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Abstract

More than 10 years have passed since observations began to be recorded by Hi-net, a network of high-sensitivity
seismometers located in Japan. Several large earthquakes, including the 2011 Tohoku-Oki earthquake, have been
recorded by the network during this period. Age-related degradation and the strong ground motion of large
earthquakes may change the instrument response of the high-sensitivity seismometers of Hi-net. Thus, we checked
the natural frequency f and damping constant h for each Hi-net sensor and monitored the instrument response for
10 years from 2003 to 2013. Most of the sensors showed a stable instrument response over this period. More than
95 % of the sensors whose responses we could well estimate showed small fluctuations in their natural frequencies
and damping constants of within 0.05 Hz and 0.05, respectively. We also found that many Hi-net sensors in
northeastern Japan showed slight changes in the instrument response as a result of the 2011 Tohoku-Oki
earthquake. Based on the assumption that the instrument responses remained unchanged, the fractional velocity
reduction in the subsurface structure was reported by seismic interferometry analysis. To investigate how changes in
the instrument response can cause errors in seismic interferometry analysis, we conducted a synthetic test. The results
indicate that the instrument response did not result in systematic variation in the time delay observed in the
interferometry analysis. This confirmed that the velocity decrease observed as a result of the 2011 Tohoku-Oki

earthquake was not due to artificial instrument error.
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Background

The National Research Institute for Earth Science and
Disaster Prevention (NIED) has operated three nation-
wide seismic networks since the 1990s. The networks con-
sist of approximately 80 broadband seismographs, 1700
strong-motion seismographs, and 800 high-sensitivity
seismographs and are referred to as F-net, KiK-net/K-
NET, and Hi-net, respectively. These three seismic net-
works observe seismic motions for short to long periods
and detect earthquakes of small to large magnitudes
(Okada et al. 2004).
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Hi-net is designed for the detection of small earthquakes
and very weak signals from the deep crust. At a Hi-net
station, a sensor characterized by a natural frequency of
1 Hz is installed at the bottom of a borehole of 100 m or
more in depth to reduce background noise (Obara et al.
2005). The performance and limitations of the sensor dy-
namic range were investigated by Shiomi et al. (2005). The
sensor orientation at the bottom of the borehole cannot
be observed by the naked eye but may be accurately esti-
mated by analyzing the long-wavelength waveforms and
ambient seismic signals (Shiomi 2013). The Hi-net records
have been used to determine the accurate hypocenter
locations and mechanisms of small earthquakes (e.g.,
Yukutake et al. 2008) and have contributed to the new
finding of a non-volcanic seismic tremor in southwestern
Japan (Obara 2002). Additionally, the records have been
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used for the construction of subsurface structure models
by seismic travel-time tomography (e.g., Matsubara et al.
2009), receiver function analysis (e.g., Shiomi et al. 2004;
Ueno et al. 2008), and scattering-wave analysis (e.g.,
Takahashi et al. 2009). Although the Hi-net sensors
were originally designed for regional or small earthquakes,
high-quality observations can be successfully achieved using
a simulation filter from the Hi-net sensors to the F-net
broadband sensors for far-field large earthquakes
(Maeda et al. 2011). The waveforms recorded by the
Hi-net stations are available on the NIED Hi-net web-
site (http://www.hinet.bosai.go.jp/?LANG=en).

Wegler and Sens-Schonfelder (2007) proposed a method
referred to as passive image interferometry (PII), in which
fractional changes in the background seismic velocity struc-
ture (less than approximately 1 %) can be identified by
monitoring a correlation function of the ambient seismic
noise. This method has successfully detected temporal
changes in the subsurface structure associated with a large
earthquake (e.g., Brenguier et al. 2008a), a volcanic eruption
(e.g., Brenguier et al. 2008b), and Earth tides (Takano et al.
2014). Since Hi-net provides continuous high-quality seis-
mograms, Hi-net records are suitable for the PIL. For ex-
ample, the PII of the Hi-net records revealed a significant
velocity decrease of more than 0.3 % for the 2004 Mw 6.6
mid-Niigata earthquake (Wegler et al. 2009), the 2007 Mw
6.6 Noto Hanto earthquake (Ohmi et al. 2008), and the
seismic swarm activity by magma intrusions in the Izu
Peninsula, Japan (Ueno et al. 2012). Additionally, for the
2011 Tohoku-Oki earthquake, a significant velocity de-
crease of approximately 1.5 % was reported based on moni-
toring by the autocorrelation function (ACF) using Hi-net
records (Minato et al. 2012).

These PII results implicitly presumed stable instrument
responses of the Hi-net sensors during the analysis period.
However, stability is not always assured, because some
sensors suffer from ground motions larger than the stroke
limitation. This can damage the sensor and change the in-
strument response. Figure 1 shows records of the 2011
Tohoku-Oki earthquake at the N.KMIH station. The KiK-
net waveform indicates strong motions larger than the
stroke limitation of the Hi-net sensor which is 2 mm
(Fig. 1b). Thus, although it appears to work correctly, the
Hi-net sensor cannot accurately record large ground mo-
tions, because of the stroke limitation (Fig. 1c). Such large
signals may cause significant changes in the instrument re-
sponse for PII because PII is sensitive to very small vel-
ocity structure changes (approximately 1 %). To maintain
a satisfactorily high performance of a seismograph and
guarantee accurate PII results, it is necessary to carefully
monitor the changes in the instrument response and
examine the effects of these changes on the PII.

This study thoroughly investigates the instrument re-
sponses of approximately 800 Hi-net sensors using a
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daily test coil signal over a period of 10 years that in-
cludes the 2011 Tohoku-Oki earthquake. Analyzing the
test coil signal, we estimated the natural frequency and
damping constant as the instrument responses for each
sensor of Hi-net. Additionally, we examined how changes
in the instrument response can affect the subsurface struc-
ture changes detected by PII for the 2011 Tohoku-Oki
earthquake.

Methods

Evaluation of instrument response

We estimated the natural frequency f and damping con-
stant /1 for each Hi-net sensor by using a daily test signal.
Figure 2a shows a schematic of a Hi-net seismometer. A
coil bobbin, which works as a pendulum in the seismom-
eter, includes a signal coil and a test coil. The signal coil is
for the detection of ground motion, which induces a
current in the coil. The coil bobbin is displaced by an elec-
trical voltage applied to the test coil. When we apply a
voltage e; to a test coil with length / and resistance R in a
magnetic flux density B, the weight of the coil bobbin M,
the generated Lorentz force per unit mass f; given by

f=e 1)
displaces the coil bobbin in the vertical direction. The
values of B, [/, M, and R are constant. When an electrical
voltage is applied suddenly as shown in Fig. 2b, the force
is produced in a stepwise shape. The equation of motion
for the coil bobbin is then given by

5(t) + 2hwoz () + 022(t) = fH(L), 2)

where z() is the displacement of the bobbin, w, is the
natural angular frequency, % is the damping resistance,
and a function H(¢) is defined as

0, t<0
H(t){l £0

)

We then obtained Z(w) from the Fourier transform of
z(t) as

Z(w) = Co , 3)

(02 -2hwoiw-63)ie

where Cj is a constant which includes the constant values
of B, [, M, and R. Equation (3) shows the displacement
spectrum of the coil bobbin. The displacement of the coil
bobbin induces the voltage e in the signal coil. The out-
put voltage ey produce by this bobbin motion is propor-
tional to the velocity of the coil bobbin v(¢) = dz(¢)/dt, and
the Fourier transform of the velocity is given by
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Fig. 1 Epicenter and Hi-net station locations and waveform examples. a Distribution of the NIED Hi-net stations and the epicenter of the 2011
Tohoku-Oki earthquake. Vertical waveforms of the 2011 Tohoku-Oki earthquake recorded at the NKMIH (IWTH23) station with b the KiK-net borehole
acceleration seismometer and ¢ the Hi-net velocity seismometer. Both seismometers were placed in the same borehole. Band-pass filters of 0.01-20 Hz
were applied to the waveforms, and they were transformed to displacements. The dashed line indicates the reliable stroke width (+15 mm) of the

Hi-net vertical sensor (Shiomi et al. 2005)
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Therefore, we obtain the output voltage, in other
words, an instrument response, with respect to the force
given by the right-hand side of Eq. (2) by performing the
inverse Fourier transform given by Eq. (4).

The electrical voltage was applied every morning at
9:00 AM, as shown in Fig. 2b, and a test signal was ob-
tained for each Hi-net sensor, as shown in Fig. 2c. Figure 3
shows examples of the calculated instrument responses
(test signals) for three difference sets of natural frequencies
fand damping constants /: (f, k) = (1.0 Hz, 0.7), (0.9 Hz,
0.6), and (0.5 Hz, 0.3). The standard Hi-net sensor is set to
1.0 Hz and 0.7. If the instrument response is characterized
by f=0.9 Hz and /4 = 0.6, the difference from the standard
instrument response is not very large, whereas a large dif-
ference is recognized for the case of f=0.5 Hz and /1 =0.3.

Estimating the parameters of instrument response using
a test coil record

We estimated the natural frequency f and damping con-
stant /1 for the Hi-net sensors using a grid-search method.
We calculated the root mean square reduction (rr), which
is defined as

> Is()-ow)?

T (5)

where S(t) and O(f) are the calculated and observed
instrument responses, respectively. The rr is larger
when the equation better reproduces the observation.
It takes a maximum value of 1 when the calculation
perfectly matches the observation. By changing f from
0.1 to 2.1 Hz with a step of 0.01 Hz and /4 from 0.1
to 2.1 with a step of 0.01, we investigated an
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Fig. 2 Equivalent circles and instrument response. a Schematic of a
typical Hi-net seismometer, b the voltage used as an input for the test
signal, and ¢ the velocity of the coil bobbin relative to the magnet as a
result of the input shown in (b). We refer to this waveform as
the instrument response or test signal
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appropriate range of f and % values to maximize the
value of rr.

Figure 4a shows the rr distribution as a function of
f and h for the instrument response at the N.KMIH
station (the station location is shown in Fig. la) re-
corded on 4 June 2010. The maximum rr value is
0.98 for a parameter set of f=1.11 Hz and /& =0.68.
Figure 4b-e compares the observed and calculated
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Fig. 3 Examples of calculated instrument responses. Black, red, and
blue lines indicate parameters of (f, h) = (1.0 Hz, 0.7), (0.9 Hz, 0.6), and
(0.5 Hz, 0.3), respectively

instrument responses for each f and % set. Very good
agreement between the observed and calculated in-
strument responses is obtained when the rr value is
larger than 0.95. This study assumes that the ranges
of fand / that yield rr values larger than 0.95 are the
estimated natural frequency and damping constant for
an instrument response. We estimated these ranges to
be f=1.05-1.15 Hz and /4 =0.6-0.75 for the instru-
ment response at the N.KMIH station in Fig. 4a.

Results and discussion

Figure 5 shows an example of the time series of f, 7,
rr, and the root mean square (RMS) amplitude of the
waveform from 2003 to 2013 for three component
seismographs at the N.KMIH station in the Tohoku
region (the station location is shown in Fig. 1a). The
rr value is an important index in the stability deter-
mination for parameter estimation, as shown in Fig. 4.
For the vertical component time series in Fig. 5a, low
rr values were estimated occasionally and the values
of f and & were not always stable. It was usually be-
cause natural earthquakes such as aftershocks of the
Iwate—Miyagi Nairiku earthquake (Mw 6.9) in 2008
and the 2011 Tohoku-Oki earthquake (Mw 9.1) con-
taminated the test signals. However, most rr values in
the whole period were greater than 0.95, which indi-
cates very good agreement between the observed and
calculated instrument responses. The natural frequencies
and damping constants during the analyzed period were
estimated to be in the ranges of f=1.05-1.10 Hz and /4 =
0.65-0.75, respectively. The results of the north—south
and east—west components were similar to those of the
vertical component, as shown in Fig. 5b, c.

Figure 6 summarizes the distribution of the instru-
ment responses for all Hi-net stations in this study,
including a histogram of the average f (Fig. 6(al)), the
standard deviation of f (Fig. 6(a2)), the average h
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(Fig. 6(a3)), and the standard deviation of / (Fig. 6(a4)) for
the vertical sensors for over 10 years for each station.
Figure 6b, c indicate the same values for the north—south
and east—-west components of the seismometers, re-
spectively. More than 95 % of the stations have nat-
ural frequencies and damping constants in the ranges
of f=1.0-1.2 Hz and % =0.6-0.75. The standard devi-
ations of the f and / for each station are within
0.05 Hz and 0.05, respectively, indicating that there is
no significant variation in the instrument response
(see Fig. 4). Therefore, we conclude that the Hi-net
sensors as a whole are well controlled, with small
instrument-to-instrument variations. Additionally, the
sensors are very stable over the analyzed 10 years, al-
though slight fluctuations in the instrument response
were sometimes recognized during large earthquakes.

Influence of changes in instrument response on crustal
monitoring by interferometry analysis

Passive image interferometry of the 2011 Tohoku-Oki
earthquake

During the 2011 Mw 9.1 Tohoku-Oki earthquake, a
large-amplitude seismic wave propagated through east-
ern Honshu (e.g., Suzuki et al. 2011). Fractional subsur-
face velocity change after the earthquake was reported
associated with the strong motion and the large stress/
strain change (e.g., Brenguier et al. 2014; Nakata and
Snieder 2011). We conducted PII using the records of
the vertical components of Hi-net. Following a stretch-
ing method proposed by Wegler et al. (2009), we esti-
mated the time delay of the ACF from the reference
ACEF in the lag time of 4-15 s for the frequency range of
1-3 Hz and detected the changes in the subsurface
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seismic velocity structure that occurred during the 2011
Tohoku-Oki earthquake.

Figure 7 shows the ACFs obtained from the continuous
Hi-net records of the N.KMIH station during the period
of 2008-2013. The ACE, which is considered as a Green’s
function of the source and receiver located at the station,
does not vary significantly and shows high stability over
each time period. However, looking carefully, a slight time
delay from the lag time can be observed immediately fol-
lowing the occurrence of the 2011 Tohoku-Oki earth-
quake. For example, there is a time delay of approximately
0.1 s at a lag time of approximately 8.5 s.

The time delays between the reference ACF and the
ACFs from 30 October 2010 and 30 October 2011 at
each lag time are estimated in Fig. 8(al, a2), respectively.
The reference ACF is defined as the mean of the ACFs
in 2009 and 2010. For comparison, we first estimated
the time delay on 30 October 2010, a day without a large
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Fig. 7 Autocorrelation functions (ACFs) and noise level. a ACFs of
the vertical component for the NKMIH station. The ACFs were made
from band-pass-filtered waveforms (passband = 1-3 Hz). The broken
line indicates the date of the 2011 Tohoku-Oki earthquake. b Root
mean square amplitude of waveforms for the duration of 1 h after
band-pass filtering
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event, as shown in Fig. 8(al). No systematic variation of
the time delay with the lag time is evident in the figure.
Conversely, in Fig. 8(a2), which shows the time delay on
30 October 2011, a day roughly 5 months after the 2011
Tohoku-Oki earthquake, it is evident that the time delay
increases with increasing lag time. The stretching
method in the PII interprets the time delay of an ACF as
being caused by a decrease in the background velocity
structure; when the background seismic velocity de-
creases by a %, the time delay is given by d¢=a/100 for
a lag time of ¢ (e.g., Sens-Schonfelder and Wegler 2006).
We estimated that the velocity structure decreased by
approximately 0.5 % at the N.KMIH station after the
2011 Tohoku-Oki earthquake (Fig. 8b).

Changes in instrument response

Since the ground shaking caused by the 2011 Tohoku-
Oki earthquake was too strong for a high-sensitivity seis-
mograph, an instrument response change must be con-
sidered. After the earthquake, in fact, a very small
change of the fand the & seems to occur at N.KMIH as
shown in Fig. 8c. We may have misidentified the change
in the instrument response as corresponding to a change
in the subsurface velocity structure resulting from the
earthquake. Therefore, we investigate whether the change
in the instrument response can misrepresent the subsur-
face velocity change.

Figure 9 shows the distribution of the differences be-
tween the instrument responses before and after the
earthquake. We found that many stations in northeast-
ern Japan had small instrument response changes. This
means that the instrument responses for the Hi-net sen-
sors, especially those in northeastern Japan, were af-
fected by the large shaking of the 2011 Tohoku-Oki
earthquake. However, the changes in the natural fre-
quencies and damping constants for the sensors were
smaller than +0.05 Hz and +0.05, respectively.

Apparent temporal changes in subsurface structure due
to changes in instrument response

We then examined the extent to which the change in
the instrument response during the 2011 Tohoku-Oki
earthquake could affect the velocity change estimated by
PIL. First, a band-pass filter with a passband of 1-3 Hz
was applied to ambient noise recorded by a broadband
F-net station (N.KSNF) as shown in Fig. 10a. We then
convoluted instrument responses characterized by
(f, h) =(1.0 Hz, 0.7), (0.9 Hz, 0.6), and (0.5 Hz, 0.3)
to simulate a seismogram of a normal Hi-net sensor, a
seismogram of a Hi-net sensor which was slightly
damaged by age-related degradation or large earthquakes,
and a seismogram in an extreme case, respectively (black,
red, and blue lines, respectively, in Fig. 10b). Figure 10c
shows the ACFs for the three types of simulated
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seismogram records which were calculated using the same
method as in Fig. 4.

Figure 11 shows the estimated time delay from the ref-
erence ACF with f=1.0 Hz and /# = 0.7 for each lag time
of ACFs with f=0.9 Hz and / = 0.6, which represents a
possible change in the instrument responses after the
2011 Tohoku-Oki earthquake, and f=0.5 Hz and /4 =0.3,
which represents an unrealistically extreme case. We did
not find a systematic time delay according to the
change in the lag time. Additionally, a very small vel-
ocity change of less than 0.1 % may be obtained by the
stretching method when a possible response change
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occurs (Fig. 1la). However, the velocity reduction
caused by the 2011 Tohoku-Oki earthquake was 0.5 %,
as shown in Fig. 8(a2) and 8b. Since this velocity
change is significantly larger than 0.1 %, the obtained
velocity structure change is not an artifact caused by
the instrument response change during the large earth-
quake. Figure 11b shows the result for an extremely
large instrument response change, which shows un-
stable values of the lag time d¢ at each elapsed time.
This extreme case of changes in the instrument re-
sponse cannot reproduce a systematic change in the lag
time, according to the lag time obtained by the PII
(Fig. 8(a2)). Therefore, we conclude that the change of
an instrument response caused by age-related degrad-
ation or large earthquakes is usually too small to affect
the result of the PIL

Conclusions

We monitored the instrument responses for Hi-net sen-
sors for 10 years from 2003 to 2013 by estimating their
natural frequencies f and damping constants /4 from the
test signal. We found that the Hi-net sensors are well
controlled with small instrument-to-instrument vari-
ation; more than 95 % of the sensors show natural fre-
quencies in the range of f=1.0-1.2 Hz and damping
constants in the range of /4 = 0.6—0.8. Furthermore, each
Hi-net sensor is very stable against the temporal change
over a decade. Their standard deviations of the natural
frequency and damping constant were within 0.05 Hz
and 0.05, respectively. During the 2011 Tohoku-Oki
earthquake, large seismic waves exceeding the dynamic
range of the Hi-net sensor were observed at the stations
near the earthquake focal area. Small changes in the in-
strument response were also recognized in the Hi-net
sensors after the earthquake. Thus, we conducted a syn-
thetic test to investigate how changes in the instrument
response can cause errors in seismic interferometry ana-
lysis. The test indicated that the instrument response
change did not result in systematic variation in the time
delay obtained from the PII of the 2011 Tohoku-Oki
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earthquake. This supports the conclusion that the 0.5 %
decrease in the velocity at the N.KMIH station after the
2011 Tohoku-Oki earthquake was not due to artificial
error caused by the large ground shaking.
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