo and Paul, 2003; Larose et al., 2004), which removes some irregular56

events and preserves the phase of the signal during this period. Spectral57

whitening is also applied in the frequency band between 0.08 and 2.0 Hz to58

decrease the influence of persistent monochromatic noise sources (Shapiro59

et al., 2006; Bensen et al., 2007). We compute normalized CCFs every hour60

and stack them to obtain daily CCFs. The daily CCF is an approximation of61

the time derivative of the Green’s function convolves a source term between62

the station pair. Figure 1b shows an exemple of a record section of seismic63

ambient noise CCFs stacked over five years in the 0.125–1 Hz frequency band.64

Wave packets of Rayleigh waves propagating at a velocity of about 3 km/s65

are clearly seen from the CCFs.66

67

2.1. Measurement of changes in seismic scattering properties and seismic68

velocity69

We measure changes in waveform coherence and travel time in the 0.125-170

Hz frequency range to follow the earthquake-related variation in both scatter-71

ing properties and seismic velocities, respectively. We take the stack over the72

whole five years as the reference CCF and the 60-day stacked as the current73

CCF to measure the changes between each current CCF and the reference74

one.75

76

Decoherence represents the decrease in the normalized correlation be-77
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tween two signals and is defined as 1− Coherence. We measure the Coher-78

ences from both causal and acausal parts of CCFs using a 16-s time window79

sliding between 64 s and 112 s after the direct Rayleigh wave arrival (3 km/s80

in this study) without any overlapping in the frequency domain based on the81

following equation:82

Cohxy(f, t) =
|Pxy(f, t)|2

Pxx(f, t)Pyy(f, t)
. (1)

Cohxy(f, t) is the coherence value between the signals x and y as functions83

of frequency f and lag time t. Pxx(f, t) and Pyy(f, t) are power spectral den-84

sities of x and y, respectively, and Pxy(f, t) is the cross-spectral density of x85

and y. This study defines conherence as the mean value of Cohxy(f, t) over86

multiple frequencies in the 0.125-1 Hz band. Decoherence values for each87

lag time t (dc(t) = 1 − Coh(t)). Finally, we take the average over windows88

symmetric around zero ( (dc(t0) + dc(−t0))/2). This means that three deco-89

herence measurements were obtained from each station pair.90

91

We check the signal-to-noise ratio (SNR) of stacked CCFs over all 1692

s windows. We estimate the noise level by taking the Root-Mean-Square93

(RMS) amplitude from the lapse time windows +180 s to +200 s and -20094

s to -180 s, respectively. The SNR is averaged around zero lag time for all95

windows, the same as the step of decoherence. We keep the decoherence mea-96

surements when the averaged SNRs are greater than the threshold, 2.5. The97

time series of decoherence is derived from the differences between measure-98

ments before and after the 2008 Iwate-Miyagi Nairiku earthquake or 201199

Tohoku-Oki earthquake, in order to focus on the coseismic change, as the100
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equation below:101

dcobs12 (t) = |dcobs2 (t)− dcobs1 (t)|. (2)

dcobs1 (t) represents the decoherence value between the reference CCF and102

the 60-day stacked current CCFs before the earthquake. dcobs2 (t) represents103

the decoherence after the earthquake. In this study, we use absolute dif-104

ferences in decoherence values. According to Margerin et al. (2016), the105

decoherence is proportional to the absolute value of the difference between106

the intensity in a reference configuration and the intensity in a perturbed107

configuration where a scatterer has been added or removed. In other words,108

both increases and decreases in the scattering coefficient produce decoher-109

ence.110

111

In the measurement of seismic velocity changes, we apply the doublet112

method (Poupinet et al., 1984; Brenguier et al., 2008; Clarke et al., 2011) in113

the same time windows as in the decoherence measurement, starting from 64114

s to 112 s after the direct arrival of Rayleigh waves to ensure a fully scattered115

state. In the causal and acausal parts of the CCF, we select three-time win-116

dows of 16 s to measure the travel time shift on scattered waves. In each time117

window of 16 s, we use an 8 s sliding window with 60% overlap to measure118

the phase shift. Finally, the average value from every 16s is regarded as the119

travel time change corresponding to the central lapse time in the window.120

Using the same SNR threshold, we keep all the travel time changes in the121

lapse time windows when SNR is larger than 2.5.122

123
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We study the changes in both decoherence and seismic velocity related124

to the 2008 Iwate-Miyagi Nairiku (Mw = 6.9) and the 2011 Tohoku-Oki125

(Mw = 9.0) earthquakes to understand how different physical parameters126

evolve with time and in space. The waveform decoherence (scattering prop-127

erty change) is sensitive to a structural change on a scale comparable to the128

wavelength. The seismic velocity change is sensitive to a change on a scale129

longer than the wavelength. Figure 2 shows exemples of temporal changes in130

both coherence and seismic velocity for the station pairs N.ICEH–N.NRKH131

and N.ADTH–N.TSTH. Under the assumption that Rayleigh waves are pre-132

dominant in seismic ambient noise CCFs, changes in coherence and seismic133

velocity are mainly sensitive to crustal deformation within about 8 km depth134

(λ/3 at 0.125 Hz).135

136

The N.ICEH–N.NRKH station pair is located close to the focal area of137

the Iwate-Miyagi Nairiku earthquake and shows clear changes in both coher-138

ence and seismic velocity similar to the observations by Takagi et al. (2012);139

Wang et al. (2017); Hirose et al. (2020). No significant change in coher-140

ence or seismic velocity was observed at station pairs far from the epicenter.141

For the Tohoku-Oki earthquake-related changes, we see clear decoherence142

from N.ICEH–N.NRKH station pair. The amount of decoherence related to143

the Iwate-Miyagi Niariku earthquake is greater than that of the Tohoku-Oki144

earthquake, while changes in seismic velocity related to the two earthquakes145

are comparable. The seismic stations N.ADTH and N.TSTH are located west146

of the Bandai volcano in the southern part of the Tohoku region (see also147

Figure 1). This station pair shows clear coherence/seismic velocity drops as-148
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sociated with the Tohoku-Oki earthquake. Beyond those earthquake-related149

change, there are some seasonal coherence variation with a relatively low150

value in winter and summer.151

2.2. Imaging of changes in seismic scattering properties and seismic velocity152

Imaging of the changes in seismic scattering properties and seismic ve-153

locity measured from scattered coda waves is always challenging due to the154

lack of information on the sensitivity kernels of coda waves. For mapping the155

seismic velocity changes, people usually adopt direct interpolation to approx-156

imate the spatial velocity changes. In this paper, we calculate the analytical157

solution of 2-D coda sensitivity kernels based on the radiative transfer equa-158

tion (Shang and Gao, 1988; Sato, 1993; Paasschens, 1997) for 2-D isotropic159

scattering assumption. The coda wave kernels serve as the spatial weighting160

function for locating both seismic scattering property changes and velocity161

changes (e.g., Planès et al., 2014; Larose et al., 2015).162

163

Previous studies have reported some regional dependence of seismic atten-164

uation structures in Japan (Hoshiba, 1993; Carcolé and Sato, 2010). Hoshiba165

(1993) and Carcolé and Sato (2010) also estimated S-waves’ scattering mean166

free paths in Japan. However, the seismic scattering attenuation structures167

in the microseismic frequency band are still not very well known. Hirose168

(2019) applied passive estimation method of scattering and intrinsic absorp-169

tion parameters to Hi-net data around the focal area of the Iwate-Miyagi170

Nairiku earthquake. The results suggest that mean free path of Rayleigh171

waves below 0.5 Hz are probably longer than 100 km. In this study, assum-172

ing a spatial uniformed value of scattering mean free path on the calculation173
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of sensitivity kernels, we keep the identical mean free path as 100 km. In174

scattering property change inversion, the following relationship is used:175

ϵi = Gdc
ij ·∆gj, (3)

where ϵi = dcobsi . i is the index of each measurement. dcobsi , observed de-176

cohrence value, was measured for each station pair and lag time. Gdc
ij =177

c∆S
2

· Kdc
ij , and j is the grid index. In this study, we divide the study area178

into 1891 small cells with a size of 0.10◦ × 0.10◦ (approximately 10 km × 10179

km). The cell size is much smaller than the scattering mean free path, and180

this is adequate for the assumption that scatterings occur only once within181

each cell.182

183

For the seismic velocity change inversion, the relationship is as follows:184

ϵi = Gtt
ij ·

(
δv

v

)
j

, (4)

where ϵi = −δti. i is the index of each measurement. δti, observed travel time185

change, was measured for each station pair and lag time. Gtt
ij = ∆S · Ktt

ij ,186

and j is the grid index. The coda wave decorrealation kernel Kdc
ij and travel187

time sensitivity kernel Ktt
ij are defined as below (Margerin et al., 2016):188

Kdc
ij (r

′, t; r, r0) =

∫ t

0
I(r′, t− t′; r)I(r′, t′; r0)dt′

I(r, t; r0)
, (5)

Ktt
ij (r

′, t; r, r0) = Sd

∫ t

0

∫
Sd

I(r′, t− t′,−n′; r)I(r′, t′,n′; r0)dt
′dn′

I(r, t; r0)
. (6)

r0 and r indicate the locations of source and receiver, respectively. t is the189

lapse time. Sd represents the unit sphere in space dimension d. I stands190

10



intensity propagator, and the intensities I(r′, t− t′; r) and I(r′, t− t′; r), and191

I(r′, t′; r0) are the mean intensities, which is the angular averaged intensity.192

We calculated the kernels based on the 2-D radiative transfer model assuming193

isotropic scattering and source radiation in an infinite medium (Shang and194

Gao, 1988; Sato, 1993; Paasschens, 1997). The numerator of Equation 6195

is a convolution between the specific intensities of two sources: the source196

of forward intensity and one of backward intensity. Specific intensities are197

calculated by Monte Carlo simulation (Margerin et al., 2016). Figure 3 shows198

examples of the decorrelation and travel time sensitivity kernels of coda waves199

for the station pair of N.ICEH–N.KMYH. Strong sensitivity mainly distribute200

around the two stations. The scattering kernel shows a single scattering201

shell edge effect at distance far away from stations, while travel time kernel202

gradually diminish with distance.203

Using the lapse time-dependent coda wave sensitivity kernels (Equations204

5 and 6), we do the 2-D inversion of seismic scattering and velocity changes205

measured using coda waves for multiple lapse times from 64 s to 112 s after the206

direct arrival of Rayleigh waves based on Equations 3 and 4. To determine207

the spatial distribution of the change, we adopt the least-squares solution208

formulated by Tarantola and Valette (1982). The misfit function is defined209

as:210

F =
1

2
(ϵ−Gm)tC−1

d (ϵ−Gm) +
1

2
(m−m0)

tC−1
m (m−m0), (7)

where m0 is a initial model vector. We use a zero vector under the assumption211

that ∆g and δv/v are close to zero for many small cells. m is the model212

parameter that is to be searched for explaining the observations ϵ to within213
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their errors.214

m = m0 +CmGt
(
GCmGt +Cd

)−1
(ϵ−Gm0) . (8)

The covariance operator Cd is the diagonal covariance matrix of the data. In215

the scattering property change inversion, we compute the standard deviation216

of coherence for the period after the earthquake over the target frequency217

band (0.125-1 Hz), and the diagonal elements of Cd are defined by std2i :218

stdi =

√√√√ 1

K

K∑
k=1

(
Cohi(fk)− Cohi(f)

)2

, (9)

where Cohi(fk) is coherence value at kth frequency for the ith measurement.219

K is the number of observed coherences inside the target frequency band.220

Coh(f) is the mean coherence over the target frequency band. Some previous221

studies in the laboratory used the empirical relationship, Cd(i, i) = (0.3dci)
2222

(e.g., Planès et al., 2015; Xie et al., 2018). However, there is no theoretical223

derivation of Cd in the case of scattering property change inversion with field224

data as far as we know now. In the seismic velocity change inversion, Cd is225

defined by std2i (Weaver et al., 2011), which is:226

Cd(i, i) = stdi =

√
1− CC2

i

2CCi

√
6
√

π
2
T

ω2
c (t

3
2 − t31)

. (10)

CCi is the correlation value of the ith measurement. T is the inverse of227

the frequency band width. t1 and t2 are the starting and the ending time228

of measurement window over coda waves. ωc is the angular frequency and229

equal to 2πfc (fc: central frequency, 0.56 Hz). The same Cm is used for230

both scattering property and seismic velocity changes inversions. Cm is the231
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covariance matrix for the model defined by the following equation:232

Cm(i, j) =

(
σm

λ0

λ

)2

exp

(
−δi,j

λ

)
. (11)

This matrix serves as a spatial smoothing term by the correlation of neigh-233

boring grid points i and j. λ0 is the the same scaling factor as in Obermann234

et al. (2019), equals to grid discretization which is typical grid spacing of 10235

km in our case. λ is the spatial correlation length. σm is the a priori stan-236

dard deviation of the model. The optimal values of the smoothing parameter237

σm and the correlation length are determined using L-curve (Hansen, 1992)238

by plotting the maximal velocity drop against the root-mean-square (rms)239

misfit defined by Equation 12, over all n measurements (see Appendix A).240

rms =

√
1

n
(ϵ−Gm)tC−1

d (ϵ−Gm). (12)

3. Spatial distribution of seismic scattering property changes in241

Tohoku region between 2008 and 2012242

In this section, we image and interpret the spatial distributions of co-243

seismic scattering property changes related to both the 2008 Iwate-Miyagi244

Nairiku (Mw = 6.9) and the 2011 Tohoku-Oki (Mw = 9.0) earthquakes.245

3.1. The 2008 Iwate-Miyagi Nairiku earthquake246

Figure 4a shows the spatial distributions of ∆g values inverted from the247

decoherence within the first 60-day period after the occurrence of the 2008248

Iwate-Miyagi Nairiku earthquake. We see that the scattering properties sig-249

nificantly change in the vicinity of the epicenter of the mainshock. The250

maximum ∆g value in this region is roughly 9.6×10−4 km−1 (∆g/g0 = 9.6251

13



%), which is the largest change during the five years from 2008 to 2012. The252

big change disappears rapidly in the next 60-day period.253

254

A similar result was reported by Hirose et al. (2020). They estimated255

the spatial distribution of seismic scattering property changes related to the256

2008 Iwate-Miyagi Nairiku earthquake by applying seismic interferometry257

and sparse modeling to 17 Hi-net stations within 100 km epicenter of the258

mainshock in the 0.5-1 Hz band. They also estimated the spatial distri-259

bution of changes in seismic scattering properties using linear least-squares260

inversion with ℓ2 norm regularization to validate the result of the sparse mod-261

eling. We find that the spatial distributions of the change regions estimated262

in this study are similar to those estimated in Hirose et al. (2020). On the263

other hand, the maximum ∆g value by Hirose et al. (2020) was estimated to264

be 0.021 km−1 (∆g/g0 = 64 % with the assumption g0 = 0.033 km−1). This265

value is approximately six times the estimated value in this study. As we266

assume that Rayleigh waves are predominant in seismic ambient noise CCFs,267

this difference suggests that larger changes in seismic scattering properties268

occurred mainly in the shallow crust. Candidates for possible causes of sig-269

nificant seismic scattering changes in shallow regions are strong ground mo-270

tion and landslides. An accelerometer located near the epicenter (N.ICWH)271

recorded the largest strong motion of approximately 4,000 gal (Aoi et al.,272

2008). This seismic station is located inside the estimated region of large273

changes in seismic scattering properties. Landslides occurred particularly274

around the Kurikoma volcano, which was involved in the earthquake. The275

dimension of the largest one was estimated to be 900 × 1,300 m (Yonezawa276

14



et al., 2010). This material weakness can be associated with changes in the277

seismic scattering property.278

279

3.2. The 2011 Tohoku-Oki earthquake280

Figure 4b shows the spatial distributions of ∆g values for successive 60-281

day periods since the 2011 Tohoku-Oki earthquake. Within 60 days from the282

mainshock (March 12 – May 11, 2011),four regions with significant change283

in seismic scattering properties were estimated. The first one is located in284

the southern part of the Tohoku region. The maximum ∆g is 3.3×10−4285

km−1 (∆g/g0 = 3.3 %) at the west of Bandai volcano. The change region286

in scattering properties in the northern part of the Tohoku region is widely287

extended. Some volcanoes (Mt. Iwate, Moriyoshi-zan, Hachimantai, Akita-288

Komagatake, and Akita-Yakeyama) are located in this change region. In the289

center part of the Tohoku region, significant scattering property changes oc-290

cured in the region east to Naruko and Kurikoma volcanoes (∆g ≈1.8×10−4291

km−1 at maximum). A ∆g that mostly equals the value in the third change292

region was estimated along the eastern coastline of the southern part of the293

Tohoku region. The ∆g values in the third and fourth regions are rela-294

tively smaller than those in the previous two regions. Significant changes295

in the scattering property in the southern and northern Tohoku region per-296

sist until the second and third periods. ∆g values of about 2.4×10−4 and297

3.8×10−4 km−1 at maximum are estimated around the south of Mt. Iwate298

and south of Bandai volcano in the second and third periods. Such a lack299

of recovery of ∆g over time is clearly different from the temporal changes300

in the scattering properties caused by the Iwate-Miyagi Nairiku earthquake.301
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In contrast, the region of change in the scattering properties in the vicinity302

of Naruko and Kurikoma volcanoes disappeared in the second and third pe-303

riods, similar to the quick recovery of the scattering properties due to the304

ground motion produced by the Iwate-Miyagi Nairiku earthquake. In the305

case of the Tohoku-Oki earthquake, strong ground motions associated with306

the mainshock were recorded along the eastern coastline in the Tohoku re-307

gion. Furthermore, a great aftershock (Mw = 7.1) occurred about 35 km308

off the coast of the Oshika Peninsula (see also Figure 1) about 1 month309

after the mainshock. This was an inter-slab event that can cause strong310

ground motions. Figure 5 shows the hypocenter locations of earthquakes311

with magnitudes larger than 3 in the same three time periods as in Figure312

4b (https://www.data.jma.go.jp/svd/eqev/data/bulletin/hypo.html). The313

scattering property change in the center part of the Tohoku region can have314

been caused by severe damages in the shallow crust due to strong ground315

motion caused by the mainshock and numerous aftershocks. The temporal316

changes in ∆g along the eastern coastline of the southern part of the Tohoku317

region show similar characteristics with the third change region, scattering318

properties in this region quickly recovered. On 11 April 2011, the Mw 6.6319

Iwaki earthquake occurred at a depth of 6 km beneath this change region320

(see also Figure 5). Strong ground motions caused by this earthquake are321

possibly related to changes in scattering properties for this region.322

323

The scattering property changes in the southern and northern Tohoku re-324

gion can have been caused by fluid migration. Thery et al. (2020) conducted325

a laboratry experiment to compare time evolution of waveform decorrelation326
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and seismic velocity changes (δv/v). They installed emitter and receiver on327

a compact sand sample sample in a box, and gradually introduced water into328

the box. Time evolution of waveform decorrelation and δv/v were measured329

at different water front heights. Their results indicate that fluid injection has330

a greater effect on waveform decorraltion than on relative velocity changes.331

Recently, Tonegawa et al. (2022) reported repeated waveform decorrelations332

of seismic ambient noise CCFs prior to or at the time of slow earthquakes333

in the Nankai accretionary prism, Japan. Based on the slow earthquake334

onset mechanism discussed in previous studies, they interpreted those decor-335

relation as the result of the movement of fluid in the subsurface. Hirose336

et al. (2022) found waveform decorrelations in seismic ambient noise CCFs337

at Suwanosejima volcano, Japan, that are well synchronized with tilt changes338

that indicate magma migration beneath the volcano. These studies suggest339

that waveform decoherence (decorrelation) can be a good indicator to detect340

fluid migration. In the case of the Tohoku-Oki earthquake, some studies re-341

ported fluid-driven seismicity after the mainshock. Regarding the significant342

change region in scattering properties in the southern Tohoku region, previ-343

ous studies revealed that fluid-driven seismicity took place west of the Bandai344

volcano at depth between 6 and 12 km from just after the mainshock (e.g.,345

Okada et al., 2014; Terakawa et al., 2013; Yoshida et al., 2016). Similar fluid-346

driven seismicity was also reported for the region with significant changes in347

scattering properties in the northern Tohoku region. Kosuga (2014) reported348

a seismic cluster triggered by geofluid migration around the Moriyoshi-zan349

volcano from about two months after the mainshock. Although deep ground-350

water discharge around the focal area of the Mw 6.6 Iwaki earthquake was351
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reported by Sato et al. (2020), changes in scattering property along the east-352

ern coastline of the southern part of the Tohoku region did not last for a long353

time. Fluid migrations possibly do not mainly control scattering property354

changes in this region.355

356

Significant volcanic subsidences associated with the 2011 Tohoku-Oki357

earthquake were detected by analyses of interferometric synthetic aperture358

radar (InSAR) data (Takada and Fukushima, 2013). These subsidences were359

of the order of 5-15 cm with horizontal dimensions of up to 15-20 km, which360

is explained by the deformation of magmatic and hot plutonic bodies be-361

neath volcanoes that had subsided in response to stress changes from the362

earthquake.363

Similarly to those previous studies, our results also imply that significant364

structural changes took place beneath active volcanoes in the Tohoku region365

associated with the Tohoku-Oki earthquake.366
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4. Spatial distribution of seismic velocity changes in the Tohoku367

region368

By tracking seismic wave δv/v, we learn about changes in the physical369

properties of the Earth’s crust caused by different tectonic and non-tectonic370

forcings. Under the impact of the same earthquakes, the strong δv/v are usu-371

ally spatially close to the epicenters of earthquakes and show different depth372

characteristics from measurement using various frequency bands (Wang et al.,373

2019). To make a precise spatial localization of the seismic δv/v, we first time374

invert both earthquakes-related seismic δv/v with the 2-D travel time kernels375

of coda waves calculated from equation 6 and compare the spatio-temporal376

behavior of the two observations.377

378

Figures 2c and 2d represent time-series of seismic δv/v with 60-day tem-379

poral resolution measured in the first lapse time window, 64 s after the di-380

rect arrival of Rayleigh waves, at station pairs of N.ICEH - N.NRKH and381

N.ADTH - N.TSTH (Figure 2e), respectively. There is an apparent quick382

co-seismic travel time increase coincident with the Tohoku-oki earthquake383

followed by long-term logarithmic recovery procedures. We then separately384

invert the station-pair-based travel time perturbations into spatial seismic ve-385

locity changes using the equation 8. Unlike the changes in decoherence, the386

quiet period of seismic δv/v without big event is strongly contaminated by387

the postseismic relaxation after big earthquakes. It is therefore challenging388

to observe pure seasonal effects or other effects on this basis in the nore-389

astern Japan. Furthermore, the 60-day temporal resolution, that we use to390

ensure a high signal-to-noise ratio, is longer than the potential observation of391
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transient changes in seismic δv/v that related to the groundwater migration392

after the earthquake (Wang et al., 2021). We, therefore, do not discuss the393

seasonal effects from seismic δv/v in this paper.394

4.1. The 2008 Iwate-Miyaki Nairiku earthquake395

As described in section 3.1, we also measure seismic velocity changes re-396

lated to the Iwate-Miyaki Nairiku earthquake considering a zero mean seis-397

mic velocity change before the mainshock. Figure 6a shows the inverted398

seismic velocity changes 0-2 months and 2-4 months after the mainshock,399

respectively. Based on the inflection points on the L-curve (Figure A.9), we400

eventually keep the roughness damping term λ as 10 km and weight term σ401

as 0.005. We see the most significant velocity decrease located adjacent to402

the epicenter of the earthquake (green star). The medium gradually recovers403

from the changes with time going on after the earthquake.404

Compared with the map of decoherence changes, both show significant405

changes near the earthquake epicenter subject to the dynamic stress pertur-406

bations released by the earthquake. In contrast, the changes in scattering407

properties recover much faster than in seismic δv/v, which can be outlined408

by a logarithmic recovery (Sawazaki et al., 2009; Gassenmeier et al., 2016).409

The recovery process of elastic modulus in the earth’s crust reveled by the410

changes in seismic velocity is thus slower than the recovery process of scat-411

tering properties under the impact of the same earthquake.412

4.2. The 2011 Tohoku-oki earthquake413

Wang et al. (2019) have shown that the spatial distribution of large δv/v414

at period 1−7s appears to be limited to the region of strong ground shaking415
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due to the earthquake. By contrast, δv/v at periods 8− 30s sample changes416

in the deeper part of the crust and correlates well with the modeled static417

strain from viscoelastic relaxation and afterslip (Becker et al., 2018; Freed418

et al., 2017). The spatial distribution of seismic δv/v obtained from linear419

interpolation is an approximate method that can fast map the changes. In420

the present research, we use the radiative transfer equation-based numerical421

solution (Equation 6) of the coda sensitivity kernels to first provide a more422

physically meaningful spatial location for velocity changes related to the 2011423

Tohoku-oki earthquake.424

Figure 6b represents the inverted spatial seismic velocity changes after425

the earthquake within the first six months in sequence. We see an apparent426

velocity decrease along the eastern coastal region extending to the central427

Quaternary volcanic chains, where volcanic areas are more susceptible under428

same level of stress perturbations (Brenguier et al., 2014), within the first429

two months after the mainshock. Then, there is a gradual recovery in seismic430

velocity and the biggest changes shift to the eastern coastal region with time431

elapsed. This shows a better spatial correlation with the map of PGV (Wang432

et al., 2019) compared to the direct interpolated map in 1-7s. Meanwhile,433

as we use later coda waves to ensure the existence of sufficient scattered434

waves for measuring the travel-time differences, δv/v reflect deeper and wider435

spatial changes considering the depth sensitivity contributed by body waves436

in the later coda even it is the same frequency band as in the paper by437

Wang et al. (2019). We claim that the seismic δv/v therefore result from438

the combined effects of both dynamic and static stress changes due to the439

earthquake from shallow and relatively deep parts of the crust, respectively.440
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5. Seismic scattering property changes in quiet periods441

Estimating changes in seismic scattering properties and seismic veloci-442

ties in quiet periods will be important to perform the correction required to443

extract solely the structural changes associated with large earthquakes and444

volcanic activities. Regarding seismic velocities, the effects of external envi-445

ronmental perturbations have been reported by many previous studies: rain-446

fall (e.g., Sens-Schönfelder and Wegler, 2006; Meier et al., 2010; Tsai, 2011;447

Richter et al., 2014; Compaire et al., 2021), thermoelastic stress (e.g., Meier448

et al., 2010; Hillers et al., 2015), ocean loading (Wang et al., 2017), snow449

loading (Hotovec‐Ellis et al., 2014), and atmospheric pressure (Silver et al.,450

2007). Evaluating such meteorological effects will be important for inter-451

preting seismic scattering property changes as well. Seasonal crustal seismic452

velocity changes in Japan were already discussed in Wang et al. (2017). We453

estimate and study scattering property changes in quiet periods by taking454

the ∆g values during the period after the 2008 Iwate-Miyagi Nairiku and455

before the 2011 Tohoku-Oki earthquakes (October 2009–March 2011).456

We map the difference of ∆g values averaged in winter (December–457

February) and summer (June–August) to check the anomaly of ∆g values. In458

the inversion of the scattering property changes, we input the absolute values459

of the difference between the mean decoherence value throughout the quiet460

period and the coherence value every 60 days (see also Equation 2). Figure461

7a shows the spatial distribution of the difference of the average ∆g in winter462

and summer. The regions indicated by blue (red) mean that the values of ∆g463

in winter (summer) are higher than those in summer (winter). Larger ∆g464

values happen in winter in the north and south parts of the Tohoku region465
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and some inland regions. The northern part of the Tohoku region shows a466

significant ∆g value in winter. At the south of Mt. Iwate and along the east467

coastline of the Tohoku region, larger ∆g values happen in summer.468

We computed the power spectral densities (PSDs) of time series of ∆g469

values during the quiet period for each small cell to quantify the strength470

of annual and semiannual variations in ∆g. Figures 7b and 7c show the471

spatial distribution of the strength of semiannual and annual variation of ∆g,472

respectively. Some regions show strong semiannual and/or annual variations473

in ∆g. In the following, we focus on ”Regions 1–5” where especially strong474

seasonalities were estimated.475

To discuss possible causes of those semiannual and annual changes in476

∆g values in Regions 1–5, we compare them with meteorological data. We477

use precipitation and snow depth recorded by the Automated Meteorological478

Data Acquisition System (AMeDAS) by JMA. In total, 328 AMeDAS sta-479

tions are deployed in the Tohoku region. Both precipitation and snow depth480

data are retrieved from 94 AMeDAS stations. Figure 8 shows the cumula-481

tive precipitation (left column) and mean snow depth (right column) during482

each 60-day-long period in Regions 1–5. These are the averaged values from483

AMeDAS stations within each region. In Regions 1, 2, 4, and 5, ∆g values484

show peaks in summer, and heavy precipitations occur in July and/or June485

(rainy season) in these regions. The load due to an increase in ground water486

can be a candidate for changes in scattering properties (Obermann et al.,487

2014). For Regions 1–3, heavy snowfalls occur in winter. ∆g values in these488

regions also have clear peaks in winter, indicating that heavy snowfall can489

be a candidate for seismic scattering property changes in those regions. A490
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direct elastic loading effect due to the weight of the snowpack is one possi-491

ble cause of changes in scattering properties. Snowmelt is another candidate492

for the cause of changes in scattering properties. Furthermore, hydrological493

insulation due to a snow cover can cause changes in scattering properties.494

Hydrological insulation impedes water infiltration and limits groundwater495

recharging. In contrast to Regions 1–3, Regions 4 and 5 do not show signif-496

icant scattering property changes in winter. This result can be interpreted497

that a small amount of snowfalls in these regions will not cause scattering498

property changes.499

In the eastern part of the Tohoku region, Wang et al. (2017) assumed that500

seasonal variations in seismic velocities might be related to the instantaneous501

elastic ocean loading effect, and there is no strong correlation with local502

precipitation and/or snow. As described in Section 3.2, the results of previous503

studies (Thery et al., 2020; Tonegawa et al., 2022; Hirose et al., 2022) imply504

that decorrelation is more sensitive to fluid injection than seismic velocity505

changes. The result of the present study and those previous ones explain506

why we see seasonal changes in scattering properties that are related to the507

observation of precipitation and snow.508

Although the timings of large scattering property changes and heavy509

snow/precipitation are almost synchronized, the relationship between the510

absolute values of ∆g and snow depth/precipitation amount is still unclear511

(see Figures S1-S5 in the Supplementary material). We introduce two ex-512

amples: Figure S3b shows the spatial distributions of mean snow depth and513

∆g values for the 60-day period from December 16, 2009, to February 14,514

2010. In this period, the mean snow depth is largest in the northern Tohoku515

24



region (in Region 3). However, ∆g values around Region 3 are relatively516

smaller than those around Regions 1 and 2, where smaller snow depths were517

observed. Furthermore, large ∆g values were estimated west of Region 5,518

although the snow depths observed at close AMeDAS stations were small.519

As shown in Figure S4b, the spatial distributions of ∆g and precipitation520

also suggest that the absolute values of ∆g and precipitation amounts are521

not fully correlated: Although especially heavy precipitations were observed522

around Region 4, estimated ∆g values around this region are smaller than523

those around Regions 1 and 5 where fewer precipitations were observed.524

Such in-consistence between the absolute values of ∆g and snow depth/precipitation525

may suggest some nonlinear effects or additional mechanisms need to be con-526

sidered. In terms of snow, the physical property of the accumulated snow527

may affect δv/v and ∆g (e.g., Guillemot et al., 2021). The rigidity of snow528

is related to its density, which can vary from 40 kg/m3 (light dry snow) to529

400kg/m3 (compacted dry snow). The snow can lead either to an increase in530

weight without rigidity (resulting in negative δv/v), or an increase in weight531

with rigidity (stability or increase of δv/v). Also, when the snow comes to532

the melting point, the rigidity drops to zero (wet snow) and water percolates533

to the ground. In that latter case, we expect a totally different behavior on534

surface wave propagation. Similarly, different soils and also different snows535

will lead to different ∆g.536

The lateral variation of the scattering attenuation in the Tohoku region537

(Carcolé and Sato, 2010) can be another candidate for such non-linear effects.538

Inversion with sensitivity kernels that assume a spatially uniform scattering539

mean free path can bias the mapping results of ∆g and δv/v. Recently, van540
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Dinther et al. (2021) shows the impact of non-uniform scattering properties541

on sensitivity kernels. A fault zone or a volcano, strong scattering zone, acts542

as secondary sources of energy transport, and can change in the spatial dis-543

tribution of sensitivity. To remedy this deficiency, we propose to follow the544

approaches of Hirose et al. (2020) and van Dinther et al. (2020, 2022) to esti-545

mate the local scattering mean free path using envelopes of cross-correlation546

functions from the seismic ambient noise. Such studies help resolve the local547

heterogeneity and should be further considered to build proper local sensi-548

tivity kernels and better interpret non-linear effects.549
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6. Discussion and Conclusion550

Spatiotemporal changes in seismic scattering properties and seismic ve-551

locities in the Tohoku region, the northern-east part of Japan, were explored552

using seismic ambient noise CCFs and coda-wave decorrelation/travel-time553

sensitivity kernels. We mapped the spatial changes every 60 days from554

2008 to 2012 using the 2D sensitivity kernels predicted by radiative transfer555

theory. The results help track and localize changes pertaining to mechani-556

cal/structural changes in the middle and upper crusts.557

We observed significant changes in the scattering property and decreases558

in the seismic velocity around the source region of the 2008 Iwate-Miyagi559

Nairiku earthquake. Although the locations of the most extensive changes560

in the scattering properties and seismic velocities are similar, their recovery561

procedures are distinct. Scattering properties recover faster than the seismic562

wave velocity changes. The latter likely obey a logarithmic recovery law.563

The relaxation of the elastic modulus in the earth’s crust from the seismic564

wave velocity changes is slower than the recovery process of scattering prop-565

erties under the impact of the same earthquake. This difference is possibly566

attributed to the different dynamics in scattering and velocity changes; the567

role of fluids and stress loading, respectively.568

There were also significant changes in the scattering property and de-569

creases in seismic velocity associated with the 2011 Tohoku-Oki earthquake.570

The scattering properties changed considerably around some volcanoes in571

the northern, southern, and central parts of the Tohoku region. Change re-572

gions in scattering properties in the south and north of Tohoku include areas573

where fluid-driven seismicities took place after the mainshock. The scattering574
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properties in central Tohoku recovered in two months, similar to the case of575

the Iwate-Miyagi Nairiku earthquake. Temporal and spatial changes suggest576

that changes in the scattering properties in central Tohoku may have been577

affected by the strong shaking of the mainshock and numerous aftershocks.578

In the case of seismic velocity changes, we see an apparent velocity decrease579

along the eastern coastal region extending to the central Quaternary volcanic580

chains. We interpret it as the result of the combined effects of both dynamic581

and static stress changes due to the earthquake.582

In quiet periods without the presence of large earthquakes, time series of583

changes in scattering properties show seasonal characteristics. Changes in584

scattering properties are more intense in winter than in summer in the south585

and north of the Tohoku region. Changes in scattering properties in winter586

might be related to snow loading, snow melting, hydrological insulation due587

to snow cover, and the highly variable mechanical characteristics of the snow588

pack. The opposite observation occurred south of Mt. Iwate and in areas589

along the eastern coastline of the Tohoku region, where significant changes590

in scattering property are subject to heavy rains in summer. Although con-591

siderable changes in the scattering properties and heavy precipitation / snow592

are almost synchronous, further comparative studies are needed to clarify593

the relationship between the absolute values of ∆g and the amounts of snow594

depth (melt) and the amount of precipitation. Unlike changes in scattering595

properties, changes in seismic wave velocity are more dominated by coseis-596

mic velocity drops. We suggest that waveform decoherence is more sensitive597

to fluid effects than seismic velocity changes and can serve as an indicator598

of fluid migration in the crust. Spatiotemporal analysis of multiple physical599
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parameters helps us better understand and constrain changes in the crustal600

structure associated with seismic and volcanic activities in more detail.601
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Figure 1: Deployment of seismometers and waveforms of seismic ambient noise CCFs. (a)

Blue crosses represent 121 Hi-net stations installed in the north-east part of Japan (Tohoku

region). The epicenter of the 2008 Iwate-Miyagi Nairiku earthquake (the 2011 Tohoku-

Oki earthquake) is indicated by the yellow star at the center of the figure (at the right of

the figure). Red and black triangles represent active volcanoes in the Tohoku region and

Moriyoshi-zan volcano, respectively. (b) Record section of 5-year-stacked seismic ambient

noise CCFs in 0.125–1 Hz band. 100 station pairs whose inter-station distances are shorter

than 150 km are chosen for display. The black dashed lines represent arrival times of direct

Rayleigh waves of 3 km/s.
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Figure 2: (a) Temporal changes of coherences per 60 days for a station pair of N.ICEH-

N.NRKH. (b) Similar to (a), but for N.ADTH-N.TSTH. (c) Temporal changes of measured

delay times every 60 days for N.ICEH-N.NRKH. (d) Similar to (c), but for N.ADTH-

N.TSTH.. (e) Locations of N.ICEH-N.NRKH (pink line) and N.ADTH-N.TSTH (light

blue line).
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Figure 4: (a) Inverted scattering property changes after the 2008 Iwate-Miyaki Nairiku

earthquake. (left) the map of ∆g values 0-2 months after the earthquake. (right) the map

of ∆g values 2-4 months after the earthquake. The green star, black crosses, and black

triangle represent the epicenter of the main shock, seismic stations, and active volcanoes,

respectively. (b) Inverted scattering property changes after the 2011 Tohoku-Oki earth-

quake. (left) the map of ∆g values 0-2 months after the earthquake, (middle) the map of

∆g values 2-4 months after the earthquake, and (right) the map of ∆g values 4-6 months

after the earthquake, respectively. Note that the color scale is different from that of the

panel (a).
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Figure 5: Hypocenters of earthquakes (M>3) in periods 0-2 months, 2-4 months, and

4-6 months after the Tohoku-Oki earthquake. Spatial distributions of scattering property

changes for respective periods are also shown for comparison.
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Figure 6: (a) Inverted seismic velocity changes after the 2008 Iwate-Miyaki Nairiku earth-

quake. (left) the map of velocity changes 0-2 months after the earthquake. (right) the

map of velocity changes 2-4 months after the earthquake. (b) Inverted seismic velocity

changes after the 2011 Tohoku-oki earthquake. From left to right, the panels represent

the map of velocity changes 0-2 months, 2-4 months, and 4-6 months after the earthquake,

respectively. Note that the color scale is different from that of panel (a).

36



138.6° 139.6° 140.6° 141.6° 142.6°
36.2°

37.2°

38.3°

39.3°

40.2°

41.2°

1

2

3

4

PS
D

 o
f s

em
ia

nn
ua

l 
g 

va
ri

at
io

n×10 9

138.6° 139.6° 140.6° 141.6° 142.6°
36.2°

37.2°

38.3°

39.3°

40.2°

41.2°

0.5

1.0

1.5

2.0

PS
D

 o
f a

nn
ua

l 
g 

va
ri

at
io

n

×10 9

Region 1

Region 2

Region 3

Region 4

Region 5

2009-01 2009-07 2010-01 2010-07 2011-01
0.0

0.2

0.4

0.6

0.8

1.0

g 
[k

m
1 ]

×10 4

Region 1
Region 2
Region 3

2009-01 2009-07 2010-01 2010-07 2011-01
0.0

0.2

0.4

0.6

0.8

1.0

g 
[k

m
1 ]

×10 4

Region 4
Region 5

138.6° 139.6° 140.6° 141.6° 142.6°
36.2°

37.2°

38.3°

39.3°

40.2°

41.2°

4

2

0

2

4

g(
w

in
te

r)
g(

su
m

m
er

)[
km

1 ]

×10 5

(a) (b) (c)

(d) (e)

Figure 7: (a) A map of the difference in the average change in scattering coefficient (∆g)

during winter and during summer. In sub-figure (a), blue/red-colored regions indicate

that larger ∆g values were estimated in the winter/summer season. Note that summer

and winter are shown by light blue-colored and pink-colored periods in panels (d) and

(e), respectively. (b) Spatial distribution of power spectral densities (PSDs) of semiannual

variations in ∆g. Small cells whose STD of temporal changes of ∆g in the quiet periods

are smaller than 1.0×10−5 km−1 are colored by gray. (c) Similar to (b), but for annual

variations in ∆g. (d) Temporal changes of ∆g between Oct. 2008 and Mar. 2011 for

three different regions (Region 1–Region 3). They are averaged for ∆g values in small

cells in each region. Sizes of these regions are approximately 70 km (Easting) × 60 km

(Northing), 40 km × 60 km, and 40 km × 60 km, respectively. Winter (Dec.-Feb.) and

summer (Jun.-Aug.) are indicated by background colors of light blue and pink. (e) Similar

to (c), but for the other two different regions (Regions 4 and 5).
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Figure 8: Comparison of temporal changes of ∆g values and cumulative precipitation

(left column) or mean snow depth (right column) for each 60-day period in Regions

1–5 (see Figure 7). Data of snow depths and precipitations at the Automated Mete-

orological Data Acquisition System (AMeDAS) station close to each region was used

(https://www.data.jma.go.jp/obd/stats/etrn/).
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Appendix A. Selection of optimal smoothing parameters for in-637

versions638

In the scattering property and seismic velocity inversions, we selected op-639

timal values of smoothing parameter σm and the correlation length λ by using640

L-curve (Hansen, 1992) (see also Equation 11). Figure A.9 shows examples641

of L-curves in scattering property inversion and seismic velocity inversion,642

respectively. We tested five different λ values (λ = 10, 30, 50, 70, and 90643

km), and decided to set λ = 10 km in this study.644
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Figure A.9: L-curves. (left) Plot of rms against maximal ∆g value. (right) Plot of rms

against maximal drop of δv/v. The optimal λ and σ are marked by opened black squares.
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