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The passive image interferometry technique is applied to the continuous seismic waveform data obtained
around the source region of the 2007 Noto Hanto Earthquake, central Japan. We computed the autocorrelation
function (ACF) of band-pass filtered seismic noise portion recorded with each short-period seismometer at several
seismic stations for 1 day each. In some stations, comparison of each 1-day ACF shows temporal evolutions of
the ACF, which are interpreted as the change of seismic velocity structure in the volume considered. Sudden
changes of ACF are detected to be associated with the occurrence of the main shock in one station of the four
stations analyzed. Gradual changes of ACFs in the preceding 2 weeks of the main shock are also recognized
in two stations, which would be of great importance for understanding the stress state before the occurrence of
earthquakes.
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1. Introduction
Recently, the ‘seismic interferometry’ technique has of-

ten been applied to retrieve the Earth’s subsurface structure.
The basic principle of the method is that the Green’s func-
tion (seismic impulse response) between two seismometers
can be retrieved by cross-correlation of a random isotropic
wave field sensed at both instruments (e.g. Sanchez-Sesma
and Campillo, 2006). Wapenaar (2004) revealed that body
wave reflections from layer interfaces can be retrieved
by cross-correlation as well as surface waves and turn-
ing waves. Green’s function can be obtained from cross-
correlation function (CCF) of diffusive part of multiple scat-
tered seismic coda (Campillo and Paul, 2003) and also from
the cross-correlation of ambient seismic noise (Shapiro and
Campillo, 2004).
Retrieving Green’s function from ambient noise is suited

to the monitoring of temporal variations of the subsurface
structure, because noise data are continuously available.
Sens-Schönfelder and Wegler (2006) called this method
‘passive image interferometry’. Although the CCF of the
seismic noise portion recorded at two different receivers
is usually used, Wegler and Sens-Schönfelder (2007) ap-
plied the autocorrelation function (ACF) of seismic noise
recorded at a single station to retrieve the source-receiver
collocated Green’s function. Using the passive image inter-
ferometry technique, Wegler and Sens-Schönfelder (2007)
revealed the temporal variation of the crustal structure in
the vicinity of the source region of the 2004 Mid-Niigata
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earthquake, Japan. They detected that a sudden decrease of
relative seismic velocity in the Earth’s crust coincides with
the occurrence of the earthquake, which is attributed to the
decrease of stress caused by the mainshock.
On March 25, 2007, an Mw 6.6 earthquake occurred in

the Noto Peninsula region, central Japan, which was named
the 2007 Noto Hanto Earthquake by the Japan Meteorolog-
ical Agency (JMA). The hypocenter of the earthquake de-
termined by JMA is as follows: origin time = 09:41:57.9
JST on March 25, 2007; latitude = 37.220N; longitude =
136.685E; focal depth = 11 km (Fig. 1). In this paper, we
present another application of the novel method of passive
image interferometry to retrieve the temporal variation of
the subsurface structure in the vicinity of the source region
of the 2007 Noto Hanto Earthquake, central Japan.

2. Data and Method
We used vertical components of the continuous seismic

noise data portion recorded at several short-period seismic
stations around the source region of the 2007 Noto Hanto
Earthquake. Figure 1 shows the distribution of the seis-
mic stations used in this study together with the epicenter of
the mainshock. The station N.TGIH is operated by NIED
(National Research Institute for Earth Science and Disas-
ter Prevention) and other three stations by DPRI (Disaster
Prevention Research Institute) of Kyoto University.
We analyzed 6 months of data, about 4 months before

and 2 months after the mainshock. The data were divided
into 1-day (24 h) segments. The sampling frequency at each
station is 100 Hz.
We first removed the DC offset of the data and applied

appropriate band-pass filter to eliminate the effect of long-
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Fig. 1. Map around the epicenter of the 2007 Noto Hanto Earthquake,
central Japan. Thick lines represent the active faults. Solid star denotes
the epicenter of the mainshock, while solid squares represent seismic
stations used in this study. Fault plane solution together with the surface
projection of the fault plane obtained by Horikawa (2008) are also
shown.

period tremor. We used the butterworth type band-pass filter
of order eight (8). Pass band of the filter was selected to
mark out the signal in ACF. Frequency bands of the filters
applied to each station were as follows; 1.5 Hz–10 Hz for
DP.HRJ and N.TGIH, and 2.0 Hz–10 Hz for DP.NNJ and
DP.FMJ.
Next, in order to remove the effect of deterministic

phases caused by earthquakes, we eliminated the earth-
quake signal portion from the records. First, we calculated
the standard deviation of the amplitude of background noise
portion with little earthquake signal. Based on the stan-
dard deviation of the noise amplitude, we determined an
appropriate threshold value to detect the earthquake signal.
Then we filled zero values into the seismic records where
the amplitude is larger than the threshold. We tested sev-
eral threshold values between 1 and 100 times the standard
deviation. The test indicates that no significant differences
in the pattern of ACFs are observed for threshold values
smaller then 50, although relative amplitudes are changed.
Thus, we used a threshold value of 10 times the standard
deviation, as Wegler and Sens-Schönfelder (2007) used. Fi-
nally, we calculated the autocorrelation function (ACF) of
the seismic record for 1 day. ACFs were calculated for each
day during the target periods for all stations.

3. Temporal Variation of the Autocorrelation
Functions

Figure 2(a)–(d) shows the temporal variation of ACFs for
stations DP.NNJ (epicentral distance 36 km), DP.HRJ (45
km), N.TGIH (4 km), and DP.FMJ (79 km). Each plate
consists of about 180 different ACFs, each of which was
computed using the noise portion of 1 single day. In gen-
eral, although the shape of ACF for each station is different
to each other, the late phases in each station are quite coher-
ent over ACFs of different days.
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Fig. 2. Temporal variations of the ACF of seismic noise recorded at each
station during 6 months. The ACF for a single day is shown as a function
of the date. The 2007 Noto Hanto Earthquake occurred on March 25,
2007. Grey wiggles correspond to positive parts of the ACF. (a) ACF
at station DP.NNJ (epicentral distance = 36 km). (b) ACF at station
DP.HRJ (epicentral distance = 45 km). (c) ACF at station N.TGIH
(epicentral distance = 4 km). (d) ACF at station DP.FMJ (epicentral
distance = 79 km).

At DP.NNJ, late phases with a dominant frequency of
about 2.5 Hz are seen. As we described in the previous
section, we applied a band-pass filter before calculating
ACFs, and it slightly affected the predominant frequency
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Fig. 2. (continued).

of the obtained ACFs. They are almost coherent over 6
months with little temporal variations (Fig. 2(a)). Changes
in the lag time of the ACF are recognized in some parts.
Figure 3(a) and (b) shows the relative time shifts of several
clear phases shown in Fig. 2(a). To obtain the relative time
shifts, we first stacked all the ACFs over 6 months to make
‘master ACF’ and then calculated the relative time shifts
of five phases in Fig. 2(a) together with the correlation
coefficients of the shape of the phases to those of ‘master

ACF’. Time ranges of selected phases A, B, C, D, and E
are 3.14 s–3.58 s, 3.58 s–4.00 s, 4.00 s–4.40 s, 4.40 s–
4.81 s, and 4.81 s–5.27 s, respectively. Time shifts of the
phases whose correlation coefficients larger than 0.75 are
shown. Phases A, B, and C exhibited gradual increases
of the lag time within 2 weeks preceding the earthquake
and they recovered just before or with the occurrence of the
mainshock. Maximum time shift of about 0.05 s is observed
on the phase B.
At DP.HRJ, where the predominant frequency of ACF is

around 1.3 Hz, several clear phases are also seen (Fig. 2(b)).
We again selected five phases to calculate relative time
shifts. Time ranges of selected phases A, B, C, D, and E are
3.32 s–3.84 s, 4.31 s–4.77 s, 5.00 s–5.66 s, 5.66 s–6.34 s,
and 6.34 s–7.00 s, respectively (Fig. 3(c) and (d)). Slight
changes in lag time are observed in phases C, D, and E
around the occurrence of the mainshock, though, the shapes
of the ACFs are less stable with time compared to those at
station DP.NNJ. Phases C, D, and E exhibit a gradual de-
crease of lag time within 2 weeks preceding the earthquake.
Just before or with the occurrence of the mainshock, lag
times of phases D and E recovered to the previous values,
while phase C became rather unstable.
At station N.TGIH, which is the closest to the source

area with the epicentral distance of 4 km, increase of the
lag time of several phases are observed after the mainshock
(Fig. 2(c)). We selected five phases to calculate relative time
shifts (Fig. 3(e)). Time ranges of selected phases A, B, C,
D, and E are 3.18 s–3.66 s, 3.93 s–4.40 s, 4.40 s–4.82 s,
4.82 s–5.44 s, and 5.44 s–6.00 s, respectively. Although
severe turbulence in the shape of ACF during several days
after the mainshock are seen in phases B, C, D, and E, a
clear increase of the lag time is observed on these phases.
It is also seen that the time shift is the smallest on phase A
and the largest on phase E.
At DP.FMJ, whose epicentral distance is about 79 km, al-

though several phases are observed, it is difficult to identify
these phases over the period analyzed (Fig. 2(d)).

4. Discussion
Observed features of the ACFs are summarized as fol-

lows. At DP.NNJ, several clear phases exhibit a gradual
increase of the lag time within 2 weeks preceding the main-
shock and they recovered just before or with the occurrence
of the mainshock (Fig. 3(a) and (b)). At DP.HRJ, on the
contrary, several phases exhibit a gradual decrease of the
lag time within 2 weeks preceding the mainshock, that re-
covered just before or with the occurrence of the mainshock
(Fig. 3(c) and (d)). At N.TGIH, in spite of severe turbulence
during several days after the mainshock, a clear increase
of lag time is observed in several phases (Fig. 3(e)). At
DP.FMJ, it is difficult to identify particular phases over the
6 months analyzed.
Except for some unexplainable turbulence (e.g. ACFs

on the beginning of January 2007 at station DP.NNJ in
Fig. 2(a)), most of the phases in ACFs are traceable with
time. Focusing on these relatively stable ACFs, there are
two remarkable features in the observed ACFs, as described
in the previous section. One is that phases with a predomi-
nant frequency in ACF at one station are coherent over dif-
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Fig. 3. Relative time shifts of several particular phases at each station. Time shifts are calculated by taking cross-correlation among the focused phases
in ACFs. Only time shifts of the phases whose correlation coefficients larger than 0.75 are plotted. (a) Relative time shifts at station DP.NNJ during
a period of 6 months. (b) Same as (a) but for during the period of 2 months including the occurrence of the earthquake for enlarged time window. (c)
Relative time shifts at station DP.HRJ during 6 months. (d) Same as (c) but for during 2 months for enlarged time window. (e) Relative time shifts at
station N.TGIH during 6 months.

ferent days, though the shape of ACF at each station is dif-
ferent to each other. In other words, the shapes of ACFs are
temporally stable. The other is that the temporal evolutions
of particular phases in ACF are sometimes observed around

the occurrence of the earthquake. In other words, the lag
times of particular phases are temporally changed before or
after the earthquake.
Temporal stability of the ACF suggests the potentiality
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Fig. 3. (continued).

for estimating the deep structure beneath the station. ACF
of the background noise is proven to be a pseudo seismic
reflection profile of the observation site, and therefore, if
the shape of ACF is temporally stable, seismic reflection
profile of deep portion can be obtained by stacking ACFs.
Change in the lag time of particular phases in ACFs is

primarily attributed to the change of seismic wave veloc-
ity structure beneath the observation site. In general, the
increase in the lag time of phases in ACF is caused by de-
creases of seismic wave velocity, and vice versa. Changes in
wave velocity will be caused by several factors. Some can-
didates are as follows; (1) change in stress in the Earth’s in-
terior caused by the earthquake (e.g. Nishimura et al., 2000;
Poupinet et al., 1984); (2) change in the near-surface ma-
terial properties, such as generation of damage or cracks
caused by the strong shaking of the earthquake (e.g. Peng
and Ben-Zion, 2006); (3) change of degree of water satura-
tion in the near-surface (e.g. Sens-Schönfelder and Wegler,
2006).
Figure 4 shows the change in volumetric strain caused

by the mainshock. We assume the fault model obtained by
Horikawa (2008), whose surface projection is shown by a
rectangle in Fig. 4. The fault length, width, strike, dip, rake,
and average slip are 22 km, 20 km, 58 deg, 60 deg, 135
deg, and 76.7 cm, respectively. Based on Okada (1992),
we calculate the strain field. Stations DP.NNJ, DP.HRJ, and
N.TGIH are located in the area of dilatation, while DP.FMJ
is located in the area of contraction. In the area of dilatation,
it is expected that there will be an increase in lag time of
phases (positive time shift) in ACF due to a decrease of
seismic velocity (e.g. Nishimura et al., 2000). The ACF
at station N.TGIH, closest to the source area, is the only
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Fig. 4. Change in volumetric strain caused by the mainshock. Fault pa-
rameters obtained by Horikawa (2008) are assumed. Open rectangle
shows the surface projection of the fault plane model. Solid line con-
tours denote dilatation while dashed line contours show contraction.

one showing an increase in lag time after the earthquake.
Thus, one possible cause of the time shift at N.TGIH may
be the change in the stress field due to the earthquake. On
the other hand, ACFs at stations DP.NNJ and DP.HRJ do not
show such positive time shifts after the earthquake. DP.FMJ
is located in the area of contraction. However, since it is
difficult to trace particular phases over the period analyzed
at this station, it is hard to recognize the change of time
shifts with the occurrence of the mainshock.
At N.TGIH, another possible interpretation of the clear

increase of lag time can be proposed. As we mentioned in
the previous section, the time shift is the smallest on the
phase of the shortest lag time, and the largest time shift is
observed on the phase of the longest lag time. This result is
likely attributed to the reverberation of the seismic wave in
a shallow layer, in which seismic wave velocity decreased.
Multiple reflection in the shallow layer causes the elonga-
tion of the time shift of each phase. Decrease of seismic
wave velocity is probably caused by the change in the near-
surface material properties by the strong shaking. Since we
observed only ACF (autocorrelation function) at a single
station, it is difficult to distinguish whether the signal has its
origin in the deeper portion or just in the surface layer. De-
ploying a small-sized seismic array to compare autocorre-
lation function (ACF) and cross-correlation function (CCF)
of the observation sites will provide useful information to
delineate the origin of the phases as well as the subsurface
structure (e.g. Draganov et al., 2007).
At DP.NNJ and DP.HRJ, temporal evolution of ACF pre-

ceding the mainshock is detected. Although it is difficult
to give a concrete interpretation of the observed features at
present, a reliable interpretation would be of great impor-
tance for understanding the stress state before occurrence
of earthquakes. It is also essentially important to conduct
correlation analysis of other geophysical observations.
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5. Conclusion
Temporal variation of the autocorrelation function (ACF)

of ambient seismic noise around the source region of the
2007 Noto Hanto Earthquake is preliminarily analyzed to
detect any possible change in the subsurface structure asso-
ciated with the earthquake. Sudden change in lag time of
the ACF associated with the occurrence of the mainshock is
detected in some stations.
Station N.TGIH, with the epicentral distance of 4 km,

showed an increase in lag time of the ACF, which is pri-
marily attributed to the decrease of seismic wave velocity
in the volume considered. Two possible interpretations are
proposed. One is that the decrease of stress induced by the
mainshock caused seismic wave velocity decreased. The
other is that strong shaking produced a change in the near-
surface material properties that caused the seismic wave ve-
locity decreased.
At DP.NNJ and DP.HRJ, several clear phases in ACF ex-

hibit gradual time shifts within 2 weeks preceding the main-
shock and they recovered before or with the occurrence of
the mainshock. Positive time shifts (increase of lag time)
were observed at DP.NNJ, while negative time shifts (de-
crease of lag time) were recognized at DP.HRJ. Although
it is difficult to give concrete interpretation of the observed
features at DP.NNJ and DP.HRJ at present, it would be of
great importance for understanding the stress state before
the earthquake.
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