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SUMMARY

Accurate determination of the seismometer orientation is a prerequisite for seismic studies
including, but not limited to seismic anisotropy. While borehole seismometers on land produce
seismic waveform data somewhat free of human-induced noise, they might have a drawback
of an uncertain orientation. This study calculates a harmonic decomposition of teleseismic re-
ceiver functions from the P and PP phases and determines the orientation of a seismometer by
minimizing a constant term in a harmonic expansion of tangential receiver functions in back-
azimuth near and at 0 s. This method normalizes the effect of seismic sources and determines
the orientation of a seismometer without having to assume for an isotropic medium. Compared
to the method of minimizing the amplitudes of a mean of the tangential receiver functions
near and at 0 s, the method yields more accurate orientations in cases where the backazimuthal
coverage of earthquake sources (even in the case of ocean bottom seismometers) is uneven and
incomplete. We apply this method to data from the Korean seismic network (52 broad-band
velocity seismometers, 30 of which are borehole sensors) to estimate the sensor orientation in
the period of 2005—2016. We also track temporal changes in the sensor orientation through
the change in the polarity and the amplitude of the tangential receiver function. Six borehole
stations are confirmed to experience a significant orientation change (10°—180°) over the
period of 10 yr. We demonstrate the usefulness of our method by estimating the orientation
of ocean bottom sensors, which are known to have high noise level during the relatively short
deployment period.

Key words: Body waves; Seismic anisotropy; Seismic instruments; Wave propagation;
Crustal structure.

1 INTRODUCTION

Three components of a seismometer are used in most seismic stud-
ies for constraining earthquake sources and structural complexities
on Earth. The orientation of horizontal components is critical for
various seismic methods such as teleseismic receiver functions,
studies of anisotropy, body- and surface-wave polarization and sur-
face wave dispersion. Among these methods, the studies of seismic
anisotropy in particular require accurate orientation of the horizon-
tal components for meaningful interpretation, not only on the state
of deformation in the crust and mantle in various tectonic settings
but their deformation history in the past (e.g. Long & Silver 2009;
Long & Becker 2010).

The orientation of a seismometer can be misaligned during its
installation and maintenance. Errors in the orientation of the hor-
izontal components were previously estimated based on the po-
larization of body wave (Yoshizawa et al. 1999; Schulte-Pelkum
et al. 2001) and surface wave (Laske 1995; Laske & Masters 1996;

© The Author(s) 2017. Published by Oxford University Press on behalf of The Royal Astronomical Society.

Larson 2000; Larson & Ekstrom 2002; Stachnik ef al. 2012; Zha
et al. 2013). In some cases, the sensor orientation is misaligned by
more than 10° even in quality stations in Global Seismographic Net-
work (GSN) (e.g. Larson & Ekstrom 2002). However, these methods
typically assume that the medium beneath the station is isotropic
and that any effect from structure and anisotropy beneath the station
on body-wave and surface-wave polarization and arrival angle can
be minimized by averaging over a large number of measurements
from different backazimuth. Since the backazimuth path coverage
is typically incomplete, the estimated orientation can deviate from
the true sensor orientation by over 10° (Schulte-Pelkum et al. 2001;
Wang et al. 2016).

In this study, we design a new algorithm to scan and detect
the change of sensor orientation by utilizing teleseismic receiver
functions, which, by construction, remove the effect of source com-
plexities and source-side structure response and isolate structure
response beneath the receiver (e.g. Vinnik 1977; Langston 1979).
Radial receiver function (R-RF) and tangential receiver function
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Figure 1. Map of seismic stations. The seismic networks are operated by Korea Meteorological Administration (KMA; denoted as KS) and Korea Institute of

T
130°

Geoscience and Mineral Resources (KIGAM; denoted as KG). GSN denotes Global Seismograph Network. A station code, SEO&2, denotes stations SEO and
SEO2 that are located 0.7 km apart from each other. Of the total 53 station locations plotted, data from the station HDB is excluded in the analysis because
of unstable sensor performance (Lee & Sheen 2015). An inset shows the locations of Korean seismic network and ocean bottom sensor network of Cascadia

Initiative (Toomey et al. 2014).

(€)o.08- L
0.07 - I
n ,
< 0.06 B
(]
Q
5
8 0.05- -
(22}

: Q r op I
0.04-—E& $_ 6o, opp

T T 1
0 60 120 180 240 300 360

6 12 18 24 30 36 42 48 54 60 66 72
Month after Nov. 2007

® 30°-100° for P
100°-180° for PP

Back azimuth (°)

Figure 2. Distribution of teleseismic earthquakes in spatial and temporal scales, recorded from Korean seismic network. (a) The numbers of earthquakes for P
and PP phases are 3051 and 1651, respectively, in 2005-2016. The location of the stations (Fig. 1) is indicated by a red rectangle. (b) Cumulative coverage in
backazimuth ray coverage for 6 yr, discretized in 72 bins, after November 2007. By incorporating both P and PP phases, the backazimuth coverage increases
to 70, 80, 90 and 95 per cent during the station operational period of about 8, 10, 21 and 30 months, respectively. (c¢) Distribution of the backazimuth and

slowness of the earthquakes in (b).

(T-RF) are calculated by deconvolving the radial and tangential
components of teleseismic waves, respectively, from the vertical
component. Through harmonic decomposition of stacked R-RF
and T-RF in backazimuth gathers (e.g. Park & Levin 2016), we
determine the sensor orientation angle by minimizing a constant
harmonic term of the T-RF at and near 0 s. To demonstrate the util-
ity of our proposed method, we measure the sensor orientation of
surface and borehole broad-band seismometers installed at 52 sites
in South Korea and compare them against previous estimates (Figs 1
and 2). We also apply this method to relatively lower signal-to-noise
ratio (SNR) data from two ocean bottom seismometers (OBSs) in
Cascadia Initiative (Toomey et al. 2014) to discuss the usefulness of

our method when the azimuthal data gap is relatively large during
the temporary seismic deployment.

2 METHOD

2.1 Harmonic decomposition of the receiver function

Typically, the amplitude of the R-RFs is backazimuth independent
when the subsurface structure is flat-layered isotropic media. How-
ever, azimuthally varying arrivals are often observed on both R-
and T-RFs, indicating a breakdown of P—S¥V to SH decoupling in the
presence of dipping layer and/or anisotropy. The azimuthal (i.e.
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horizontal symmetry axis) anisotropy leads to a characteristic
180°-periodic backazimuthal pattern in RFs (Levin & Park 1998),
whereas a dipping interface or dipping symmetry axis introduces
a 360°-periodic backazimuthal pattern (Cassidy 1992). Previous
studies (e.g. Girardin & Farra 1998; Farra & Vinnik 2000; Bianchi
et al. 2010; Vinnik et al. 2012; Schulte-Pelkum & Mahan 2014,
Audet 2015; Park & Levin 2016) applied the harmonic decomposi-
tion method to extract the periodicity of T-RFs in backazimuth and
constrained the velocity structure and the presence of anisotropy at
depths. In this study, we utilize the harmonic decomposition method
to the direct teleseismic P and PP phases in the context of R-RF
and T-RF to estimate the orientation of the horizontal components.

2.2 Estimation of sensor orientation

Park & Levin (2016) showed theoretically that the R-RF can be
decomposed into constant and sinusoidal harmonic terms, and the T-
RF only to the sinusoidal harmonic terms when either an anisotropic
layer or a dipping isotropic layer is present beneath the receiver. In
this study, the unmodelled sensor misorientation is introduced as
a constant harmonic term in the T-RFs. Following the approach of
Park & Levin (2016) and their eq. (44), we theoretically lay out how
to determine the sensor orientation in this section.

The R- and T-RFs can be fitted by regression with five harmonic
terms:

RFR = HR] + HRZ cosf + HR3 sin @ + HR4 cos 20 + HR5 sin 26
and
RF; = Hry +Hyy cos 0+ Hyy sinf+ Hry cos 20+ Hrs sin260 (1)

where the 6 is backazimuth. The first terms on the right-hand side
of the equations for RF; and RF7 are called a constant harmonic
term and the others are called harmonic sinusoidal terms. Given N
data in backazimuth, the regression is applied to solve the following
set of two linear equations:

GmR = dR and Gmr = d]‘ (2)

where di and d; are data matrices, with dimension of N x M.
Here, M indicates the data length of the RFs. The G is a matrix
with the size of N x 5 and the kth row of G is [1 cosf; sind
cos26, sin20,], where 60, is the backazimuth corresponding to the
kth row of d and d7. In our analysis, N is no more than 72 because
both R- and T-RFs are stacked over a 5° interval in backazimuth to
improve the SNR. The harmonic terms of the R- and T-RFs are
mlrg = [Hm Hpg, Hps Hpy HRS] and

m; = [HTI Hry  Hry  Hrg H7'5] 3)

where the superscript 7'denotes a transpose operation. The harmonic
terms of the eq. (3) can be solved by the standard least squares:

m; = (G'G)”' G'd; and m; = (G'G)” G'dy. )

By introducing an arbitrary angle ¢ in clockwise direction from the
north, we can now represent d, and d as the data matrix of the
misoriented sensor using the rotation matrix,

d’, cosply singply dg )
d; | —sin oly  cosgly dr |’
where 0 and I are zero and identity matrices, respectively, and
their subscripts indicate the dimension. Then, the resultant har-
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monic terms due to the misalignment, m’, and m’,, can be expressed
as

m, ] [(6"G)'G" 0y | [d .
/ - T —1 7 d . ( )
_mT_ L 05><N (G G) G n T
Combining the eqs (5) and (6), we have
m,] [(G"G)"'G’ 0, v
m7 || 05y (G'G)'G" |
cos ply sinply | | d
% ‘</’ N (25 R . 7
—singly cosely | |dr

By placing the rotation matrix in front, we can further decrease the
dimension from 2N x 2N to 10 x 10, and eq. (7) can be written as

m/, cos ¢l sin ;s
m’, " | —sin ¢ls  cosgls
(G'G)"'G” 0s.. dx
X .
05><N (GTG)ilGT dT
That is,

m/, | cos ol;s sin gls mp ®)
m’;, —singls  cos¢ls mr
where m; and m; are the harmonic terms of RFs from the mis-
oriented sensor, and m, and m’, are the terms from the orientation
correction. The eqs (7) and (8) mean that the regression and rotation
are commutative. We note that solving eq. (8) is computationally

more cost-effective than solving eq. (7). Using eq. (3), eq. (8) can
be written as

Hy, = mp(i,:) = cose mg (i, ;) + singmy (i, ;)
= cos¢ Hp; + singp Hr;
and
Hj, = m/ (i,:) = —sing mg (i, :) + cos pmy (i, :)
= —sing Hg; + cospHry; ©)]

where the integer 7 is from 1 to 5. We then define a misfit function

f(p), which is based on the root-mean-square in a window bounded

by integers M, and M, (1 < M|, < M, < M), as

M,

1 2
= — H/‘ i
o) =T ,-:ZMI{ Fie1 )}
1 M,
- \ m; {=singmp (1, )+ cos pmy (1, )}’

(10)

where ¢ ranges from 0° to 180°. One can determine the orientation
@min by minimizing the f(¢) through a grid-search scheme (with an
increment of 0.01° in this study). The error of ¢, can be estimated
by bootstrapping 90 per cent random selection from a row of the
data matrices d; and d7 in eq. (2) without repetition. Since we stack
the R- and T-RFs over a 5° interval in backazimuth, the size of
randomly selected data matrices in bootstrapping is no more than
64 x M. Ambiguity between the @i, and ¢mi, + 180° can be
resolved by choosing an orientation that yields a positive polarity
of a constant harmonic term in the R-RF.
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Figure 3. Six velocity structure models and corresponding synthetic T-RFs with backazimuth. The velocity model is shown in (a), (d), (g), (j), (m) and (p),
and corresponding synthetic T-RFs in (b), (e), (h), (k), (n) and (q), assuming the sensor is properly oriented. The T-RFs from the sensor misoriented by 1°
(clockwise rotation) are shown in (¢), (f), (i), (1), (0) and (r). The thickness of a green layer (in panels m and p; above the location of a dashed line) and isotropic
velocities of P- and S-waves of green and blue layers are taken from those of the upper and mid crusts in Kim et al. (2011). The north is towards the right.
The RFs from the models (a, d, g and j) are calculated by the code anirec (Levin & Park 1997) and the RFs from the models (m and p) by the code raysum
(Frederiksen & Bostock 2000). The angle of incidence is 25°. We note that the amplitudes of the synthetics are not scaled. The maximum amplitudes within
—1to 1 sare (b) 0.4 per cent, (c) 1.7 per cent, (e) 2.9 per cent, (f) 3.6 per cent, (h) 0.6 per cent, (i) 2.0 per cent, (k) 5.9 per cent, (1) 6.3 per cent, (n) 3.1 per

cent, (0) 4.3 per cent, (q) 3.1 per cent, and (r) 4.3 per cent.

3 SYNTHETIC TEST

In order to examine the robustness of our proposed method, we first
compute synthetic RFs (Levin & Park 1997; Frederiksen & Bostock
2000) and show results from a series of synthetic tests based on
several velocity models and ranges of backazimuth data coverage.
Here we select the data window of —1.0 s and 1.0 s in the T-RFs in
the misfit calculation. We compare these results with those from the
method of minimizing the amplitudes of a mean of the T-RFs within
the data window. Also, we consider more realistic event distribution
(from Korean seismic network and ocean bottom seismic network)
to test the effect of slowness variation on the harmonic terms of
the RFs. The event distribution from the Korean network ensures
nearly complete backazimuth coverage, whereas that from the ocean
bottom seismic network does not. Lastly, we examine how the level
of noise and range of backazimuthal data coverage interplay in
the estimation of the orientation angle. In Sections 3.1-3.3, we
discuss synthetic tests performed free of noise, whereas Section 3.4
illustrates synthetic test performed with the addition of noise.

3.1 Synthetic test for six representative models
with full backazimuth data coverage

We perform synthetic tests from a few velocity models, which pro-
duce some notable peaks in the T-RFs near 0 s as a function of
backazimuth. In this test, we assume full backazimuthal coverage
of earthquakes and slowness range from 0.04 to 0.08 s km™'. Fig. 3
shows six representative layered velocity models and corresponding
synthetic T-RFs in backazimuth within the data window. Anisotropy
strength, its fast axis direction, and a thickness of the anisotropic
layer are chosen arbitrarily in this test. We first examine the effect of
a different thickness (0.5 or 3 km) of the topmost anisotropic layer
with (1) a horizontal fast axis over an isotropic half space (Figs 3a
and d) or with (2) a tilted (45°) fast axis over an isotropic half space
(Figs 3g and j). Fig. 3(m) displays a model with two isotropic layers
divided by an interface with a 10° dip, whereas Fig. 3(p) includes an
additional anisotropic dipping layer on top of the isotropic medium.
Also, we test the effect of a sensor misorientation of 1° using the
six models.
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Figure 4. Synthetic test results showing means and harmonic terms of both R- and T-RFs in the case of full (a) and poor (b) backazimuthal coverage of
earthquakes. We use the model with the 3 km thick topmost anisotropic layer (Fig. 3j) to compute the R- and T-RFs (left panel), and their means and harmonics

(right panel). The RF is sampled with an interval of 5° in backazimuth.

Four-lobed patterns with backazimuth are distinctively shown in
Figs 3(b) and (e), and two-lobed patterns in Figs 3(h), (k), (n) and
(q). In particular, the T-RFs from the models with the thin topmost
anisotropic layer (Figs 3a, d, g and j) show distinctive polarity
reversal in the vicinity of 0 s, caused by both the coupling between
the P SV and SH at the interface between the thin anisotropic and
isotropic layers (Levin & Park 1998). Synthetic T-RFs from the
model with an anisotropic topmost layer near 0 s, as expected,
display waveform shape similar to the derivative of a Gaussian
pulse (Figs 3b, e, h and k; Levin & Park 1998). Even if the sensor is
misoriented by only 1°, the mean of the T-RFs from the six models

is no longer zero (Figs 3c, f, i, 1, o and r). Maximum amplitudes
of the T-RFs within the data window in Figs 3(b), (e), (h), (k), (n)
and (q) are 0.4, 2.9, 0.6, 5.9, 3.1 and 3.1 per cent (with respect to
vertical P), respectively. Ifthe sensor is misoriented by 1°, maximum
amplitudes of the T-RFs in Figs 3(c), (), (i), (1), (0) and (r) become
1.7, 3.6, 2.0, 6.3, 4.3 and 4.3 per cent (with respect to vertical
P), respectively. For comparison, robust signals from the transition
zone seismic discontinuities are typically observed at 2—5 per cent
with respect to vertical P. This indicates that the sensitivity of T-
RFs to the sensor orientation is probably on the order of 1° in this
instance.
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Figure 5. Synthetic test results showing means and harmonic terms of both R- and T-RFs in the cases of realistic distributions of the earthquakes from (a)
station JJB in South Korea (Fig. 2) and (b) OBS J61C (Cascadia Initiative). We use the model (Fig. 3j) to compute the R- and T-RFs (left panel), and their means
and harmonics (right panel). The slowness is calculated with a 1-D velocity model (Kennett et al. 1995). The RFs are stacked by a bin of 5° in backazimuth.

3.2 Synthetic test with non-uniform backazimuth
data coverage

We next test a case where the backazimuthal distribution of earth-
quakes is not uniform and incomplete. In this case, we set up a model
with a 3 km thick topmost anisotropic layer (Fig. 3j), which pro-
duces the two-lobed pattern of T-RFs against backazimuth (Fig. 3k).
Fig. 4 shows R- and T-RFs, their means, and their five harmonic
terms in the case of complete and poor backazimuthal coverage.
In the case of complete backazimuthal data coverage, we observe
that the constant harmonic term in the T-RFs (Hr) is identical to a
mean value of the T-RFs and they are both zero (Fig. 4a). In the case
of incomplete backazimuthal distribution, the mean of the T-RFs is
no longer zero near 0 s within the data window and can be biased
in the direction where earthquakes are concentrated (Fig. 4b). We

note that T-RFs with a single large data gap in backazimuth yields
the largest peak in the mean of T-RFs than those with several small
data gaps (e.g. Fig. 4b). However, Hy; remains zero regardless of
incomplete backazimuthal distribution. See the Supporting Infor-
mation (Fig. S1) for the case from the model (Fig. 3d), which shows
the four-lobed pattern of T-RFs in backazimuth.

3.3 Synthetic test with the backazimuth coverage based on
real earthquake distribution

Using more realistic distribution of the earthquakes, we examine
the effect of the variation in the slowness on the harmonic terms of
the R- and T-RFs under the noise-free condition (Fig. 5). First, we
consider the event distribution from the Korean seismic network,
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ranges in cases of South Korea (SK) and the Cascadia Initiative (CI).

which well exceeds 90 per cent coverage of backazimuth during
the period of ~10 yr (Fig. 2). We compute synthetic R- and T
RFs, which are based on the backazimuth and slowness of the
available 2430 earthquakes recorded from the station JJB (with
the longest operation period) in South Korea from both P and PP
waves. Then, these RFs are stacked with a bin of 5° in backazimuth.
Fig. 5(a) shows that the amplitudes of the Hr, are nearly zero.
Alternatively, we consider the earthquake distribution for both P
and PP arrivals from the OBS J61C from the Cascadia Initiative
(Toomey et al. 2014), and calculate the harmonics of the RFs. We
note that the backazimuth coverage for the OBS during 9 months is
far less complete than that for Korean seismic network (Supporting
Information Fig. S2). We still observe that the amplitudes of the
Hrp, are nearly zero from the OBS data (Fig. 5b). Fig. 6 shows the
misfit functions f'(¢) of the synthetic RFs using the model (Fig. 3j)
and the earthquake distributions (e.g. Fig. 2 for the station JJB and
Supporting Information Fig. S2 for the OBS J61C). Two minima of
the f'(¢) based on the synthetics occur at 0° even with the realistic
variations in both backazimuth and slowness (Fig. 6). The ambiguity

between the minima can be resolved by selecting the ¢ that makes
the Hy, positive.

3.4 Case for various noise levels on synthetic data

In this section, we further explore how various levels of noise and
backazimuthal data coverage affect the orientation estimates. We
generate synthetic seismograms using the model shown in Fig. 3(j)
(Fig. 7a), considering various levels of random noise (0-200 per
cent) and data gap in backazimuth (0°-300°). The 50 per cent level
of noise means that the root-mean-square of the noise is close to
a half of the amplitude of the vertical component. The same level
of uncorrelated noise is added to all three components. A line in
Fig. 7(b) roughly indicates the angle estimate deviated from the
true orientation as the noise level and backazimuth coverage range
vary. Two green boxes in Fig. 7(b) roughly indicate the ranges of
both noise level and backazimuth of earthquakes from the Korean
seismic network and the Cascadia Initiative. The upper limit of the
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Table 1. Orientation correction estimates for the stations in South Korea.

STA Orientation Error %Backazimuth Orientation Validation period Previously reported data (°)
(°; from harmonic decomposition) (“;1o) coverage (°; from mean of T-RF) From To
BAR 5.5 0.4 94 55 200712 2015-01
BGD 359.5 0.6 100 359.6 2005-01 2015-01 359.84 357.20
BOSB 315 0.6 87 313 2012-08 2015-01 33.6°
BUS2 9.3 0.3 99 9.4 2005-01 2015-01
CHC2 3.8 0.6 90 3.9 2012-08 2015-01
CHI2 10.5 0.4 99 10.6 2005-01 2015-01
CHNB 19.4 0.6 100 19.3 2005-01 2015-01 13.5¢ 15.30
DACB 268.4 0.3 94 268.5 2010-08 2015-01 267.6¢
DAG2 35 0.3 93 35 2010-08 2015-01
DGY2 9.6 0.4 94 9.5 2010-08 2015-01
EMSB 3382 0.6 93 338.2 2012-12 2015-01 337.0¢
EURB 104.4 0.9 86 105.1 2012-06 2014-08 106.0¢
GAHB 128.5 0.3 94 128.6 200810 2015-01 130.7¢
GKP1 5.4 0.5 97 54 2005-01 2015-01 420 3.40
GOCB 2345 0.5 89 2343 2012-08 2015-01 235.0¢
GSU 146.2 0.6 99 146.5 2005-01 2015-01 142.6% 147.7¢ 140.8°
GWYB 120.5 0.7 90 120 2012-08 2015-01 123.3¢
HALB 3554 1.1 92 355.1 2012-08 2015-01 221.3¢
HAMB 121.0 0.5 90 120.8 2012-08 2015-01 125.0°
HAWB 246.7 0.6 89 247.1 2012-08 2015-01 246.2¢
HKU 8.2 0.5 96 8.3 2005-01 2015-01 9.14 5.6°
HSB 144.7 0.8 83 144.5 2005-01 2007-01
HSB 228.5 0.4 96 228.6 200801 2015-01 224.3¢ 226.2¢ 221.6°
HWCB 33 0.3 93 3.4 2010-08 2015-01 2.4¢
HWSB 60.9 0.9 96 60.7 200801 2012-10 59.0¢ 66.9¢ 59.07
HWSB - - - - 201401 2014-06¢ 155.6¢
IMWB 196.7 0.4 92 197.1 2012-08 2015-01 196.1¢
INCN®0 3353 5.0 92 327.7 2009-10 2012-10 3564 3594
INCNO0 46 1.1 90 4 2013-10 2016-01 3584
INCN!0 359.2 0.6 94 359.2 2009-10 2012-10 3554 3574 3594
INCN'0 0.1 0.4 90 359.7 2013-10 2016-01 o’
JEO2 2.7 0.4 89 3 2012-08 2015-01
1B 237.1 0.7 94 236.5 2007-10 2012-10 235.8¢ 237.6"
1B 233.8 12 82 2333 2014-01 2016-01
Ju 1.9 0.6 100 1.8 2005-01 2015-01
JRB 194.7 0.3 99 194.7 2006-10 2015-01 193.7¢ 191.6¢ 192.5°
JSB 245.0 0.3 99 245.2 2006-10 2015-01 245.5¢ 245.3¢ 243.0P
KOHB 256.3 47 93 251.7 2009-08 2013-12 190.4¢
KOHB - - - - 2014-04 2014-06¢ 3.5¢
KSA 4.4 0.3 99 42 2005-01 2015-01 0.7¢ 120
MGB 134.7 0.5 96 134.8 2005-03 2009-08 134.2¢ 133.20
MGB 10.8 0.9 87 10.8 201011 2012-12
MGB 359.2 0.7 73 359.2 2013-06¢ 2014-06¢ 356.0¢
NAWB 148.6 0.7 90 148.8 2012-08 2015-01 151.2¢
NPR 2.9 1.0 100 3.2 2005-01 2015-01 43¢ 420
OKCB 251.1 0.5 92 250.9 2012-08 2015-01 253.5¢
OKEB 352 1.1 96 34.8 2011-10 2015-01 18.2¢
SEHB 264.5 0.5 92 264.2 200811 2011-01
SEHB 35 1.7 59 12 2011-02 2012-07
SEHB 772 0.4 93 77.2 2012-08 2015-01 74.9¢
SEO 358.1 0.3 100 358.1 2005-01 2015-01
SEO2 0.9 0.4 93 12 2010-08 2015-01
SES2 73 0.6 89 72 2012-08 2015-01
SHHB 326.3 0.4 92 326.2 2011-10 2015-01 325.6
SMKB 355.0 3.8 63 355.9 2013-09¢ 2014-03¢ 2.4¢
SMKB 172.6 0.9 44 172.3 2014-04¢ 2014-06¢ 165.4¢
SND 0.9 0.2 99 0.9 2005-01 2015-01 359.0¢ 358.40
SNU 3.8 0.6 92 3.8 2005-01 2007-09 5,501 5.00-1
SNU - - - - 200711 2008-01
SNU 35 0.3 96 39 2008-03 2015-01
TIN 1.6 0.4 99 1.5 2005-01 2015-01 0.14 355.00
ULJ2 358.0 0.3 94 358.1 2010-08 2015-01
ULL 9.7 0.9 96 9.4 2005-01 2009-12
ULLB 10.4 0.5 99 10.2 2006-10 2015-01 9.4¢ 20.0¢ 2.5b
YKB 194.9 0.3 97 194.9 2006-10 2015-01 191.0¢ 187.0¢ 195.7°
YNCB 309.0 0.7 90 309.1 2008-10 2010-08
YNCB 21.0 0.5 94 20.8 2011-01 2015-01 28.4¢
YSB 13.6 0.4 94 13.8 2009-02 2015-01 13.8¢

Notes: The orientation angle ranges from 0° to 360° with clockwise direction, and our values indicate the angles that we need to correct from the misaligned
north. We note that we apply this correction scheme to previous estimates (Ekstrom & Busby 2008; Shin et al. 2009; Lee & Rhie 2015; Lee & Sheen 2015).
‘00’ and “10’: location code given for the station INCN (http://ds.iris.edu/mda/IU/INCN) by the Data Management Center (DMC) of the Incorporated Research
Institutions for Seismology (IRIS).

“Shin et al. (2009).

bLee & Rhie (2015).

“Lee & Sheen (2015).

dEkstrém & Busby (2008); http://www.ldeo.columbia.edu/~ekstrom/Projects/ WQC/COMB_QC/POL _IU_S_ALL_EPO.html.

TTheir periods of used data (January 2007 to September 2008) contain the replacement dates of sensors: 23 October 2007 and 18 February 2008 (Supporting
Information Table S1).
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noise level is a reciprocal of an average of the SNR in the vertical
component.

This synthetic test for the orientation estimate as a function of
the noise level and the backazimuthal coverage provides useful
information on determining a sensor operational period (Fig. 7b). As
the operational period extends, the backazimuth data gap (horizontal
axis of the plot) decreases and so is the uncertainty of the estimate,
and vice versa (Fig. 7b). While the noise level is site-specific and
can be decreased with filtering and applying SNR criterion, a high
SNR condition can cause the poor backazimuthal coverage.

3.5 Correlation between radial and tangential
harmonic terms

Park & Levin (2016) analytically showed that Hg, and Hg4 correlate
negatively with Hr; and Hrs, respectively, and Hg; and Hys correlate
positively with Hy, and Hga, respectively. The polarities of the
correlations from our data are opposite to what Park & Levin (2016)
presented because we define our tangential component opposite to
what they used in the left-handed coordinate system in defining
radial, tangential, and vertical direction. The correlations between
the radial and tangential harmonic terms are observed except for
the Hgs, Hry, Hrs and Hrs, which have nearly zero amplitudes
(Fig. 4). The correlation between Hy, and Hr; is observed even in
the case with the variations in slowness and backazimuth (Fig. 5).
To quantify a degree of the observed correlation, we estimate a
confidence range for non-randomness in the correlation between
the harmonics in a time window of —2.0 to 2.0 s (Bendat & Piersol
2000). A degree of freedom is set as the length of the time window
(4.0 s) times a corner frequency (2.5 and 1.5 Hz for South Korea
and the Cascadia Initiative, respectively).

4 DATA ANALYSIS

4.1 Data acquisition and processing of Korean
network data

For the RF calculation, we collect teleseismic earthquakes of a
magnitude greater than 5.5 recorded at 52 stations (which includes
30 borehole sensors) in South Korea (Fig. 1) from 2005 to 2016
(Fig. 2a). We analyse teleseismic P and PP arrivals to help miti-
gate uneven distribution of earthquake sources and provide a more
filled backazimuthal coverage (Fig. 2a). For the P-wave RFs, the
epicentral distance range of 30°—100° is chosen to avoid complex
triplicated mantle P waves (less than 30°) and complication from
the core-mantle boundary (distances greater than 100°). Similarly,
for the PP-wave RFs, the epicentral distance range is chosen at
100°-180°. By including the PP-wave RFs, the backazimuthal gaps
of P-RFs in the East Pacific Rise and the Mexico-Peru-Chile sub-
duction zone (Fig. 2a) can be filled. The total number of earthquakes
for P and PP phases is 3051 and 1651, respectively. All waveforms
(neglecting the SNR) are cut to 30 s before and 180 s after P and
PP arrival times before the RF calculation. The R- and T-RFs are
calculated in the frequency domain with the water level of 1072
(Langston 1979). In order to remove the high frequency noise, a
Gaussian pulse with a half-width (1) of 2.5 Hz is convoluted with
the RFs. We observe that the half-width from 1.0 to 4.0 Hz yields
stable orientation estimates (Supporting Information Fig. S3). After
the RF calculation, we stack both R- and T-RFs over a 5° interval in
backazimuth.

Seismometer orientation using tangential R 1755

4.2 Data acquisition and processing of OBS data

We select earthquakes recorded from two broad-band OBSs (J61C
and J39C) in the Cascadia Initiative. The OBSs J61C and J39C are
deployed in deep water at 2673 m and 2656 m water depth and in-
volve relatively lower noise level compared to those in shallow water
(Lodewyk & Sumy 2015). From these two OBSs, the earthquakes
with the magnitude greater than 5.5 are collected from September
2013 to June 2014. The ranges of the epicentral distance for the P
and PP phases for the RF calculation are the same as those for the
Korean seismic network. The numbers of earthquakes for the P and
PP phases are 276 and 95, respectively (Supporting Information
Fig. S2). All waveforms are cut to 50 s before and 250 s after P and
PP arrival times before deconvolution.

Prior to the deconvolution procedure, we apply a bandpass filter
between 0.1 and 1.5 Hz, the same frequency band used by Audet
(2016) for the Cascadia Initiative data and Akuhara & Mochizuki
(2015) for OBSs offshore Japan. The lower cut-off frequency of
0.1 Hz is effective to remove an influence of infragravity wave. The
water level in the deconvolution is set at 1072, We stack both R- and
T-RFs over a 5° interval in backazimuth.

5 RESULTS

5.1 Orientation estimates for Korean seismic network

The orientations of all 52 stations in South Korea are presented
in Table 1. The orientation for each station is estimated for a spe-
cific period (denoted as validation period), which is defined by a
start and an end of the period when the polarity and/or the am-
plitude of the T-RFs in the data window shifts significantly. Al-
ternatively, the validation period is manually set when the sensor
replacement/maintenance record is available (Supporting Informa-
tion Table S1). Table 1 includes a total of 65 measurements of ori-
entation for different validation periods from two methods, which
are (1) the minimization of Hr, in the data window and (2) the
minimization of the amplitudes of a mean of the T-RFs. In Table 1
and Supporting Information Table S2, we include results from the
method (2) for comparison. In addition, Supporting Information
Table S2 shows orientation estimates based on non-stacking ap-
proach. The difference between the orientation estimates from the
two methods is illustrated in Supporting Information Fig. S4, and
it increases as the backazimuthal coverage decreases. However, all
values are confined within and less than 1°, except for three stations
that show large differences (2.3° of SEHB, 7.6° of INCN® and
4.6° of KOHB; not shown in Supporting Information Fig. S4). We
note that differences in orientations between two cases (with and
without stacking) are overall small for Korean network data except
for the stations INCN?, KOHB and NPR (Supporting Information
Table S2).

Uncertainty estimates (1o') of the orientation from the method
(1) are shown in Table 1. The 57 out of 65 measurements have an
uncertainty of less than 1° (Table 1). Table 1 also includes previous
estimates for some stations (Ekstrom & Busby 2008; Shin et al.
2009; Lee & Rhie 2015; Lee & Sheen 2015) for comparisons. We
note that estimates from station SMKB (for a validation period of
April 2014—June 2014) involve relatively large uncertainty value
(Table 1) due to poor backazimuthal coverage (44 per cent). Lee
& Sheen (2015) previously reported changes in the orientation for
that station, which have not been reported by the seismic network
operator.
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Figure 8. The function f(¢) for stations HSB, MGB and SEHB plotted against ¢ for different periods. The ¢, for the different periods are 144.7° and 48.5°
for HSB (a and b), 134.7°, 10.8° and 179.2° for MGB (c, d, e), and 84.5° and 77.2° for SEHB (f and g).

We confirm that significant temporal variations of the polarity
and amplitude of the T-RFs likely had stemmed during sensor re-
placement/maintenance (e.g. Supporting Information Table S1). Of
the 52 stations examined, we present results from three stations
(HSB, MGB and SEHB) that show substantial changes in both po-
larity and amplitude of the T-RFs. First, we illustrate such changes
by showing T-RFs stacked over an interval of two months with-
out overlap (Supporting Information Figs S5a, ¢ and e for stations
HSB, MGB and SEHB, respectively). Second, we show the max-
imum and minimum amplitudes of the stacked T-RFs in the data
window (Supporting Information Figs S5b, d and f for stations
HSB, MGB and SEHB, respectively; Supporting Information Fig.
S6 for the other stations). Our results show that six borehole sta-
tions experience sudden orientation change ranging from 12° (at
station MGB) to 178° (at station SMKB) over the period of 10 yr
(Table 1).

Fig. 8 shows the misfit function f(¢) of stations HSB, MGB and
SEHB at different periods. The data from station HSB shows that

f (@) for the period of January 2005—January 2007 is minimized at

144.7° with a plus sign for the mean of Hy, (Fig. 8a). The orientation
for the period of January 2008— January 2015 is estimated as 228.5°
(48.5° 4 180°) because f (¢) is minimized at 48.5° with a minus
sign for the mean of Hy, (Fig. 8b). The orientation estimates for
station MGB are 134.7°, 10.8° and 359.2° (179.2° + 180°) for three
different periods (Figs 8c—e). The estimates for station SEHB are
264.5° (84.5° + 180°) and 77.2° in two different periods (Figs 8f
and g).

We show temporal changes of f'(¢) and ¢, for stations HSB,
MGB and SEHB with a moving window of one year (Fig. 9, back-
ground colour and solid black lines, respectively). The orientation
angles for the stations and their validation periods (Table 1) are
also marked as references (Fig. 9; white ticked lines). We find peri-
ods that involve a sudden change in @,;,, which are 20072008 for
HSB (Fig. 9a) and October 2009—April 2010, June 2010—December
2010 and October 2012—February 2013 for MGB (Fig. 9b). These
correspond to the time when the orientation had changed, which
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Figure 9. The f (¢) and ¢pmin as a function of time for stations HSB, MGB and SEHB. The f(¢) is calculated with an interval of two months and a moving
window of 1 yr. The f(¢) and ¢min are represented by colour and a solid black line, respectively. The validation periods for our orientation estimates (Table 1)
are indicated by white ticked lines. Blue arrows indicate reported replacement date of sensors (Supporting Information Table S1). Grey background colour

means no data.

is consistent with a record of the sensor replacement/maintenance
(Supporting Information Table S1). Besides the record, we also
identify other periods when either maximum or minimum ampli-
tude of the T-RFs is statically changed (Supporting Information
Figs S5b, d and f for stations HSB, MGB and SEHB, respectively).
We report that the period of 2011-2012 for station SEHB involves
a significant change in ¢, (Fig. 9¢), which is considered to be the
orientation change but not noted by the seismic network operator.
In addition, we observe that both f (¢) and @, slightly deviate
from the reference during the periods of August 2005-December
2006, October 2008—August 2009 and June 2013—October 2014 for
HSB (Fig. 9a) and during the periods of February 2007—June 2007
and October 2011— October 2012 for MGB (Fig. 9b). Such periods
moderately coincide with the temporal fluctuation of backazimuthal
coverage of earthquakes (Supporting Information Figs S5a and
b).

We next show how the harmonic terms of R- and T-RFs, and
also means both R- and T-RFs, for the three stations change with
the orientation correction based on the method (1) (Fig. 10). The
amplitudes of Hr, for the different periods are minimized and es-
sentially nearly zero after the orientation correction (Fig. 10). We
now observe strong coherence in waveform between the harmonic
terms for different validation periods, and between the means after
the correction. This correlation is expected unless there is any tem-
poral change in structure and significant change in the distribution
of the earthquakes. We observe that Hy, and Hy4 correlate nega-
tively with Hr; and Hrps, respectively, and Hg; and Hys correlate
positively with Hr, and Hy., respectively (Fig. 10; Supporting Infor-
mation Figs S7-S9). We note that the amplitudes of Hr4, Hrs, Hra,
and Hrs are small. Thus, we do not see a clear correlation in wave-
form between the different harmonics (see Supporting Information
Figs S7-S9).
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Figure 10. Harmonic terms of R- and T-RFs, and their means for the stations
HSB, MGB and SEHB prior to (left panel) and after the correction (right
panel). Note that the amplitudes of the Hr; are minimized to nearly zero by
the orientation correction. See the Supporting Information (Figs S7-S9) for
Hga, Hgs, Hrq and Hyps for the stations.

Lastly, we show T-RFs and Hr, for the selected station HSB with
and without the orientation correction (Fig. 11). The similar two-
lobed patterns of the T-RFs with backazimuth are revealed by the
correction (Figs 11c and d). See Supporting Information Fig. S10
for the stations MGB and SEHB, respectively.

5.2 Orientation estimates for OBS network

Our estimates based on the harmonic decomposition are compared
against previous estimates based on the minimization of stacked
T-RFs at 0.0-5.0 s (Janiszewski & Abers 2015) and surface wave
arrival angles (Lodewyk & Sumy 2015; Table 2). Our estimates are
similar to the estimates by Lodewyk & Sumy (2015) and the esti-
mates by Janiszewski & Abers (2015). We note that slight deviation
between the estimates might stem from the different data selection
criteria and processing.

We observe very small positive amplitudes of Hz; near 0 s even
after the orientation corrections (Fig. 12). Such small amplitude of
Hp, makes the range of f(¢) very narrow (Supporting Information
Fig. S11). From the data from J61C, the orientation is estimated
as 190.2° (10.2° + 180°) (Supporting Information Fig. S11a). The
orientation estimate for J39C is 89.0° (Supporting Information Fig.
S11b).

The correlations between Hy, and Hr; and between Hy; and Hr,
of the J61C are observed strong, whereas those between Hy, and
Hrs and between Hys and Hryy are weak (Fig. 12a). The correlations
between the harmonic terms for J39C are not all visibly clear be-
cause of small amplitudes at and near 0 s (Fig. 12b). Fig. 13 shows
the T-RFs before and after the orientation correction for the two
OBS:s.

6 DISCUSSION

Most indirect seismic methods in determining the orientation in-
evitably involve inaccuracy due to uncertain medium seismic prop-
erties beneath the receiver. The medium is assumed to be isotropic
and homogeneous in the horizontal direction (e.g. Ekstrom & Busby
2008; Shin et al. 2009; Zha et al. 2013; Lee & Rhie 2015; Lee &
Sheen 2015; Wang et al. 2016). If the anisotropy of the medium were
strong, the particle motion of the P wave is no longer parallel to its
propagation direction. The same applies to the Rayleigh wave. Fur-
thermore, the minimum-time path between the source and receiver
might not coincide with the shortest-distance path if the medium is
laterally heterogeneous. Although our estimates based on the tele-
seismic RFs can also be influenced by the uncertainty in the nature
of the medium, the degree of its dependency can be much less than
that of the studies based on the particle motions. Our method works
well in the presence of anisotropy and/or dipping structures beneath
the receiver (e.g. Fig. 3). Nevertheless, to make a single measure-
ment of orientation with an uncertainty less than 1°, we require a
relatively large dataset with nearly full backazimuthal coverage of
teleseismic earthquakes (e.g. Fig. 2).

6.1 Orientation estimates of the Korean seismic network

Most of the orientations for stations in South Korea are measured
with over 85 per cent of backazimuthal coverage (Table 1). Using
both P and PP phases, the 70, 80 and 90 per cent of the back-
azimuthal coverage are guaranteed by over 8, 10 and 21 months
of station operational periods (Figs 2b and 14) or 250, 350 and
750 earthquakes, respectively (Supporting Information Fig. S12a).
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Figure 11. Stacked T-RFs plotted according to backazimuths for station HSB for each different validation period, prior to (a and b) and after the orientation
correction (c and d). A solid green horizontal line marks a time of 0 s. The histogram in upper panel shows the number of earthquakes in each bin with a 5°
window. The right panel shows a constant harmonic term of the T-RF (blue traces indicating not corrected waveforms). See Supporting Information Fig. S10

for stations MGB and SEHB.

Table 2. Orientation correction estimates for the stations from Cascadia Initiative (Toomey ef al. 2014).

Orientation

(°; from Orientation
harmonic (°; from
decomposi- Error %Backazimuth mean of Previously reported data
STA tion) (°; 1o) coverage T-RF) (5 1o)
J61C 190.2 6.6 79 185.9 200 £ 2¢ 187 + 9%
J39C 89.0 4.1 79 97.1 105 £ 1¢ 92 4 9

Notes: The orientation angle ranges from 0° to 360° with clockwise direction, and our values indicate the angles that we need
to correct from the misaligned north. We note that we apply this correction scheme to previous estimates (Janiszewski & Abers
2015; Lodewyk & Sumy 2015). For the uncertainty estimates, Janiszewski & Abers (2015) used the 95 per cent confidence
bounds from the F-test, with degrees of freedom determined from the net filter response of the signal. Our uncertainty estimates
for J61C and J39 from the F-test are 3.3° and 2.5°, respectively. The difference in the two estimates for each station may arise

from slightly different dataset and filtering.
“Janiszewski & Abers (2015).
"Lodewyk & Sumy (2015).

Even in the case of relatively poor backazimuthal coverage at sta-
tion MGB (73 per cent), our value (359.2° £ 0.7°; Table 1) still
agrees reasonably well with the previous estimate (Lee & Sheen
2015; a difference of 3.2°). It is difficult to statistically compare our
estimate with the previous estimate because different types of data

(e.g. teleseismic body-wave phase versus regional body-wave phase
versus) and different data processing (e.g. passband) are involved
in determining the orientation. The measurement for station SEHB
includes the smallest backazimuthal coverage (59 per cent), and our
estimate for this station is 3.5° £ 1.7°.
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and fourth columns).

For Korean network data (the case with the nearly full backaz-
imuthal coverage), the backazimuthal coverage at 20 months reaches
to about 90 per cent (Fig. 15a; 750 earthquakes, Supporting In-
formation Fig. S12a), and the orientation (¢.;,) converges to a
steady value after 20 months (Fig. 15¢). The orientation angle at
20 months slightly deviates from the best estimate by 0.3°, which is
smaller than the uncertainty. We note that just over three months the
measured orientation deviates from the best angle only by 6° with
about 60 per cent backazimuthal coverage.

The harmonics Hy, and Hr; and the Hy; and Hr, correlate neg-
atively and positively, respectively (Fig. 15b). The observed corre-
lation between the harmonic terms is quantified in terms of a con-
fidence range for randomness in the correlation (Bendat & Piersol
2000) (Fig. 15b, pink colour). While the correlation value between
the Hy, and Hys reaches to —1 just after one month, the correla-
tion between the Hr; and Hy, slowly converges to 0.6 (Fig. 15b).
The observed slow convergence and relatively low correlation (still

within the confidence range of 95 per cent) for the Hy; and Hy, are
primarily due to small amplitudes of the Hg; and Hy,. Similarly,
the correlation between the Hy4 and Hrs and Hys and Hr, are scat-
tered within the confidence range during the whole period of 10 yr.
Assuming backazimuthal coverage of earthquakes is good, strong
correlation (beyond the confidence range of 95 per cent) between
the orthogonal harmonic terms may further supports the reliability
of our orientation estimates (Figs 10 and 15). The orientation angle
is deviated by about 5° from the final estimate during the period
0f 2005—mid-2006, although a degree of correlations between Hy;
and Hp, and between Hys and Hy4 in 2005—mid-2006 is observed
high (Fig. 15b).

We observe that the harmonic terms from most stations (except
for the stations in oceanic islands) in South Korea share similar
patterns in waveforms within the data window near 0 s (Fig. 10),
and we suspect that this is in part due to the structure. For instance,
a negative pulse just before 0 s and a positive pulse just after 0 s are
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shown in the Hy, (conversely in the Hr;) of the stations (Fig. 10).
The common features of the harmonic terms might indicate an ap-
proximately southward dipping of the fast axis in the anisotropic top
layer beneath South Korea, as illustrated in Figs 3(g) and (j). A sepa-
rate analysis of P coda phases is required for a precise investigation
on the crustal seismic structure of Korea.

6.2 Applicability of the method on OBS data

One clear difference in the harmonic terms of the RFs between the
land-based stations and OBSs is the amplitude of the Hk, within
the data window near and at 0 s. Observed small amplitudes of the
Hpgy (~0.1 per cent) in the OBS data can be a source of a problem in
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the orientation correction for the OBS (Fig. 12). Small amplitudes
of the R-RFs typically arise from a nearly vertical incidence of the
teleseismic P phase due to the presence of the sedimentary layer
with low P-wave velocity (Kawakatsu & Abe 2016). The pseudo
vertical incidence of P can yield a very shallow range of the f'(¢),
which makes it difficult to determine ¢,,;, in the presence of noise
since the orientation estimate depends on the amplitude of the Hx,
near 0 s.

Despite the high background noise embedded in the OBS data
(Webb 1998; Lin et al. 2010), the RFs at OBS station J61C show
clear correlation between Hy, and Hr; and between Hz; and Hy,
(Fig. 12a), as expected in an anisotropic or dipping media (Park &
Levin 2016). Our estimates generally agree with previous estimates
based on slightly different data processing scheme (Janiszewski &
Abers 2015) and different seismic phase (Lodewyk & Sumy 2015).
Because of shorter operation period for the OBSs (~9 months), the
backazimuthal coverage reaches to about 80 per cent in 9 months
(Fig. 15d; 380 earthquakes in Supporting Information Fig. S12b)
and the orientation estimate (@i, ) just begins to converge (Fig. 151).

If the noise level is assumed at 80 per cent in the OBS data,
about 70 per cent of backazimuthal coverage is required to obtain
the orientation estimate with 5° uncertainty (Fig. 7b). For example,
this can be achieved approximately within 4—7 months of the de-
ployment in Pacific, Atlantic, Indian Oceans, and North America
and 9—14 months in southeastern Asia, South America and Africa
(Fig. 14).

7 CONCLUSIONS

We calculate teleseismic receiver functions from the P and PP
phases using the harmonic decomposition method and determine
the orientation of a seismometer by minimizing a constant term in a
harmonic expansion of T-RFs in backazimuth near and at 0 s. This
approach is applied to data from 52 stations in South Korea and
two OBSs from the Cascadia Initiative project. Our method works
well in the presence of anisotropy and/or dipping structures beneath
the receiver. Also, the method yields a much more robust estimate
than those obtained by minimizing the average amplitude of the
T-RFs near 0 s. In particular, the method effectively determines
the orientation in the case of deficient backazimuthal coverage of
earthquakes (i.e. from the OBSs). The station operational period
of about one year guarantees ~80 per cent of the backazimuthal
coverage with the usage of both P and PP phases from earthquakes
with a magnitude over 5.5 recorded in the seismic network in South
Korea. Our analysis shows that the operational period of the station
of 20 months (recording about 750 earthquakes) is required for
a single measurement of orientation with an uncertainty less than
1°. We keep track of the history of the orientation of a total 52
broad-band velocity seismometers for the period of 2005-2016 by
detecting its period when the polarity and the amplitude of the T-RFs
are largely changed. Of the 30 borehole stations in South Korea, six
stations are confirmed to experience a significant orientation change
(12° to ~178°) during the 10 yr period. Our method can be applied
to any broad-band data, regardless of sensor types and orientation,
for seismic studies (i.e. receiver functions).
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SUPPORTING INFORMATION
Supplementary data are available at GJI online.

Table S1. Replacement date of velocity sensor of KG network in
South Korea.

Table S2. Comparison of the orientations based on different meth-
ods.

Figure S1. Synthetic test results showing means and five harmonic
terms of both R- and T-RFs in the case of full (a) and poor (b)
backazimuthal coverage of earthquakes. We use the model with the
3 km thick topmost anisotropic layer (Fig. 3d) to compute the R-
and T-RFs (left panel), and their means and harmonic terms (right
panel). The RF is sampled with an interval of 5° in backazimuth.
Figure S2. Distribution of teleseismic earthquakes in spatial and
temporal scales, recorded from the OBS J61C (Cascadia Initiative;
Toomey et al. 2014). (a) The numbers of earthquakes for P and PP
phases are 276 and 95, respectively, in 2013—-2014. The location of
the station is indicated by a red rectangle. (b) Cumulative coverage
in backazimuth ray coverage for nine months, discretized in 72
bins, after September 2013. (c) Distribution of the backazimuth and
slowness of the earthquake in (b).

Figure S3. Orientation estimations using various half-widths in
Gaussian low-pass filter for the station HSB. (a) Period of January
2005—January 2007 and (b) period of January 2008 —January 2015.
The infinity symbol means no filter.

Figure S4. Difference between the orientation estimates from two
methods, which are (1) the minimization of Hr; and (2) the min-
imization of the mean of T-RF near 0 s (Table S2). The stations
SEHB, INCN and KOHB are excluded in this figure because of
large differences (2.3°, 7.6° and 4.6°, respectively) in this figure.
Figure S5. Stacked T-RFs and temporal change of their maximum
and minimum amplitudes for stations HSB, MGB and SEHB. (a, c,
e) Stacked T-RFs (lower panel) and a histogram showing the num-
ber of earthquakes in each bin with a two-month window (upper
panel) for stations HSB, MGB and SEHB. Blue arrows indicate
reported replacement date of sensors (Table S1). (b, d, f) Temporal
change of the maximum and minimum amplitudes (black and blue
lines, respectively) of the T-RFs within —1.2 to 1.2 s for stations
HSB, MGB and SEHB. Coloured background indicates the number
of earthquakes in time and backazimuth. The fluctuation of either
maximum or minimum amplitude can be partially explained by
heterogeneous space—time occurrence of earthquakes. Grey back-
ground colour means no data.

Figure S6. Temporal change of the maximum and minimum ampli-
tudes (black and blue lines, respectively) of the T-RF within —1.2
to 1.2 s for 51 stations (including the station INCN ‘00’ and ‘10°).
See Figs S5b, d and f for stations HSB, MGB and SEHB. Coloured
background indicates the number of earthquakes in time and back-
azimuth. A blue arrow indicates reported replacement date of a
sensor (Table S1). The fluctuation of either maximum or minimum
amplitude can be partially explained by heterogeneous space—time
occurrence of earthquakes. Grey background colour means no data.
Figure S7. Harmonic terms of R- and T-RFs, and their means for
the station HSB during the two different validation periods. In each
panel, first two columns show the results prior to the correction, and
the third and fourth columns after the correction.
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Figure S8. Harmonic terms of R- and T-RFs, and their means for the
station MGB during the three different validation periods. In each
panel, first two columns show the results prior to the correction, and
the third and fourth columns after the correction.

Figure S9. Harmonic terms of R- and T-RFs, and their means for the
station SEHB during the two different validation periods. In each
panel, first two columns show the results prior to the correction, and
the third and fourth columns after the correction.

Figure S10. Stacked T-RFs plotted according to backazimuths for
stations HSB, MGB and SEHB for each different validation period,
prior to (a, ¢, e, g, 1, k, m) and after the orientation correction (b, d,
f, h, j, I, n). A solid green horizontal line marks a time of 0 s. The
histogram in upper panel shows the number of earthquakes in each
bin with a 5° window. The right panel shows a constant harmonic
term of the T-RF (blue traces indicating not corrected waveforms).
Figure S11. The function f (¢) for OBSs (a) J61C and (b) J39C
plotted against ¢. Note that the range of the function f'(¢) is quite
limited because of small amplitudes of the T-RFs at and near 0 s for
the OBS data. Regardless of such small range in f'(¢), the @i, can
be determined as shown in the figure.

Figure S12. Backazimuthal coverage plotted against the cumulative
numbers of earthquakes for (a) the station JJB and (b) OBS J61C.

Seismometer orientation using tangential RE 1765

Figure S13. Histogram showing our uncertainties and differences in
the orientation estimates shown in Table 1. (a) The error based on the
bootstrapping method (the third column in Table 1). (b) Difference
between the orientations determined by the minimization of Hr,
(the second column) and the mean of T-RF's (the fifth column) (see
also Fig. S4). Difference between ours (the second column) and
previous estimates, (c) Shin et al. (2009) (the eighth column), (d)
Lee & Sheen (2015) (the ninth column), (¢) Lee & Rhie (2015)
(the tenth column), respectively. The differences shown in (b), (c),
(d) and (e) are root-mean-square values, and we exclude a few
values which exceed 10°. Dif.—difference; col.—column; stddev—
standard deviation.

Figure S14. Synthetic test results showing means and harmonic
terms of both R- and T-RFs in the cases of (a and b) for Korean
seismic network and (¢ and d) the Cascadia Initiative when the RFs
are stacked by 5° of bin in backazimuth (a and c) and not stacked
(b and d).
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