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Abstract Many broadband seismic stations deployed permanently and temporarily in the Aus-10

tralian continent have been used for various seismological investigations in and around Australia.11

Although two horizontal components are generally assumed to be oriented in the north and east12

directions, as reported by data providers, misorientations of horizontal components from the true13

geographic north direction cannot be avoided in practical field observations, even in the well-14

maintained permanent stations. In this report, we applied a polarization analysis to almost all sta-15

tions in Australia to estimate themisorientations of horizontal components using long-period tele-16

seismic P-waves. A large data set of P-wave arrival angles allows us to successfully detect probable17

horizontal misorientations, including significant temporal changes in some stations, which gener-18

ally happened at reported timings of stationmaintenance and instrument replacements. However,19

some stations exhibit misorientations and temporal changes at unexpected timings that are unre-20

ported. Compiling the informationonsuch time-dependentmisorientations,wecreateda full cata-21

log of horizontal-component orientations for both permanent and temporary stations in Australia,22

which are widely available for the community.23

1 Introduction24

A large number of broadband seismic stations deployed permanently or temporarily in the Australian continent25

have provided key information on seismic wave propagation (e.g., Kennett and Furumura, "##$), seismic sources26

(e.g., Hejrani and Tkal%i&, "#"#), and seismic structure (e.g., Kennett et al., "#!’; Yoshizawa, "#!(; Birkey and Ford,27

"#"’; Eakin et al., "#"’) in and around Australia. As an initial step for the three-component seismic waveform anal-28

ysis, we generally rotate two horizontal components (e.g., NS / EW) to radial and transverse directions, supposing29

that the horizontal sensors are oriented in the north and east (or in reported) directions. However, as several earlier30
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studies suggested, there is a possibility of nontrivial misorientation of horizontal components at some stations (e.g.,31

Laske, !))*; Yoshizawa et al., !))); Schulte-Pelkum et al., "##!). Also, temporal changes in the amplitude gain of seis-32

mometers may occur at some permanent stations over a long observation period (Ekström et al., "##+). Such errors33

or uncertainties in the reported catalog values, particularly the ambiguities in the horizontal-component orienta-34

tion, would prevent us from performing precise waveform analyses that depend on the horizontal directions, such35

as shear-wave splitting measurements, Love-wave dispersion analysis, and the azimuthal dependency of receiver36

functions.37

The horizontal orientation of seismic stations can be estimated bymeasuring the arrival angles of teleseismic P or38

Rayleighwaves at longer periods for a large number of seismic events (e.g., Laske andMasters, !))+; Yoshizawa et al.,39

!))); Schulte-Pelkum et al., "##!; Larson and Ekström, "##"; Ekström and Busby, "##$). Rayleigh waves generally os-40

cillate elliptically in the radial-vertical plane, but their particle motions becomemore complicated in heterogeneous41

and anisotropic media (Crampin, !),*). Moreover, due to the dispersive nature of surface waves, the arrival-angle42

anomalies (or deviations from the great-circle path) depend signi-cantly on the frequency (Laske, !))*; Yoshizawa43

et al., !)))), which may increase uncertainties in the estimated station orientation. Furthermore, the overlaps by44

preceding Love waves in the transverse component make it di.cult to perform arrival-angle analysis of Rayleigh45

waves at relatively shorter epicentral distances of less than 50↑ (Yoshizawa et al., !)))). On the contrary, the onset of46

teleseismic P-waves exhibits a relatively simple linear motion in the radial-vertical plane without frequency depen-47

dence. Teleseismic P waves with the near-vertical incidence to the station mainly sample the lower mantle where48

lateral heterogeneities are weak. Thus, the ray-bending e/ects on P-waves due to strong lateral heterogeneity in the49

upper mantle can be milder than that on surface waves (Yoshizawa et al., !)))), in addition to the relatively smaller50

in0uence from anisotropy on P-waves compared to surface waves (Crampin et al., !)$").51

Recently, major seismological data centers, such as IRIS (Incorporated Research Institutions for Seismology),52

have provided us with more precise information on the station orientation for their a.liated stations worldwide,53

includingAustralian stations. Given proper information fromcareful calibrations,many of the broadbandhorizontal54

channels in major stations in global networks (such as the Global Seismograph Network) have been named BH! and55

BH" (for the -rst and second components) rather than conventional BHN and BHE (North and East), when the true56

horizontal directions deviate from the geographic north and east (Ekström and Busby, "##$). Ekström ("##$) has57

also provided practically useful tables on the station orientation for GSN stations until "#!*. However, a number of58

seismic stations from local data providers and temporary seismic networks, including transportable seismic arrays59

(e.g., SKIPPY in Australia; Hilst et al., !))(), still lack precise information on horizontal orientations, which is crucial60

for researchers wishing to utilize these valuable waveform data sets.61

In this report, we collect a largenumber of P-wave arrival angle data to estimate thehorizontal orientationofmany62

broadband seismic stations in Australia, modeled on the method of polarization analysis by Vidale (!)$+) utilized in63

earlier study by Yoshizawa et al. (!)))). Through the polarization analysis of teleseismic P-wave particle motions,64

we construct a complete catalog of the horizontal orientation of currently available broadband stations in Australia,65

which can be used for a variety of future applications of seismic data analyses with horizontal components.66
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2 Data and Method67
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Figure 1 Broadband seismic stations and seismic events used in this study. (a) Permanent stations, with colors indicating
di!erent networks (AU, S1, IU, II, andG). (b) Temporary stations. (c) Seismic events used in this study,with colors representing
source depths. Blue triangles are employed stations in (a) and (b).

We used the three-component teleseismic P-wave data downloaded from the IRIS DataManagement Center (IRIS68

DMC) and Australian Passive Seismic Server (AusPass) for (##( seismic events with moment magnitude Mw → *.*69

from !)$, to "#!). Our dataset includes both permanent and temporary broadband stations shown in Figures ! (a, b).70

Permanent seismic networks include IRIS/IDA (red triangles in Figure ! (a); Network II), IRIS/USGS (purple triangles71

in Figure ! (a); Network IU), GEOSCOPE (green triangles in Figure ! (a); Network G), GeoScience Australia (blue72

triangles in Figure ! (a); Network AU), and Australian Seismometers in Schools program (orange triangles in Figure73

! (a); Network S!). Temporary stations shown in Figure ! (b) involve many temporary seismic arrays, SKIPPY (Hilst74

and Kennett, !))’), KIMBA (Kennett, !)),, !))$), QUOLL (Kennett et al., !)))), West Australia Cratons Kennet ("###),75

TRIGGERBB (Rawlinson and Kennett, "##!), TASMAL (Kennett, "##’), CARPA - Linkage (Reading and Kennett, "##*),76

SOC - Southern Craton (Fontaine and Kennet, "##,), BILBY (Rawlinson and Kennet, "##$), Bass Strait (Reading and77

Rawlinson, "#!!), Australia (Tkal%i& et al., "#!’b), Albany-Fraser Experiment (Tkal%i& et al., "#!’a), and Transitions78

in the Banda Arc-Australia continental collision (Miller, "#!().79

We selected seismic events withMw→ *.*, distance ranges between ’# and )# degrees, and normalized amplitude80

of P-wave radiation> |0.3| estimated from the Global CMT catalog (Dziewonski et al., !)$!; Ekström et al., "#!"). We81

-rst corrected the instrument response, converted the waveform data into the displacement, and applied a band-82

pass -lter between #.#’ and #.! Hz. Second, we rotated the two horizontal waveforms into the radial and transverse83

components based on the station catalog information of horizontal orientation provided by IRIS DMC and AusPass.84

To discard the low-quality data, we calculated signal-to-noise ratios (SNR) in the vertical and radial components and85

removed data with vertical SNR < *.# or radial SNR < ’.#. Then, for each seismic event and station, we performed a86

time-domain complex polarization analysis of Vidale (!)$+) to measure the horizontal arrival angles ! of direct P-87

waves in a similar way to Yoshizawa et al. (!)))), which is summarized in Figure ". Since teleseismic P-wave is likely88

to linearly oscillate in the radial-vertical plane, we imposed the data selection criteria on the ellipticity parameter PE89

smaller than #.!,*. Third, we calculated the median of the time-dependent arrival angles for each event (an orange90

line in the third panel in Figure " (a)) in a selected time window. In this study, we set the time window as ,.* s before91
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and a1er the main P-wave pulse (Figure " (a)). Consequently, in the -nal step, we compiled a large number of arrival92

angle data frommany seismic events to evaluate themisorientation of horizontal sensors. In this study, to reduce the93

in0uence of biased event distributions, we mainly adopted the median as a representative measure for arrival-angle94

anomalies (i.e., deviations from the great-circle direction) over the selected observation period (Figure " (b)). Still,95

we also reported the mean values in our catalog (Tables S!–S’ and Tarumi and Yoshizawa ("#"()). We conducted this96

-nal step for stations with more than * arrival-angle measurements, and discarded several stations with large un-97

certainties in the time-dependent polarization data via visual inspections. The resultant distribution of all employed98

events used in this study is shown in Figure ! (c).99

Station metadata (or reported catalog information of horizontal orientation) for permanent stations is subject to100

change from time to time, re0ecting irregular maintenance, calibrations, and replacement of instruments. For the101

permanent stations with a long observation period, we visually inspected the timing of sudden changes in the trend102

of estimated horizontal misorientation, allowing us to detect some temporal changes at unreported timings (e.g.,103

AU.COEN in Figure ’ (f)). For the estimation of horizontal misorientation, we divide the period windows in which104

the median of measured arrival angles is computed, depending on each station, as shown in Figures " (b) and ’.105

3 Results106

Our arrival-angle measurements enabled us to detect probable misorientations from the geographic north for per-107

manent and temporary stations (Figures ", ’, (, *, and S,). All results are summarized in Supplementary Materials "108

(Tables S!–S’) and Zenodo Repositiory (Tarumi and Yoshizawa, "#"(). In this section, we explain our results on the109

permanent and temporary stations separately.110

3.1 Permanent Stations111

Figure " shows the summary of P-wave polarization measurements for IU.NWAO which has been a long-running112

station located in southeast Australia since !))". According to the IRIS metadata catalog, the channel name of the113

horizontal components was changed from BHN/BHE to BH!/BH" in September "##!. Our measured P-wave arrival114

angles show apparent temporal changes in the polarization trend at this time. Themisorientation angle of horizontal115

sensors was estimated to be about *.$↑ before September "##!, and it has decreased to #.+↑ since then (by "#!), at116

least), indicating the improvement in the catalog information of this station.117

Note that, for this station, Laske andMasters (!))+), Yoshizawa et al. (!)))), and Schulte-Pelkum et al. ("##!), who118

employed the particle motion of either Rayleigh wave or teleseismic P-wave before "###, have already reported the119

misalignment from thenorth by around *↑. In particular, our estimatedmisorientation angle (*.$↑) before September120

"##! in Figure " (b) is very close to the estimated value by Schulte-Pelkum et al. ("##!), who employed the P wave data121

in the sameperiod. Fontaine et al. ("##)) also used similar P-wave datasets and identi-ed amisalignment of *↑, which122

is consistent with our results. For the other GSN stations used in this study, our estimated orientations are generally123

in agreement with the previously published catalog (Ekström, "##$).124

In addition to temporal changes, we can also see a back-azimuthal dependence in the arrival-angle data (Figure125

" (b, bottom-right panel)). Such azimuthal variations of arrival angles can also be observed at other stations, which126

may be worth further investigation in the future since they may re0ect the lateral variations of heterogeneity and127
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Figure 2 A visual summary of P-wave polarization analysis for IU.NWAO. (a) An example of teleseismic P-wave for an event
at the epicentral distance of 64.5 degrees and the estimated polarization parameters. From top to bottom: three-component
displacement waveforms rotated to the catalog values of IRIS metadata (blue: vertical; orange: radial; green: transverse),
ellipticity PE , arrival angle! on a horizontal plane, and incident angle ω for the P-wave particle motion. The arrival angle is
measured clockwise from the radial (great-circle) direction so that a positive deviation indicates the arrival-angle anomaly to
theeast. In the thirdpanel, adashedorange lineexhibits amedianvalue in the selected timewindowencompassedbyvertical
dashed lines. (b) Compiled P-wave polarization data for all events used for the NWAO station. The top panel represents the
time series of P-wave arrival angles. The colors for dots and lines represent the distinct period characterized by di!erent
trends of arrival angles. The timing of the arrival-angle trend change in September 2001 (indicated by a solid vertical line)
matched well with the reported correction of horizontal components by IRIS. The bottom-le" panel shows histograms and
fitted Gaussian function for each period, and the bottom-right one indicates the back-azimuth dependence of the measured
arrival angles for all employed events. In the top and bottom-le" panels, the estimated station orientations and standard
errors are labeled. The colors of the characters correspond to each distinct time period.

azimuthal anisotropy, including dipping interfaces, in the uppermantle beneath the seismic station (Schulte-Pelkum128

et al., "##!; Fontaine et al., "##)).129

Figure ’ shows the summary of P-wave polarization data (arrival-angle anomalies from the great circle for each130

path) for six permanent and two temporary stationsduring their operationperioduntil "#!). Thehorizontal-component131

channels of these stations have been reported as BHN/BHE since their installation. At G.CAN (Canberra by GEO-132

SCOPE; Figure ’ (a)), the station orientation estimated in this study is nearly #↑ (Tables S!–S’ in Supplementary Ma-133

terials), suggesting that this seismometer has been accurately oriented to the geographic north and east. AU.TOO134

(Figure ’ (b)) also shows no signi-cant temporal changes, though our measurements suggest a slight misalignment135

(about -!."↑) from the north which can be almost negligible. At AU.BBOO and AU.KMBL stations (Figure ’ (c, d)),136

we can see clear temporal changes in the trends of polarization angles, which coincide well with the timing of re-137

ported maintenance and/or instrument replacement. On the other hand, at AU.STKA and AU.COEN (Figure ’ (e, f)),138

unknown temporal changes in polarization angles are detected at unreported timings. In particular, STKA exhibits139

a very large misalignment from the north by ’#↑ since the early stage of its operation.140

Compiled maps of the estimated horizontal misorientations for permanent stations are displayed in Figure (, in141
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Figure 3 Time-dependent P-wave polarization data (arrival-angle deviation from the great circle) for selected stations, (a-f)
permanent stations installed andmaintained by GEOSCOPE (G) and Geoscience Australia (AU), and (g, h) temporary stations.
Notations in these figures are the same as 2 (b, top panel). The vertical black lines represent the timing of significant trend
changes in P-wave arrival angles. Solid vertical lines indicate the timing of the reported maintenance and/or replacement
of instruments, and dashed vertical lines represent unknown temporal changes at unreported timings. As described in the
main text, we did not identify temporal change for temporary stations.
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Figure 4 Map projections of horizontal misorientations from the geographic north for permanent seismic stations (II, IU,
G, and AU) in Australia. (a-e) Arrows indicate the median directions of horizontal sensors over the designated period. Colors
in the triangles indicate the estimated standard errors shown in the color bar on the right. Black triangles without arrows
indicate stations with varying misorientations during the period. (f) A compiled map of estimated misorientations for the
whole period of analysis. The colors of arrows indicate the horizontal sensor orientations in di!erent periods. Black symbols
indicate stations of di!erent seismic networks.

which we show the misorientations in each period in Figures ( (a-e), and those compiled for the entire period of142

our analysis in Figure ( (f). For permanent stations including those in the S! network, the station misorientations143

and their standard errors are summarized in time-dependent horizontal bar graphs in Figures S!, S", and S* in Sup-144

plementary Material ! (herea1er SM!) and are separately tabulated in Tables S! and S" in Supplementary Material145

" (herea1er SM"). In particular, we can identify signi-cant time-dependent variations of misorientations for AU146

stations. These temporal changes mostly coincide with the reported timing of maintenance and/or replacement by147

the IRIS and AusPass. However, such temporal changes at several stations (e.g., AU.COEN) are found at unreported148

timings. The misorientation of some permanent stations from the geographic north is more than !#↑, which may149

a/ect seismic waveform analysis, especially when using the horizontal components. Figure S+ (SM!) demonstrates150

the three-component seismograms observed at STKA to compare waveforms before and a1er correcting the station151

misorientations. In Figure S+ (a) in SM!, we can see the apparent energy leakage of the P-wave from the radial to152

transverse component. In Section (, we will discuss the e/ects of the station correction on azimuth-dependent re-153

ceiver function analyses.154

For AU stations, we compare our measurements with those from a recent study in Table !; we present our es-155

timated misalignments for selected AU stations, along with XKS-based measurements from Eakin et al. ("#"’). We156

focused on stations where Eakin et al. ("#"’) reported non-zero misalignments and extracted the most recent mis-157

orientation data from our catalog between !)$, and "#!) for comparison. Our measurements are generally in good158
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Table 1 Comparison of recent misalignment measurements at AU stations by Eakin et al. (2023) and this study. Eakin et al.
(2023) estimated these using PKS and/or SKS phases, as indicated. In the third column showing our results, the data period
and the number of seismic events used are shown (e.g., 2011–2019; 100).

Station Eakin et al. ("#"’) (PKS and/or SKS) This study (Teleseismic P-wave)
AU.ARPS -+↑ (SKS) -).(↑±(.(↑ ("#!); +)
AU.FORT #↑ (PKS), ’.*↑ (SKS) (.(↑±#.(↑ ("##’–"#!!; +))

!.(↑±#."↑ ("#!!–"#!); (#()
AU.HTT -(↑ (PKS), -’↑ (SKS) -+.’↑±#."↑ ("#!#-"#!); ’)))
AU.KELC -+↑ (SKS) -)↑±!.’↑ ("#!); !))
AU.MGBR -!#↑ (SKS) (.(↑±!.$↑ ("#!); ’#)
AU.MILA +↑ (SKS) !.,↑±#.+↑ ("#!!–"#!(; (()

-".*↑±!.+↑ ("#!(–"#!+; "")
$’↑±#.)↑ ("#!+–"#!$; !$)
!,↑±!.!↑ ("#!$–"#!); !,)
+.*↑±!.#↑ ("#!); !")

AU.MULG +.+↑ (PKS & SKS) *.#↑±#.(↑ ("#!’–"#!); "!))
AU.SDAN ".*↑ (SKS) -!.*↑±#.,↑ ("#!$–"#!); ($)
AU.STKA ’!↑ (PKS & SKS) -#.!↑±#.+↑ ("##’; "’)

’!.#↑±#."↑ ("##’–"#!); $)))
AU.YAPP -!’.(↑ (PKS & SKS) -!’↑±#.*↑ ("#!$–"#!); **)
AU.YNG *↑ (PKS), !#↑ (SKS) $.,↑±#.’↑ ("##(–"#!,; ("))

*+↑±!."↑ ("##(–"#!,; (")

agreement with those of Eakin et al. ("#"’). Note that large misalignments at AU.STKA are identical between both159

studies.160

Figure S, shows the map of station orientations for the S! network (broadband seismometers in schools; Balfour161

et al., "#!(), which has been installed since "#!! (Salmon et al., "#!!). Table S" in Supplementary Material " lists162

the estimated station orientations and their standard errors. Note that the lower corner-frequency of seismometers163

(Güralp CMG-+TD) used for the S! network (Balfour et al., "#!() is relatively high (#.#’Hz) compared to other per-164

manent networks. Although we could obtain many high-quality arrival-angle data when analyzing waveforms in the165

higher-frequency range (e.g., #.!–!.# Hz), we could not gather su.cient arrival-angle measurements to evaluate the166

station orientation for half of the S! network since our current analysis focuses on longer-period datasets (#.#’–#.!167

Hz). As a result, our S! network catalog (Table S") includes only !’ stations (Figures S* and S$).168

3.2 Temporary Stations169

The seismic records of temporary stations are generally less than two years long, andwe could not-nd any signi-cant170

temporal changes in the horizontal orientation. Figures ’ (g) and (h) showexamples of a time-dependent polarization171

measurement for selected temporary stations. As expected from the limited data acquisition period, we could not172

observe any signi-cant temporal changes in the time-series data of these stations. InFigure *, we compiled the station173

orientation for all temporary stations that met the criteria described in Section ". Also, we summarized the station174

orientations and their standard errors in Figures S’ and S( and Table S’ in Supplemental Materials. While some175

stations exhibit relatively largemisalignments, the horizontal sensors at almost all temporary stations generally align176

with the geographic north and east directions (Figures * and S’), suggesting proper installation. We also compare177

XKS-based measurements from Eakin et al. ("#"’) and teleseismic P-wave measurements from this study in Table178

", similar to the previous subsection. Overall, for most temporary stations, our results are generally consistent with179

those of Eakin et al. ("#"’). The discrepancies at some stations may be attributed to the utilized recording periods,180
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Figure 5 Station misorientations from the geographic north in a horizontal sensor for temporary seismic stations.

the measurement quality for di/erent seismic phases, and the number of employed events.181

4 Discussion and Conclusions182

In this section, we brie0y examine the e/ect of the station correction on P-wave receiver function (P-RF) analy-183

sis. We computed the P-RFs at AU.STKA, where a large misorientation of over ’#↑ was observed, and analyzed the184

di/erences between uncorrected and corrected P-RF data for both radial and transverse components. In these cal-185

culations, we considered the azimuthal dependence of P-RFs, which arises from the varying incoming directions (or186

back-azimuths) of teleseismic P-wave. The azimuth-dependent radial P-RFs re0ect lateral variations in seismic dis-187

Table 2 Same as Table 1, but for selected temporary stations.

Station Eakin et al. ("#"’) (PKS and/or SKS) This study (Teleseismic P-wave)
!E.SQA#! *↑ (SKS) ’.#↑±".(↑ ("#!’–"#!(; ,)
!E.SQA#) !#↑ (SKS) !+.#↑±!.(↑ ("#!’–"#!(; ,)
!E.SQA!! !#↑ (SKS) )."↑±!.’↑ ("#!’–"#!(; ,)
!P.BA!" -"*↑ (SKS) -’+.#↑±#.)↑ ("#!!-"#!’; ))
!P.BA!’ #↑ (SKS) -!.$↑±#.$↑ ("#!!–"#!’; "+)
!P.BA!) )↑ (SKS) -".,↑±#.$↑ ("#!!–"#!’; !+)
,H.TB#’ *↑ (SKS) -’.#↑±!.#↑ ("#!!-"#!’)
,I.GA#+ -*↑ (PKS), #↑ (SKS) -+.’↑±#.)↑ ("##(; ,)
,I.GA#$ -*↑ (SKS) -’.(↑±#.)↑ ("##(–"##*; !#)
,I.TL!# -,↑ (PKS & SKS) -+.!↑±#.$↑ ("##’–"##*; !))
,I.TL!( #↑ (PKS), $↑ (SKS) -(.(↑±#.,↑ ("##’–"##*; ’$)
,I.TL!, *↑ (SKS) -!.(↑±#.(↑ ("##’–"##*; ’#)
,K.SOC#’ #↑ (PKS), *↑ (SKS) ".,↑±!."+↑ ("##,–"##$; +)
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(a) (b)

(d)(c)

Figure 6 Comparison of P-wave receiver functions (P-RFs) for AU.STKA. (a, c) Maps showing event groups used for the P-RF
analysis. (b) Stacked radial and transverse P-RFs for the eastern events shown in (a). Blue and orange lines represent P-RFs
fromuncorrectedandcorrected teleseismicP-wavedata, respectively. (d) Sameas (b), but for thenorthwesternevents shown
in (c).

continuities around the station (e.g., Tonegawa et al., "##*; Kawakatsu et al., "##); Kumar and Kawakatsu, "#!!). In188

addition, incorporating transverse P-RFs enables us to infer seismic anisotropy in the crust and upper mantle (e.g.,189

Park and Levin, "#!+; Shiomi, "#!,; Birkey and Ford, "#"’). Signi-cant uncertainties in the horizontal component190

orientations could lead to misinterpretations in the results of P-RF analysis.191

Figure S+ in Supplementary Material ! shows an example of teleseismic P-wave records observed at AU.STKA be-192

fore and a1er the correction for station orientation, clearly indicating the energy leakage of P-wave from radial to193

transverse in the uncorrected horizontal traces. Using these two sets of teleseismic P-wave data, we computed radial194

and transverse P-RFs for two incoming directions within narrow distance ranges (!#↑) (Figure + (a, c)). A1er calcu-195

lating individual P-RFs, we selected P-RF traces using the cross-correlation coe.cient (CC)-based selection method196

(Tkal%i& et al., "#!!), stacking all traces with CC > #.,. The resulting stacked P-RF traces are shown in Figure + (b,197

d), and the stacking process is visually summarized in Figures S$ and S) in Supplementary Material !. The radial198

P-RFs are generally consistent regardless of the correction of misorientation. Still, the relative amplitude of con-199

verted phases for the direct P-wave can be modulated, potentially a/ecting analyses that rely on RF amplitude. For200

the transverse RFs, clear di/erences emerge between the uncorrected and corrected P-RF traces. In the uncorrected201

transverse P-RFs, we can see clear signals of direct P-wave, Moho-converted phases, and their multiple re0ections,202

contaminating the P-to-SH converted phases. This contamination prevents us from properly interpreting P-to-SH203

conversions, which can be generated by anisotropic properties or oblique interfaces. Therefore, proper corrections204

of station azimuths during the waveform processing are essential for the accurate interpretation of both radial and205
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transverse P-RF amplitudes.206

In this study, we constructed a comprehensive station orientation catalog for Australian broadband seismic sta-207

tions by analyzing long-period teleseismic P-wave particle motion data. The catalog includes temporal variations in208

station misorientations. While the timing of these changes is generally consistent with the published IRIS catalog,209

some stations exhibit changes at unexpected times. Finally, we assessed the utility of our catalog in receiver function210

analysis, demonstrating that correcting for station misorientation can signi-cantly a/ect the amplitude analysis of211

RFs, particularly in the transverse component.212
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Supplementary Material 1 (this file) includes additional supporting figures (Figures S1-S9) 

referred to in the main text. The station orientation catalogs for permanent and temporary 

stations are summarized separately in Supplementary Materials 2 (a separate PDF file), 

which includes detailed summary tables of our polarization analysis. As demonstrated in 

the main text, the station orientation depends on the observation period, so we identified 15 

the timing of temporal changes by visually checking the time series of P-wave polarization 

data for each station. The start and end times indicate the initial and final dates for 

estimating the median angles. Following is a summary of the contents of Supplementary 

Materials.  

• Figures S1–S5: Summary of time-dependent station orientation and the corresponding 20 

standard errors. Figures S1 and S2 show the results for permanent stations except for 

the S1 network, Figures S3 and S4 for temporary stations, and Figure S5 for the S1 

network.  

• Figure S6: An example of three-component P waveforms with or without the 

correction for horizontal misorientation at the AU.STKA station.  25 

• Figure S7: A map projection of station misorientations from the geographic north for 

the S1 network stations.  

• Figure S8: Examples of P-wave receiver functions at AU.STKA using the eastern 

seismic events. 



 

 

• Figure S9: Examples of P-wave receiver functions at AU.STKA using the western 30 

seismic events. 

Note that Supplementary Material 2 (another PDF) includes the station orientation catalog 

(Tables S1–S3).    



 

 

Figure S1. Summary of clockwise misorientation from the geographic north for permanent 

stations (except for the S1 network). A positive misorientation value represents the 35 

eastward rotation of horizontal sensors from the north. The gray region represents the 

period when the seismic station has not been operated. Note the operation periods for some 

stations (AU.ARPS, AU.KELC, AU.MGBR, AU.RKGY, and AU.SDAN) are too short to 

estimate the proper misorientation in our polarization analysis; see Supplementary Material 

2 for details.   40 
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Figure S2. Same as Figure S1, but the summary of standard errors for the estimated 

misorientation values. 
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Figure S3: Same as Figure S1, but for the temporary stations.   
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Figure S4: Same as Figure S2, but for the temporary stations.   



 

 

Figure S5: Summary of the S1 network stations. (a) and (b) are the same as Figures S1 and 

S2, respectively, but for the S1 network.  
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Figure S6: An example of teleseismic P-wave at AU.STKA for a seismic event (Mw 6.6) 50 

in Hokkaido, Japan, on September 5, 2018 (UTC). Three-component seismograms (a) 

before the correction of the station misorientation, and (b) after the correction. Blue, orange, 

and green lines indicate the vertical, radial, and transverse components. For the uncorrected 

waveforms in (a), we used the horizontal orientation reported by IRIS/AusPass, while for 

(b), we employed our new catalog of misorientation. Note that the amplitude scale in the 55 

top panel (vertical) is different from the other two horizontal components.

(a) Uncorrected (b) Corrected 



 

 

 

Figure S7: Same as Figures 4 (a-e) and 5 in the main text, but for the S1 network.    
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Figure S8:  Examples of individual and stacked traces of P-wave receiver functions from 

the eastern event groups at AU.STKA shown in Figure 5. (a) P-RFs in radial component 60 

and (b) transverse component; (top) without and (bottom) with a correction for the station 

misorientation. Black and red lines are the rejected and accepted traces, respectively, 

through the cross-correlation-based selection step explained in the main text. Green traces 

represent the stacked traces, shown as the blue or orange line in Figure 5b.      
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  Figure S9: Same as Figure S8, but the P-wave receiver functions from the western event 65 

groups. 
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