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ABSTRACT

The Seafloor Observation Network for Earthquakes and
Tsunamis along the Japan Trench (S-net) is a novel cabled
ocean-bottom station network covering a broad offshore
region east of northeastern Japan. To best use the S-net data,
we estimated sensor orientations of all 150 S-net stations,
because without this information the orientations of measure-
ments in geodetical coordinates cannot be specified. We deter-
mined three parameters of the sensor orientation at each
station: the tilt angle of the long axis of the cable, the rotation
angle around the long axis, and the azimuth of the long axis.
We estimated the tilt and rotation angles by using the direct
current components of accelerometers recording the gravita-
tional acceleration. The tilt and rotation angles slightly varied
within the range of 0.001°-0.1° for most stations during the
period from 2016 to 2018 except for coseismic steps of rotation
angles greater than 1° because of the 20 August 2016 M, 6.0
off Sanriku and 20 November 2016 M, 6.9 off Fukushima
carthquakes. The long-axis azimuths were estimated by the pat-
ticle motions of long-period Rayleigh waves. We used the accel-
erometer records in 0.01-0.03 Hz of 7-14 teleseismic
carthquakes with A, 7.0-8.2. The azimuths were constrained
with 95% confidence intervals of +3°-12°. After correcting
original waveforms based on the estimated sensor orientation,
we confirmed coherent waveforms within the whole S-net sta-
tions and separation of Rayleigh and Love waves in radial and
transverse components. The waveforms were also coherent
with those of on-land broadband stations. We provide the esti-
mated sensor orientations and rotation matrix for conversion
from the XYZ to east, north, and up components. The esti-
mated orientation can be a fundamental resource for further
seismic and geodetic explorations based on S-net data.

Supplemental Content: Tables of estimated sensor orientations
and of the rotation matrix for converting XYZ to east, north,
and up (ENU) components, and figure showing the sensor
azimuths estimated from Rayleigh and P-wave polarizations.

doi: 10.1785/0220190093

INTRODUCTION

The northeast Japan subduction zone is seismically active and is
among the most studied subduction zones in the world. In this
region, the Seafloor Observation Network for Earthquakes and
Tsunamis along the Japan Trench (S-net) was installed by the
National Research Institute for Earth Science and Disaster
Resilience (NIED) following the 2011 M, 9.0 Tohoku-oki
carthquake. The deployment of the cable system begun in
2013 was completed in 2017; the data have been publicly avail-
able since October 2018 on the NIED’s webpage (see Data and
Resources; National Research Institute for Earth Science and
Disaster Resilience, 2019b). The new data can possibly not
only greatly improve our knowledge regarding various aspects
of solid earth science including subsurface structure, regular
carthquakes, and slow earthquakes but also show unknown
phenomena of the earth system beneath the offshore region
along the Japan trench.

S-net consists of 150 cabled ocean-bottom stations
(Kanazawa et al., 2016; Mochizuki et al., 2016; Uehira et al.,
2016; Fig. 1a). The 150 stations cover the offshore region of
the northeast Japan subduction zone within 300 km of the
coast and for 1000 km along the Japan and Kuril trenches. The
station separation is approximately 30 km in the direction
perpendicular to the trench and approximately 50-60 km
along the trench. The ocean depth range of the S-net stations
is 102-7830 m. Stations shallower than 1500 m are routed
within grooves approximately 1 m below the seafloor to avoid
fishery activities.

Each S-net station consists of a geophone (velocity
seismometer), strong-motion accelerometer, high- and low-
sensitivity accelerometer, tilt meter, and water pressure gauge
for seismic, geodetic, tsunami, and acoustic observations
(Kanazawa et al., 2016; Mochizuki et al., 2016; Uechira et al.,
2016). The geophone and accelerometers have three orthogo-
nal components (X, Y, and Z) in a right-handed coordinate
system. Although pop-up type ocean-bottom seismometers
typically have a gimbal system to maintain a vertical position,
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A Figure 1. (a) Map of S-net. The colored lines show the six cable systems (S1-S6). The black dots indicate the locations of all stations.
The associated numbers are the station numbers within each cable line. The station names are composed of the cable number and the
station number of the cable (e.g., N.SINO1). The white squares show the locations of the F-net stations used. The two yellow stars
represent the epicenters of the two earthquakes: the 20 August 2016 M,, 6.0 off-Sanriku earthquake (northern one) and the 22
November 2016 M,, 6.9 off-Fukushima earthquake (southern one). The dashed contour shows the ocean depth at 1500 m intervals.
(b) Sensor azimuths estimated by this study. The colored wiggles show the 95% confidence intervals of the estimated azimuth. The

black bars indicate the azimuths of the cable route data.

the S-net sensors are fixed on cables for long-term stability
(Fig. 2). The X component is set parallel, and the Y and Z
components are set perpendicular to the cable’s long axis
(Kanazawa, 2013; Aoi, 2016).

Although the X axis is parallel to the cable route, the cable
installation situation on the seafloor has not been confirmed.
Thus, the actual sensor orientations on the seafloor are
unknown. However, it is necessary to know the orientation
of each S-net sensor for detailed seismic or geodetic analyses.

2 Seismological Research Letters Volume XX, Number XX

The purpose of this study was to estimate the sensor orienta-
tions of S-net and provide information for further data analy-
ses based on the S-net data.

We define sensor orientation using three parameters: azi-
muth, tilt angle, and rotation angle (Fig. 2). The azimuth, tilt,
and rotation are also termed the yaw, pitch, and roll angles,
respectively. When all the angles are zero, XYZ axes are iden-
tical to east, north, and up (ENU) axes. All the angles are
defined as anticlockwise angles around the rotation axes.
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A Figure 2. Schematic of the definition of the sensor orientations. The X component is parallel to the long axis of the cable. The Y and Z
components are perpendicular to the cable long axis. U, N, E, and H denote the up, north, east, and horizontal directions. The orange
arrows (g) represent the reaction force of gravity, which acts on the accelerometer. Note we define the sensor azimuth as an anti-

clockwise angle from the east direction.

The azimuth is the horizontal angle of the X axis (cable’s long
axis) from east. The tilt angle is the dip angle of the X axis. The
rotation angle is the angle around the X axis. The rotation
angle is zero when the Y axis is in the horizontal plane.

Here, we first estimated the tilt and rotation angles from
the direct current (DC) components of the accelerometer.
Then, we estimated the azimuth of the X axis using the polari-
zation of long-period teleseismic Rayleigh waves. Finally, we
compared the corrected seismograms of S-net to those of
the on-land broadband seismograms of the Full Range
Seismograph Network of Japan (NIED F-net; see Data and
Resources; National Research Institute for FEarth Science
and Disaster Resilience, 2019a).

TILT AND ROTATION

Data and Methods

Each S-net station is equipped with servo accelerometers, JAS-
typelll-A (Japan Aviation Electronics Industry, Ltd), as strong-
motion sensors. The accelerometers have sensitivity to the DC
components and record the acceleration of the reaction force
of gravity. Thus, the DC offsets of acceleration records provide
a vertical upward direction. We used the DC offsets of the
strong-motion accelerometer installed in S-net to estimate
the tilt and rotation angles of the S-net sensors as follows:

g= )+ (1)
A = arcsin(—x/g), (2)

0 = arctan(y/z), (3)

in which x, 3, and z are the DC offsets of the X, Y, and Z
components, respectively, and g, 4, and 6 are the gravitational
acceleration, tilt, and rotation angles, respectively (Fig. 2). The
DC offsets are estimated by the mean values of acceleration
records. The time windows for the mean depends on the data-
set as described subsequently.

We examined the tilt and rotation angles using two data-
sets: event-triggered data and continuous data. The event-trig-
gered data were used to examine coseismic changes of tilt and
rotation angles. Nakamura and Hayashimoto (2019) reported
strong ground motions cause changes in tilt and rotation angles
of a cabled ocean-bottom seismic network similar to S-net. The
continuous data were used to investigate long-term temporal
variations in the tilt and rotation angles.

For the event-triggered data analysis, we used Japan
Meteorological Agency (JMA)’s unified earthquake catalog,
which is mainly based on on-land permanent stations (see Data
and Resources). We selected 949 ecarthquakes with an
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(a) N.S4N10 (20 August 2016)

(b) N.S2N14 (22 November 2016)

in which 62, 5y2, and 62 are the variance in the
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A Figure 3. (a) Raw acceleration seismograms of the 20 August 2016 M,, 6.0 off-
Sanriku earthquake at station N.S4N10. The time zero indicates the origin time.
(b) Raw acceleration seismograms of the 22 November 2016 M, 6.9 off-

Fukushima earthquake at station N.S2N14.

M 2 4.0 from 15 August 2016 to 31 December 2018 in and
around the network (33°-44° N, 139°~147° E, the same area
with Fig. 1). Earthquakes within a 200 km radius were used for
the analysis of each station. The DC offsets in the X, Y, and Z
components were estimated by the mean values of X, Y, and Z
components, respectively, within two time windows: T'p — 60 <
t<Tp—10and T+ 100 < ¢ < Tg + 150, in which ¢ is the
time in seconds and 7'p and T’ are the arrival times of P and §
waves, respectively. The travel times of the P and S waves were
computed using a regional 1D velocity model (Hasegawa ez 4l.,
1978). We then computed the tilt and rotation angles using
equations (1)—(3) and determined the difference between the
angles in the two time windows. We also calculated the peak
ground acceleration (PGA) within 7p — 10 < # < T’y + 100.
To remove overlapping events, we did not use waveforms when
the maximum acceleration within the time windows for the DC
offset estimation was greater than the PGA.

For the continuous data, we estimated the daily tile and
rotation angles of each station. We first calculated tilt and rota-
tion angles from the mean values of 1 min records in the X, Y,
and Z components. We then calculated daily averages of tilt and
rotation angles from the 1440 1 min data. We used the inverse
of the variances in the gravitational acceleration in the 1 min
records as a weighting factor for the daily averages. The variances
in the gravitational acceleration for the 1 min records 5; were
calculated by the law of error propagation as follows:

262 4,282 252
52=x5x+y5y+z5z )
g LAY 42
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Results and Discussion
Figure 3 shows examples of coseismic changes in
the tilt and rotation angles because of two earth-
quakes: the 20 August 2016 M, 6.0 (M4 6.4)
off-Sanriku and the 22 November 2016
M., 69 (Mj\s 7:4) oft-Fukushima earthquakes.
Although the DC offsets of the gravitational acceleration and X
(cable’s long axis) component waveforms show limited changes
before and after the main phase arrival, the DC offsets of the Y
and Z components perpendicular to the cable’s long axis clearly
shifted following the main phase arrival. The resultant changes
in the tilt and rotation angles at N.S4N10 by the M, 6.0 off-
Sanriku earthquake were —0.07° and 5.72°, respectively. The tilt
and rotation angle changes at N.S2N14 by the M, 6.9 oft-
Fukushima earthquake were 1.08° and 9.95°, respectively. In
total, we observed coseismic changes in the tilt and rotation
angles greater than 1° only at one station (N.S4N10) as a result
of the 2016 off-Sanriku earthquake and only at three stations
(N.S2N13, N.S2N14, and N.S2N15) as a result of the 2016
off-Fukushima earthquake. No other ecarthquakes caused
changes in the tilt and rotation angles of greater than 1°.
Figures 4a,b show the relationship between the PGA and
coseismic changes in the tilt and rotation angles. The tilt and
rotation angle changes increase as the PGA increases, particularly
within a range larger than approximately 107> to 107! m/s/s.
This correlation is consistent with the results of a similar cabled
ocean-bottom station (Nakamura and Hayashimoto, 2019) and
suggests that strong ground motion causes changes in sensor ori-
entation. In the PGA range, the rotation angle changes tend to
be 3-5 times larger than the tilt angle change. Figure 4c shows
the histogram of tlt and rotation angle changes within a PGA
range 0.1-0.13 m/s/s. Because the number of angle change data
is large, the difference between the mean values of tilt and rota-
tion changes is statistically significant. The larger changes in rota-
tion angles can be inferred from the larger changes in the Yand Z
components than those in the X components shown in Figure 3.
The results suggest that the cylindrical shape of the S-net cable
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A Figure 4. (a) Relationship between the peak ground acceleration (PGA) and change in tilt angle. The small light red dots show individual
measurements. The large red dot shows a tilt change greater than 1° at N.S2N14 on 22 November 2016. The thick and thin red curves show
the average and standard deviation, respectively, of the tilt angle changes. Note that we computed the average and standard deviation after
taking logarithm of original data. The blue curve is the average of the rotation angle changes identical to the blue curve in (b). (b) Relationship
between the PGA and change in rotation angle. The small light blue dots show individual measurements. The large blue dot shows rotation
changes greater than 1° resulting from the two earthquakes on 20 August and 22 November 2016. The thick and thin blue curves show the
average and standard deviation, respectively, of the rotation angle changes. The red curve is the average of tilt angle changes identical to
the red curve in (a). (c) Histograms of tilt (red) and rotation (blue) angle changes for the PGA range in 0.1-0.13 m/s/s. The dots and error bars
represent the averages and standard deviations. (d) Averages of tilt angle changes determined from three time periods: 2016 (black), 2017
(green), and 2018 (pink). The solid and dashed curves show the results for stations shallower and deeper than 1500 m, respectively. (e) Same
as (d), but for the rotation angle change. (f) Number of stations with respect to the averaged sign C of the tilt changes. The red and gray
histograms were created from observed data and synthetic data with randomly changed tilt angles, respectively. The averaged sign C is
defined by equation (5) and indicates the consistency of the direction of tilt and rotation changes over two or more earthquakes. When the tilt
always changes in the same direction C becomes 1 or —1. When the tilt randomly changes in both positive and negative directions, C
becomes 0. (g) Number of stations with respect to the averaged sign C of the rotation changes. The blue and gray histograms were created
from observed data and synthetic data with randomly changed rotation angles, respectively.
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more easily allows for changes in the rotation angle than changes
in the tlt angle.

A possible mechanism for the changes in tilt and rotation
angles is a reduction in the coupling between S-net cable and
ocean bottom because of strong ground motion allowing the
cable to move to release the twist and bending strain in the cable
that is produced at the time of deployment (Nakamura and
Hayashimoto, 2019). If this is the case, the magnitude of the
coseismic angle changes may gradually decrease over time as the
coupling increases and the strain decreases. In addition, if the
coseismic changes are related to the cable strain, the tilt and rota-
tion angles may always change in the same directions over more
than two earthquakes.

Figure 4d,e shows the relationship between the PGA and
tilt and rotation angle changes for the three time periods of
2016, 2017, and 2018. The mean values of the tilt and rotation
angle changes during 2016 are larger than those during 2017
and 2018. The difference in the mean values is statistically sig-
nificant in the PGA range from approximately 1073 to
10! m/s/s. Thus, the magnitude of the coseismic changes
tends to decrease over time, which is the trend expected by
the aforementioned mechanism. Within the PGA range larger
than 107! m/s/s, the tilt and rotation angle changes do not
seem to significantly depend on the time period, suggesting
that a strong motion larger than 10™! m/s/s might surmount
the coupling increase over time.

To check the directionality of the tilt and rotation angle
changes, we defined the averaged sign C of the tilt angle
changes to indicate consistency in the tilt change directions
over two or more carthquakes as follows:

1 A Al

=N 2y )
in which A4, is the tilt angle change caused by the ith earth-
quake and N is the number of earthquakes. We also defined
the averaged sign C for the rotation angle change in the same
manner. Here, we used stations that observed a PGA greater
than 107! m/s/s and tilt and rotation angle changes greater
than 1074 degrees for two or more earthquakes. The total num-
ber of stations that satisfy the criterion is 62 for tilt change and
71 for rotation change. The number of earthquakes N that are
used to compute C for each station is limited. For tilt, N = 2
at 24 stations, N = 3 at 16 stations, N = 4 at 12 stations,
5 < N <9 at 6 stations, and IV > 10 at 4 stations. For rota-
tion, N = 2 at 17 stations, N = 3 at 19 stations, N = 4 at 14
stations, 5 < IN < 9 at 15 stations, and NV > 10 at 6 stations.

We also examined C for synthetic data with randomly
changed angles. At first, for each station, we randomly changed
the signs of observed angle changes with retaining the number
of earthquakes N and computed the averaged sign C. Then, we
aggregated C for all stations and created a histogram of C. We
repeated the previous procedure by changing random numbers
and created 10,000 histograms of C. Finally, we computed the
mean of the 10,000 histograms to show the average character-

istics of C for random dataset. Because the number of earth-
quakes for each station is limited, C for random data also can

6 Seismological Research Letters Volume XX, Number XX

be +1 or —1. In the case of N = 2, for example, C can be +1
with 25% chance, —1 with 25% chance, and 0 with 50% chance
if the angle changes are random.

Figure 4f,g shows the number of stations with respect to C
of the tilt and rotation angle changes. The number of stations
with C close to —1 and 1 are greater than that of the randomly
changed data. In contrast, the number of stations with C
around 0 is smaller than that of the randomly changed data.
This result suggests that most stations tended to rotate in the
same direction over two or more earthquakes.

The coupling should also depend on the installation situa-
tion of the cables. Figure 4d,e also shows the relationship
between the PGA and tilt and rotation angle changes for two
station groups: the stations shallower than 1500 m, and the sta-
tions deeper than 1500 m. The cables of the shallow stations are
routed within grooves. The changes in the tilt and rotation angles
are smaller at the shallow stations than those at the deep stations,
which can be attributed to stronger coupling at the shallow
stations.

The sensor orientation estimated from the continuous data
shows long-term temporal variations in the tilt and rotation
angles. Figure 5 shows examples of stations N.S4N24 and
N.S4N25. In addition to clear coseismic offsets, gradual long-
term trends in tilt and rotation angles were evident. The long-
term trends in rotation angle are greater than those in tilt angles.

Although the time series of sensor orientation contains
such long-term trends, the total changes, defined by the differ-
ence between the maximum and minimum angles, do not
exceed 1° for all the S-net stations during the time period from
the beginning of 2017 to the end of 2018. At most stations, the
total changes were within 1073 to 107! degrees although they
included coseismic changes. The stations shallower than
1500 m tended to have smaller total changes than those of the
stations deeper than 1500 m. Reflecting this temporal stability,
average information of tilt and rotation angles is provided in
® Table S1 (available in the supplemental content to this
article), which could be sufficient for practical uses to obtain
a three-component signal on a geographic coordinate system.

In addition to long-term trends, we observed temporal
variations in the tilt and rotation angles. The mechanism of the
temporal variations in the tilt and rotation angle was not deter-
mined but possibly results from combinations of change in sen-
sor sensitivity because of temperature changes, ocean-bottom
currents, and real seafloor deformation. Although it should be
further examined, accelerometers might be a tool to detect and
constrain the seafloor crustal deformation caused by tectonic
events such as slow carthquakes, which have been found on the
shallow plate interface off the Tohoku region and off the Boso
Peninsula (e.g,, Hirose ez al. 2012; Uchida ez al., 2016; Ohta
et al., 2019; Tanaka et al, 2019).

AZIMUTH

Data and Method
The gravitational acceleration on the DC components of the
accelerometer does not provide a horizontal direction. Thus,
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A Figure 5. (a) Examples of temporal variations in the tilt and rotation angles at N.S4N24 (red) and N.S4N25 (blue). The gray and green
vertical bars show the dates with a PGA greater than 10~ and 10~'(m/s/s), respectively. (b) Difference between the maximum and
minimum values of the tilt and rotation angles during the 2 yr time period of 2017 and 2018. The color shows the ocean depth at each
station. The station number increases from left to right in each panel.

we estimated the azimuths of the sensors (the azimuth of the X
component in the long axis of cable) using observed seismic
waveforms. For longer period ranges more than a few seconds,
the sensitivity of the strong-motion accelerometer is higher
than that of the geophone (velocity sensor) because the natural
frequency of the geophone is 15 Hz whereas the accelerometer
has a flat response to the DC component. Therefore, we used
seismograms observed by the strong-motion accelerometers.
We used the vertical 4;(#;) and two horizontal waveforms
ay (¢;) and ay (¢;) by correcting the tilt and rotation angles
based on the daily estimates of the tilt and rotation angles
as follows:

ay (1) cosA  sindsin@ sinAcos® ax(t)
ay(t) | = 0 cos —sind ay() |,
ay(t;) —sind  cosAsin€ cosAcosd ay(t;)

(6)

in which ay(¢;), ay(¢;), and 4,(¢;) are observed records in X,
Y, and Z components, respectively.

We used the particle motion of teleseismic Rayleigh waves
to estimate the sensor azimuths. Because fundamental-mode
Rayleigh waves generally have retrograde motion on a plane
parallel to the propagation direction, the polarization of the
observed Rayleigh waves provides the propagation direction
without the 180° ambiguity. When the Rayleigh wave

Seismological Research Letters Volume XX, Number XX

propagates in the great circle path, we can estimate the azimuth
of sensor from the geometry of the earthquake and station.
Although the lateral variation in subsurface structure causes the
ray path to move off the great circle, averaging the estimations
with a wide back-azimuth range may reduce the effect of the
off-great-circle paths. For anisotropic media, the Rayleigh-wave
particle motion deviates from the plane parallel to the propa-
gation direction (e.g., Maupin and Park, 2007). However, the
possible biases are within the uncertainties of azimuth estima-
tion because the deviation may be a few degrees for the
anisotropy of the Pacific plate at less than 10% (Shimamura
et al., 1983; Shintaku et al., 2014).

We used 14 teleseismic earthquakes of M, 7.0-8.2 from
15 August 2016 to 31 December 2018 from the US.
Geological Survey (USGS) earthquake catalog (Fig. 6; see
Data and Resources). The focal depths of the earthquakes were
shallower than 135 km, ensuring effective surface-wave excita-
tion. The selected events cover a wide range of back azimuths.
The frequency range for the analysis was 0.01-0.03 Hz. We
selected the frequency range based on the signal-to-noise ratio
of the surface waves. We used the time window satisfying
A/v—200(s) < # < A/v+ 400(s), in which A is the epicen-
tral distance in km and v is the Rayleigh wavespeed. Here, v was
set to 4.0 km/s.

For the elliptical Rayleigh wave, the vertical and radial
waveforms have a 90° phase shift; thus, the vertical waveform
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A Figure 6. Distribution of used teleseismic earthquakes. The
orange circles show the teleseismic earthquakes, and the black
square represents the location of S-net. The red circle is the 23
January 2018 M,, 7.9 Alaska earthquake, the waveforms of which
are shown in Figures 8 and 9.

is a Hilbert transform of the radial waveform. We calculated
cross-correlation coefficients between the Hilbert transformed
vertical and radial waveforms by changing the sensor azimuth
as follows:

YL l—an(t)ag(t, 9)]
VYL ay )V L ax(t, )

in which ¢ is the sensor azimuth (Fig. 2); cc(¢) is the cross-
correlation coefficient; 4z(¢;) and az(¢;, @) are the Hilbert
transformed vertical waveform and radial waveform at time #;,
respectively; and 7 is the length of the time window. The sign
of the numerator represents retrograde particle motion because
the fundamental mode of long-period Rayleigh wave shows
retrograde particle motion on the seafloor. The radial wave-
form az(z;, @) is calculated as follows:

)

cc(p) =

ag(t, @) = cos(@, — lay (#;) + sin(@, — @lay (1;),  (8)

in which ay(#;) and ay(#;) are the two horizontal compo-
nents after correction of the tilt and rotation angles defined by
equation (6), and @, is the propagation azimuth of the
Rayleigh wave, which is measured from east anticlockwisely.
The azimuth with the maximum correlation coefficient
provides the sensor azimuth. We conducted the aforemen-
tioned procedure for all the teleseismic events and averaged the
estimated sensor azimuths to obtain the best estimate and con-
fidence intervals for the sensor azimuth. The average of the

8 Seismological Research Letters Volume XX, Number XX

azimuths was calculated from the average of the unit vectors.
We used the square of the maximum correlation coefficients as
the weighting factor for the average. We only used data with
maximum correlation coefficients greater than 0.7. We finally
used 7-14 measurements for each station. The details of the
estimation of the average azimuth and standard error are
described in Appendix. Note that the standard error represents
the standard deviation of the estimated value (i.c., average azi-
muth), not the standard deviation of the samples (i.e., azimuths
from individual events).

Note that there are two means for the cross-correlation
normalization (Baker and Stevens, 2004; Stachnik ez 4/., 2012).
One is the typical cross-correlation coefficient using equa-
tion (7). The other normalizes the numerator of equation (7)
with the square norm of the only vertical records as follows:

YL [—an(t)ag(t, @)] '

iild%—](ti)

We estimated the sensor azimuth based on both equations (7)
and (9). The differences between the azimuths estimated from
equations (7) and (9) were less than 5° for 85 stations, 10° for
135 stations, and 20° for all 150 stations. However, the average
of the standard errors of the azimuth estimation from equa-
tion (9) was 1.8 times greater than that from equation (7).
When the horizontal components consisted of only Rayleigh
waves, the latter normalization greatly improved the azimuthal
resolution because the denominator in equation (7) also
changes with the azimuth ¢. However, the time window used
in the present study also included Love waves. In this case, nor-
malization with only vertical records such as equation (9) may
cause bias in the azimuth estimation because equation (9) con-
tains amplitude information of the rotated horizontal wave-
form, which also depends on the amplitude ratio of Rayleigh
and Love waves. Thus, we simply used the cross-correlation

coefficient defined by equation (7).

©)

cc(p) =

Results and Discussion
Figures 1b and 7 show the difference between the estimated
azimuths and the directions measured based on the cable route
data (see Data and Resources). The cable route data are based
on the ship trajectory, which are the sea surface locations where
the cables were submerged, and provide rough directions of the
long axis of the cables. The azimuthal differences from the
cable route data are less than 10° at 136 and less than 24° at
148 out of the 150 stations. The general consistency between
the estimated azimuth and the cable route data suggests that
the orientation estimation method is reliable. The standard
errors are 1.5°-6.2°. Thus, the 95% confidence intervals of the
estimated sensor azimuths, which are estimated by two times of
the standard errors, are +3°~12° approximately. The estimated
azimuths and standard errors are listed in & Table S1.
Two stations show a large difference from the cable route
data: N.SSNO1 and N.S5N13. The azimuthal difference at
N.S5NO01 and N.S5N13 is —69° and 56°, respectively. Figure 8

shows the vertical and two radial waveforms: one radial
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waveform is based on the estimated azimuth and the other on
the cable route data. The radial waveforms based on the esti-
mated azimuth are more similar to the Hilbert-transformed
vertical waveform than those based on the route cable data.
The radial waveforms based on the cable data contain earlier
Love waves caused by misorientation. Thus, we considered the
estimated orientation is better than the cable route data.

Application of the same method to the F-net stations dem-
onstrates the reliability of the sensor measurement because the
sensor orientations of the surface F-net seismometers on land
are accurately known (Fig. 7). The differences from the known
orientations are less than 4° and the 95% confidence intervals
include the true azimuth. This F-net station azimuthal consis-
tency clearly shows that the azimuth estimation of this study is
not strongly biased.

Note that several other methods have been used to esti-
mate azimuths of seismic stations. They are based on the par-
ticle motion of P or T waves from earthquakes or airgun shots
(e.g» Nakano ez al., 2012; Shan ez al., 2012; Tonegawa ez al.,
2015; Tonegawa et al., 2017), cross correlation between long-
period seismograms of orientation-known and orientation-
unknown stations (e.g., Shiomi ¢z al, 2003; Nakano ez al.,
2012; Kano ez al., 2015), and ambient noise correlation (e.g.,
Zha et al., 2013). The method based on airgun shots requires
sufficient coverage of airgun shots for all S-net stations.
Although we have tried the method based on the cross corre-
lation between on-land seismic stations and S-net stations fol-
lowing Shiomi ez al. (2003), the correlation coefficients were
not sufficiently high to estimate reliable sensor azimuths. The
low correlation coefficients may be attributed to the long dis-
tance between S-net and coastal on-land stations and to the
difference in subsurface structure between the land and ocean.
Ambient noise correlation may not be casy because the sensi-
tivity of the sensors is low at the frequency ranges of micro-
seisms and the sources of the microseisms are within the
network (Takagi ez al., 2018).

The method based on P-wave particle motion may be the
second candidate and a comparison to the results from
Rayleigh-wave particle motions could improve reliability. Thus,
we also estimated the sensor azimuth using P-wave particle
motion following Nakano ¢z al. (2012). We maximized the
cross-correlation coefficient between the vertical and radial
waveforms from 0.02 to 0.05 Hz with the normalization of
equation (9). We used 100 second time windows from the
theoretical P-wave travel time calculated using the IASPI1
velocity model (Kennett and Engdahl, 1991). We averaged
estimated azimuths over 2-8 teleseismic ecarthquakes of
M,, 7.3-8.2 with high signal-to-noise ratio using the square
of the cross-correlation coefficient as a weighting factor. The
cross-correlation coefficient for the weighting factor was

Ry, Ry Ry cos@cosd cos@sinAsin @ — sin ¢ cos 6
R=| Ry Ry Ry |=|sinpcosd sin@sinldsin€ + cosq cosl
R31 R32 R33 —sink cosAsin @
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normalized in the manner of equation (7). We only used data
with correlation coefficients greater than 0.7.

The estimated azimuths from the P waves were consistent
with those from the Rayleigh waves (see ® Table S1 and
Fig. S1). The differences between the azimuths estimated from
the Rayleigh and P-wave particle motions were less than 5° for
96 stations, 10° for 133 stations, and 20° for all 150 stations.
The average of the standard errors of the azimuth estimation
from the P-wave particle motion was 1.4 times greater than
that from the Rayleigh-wave particle motions. Thus, we treated
the estimations from the Rayleigh waves as the main results.

DISCUSSION

We confirmed the orientation estimation using long-period
teleseismic waveforms. Figure 9 shows the orientation-
corrected record section of the teleseismic surface waves in
0.01-0.03 Hz at all the S-net stations. The surface-wave phases
in the vertical component were spatially coherent at all
S-net stations. They were also consistent with the seismograms
of the on-land F-net stations. For the horizontal components,
we converted the waveforms from the corrected east and north
components to the radial and transverse components, respec-
tively. The surface-wave phase in the horizontal components
was also consistent within S-net itself and with F-net. Slower
Rayleigh and faster Love waves were clearly separated into
radial and transverse components, respectively. The record sec-
tion clearly indicates that the estimated sensor orientations
were well determined.

Converting XYZ to ENU components using the esti-
mated parameters may be confusing because of the variety of
angle definitions and inherent complexity of the 3D rotation.
Thus, the rotation matrixes that convert XYZ to ENU com-
ponents are more convenient for practical uses. ® Table S2
provides the rotation matrixes. Using the rotation matrixes, we
simply obtain the ENU component records, 2z(¢,), ay (¢;), and
ay (#;), from the XYZ component records, 2y (¢,), ay(¢;), and
a4(t;), as follows:

ag(t;) Ry, Ry, Ry ax(t)
an(@) | = | R Ry Ry ay(t) (10)
ay(t;) R31 Ry Ry az(t;)

Here, we used the average of the tilt and rotation angles from
2017 to 2018 because they were stable within 0.001°-0.1° at
most stations. When the precise tilt and rotation angles were
needed or they changed largely because of strong motions, we
may revise the rotation matrix as follows:

cos @ sin A cos @ + sin ¢ sin 6
sin@sinAcos@ — cos@sinf |,

(11)

cosAcos@
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Distance (km)
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Distance (km)

Time (s)

A Figure 9. Teleseismic waveforms of the 2018 M,, 7.9 Alaska
earthquake in the frequency range of 0.01-0.03 Hz. The horizontal
axis represents the lapse time from the origin of the earthquake.
Up (U), radial (R), and transverse (T) component waveforms were
converted from the XYZ component waveforms based on the esti-
mated sensor orientations. The gray and red curves represent the
waveforms at the S-net and F-net stations, respectively. The two
inclined lines show the time window used to estimate the sensor
azimuths.

in which ¢, 4, and 0 are azimuth (yaw), tilt (pitch), and rota-
tion (roll) angles, respectively, in the definition of Figure 2.
The orientation information should expand the range of
data analysis: selecting first-motion polarity for focal mecha-
nism estimation, centroid moment tensor analysis based on
waveform fitting, shear-wave splitting analysis, receiver func-
tion analysis, three-component ambient noise correlation
analysis, seismic gradiometry, and so on. The present work pro-
vides fundamental information and an essential resource for

the frontier research field provided by the NIED S-net.

CONCLUSIONS

We estimated the sensor orientations of S-net. The tilt and
rotation angles were estimated from the DC offsets in the
accelerometer records. Although the tilt and rotation angles
show coseismic changes because of strong ground motion,
coseismic changes greater than 1° were observed only during
two carthquakes in 2016. The tilt and rotation angles were
temporally stable within the range of 0.001°-0.1° for most sta-
tions and did not exceed 1° from 2017 to 2018. The sensor
azimuths were estimated from polarization of the teleseismic
long-period Rayleigh waves. They were determined with 95%
confidence intervals of £3°-12°. Waveforms converted using
the estimated sensor orientation showed the spatial coherency
of the wave phase for all S-net stations and consistency with the
on-land F-net stations. We provided the estimated sensor ori-
entations and rotation matrix for converting XYZ to ENU
components. The information provided by the present study
can serve as a fundamental resource for further seismic and
geodetic data analysis using S-net.

DATA AND RESOURCES

The S-net and F-net continuous waveform data are available
from http://www.hinet.bosai.go.jp/. The S-net cable route data
are available from http://www.seafloor.bosai.go.jp/st_info_map/.
The Japan Meteorological Agency (JMA) unified earthquake
catalog is available from https://www.data.jma.go.jp/svd/eqev/
data/bulletin/index_e.html and https://www.data.jma.go.jp/svd/
egev/data/daily_map/index.html. The US. Geological Survey
(USGS) earthquake catalog is available from https://earthquake
.usgs.gov/earthquakes/search/. Some plots were developed using
Generic Mapping Tools v.5.4.3 (http://gmt.soest.hawaii.edu;
Wessel ez al., 2013). All the websites were last accessed during
April 2019. K
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APPENDIX

The average sensor azimuths ¢ are estimated by

@ = arctan (?), (A1)

Ux

in which #, and #, represent the weighted average of the unit
vectors as

- Zfilwﬂos% = _ Zfil wz‘Sin%' (A2)

= v
) Zf\il w; o Zfil w;

N

@; is the azimuth with the maximum correlation coefficient
estimated from 7th carthquake, w; is the square of the maxi-
mum correlation coefficient, and N is the number of earth-
quakes used.

We estimated the standard error of the sensor azimuth
o6 in two ways. The first estimation is based on the error
propagation from the standard errors of the average of the unit
vectors ¢; and 0;, as follows:

(A3)

where

o — Zfilwi(cos%—ix)z 5. = Zf\ilwi(Sin(oz’_E}/)z
WN-DYN w, =" N-DYX, w
(A4)

Note that 6; and 6; are not the standard deviations of cos ¢,
and sin @;, réspectivefy, but the standard deviations of 7, and 7,
(ie., standard errors), respectively.

The second estimation is based on the circular statistics
(e.g Arai, 2011; Davis, 2002). The standard error of the mean
azimuth can be estimated by

cp=——=, (A5)

in which R is the length of the average of the unit
vectors as

R = /2 + (AG6)

and « is the concentration parameter of the von Mises distri-
bution, which is a standard probability distribution for circular
data. k is estimated from R according to an approximate
expression of Best and Fisher (1981).

The difference between the two estimations of the stan-
dard errors for the average sensor azimuth estimated from
Rayleigh waves is 0.1° on average and 1.4° at the maximum.
Because the estimations of equation (A3) tend to be larger than
those of equation (AS5), we mainly described the error of
azimuth based on equation (A3) and only show the estimations
by equation (AS5) as a reference in @ Table S1.
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