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Abstract In September 2022, a portable, three-component rotational rate sensor, namely a blueSeis-3A
gyroscope, was deployed at the underground vault of the Piñon Flat Observatory (PFO) in southern California.
A three-component, broadband seismometer is co-located, jointly forming a six degree-of-freedom (DoF) sta-
tion for long-term observations of local and regional seismicity and multi-component wavefield studies. The
seismic recordings are available online via IRIS FDSN services as PY.BSPF (BlueSeis at Piñon Flat).

The instrumentation at PFO additionally provides high-quality strain observations, allowing the study of
translation, rotations and strain of the seismic wavefield in a low noise and high seismicity area (e.g. San An-
dreas fault zone). A seismic array at PFO is used to compute array-derived rotations and validate the direct
observations of rotational groundmotions. We show results of 6-DoF processing applied to a local Mw 4.1 and
a regional Mw 6.2 event to obtain backazimuth estimates, which we validate with array beamforming, and es-
timates of local seismic phase velocities.

For observed events between October 2022 and October 2023, we detect more than 400 events of which
118 are triggered on all six components. Peak rotation rate amplitudes are used to derive empirical peak am-
plitude (ormagnitude) relations for vertical and horizontal rotation rates to provide valuable insights towards
resolvability for comparable 6 DoF campaigns. We find the dominating limitations for rotational motion ob-
servations currently tobe set by the self-noise level of theblueSeis-3A rotational sensor andencourage further
instrumental development.

Non-technical summary A portable rotational sensor, called blueSeis-3A, measuring three com-
ponents of ground rotation has been set up at the Piñon Flat Observatory (PFO) in southern California in 2022.
Togetherwitha three component seismometernext to it, six different typesof particlemotioncanbeobserved
at a single station. This enables us to obtain information on seismic wavefields similar to an extended seismic
array. For a set of 118 detected events, we show results for different analysis approaches and compare the di-
rectmeasurement of ground rotation against estimates based on a seismic array at the site. We present a data
based relation for rotation rate amplitudes as a function of hypocentral distance and magnitude for local to
regional earthquakes. This relation supports future experimental designs towards expected resolvabilitywith
a sensor of similar resolution. We conclude that for this first installation of a permanent six degree-of-freedom
station in southern California, especially local seismicity is observable. For a sufficient signal-to-noise ratio of
seismic events, six degree-of-freedom analysis methods can be successfully applied.

1 Introduction
With the emergence of rotational ground motion ob-
servations in seismology based on new instrumentation
development (e.g. optical fiber or vacuum Sagnac in-
terferometer) at the beginning of this century, a con-
stant drive for improved instrumentation and applica-
tion in seismology couldbe observed (e.g., Pancha et al.,
2000; Igel et al., 2005; Schreiber et al., 2009). Observa-
tions of three-components of rotational groundmotions
supplement classic observations of three-components

∗Corresponding author: andreas.brotzer@lmu.de

of translational ground motions, thus provide a more
complete observation of particle motions considering a
full linear elastic seismic wavefield, which is character-
ized by a total of 12 degrees-of-freedom (3 translation, 3
rotation and 6 independent strain). A co-located broad-
band seismometer and rotational sensor, with three-
components each, are referred to as a six degree-of-
freedom (6 DoF) station. 6 DoF observations at a sin-
gle station enable the application of new processing
techniques (e.g., Cochard et al., 2006; Sollberger et al.,
2020) to obtain similar information as a seismic array.
Beneficial applications comprise, for instance, general
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PY.BSPF

PY.PFOIX
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Figure 1 (a) shows the station map of the seismic array at the Piñon Flat Observatory in southern California. The array
is subdivided in an inner array (green stations) and middle array (green and blue stations) and all stations (green, blue and
red stations). (b) pictures the entrance of the underground vault, shielding environmental influences, that hosts the (c) 6
degree-of-freedom station (PY.BSPF and PY.PFOIX), including a co-located blueSeis-3A rotational rate sensor and broadband
seismometer placed on an isolated granite pillar.

wavefield decomposition by polarization analysis (Soll-
berger et al., 2018, 2020), near-surface site characteriza-
tion (Keil et al., 2021; Singh et al., 2020), improved struc-
tural health monitoring (e.g., Zembaty et al., 2016; Tri-
funac, 2009; Bońkowski et al., 2023;Guéguenet al., 2020;
Guéguen and Astorga, 2021), enhanced moment tensor
inversion (Donner et al., 2016, 2018, 2020; Donner, 2021;
Ichinose et al., 2021) and dynamic tilt correction of hor-
izontal components of seismometers (Bernauer et al.,
2020; Lin et al., 2022), especially for ocean-bottom seis-
mometers (e.g., Lindner et al., 2016), source tracking
(Yuan et al., 2020; Chen et al., 2023), teleseismic obser-
vations (e.g., Igel et al., 2005; Schmelzbach et al., 2018;
Abreu et al., 2023) or for applied exploration data anal-
ysis (e.g., Schmelzbach et al., 2018). An increased in-
formation gain for single-station observations holds po-
tential for studies on extraterrestrial bodies (Bernauer
et al., 2020). Currently, a variety of rotational sensors
are operated and developed, such as large-scale ring
lasers (Igel et al., 2021; Belfi et al., 2017), fiber-optical gy-
roscopes (e.g., Bernauer et al., 2018), mechanical beam
balances (e.g., Venkateswara et al., 2017; McCann et al.,
2021; Ross et al., 2017a, 2023) or fluid based sensors
(e.g., Bernauer et al., 2012). However, to fully exploit the
above-mentioned variety of benefits for seismological
applications, portable rotational sensors with improved
sensitivity across a wide frequency range are required.
Brotzer et al. (2023) characterized the rotational back-
ground noise level to set a benchmark for instrumenta-

tion development.
Until recently, wavefield gradients, in particular rota-

tions, were commonly neglected in seismological anal-
ysis and modelling due to their small amplitudes (Aki
and Richards, 2002) and a lack of instrumentation to
observe the rotational motion of the seismic wavefield.
While direct observations of local surface strain are
observed for decades (e.g., Agnew and Wyatt, 2003),
it was a challenge to observe weak rotational ground
motions (e.g., Schreiber et al., 2014). Technical ad-
vances in recent years, in particular optical sensing and
read-out technologies, resulted in new instrumentation
(Bernauer et al., 2012, 2021) to directly access rotational
ground motions (e.g. fiber-optical gyroscopes, beam
balance rotational sensors) and dynamic ground strain
(e.g. distributed acoustic sensing). This also called for
the ongoing development of open-source packages for
6 DoF signal analysis, such as TwistPy (Sollberger, 2023;
Sollberger et al., 2023). Most experiments employing
portable rotational sensors for 6 DoF observations and
processing were short-term field deployments for spe-
cific case studies (e.g., Wassermann et al., 2020; Yuan
et al., 2020; Sbaa et al., 2017; Perron et al., 2018; Takeo,
2009; Eibl et al., 2022). A one-component, horizontal
ring laser gyroscope, called GEOsensor, was installed at
Piñon Flat Observatory (PFO) in 2005 (Schreiber et al.,
2009) and dismantled in 2022. We report on a long-
term deployment of a three-component blueSeis-3A ro-
tational sensor (Bernauer et al., 2018) next to a three-
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Figure 2 The regional seismicity around the Piñon Flat Observatory (PFO) in southern California based on theUSGS catalog
from October 2022 to October 2023 is shown over time (a) and as geographic distribution (c), including known fault lines
(Dataset., 2013) as red lines. Events are scaled by magnitude and detected events (coincidence >=4) on the six degree-of-
freedom station are color-coded by magnitude (a) and by depth (b-c). A histogram by magnitude of the total count of 406
detected events (b) on at least 4 of 6 channels (blue) are compared to 118 events detected on all 6 channels (orange). A
focus on the local area around PFO (d) displays triggered, local events and a centroid moment tensor of the Mw 4.1 event
(2022-12-31 12:12:26 UTC) at an epicentral distance of 24.3 km from PFO.

component, broadband seismometer forming a 6 DoF
station at PFO in southern California as replacement for
the GEOsensor. The PFO is located between the San An-
dreas (25 km NE) and the San Jacinto fault zone (14 km
SW) systems (AgnewandWyatt, 2003), which are seismi-
cally active fault zones on the Southern California seg-
ment of the Pacific and North-American plate bound-
ary. The 6 DoF data is openly accessible online and pro-
vides an opportunity to apply 6 DoF analysis to local and
regional seismicity.

2 Deployment

Currently, most 6 DoF stations are deployed for short-
termfieldmeasurements (e.g.,Wassermannet al., 2020;
Sbaa et al., 2017; Yuan et al., 2020; Eibl et al., 2022).
In late September 2022, a first permanent (= open-
end) 6 DoF station was installed on an isolated gran-
ite pier inside the underground test facility (= vault) at
the Piñon Flat Observatory (PFO) in Southern Califor-

nia (see Fig. 1). The depth of the sensor below the sur-
face is about 6 m, while the granite pier extends an-
other 1.5 m downwards. Hence, the installation ben-
efits from good coupling to the sub-surface while be-
ing decoupled from the vault, as well as stable ambi-
ent temperature conditions. The station consists of a
portable, fibre-optic gyroscope blueSeis-3A sensor (by
Exail, formerly iXblue), measuring three-components
of rotational groundvelocity (rad/s). This rotational sen-
sor is provided by the Incorporated Research Institu-
tions for Seismology (IRIS), now EarthScope Consor-
tium. A full characterization of the blueSeis-3Awas con-
ducted by Bernauer et al. (2018). The data are openly ac-
cessible via IRIS FDSN service (UC SanDiego, 2014)with
seed code: PY.BSPF..HJ* (with 200 Hz). All metadata is
specified in a stationXML.

A Trillium T120 broadband seismometer (by Nano-
metrics) provides three-components of translational
ground motion observations (II.PFO.10.BH* with
40 Hz). Since April 02, 2023, a STS-2 seismometer (by
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Streckeisen), named PY.PFOIX..HH*, was installed next
to the blueSeis-3A, in order to provide translation and
rotation observations up to about 50 Hz (based on a
sampling rate of 200 Hz and the transfer function of the
STS-2). The complete 6 DoF station (= six components)
is hereafter referred to as BSPF. The seismic array
stations (PY.BPH*..BH* with 40 Hz) is a mix of Trillium
120s (by Nanometrics) and STS-5A (by Streckeisen)
sensors (UC San Diego, 2014).

3 Dataset
Generally, a basic, yet rapid event analysis is provided to
the scientific community by an integration of the BSPF
station into the rotational event database (Salvermoser
et al., 2017). In this study, we analyze one year of data
from October 01, 2022 until September 30, 2023. Fig-
ure 2 shows all events listed by the USGS catalog in
the given time period and the geographic boundaries
shown in Figure 2c (gray and colored circles). Most
of the local seismicity is occurring along the nearby
northwest-southeast oriented fault systems (red lines),
including the San Jacinto fault and the SanAndreas fault
system (Fig. 2d). A prominent cluster of local seismicity
is located to the south of PFO, referred to as the Trifur-
cation seismicity cluster (Ross et al., 2017b).

3.1 BSPF: Direct Rotations
We use a recursive STA-LTA coincidence trigger of the
ObsPy package (Beyreuther et al., 2010) to detect seis-
mic events recorded on at least four of the six chan-
nels of BSPF. The STA window is 1.5 s and the LTA
window is 10 s with an upper and lower threshold of
2 and 1.2, respectively. This allows a distinction be-
tween events with coincidence of 4, 5 and 6 depend-
ing on the amount of triggered channels. This gener-
ally includes three translational channels, due to the en-
hanced signal-to-noise characteristics of the broadband
seismometer, plus N channels of the rotational sensor.
The event count by magnitude shown in Figure 2b re-
veals that only 118 events are detected with a coinci-
dence of 6 out of 406 events with a coincidence of at
least 4. Triggered events are color-coded by magnitude
in Figure 2a, and by depth in 2c and 2d. The seismicity
detected by the 6 DoF station is limited to local seismic-
ity within a radius of about 150 km around PFO (Figs. 2a
and 2d). An exception is the Mw 6.2 regional event on
2022-11-22, with an epicentral distance of about 312 km
(Fig. 5). Triggered event times are matched to events in
the USGS catalog via a nearest-time criteria.
Figure 3 displays a selection of detected events with

a coincidence of 6 as recorded with BSPF. The record-
ings of the co-located broadband seismometer are pre-
sented in the supplementary Figure S1. Themagnitudes
range from 1.1 to 3.6, while epicentral distances range
from 11 km to 115 km. Peak ground rotation velocities
(PGRV) range from 0.6 µrad/s to 16.4 µrad/s. A strong
variation of signal-to-noise ratio (SNR) can not only be
observed across events, but also across different compo-
nents. For the entire dataset, the SNR for PY.BSPF does
not exceed 10, while for most events an SNR of about

2 is found. This is a result of the still relatively high
instrumental self-noise level of the blueSeis-3A sensor
(Bernauer et al., 2018).

3.2 Array-Derived Rotations

We use the seismic array at PFO to derive rota-
tional ground motions, serving as a reference for
our single-point, direct measurements. Commonly,
three-component ground velocities observations are
used in a finite-difference approach to estimate three-
components of ground rotation across the area of the
array (e.g., Spudich and Fletcher, 2008; Poppeliers and
Evans, 2015). We employ an implementation for array-
derived rotation (ADR) computations in theObsPy pack-
age (Beyreuther et al., 2010). Although these derived-
rotations are a good estimate (Suryanto et al., 2006)
for frequency bands imposed by the geometry of the
seismic array (e.g., Poppeliers and Evans, 2015; Donner
et al., 2017), assumptions, suchas a rigid plate across the
seismic array, result in uncertainties with regard to true
ground rotations. Nevertheless, ADR can still be used
for validation as it represents an independent measure-
ment within the given assumptions.
The seismic stations at PFO are shown in Figure 1a.

We subdivide the seismic array into three subarrays,
thus frequency ranges, to compute ADR. The frequency
limits for ADR computation as described by Donner
et al. (2017) requires an apparent velocity and the aper-
ture of the array (Tab. 1). For the analysis, the frequency
bandswere conservatively adjusted to a narrower range
(fmin-fmax in Tab. 1) for the comparison. The inner
array (green stations in Fig. 1) comprises five seismic
stations and provides the highest frequency band from
1Hz to 5Hz (iADR). By extending the inner array by four
more seismic stations (blue stations in Fig. 1), we define
a mid array to compute ADR for a frequency band from
0.5 Hz to 1 Hz (mADR). Finally, by including all 14 seis-
mic stations for all array provides ADR between 0.1 Hz
and 0.5 Hz (aADR).
Some stations of the seismic array at PFO had to

undergo maintenance for certain time periods, hence
could not be used for ADR computations for events
within these periods. The station PY.BPH05 was down
for the whole year of interest, unfortunately.

3.3 Signal-to-Noise Ratio

The SNR is a good measure for signal quality. We com-
puted SNRs automatically for each triggered event for
direct rotation rate, array-derived rotation rate and ac-
celeration as well as each frequency band (see Tab. 1).
The SNR is defined as the maximum of absolute ampli-
tudes in a 15 second window following the trigger time.
The noise level is computed as the maximum of abso-
lute amplitudes of a 15 second window of data before
the trigger time, being shifted 2 seconds back in time in
order to avoid event signals.
Figure 4 provides a statistical analysis of the signal-

to-noise ratios and shows histograms for signal-to-noise
estimates for all three components of ADR, direct rota-
tion observations of BSPF and translationmotion for all
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Figure 3 (a) to (g) show a selection of events detected by BSPF across magnitudes (1.1 < M < 3.6) and epicentral distances
(11 km < ED < 115 km). Each column displays one component of rotational rate observation (Z, N, E from left to right). Peak
ground rotation velocity (PGRV) and the applied bandpass filter (BP) is shown for each record. The origin times are found in
Tab. 2. The recording in (e) comprises two events.

subarray code # stations aperture (m) fmin (Hz) fmax (Hz) f1 (Hz) f2 (Hz)

all stations aADR 14 1082 0.1 0.5 0.01 0.7
mid stations mADR 9 501 0.5 1.0 0.01 1.5
inner stations iADR 5 93 1.0 5.0 0.08 8.1

Table 1 Parameters used to subdivide the seismic array at Piñon Flat Observatory (PY.BHP) to three subarrays (see Fig. 1) to
compute array-derived rotations for different frequency bands (f1-f2), based onDonner et al. (2017), imposedby the subarray
aperture andapparent velocity of 3000m/s. For the analysis, the frequencybandswere conservatively adjusted to anarrower
range (fmin-fmax).

Panel Start time (UTC) Magnitude Type Depth (km) ED (km) BAz (°) Region

(a) 2022-10-01T05:36:14 1.1 ML 9 14.3 199.7 Anza, CA
(b) 2022-10-02T03:25:19 1.5 ML 8 14.9 199.4 Anza, CA
(c) 2023-09-11T09:20:16 2.1 ML 9 11.6 188.1 Anza, CA
(d) 2023-03-01T22:49:03 2.3 ML 11 14.0 188.7 Anza, CA
(e) 2022-10-26T08:14:38 2.8 ML 14 26.8 276.5 Anza, CA
(f) 2024-02-27T22:50:48 2.9 ML 13 22.9 161.8 Borrego Springs, CA
(g) 2024-02-16T07:38:50 3.6 ML 13 115.7 294.5 Ontario, CA

Table 2 Detailed information on earthquakes shown in Figure 3. ED = epicentral distance; BAz = theoretical backazimuth.
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Figure 4 The panels show histograms of signal-to-noise ratios computed for 398 events for acceleration (PY.PFO), array-
derived rotation rate (ADR) and direct rotation rate (PY.BSPF) by component Z, N and E from top to bottom and by frequency
band a (0.1-0.5 Hz),m (0.5-1.0 Hz) and i (1.0-5.0 Hz) from left to right.

three frequency bands (a = 0.1-0.5 Hz, m = 0.5-1.0 Hz,
i = 1.0-5.0 Hz), corresponding to the subarrays used for
ADR computation. For local seismicity, commonly a
higher signal content for higher frequencies is expected
and observed. Therefore, an increase in signal-to-noise
ratio is observed for seismometer data (PFO) for the fre-
quency band m (SNR ≈ 2-3) and i (SNR ≈ 80-100) com-
pared to band a, where noise dominates (SNR≈ 1). This
tendency canbe seen across all components. SinceADR
benefits from the low-self noise of the seismometer, the
behavior is equivalent. For direct rotation rate observa-
tions of BSPF the SNR is close to 1, while it improves for
band i with higher frequencies. However, most signal
energy for rotational groundmotion is foundwell above
5 Hz and is not reflected in this analysis focusing on fre-
quency bands comparable with ADR. Most detections
are based on high peak rotation rates, which are found,
especially for local and small magnitude events, at fre-
quencies above 5 Hz. Based on the poor signal-to-noise
ratio for most events, the following analysis focuses on
two exemplary events with good quality waveforms.

4 6 DoF Analysis
Hereafter, we show results of an exemplary 6DoF analy-
sis for two selected events, a regional Mw 6.2 and a local
Mw 4.1.

4.1 Event M6.2
TheMw 6.2 event occurred on 2022-11-22 (16:39:05 UTC)
in Baja California about 312 km south of PFO (outside
the boundaries of Figure 2c) and was recorded with the

6 DoF station. This event represents the largest mag-
nitude recorded up to now and provides energy in the
lower frequency a-band (0.1-0.5 Hz, see supplementary
Figure S2), thus enabling a comparison with ADR for
lower frequencies. However, at this time, there is no
data available for station BPH02, BPH03 and BPH05, in
turn affecting the array-derived rotation rate estimates,
in particular the north-south component.
Waveforms of array-derived rotation rate observa-

tions and direct rotation rate observations for this event
are compared in Fig. 5 across all three frequency bands
defined in Tab. 1. Zero-lag cross-correlation (CC) val-
ues are as high as 0.97 for the east component (0.5-1.0
Hz). The correlation of the north component is reduced
to 0.83, most likely due to missing station data for ADR
computations. For the inner array two stations aremiss-
ing, which affects the ADR computation and results in a
poorwaveformmatch (Fig. 5) as well as analysis results.

4.2 Event M4.1

On December 31, 2022, a Mw 4.1 event occurred south-
east of PFO at an epicentral distance of 24.3 km. Wave-
forms of this event were recordedwith the 6 DoF station
and compared to ADR estimates in Figure 6. For ADR
computations at this time, station PY.BPH05 (Fig. 1a)
is missing, having an influence on the north-south ge-
ometry of ADR visible in the waveform comparison in
Figure 6. This is quantified by lower ADR amplitudes
of the north-component and smaller CC coefficients in
Figure 6. Zero-lag CC coefficients between ADR and di-
rect rotation rates are above 0.87 and as high as 0.96
for the east component of the m-band. For this fre-
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Figure 5 Direct (black) and array-derived rotational rate (ADR) waveforms of the Mw 6.2 event (2022-11-22 16:39:05 UTC)
at an epicentral distance of 312 km are shown. Top to bottom all three components (Z, N, E) are compared in three different
frequency bands (top to bottom: 1.0-5.0 Hz, 0.5-1.0 Hz, 0.1-0.5 Hz) according to the PFO inner subarray (iADR), mid subarray
(mADR) and the entire array (aADR). An almost perfect phase and amplitude fit of array-derived and direct rotation rate is
observable for the east component in the mid-frequency array with a cross-correlation (CC) coefficient of 0.97. (Self-) noise
dominates the PY.BSPF recording for the low frequencies (0.1-0.5 Hz). Especially for the north component of the high fre-
quency range (1.0-5.0 Hz), the effect of missing station data for ADR computation is recognizable.

quency band, signal amplitudes are in good agreement,
althoughADR seems to slightly underestimate peak am-
plitudes. For frequencies within 1 Hz to 5 Hz, the phase
match between iADR and BSPF results in CC values of
up to 0.9 (east component), while peak amplitudes differ
significantly. iADR underestimates peak rotations by
47% (Z), 73% (N), 42% (E). ADRgenerally reveals smaller
amplitudes than direct measurements, hence under-
estimating single-point, rotational ground motion ob-
servations. ADR is an estimate dependent on the ar-
ray geometry, amplitude calibration of the sensors and

assuming a rigid, homogenous plate below the array,
thus averaging over local heterogeneities (Spudich and
Fletcher, 2009b). This may contribute to differences of
a single-station observation. The main frequency con-
tent for the local Mw 4.1 is above 5 Hz for the rotation
rates observed by PY.BSPF (Figure 7). For the a-band,
the SNR is poor and the waveforms are dominated by
instrumental self-noise, thus not suitable for interpre-
tation (see Fig. 6).
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Figure 6 Direct (black) and array-derived rotational rate (ADR) waveforms of the Mw 4.1 event (2022-12-31 12:12:26 UTC) at
an epicentral distance of 24.3 km are shown. Top to bottom all three components (Z, N, E) are compared in three different
frequency bands (1.0-5.0 Hz, 0.5-1.0 Hz, 0.1-0.5 Hz) according to the PFO inner subarray (iADR), mid subarray (mADR) and
the entire array (aADR). An almost perfect phase and amplitude fit of ADR and direct rotation rate is observable for the mid-
frequency band with a cross-correlation (CC) coefficient up to 0.96 (east component). Instrumental self-noise dominates the
PY.BSPF recording for frequencies between 0.1-0.5 Hz. In particular, for the north component of the high frequency range
(1.0-5.0 Hz), the effect of missing station data for ADR computation is recognizable.

4.3 Backazimuth Estimation

With a single 6 DoF station, observing co-located accel-
eration and rotation rate, the backazimuth of a plane
wave can be estimated by exploiting the polarization in-
formation of particlemotion (e.g., Igel et al., 2007, 2014;
Sollberger et al., 2020). The following approaches are
compared:

1. Love polarization: A grid search across the back-
azimuth range used to rotate horizontal accelera-
tion to transverse acceleration, which is correlated

with vertical rotation rate. This is a Love wave po-
larization filter and is applied for overlapping time
windows along the event. A zero-lag CC value is
computed for all backazimuths for each time win-
dow. The maximum of all CC values then provides
a backazimuth estimate.

2. Rayleigh polarization: A grid search across the back-
azimuth range used to rotate horizontal rotation
rate to obtain transverse rotation rate, which is
correlated with vertical acceleration. This is a
Rayleigh wave polarization filter. The backazimuth
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Figure 7 (a), (c) and (e) show rotation rate records of theMw 4.1 event (2022-12-31 12:12:26 UTC) for north, east and vertical
component, respectively,while (b), (d) and (f) showcorresponding spectrogramsbasedon thecontinuouswavelet transform.

Figure 8 Comparison of backazimuth estimates for the Mw 4.1 event (2022-12-31 12:12:24 UTC) event. Waveforms are
shown for (a) transverse acceleration (black) and vertical rotation rate (red) (= Love waves) as well as (b) vertical acceleration
(black) and transverse rotation rate (red) (= Rayleigh waves), using the expected backazimuth to obtain transverse compo-
nents. Polarization-based grid search for backazimuth estimates using (c) Rayleigh waves and (d) Love waves. (e) covariance
optimizationof horizontal rotation ratewithpolarization filter using vertical acceleration. All backazimuthestimates are com-
puted in 2 s timewindowswith 75%overlap. (c) to (e) showsahistogram,weightedby cross-correlation (CC) coefficient, anda
probability density functionwith the pickedmaximum (dashed line) is shown on the right y-axis. The expected backazimuth,
based on the catalog epicenter location, at 166 ◦ is shown as a black, dashed line with a ±10 ◦ interval in gray.
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Figure 9 Comparison of backazimuth estimates for the Mw 6.2 event (2022-11-22 16:39:05 UTC). (a) Waveforms for trans-
verse acceleration (black) and vertical rotation rate (red). (b) Waveforms for vertical acceleration (black) and transverse ro-
tation rate (red). Backazimuth estimates for moving time windows for the (c) grid search based approach using Rayleigh
polarization, (d) grid search based approach using Love polarization and (e) using covariance optimization of horizontal ro-
tation rate observations with polarization information of vertical acceleration. All estimates are color-coded by the zero-lag
cross-correlation (CC) coefficients. For all backazimuth estimates, a histogram, weighted by CC coefficient, and a probabil-
ity density function with its maximum is shown on the right y-axis (c-e). The expected backazimuth, based on the catalog
epicenter location, at 179 degree is shown as a black dashed line with a ±10 ◦ interval in gray (c-e).

estimate is determined as described for the Love
polarization above.

3. Covariance (CoVar) approach: Based on a classic
three component single-station approach using
both horizontal components, hence dominantly
Rayleigh waves. An estimate of the backazimuth
angle is obtained by determining the first eigenvec-
tor of the covariancematrix based on the north and
east component of rotation rate. The angle is ob-
tained computing the tangent of north over east. A
remaining 180 degree ambiguity can be resolved by
evaluating the sign of the CC value between verti-
cal acceleration and transverse rotation rate, which
should be in phase.

The window length is set to 2 seconds with 90%
overlap. Each backazimuth estimate is color-coded by
the respective zero-lag, CC value. An overall back-
azimuth estimate is obtained by using the peak of a
kernel-density estimate using Gaussian kernels of the
correlation-weighted distribution (e.g., Fig. 8). A min-
imum CC value of 0.2 is required for a backazimuth
estimate to be considered for the kernel-density esti-
mate. With anexpectedbackazimuthof 166degrees and

179 degrees for the two events, the seismicwavefield for
both analyzed events arrives from the south and most
horizontal rotation caused by Rayleigh waves will be
present on the east component, while hardly any rota-
tionalmotion around the north component is expected.
The seismic energy present on the north component
might result from scattered phases arriving from dif-
ferent backazimuths and local strain-to-rotation cou-
pling caused by local heterogeneities. Figure 8 and
Figure 9 show backazimuth estimates for all three ap-
proaches listed above, each compared to the expected
backazimuth based on the catalog event location for the
Mw 4.1 event and Mw 6.2 event, respectively. Wave-
forms are bandpass filtered between 0.5 Hz to 1.0 Hz
and are shown for different combinations of accelera-
tion and rotation rate using the expected backazimuth
for matrix rotation (Fig. 8a-c and Fig. 9a-c). Due to the
proximity of the source location for the Mw 4.1 event,
there is no clear phase separation, nonetheless, a de-
cent waveform fit is observed (Fig. 8). The backazimuth
estimates for Rayleigh waves and the CoVar approach
yield directions close to the expected backazimuth with
CC values above 0.9, while for Love wave estimates the
CC values are reduced and the directions differ signifi-
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Figure 10 Comparison of backazimuth estimates for (a) the Mw 4.1 event and (b) the Mw 6.2 event. Shownmean estimates
and their standard deviation are based on Gaussian kernel-density fits to correlationweighted distributions with aminimum
correlation value of 0.5. The respective expected backazimuth (theo. Baz.) is indicated as a black, dashed line with a ±10 ◦

interval in gray. For each frequency band i=1.0-5.0 Hz, m=0.5-1.0 Hz, a=0.1-0.5 Hz and 0.8-1.0 Hz and eachmethod Love (grid
search based on Love wave polarization), Rayleigh (grid search based on Rayleigh wave polarization), Co.Var. (covariance
optimization using horizontal rotation rates and seismic array beamforming (using vertical velocities). Standard deviations
are displayed as vertical error bars.

cantly from the expected backazimuth. For the Mw 6.2
event, all approaches yield directions in agreementwith
the expected backazimuth of 179 degrees for the domi-
nant part of the surface waves (see Fig. 9). The CoVar
approach yields the most stable estimates (CC > 0.9),
whereas backazimuth estimates for Love and Rayleigh
polarization reveal more variance around the expected
backazimuth for equally high CC values. For the wave-
field coda, CC values decrease anddirections scatter sig-
nificantly around the expected backazimuth.

For each frequency band imposed by ADR a backaz-
imuth estimation for different approaches is presented
in Figures 10a and 10b for the Mw 4.1 event and Mw 6.2
event, respectively. The three 6 DoF approaches are
applied using direct rotational observation and ADR.
Established seismic array f-k beamforming for vertical
components serves as a reference for backazimuth esti-
mation. Mean backazimuth estimates and standard de-
viations are obtained from the peaks and variances of
the kernel-density estimates, as shown in Figures 8 and
9.

4.4 Seismic Phase Velocities
Observing 6 DoF of the seismic wavefield provides di-
rect access to local seismic phase velocities of funda-
mentalmode, plane-waves utilizing amplitude ratios for

1. Love waves:

cLove,phase = −1
2

aT

Ωz
, (1)

2. Rayleigh waves:

cRayleigh,phase = az

ΩT
, (2)

with a denoting translation acceleration,Ω rotation rate
and T and z transverse and vertical components, re-
spectively (e.g., Pancha et al., 2000; Igel et al., 2007,
2014; Kurrle et al., 2010). As for many detected events
the entire waveform is compromised by self-noise and
phase identification is difficult, we focus on peak am-
plitudes between 1 Hz and 20 Hz. Average appar-
ent phase velocities are estimated for SH-polarized and
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Figure 11 Estimates of (a) SV-wave and (b) SH-wave phase velocities based on equations (1) and (2) using peak ground
translation acceleration (PGTA) and peak ground rotation velocity (PGRV) amplitudes (instead ofwindows phase) for the sub-
set with a coincidence trigger of six (118 events). An orthogonal distance regression is used to determine the phase velocity
(= slope) for all events (blue and orange circles) and events withmagnitude above two only (orange circles). Components are
rotated to a ZRT system based on the theoretical backazimuth from catalog locations before peak amplitudes are picked.

SV-polarized waves using peak ground rotation veloc-
ity (PGRV) and peak ground translation acceleration
(PGTA) amplitudes according to equations (1) and (2),
respectively. Here, the assumptions on which equa-
tions (1) and (2) are based, could be called into question.
Components are rotated to a ZRT system based on the
expected backazimuth from catalog locations before
peak amplitudes are determined. The velocity is esti-
mated as the slope of an orthogonal distance regression
by enforcing the intercept to equal zero. This approach
yields an apparent phase velocity of about 2882 m/s for
SH-polarizedwaves and about 2565m/s for SV-polarized
waves, using all 118 events (with a coincidence equal
to 6). When only events with a magnitude above 2 are
considered, apparent phase velocities of 2876 m/s and
2581m/s for SH- and SV-polarized wave phase velocities
are obtained, respectively (Fig. 11). Since no direct seis-
mic phases are analyzed, the velocities are not linked
to Rayleigh or Love waves directly and an uncertainty
arising by using peak amplitudes andmerely 118 events
has to be taken into account. As the peak amplitudes of
a broadband signal (1 Hz to 20 Hz) are linked to higher
frequencies, these statistically estimated velocities sam-
ple the near-surface velocity structure. Fletcher et al.
(1990) report shallow interval velocities for S-waves of
about 3000 m/s (at 60 m to 300 m) overlaid by interval
velocities of about 1600 m/s. The estimated average ve-
locities shown in Figure 11 appear realistic.

In order to demonstrate the estimation of phase ve-
locities for Rayleigh and Love waves, we analyze our
two selected events. For moving time windows of 2 sec-
onds and 50% overlap (before and after), we compute
orthogonal distance regressions amplitude ratios ac-
cording to equations (1) and (2) to estimate Love and
Rayleigh phase velocities. Figure 12 shows waveforms
and phase velocity estimates for the Mw 4.1 and Mw 6.2
events, color-coded by zero-lag CC values. Components
are rotated to a ZRT system using the expected backaz-

imuth. Phase mismatches in waveforms that are pro-
jected into velocity estimates might result from differ-
ences in actual backazimuth due to scattering and the
expected backazimuth of plane waves along a great cir-
cle path. An interpretation towards associatedphase ve-
locities has to assume distinct phases of plane Rayleigh
and Love waves, which is challenging for local events of
short duration, in particular for higher frequencies. For
both exemplary events, we focus on the frequency band
between 0.5 Hz to 1.0 Hz, with good rotational wave-
forms (see Figs. 6 and 5). The dispersive character of
surface waves only allows obtaining average phase ve-
locity estimates for this frequency band. The assump-
tion of dominant fundamental mode surface waves has
to be satisfied. For the Mw 4.1 event, velocity estimates
in this frequency band with high CC coefficients (>0.9)
range within 1500-2000 m/s and 2500-3500 m/s for Love
and Rayleigh wave phase velocities, respectively (here
the sample between 18 s and 19 s after the start of the
trace with 4500 m/s is considered unreliable and ne-
glected). For theMw 6.2 event, Rayleigh waves after 20 s
showhighCCvalues (>0.9) and aphase velocity between
3500-4500 m/s (Fig. 12h). Love wave phase velocity esti-
mates for timewindows at 25 s after the start of the trace
amount to 4000m/s, whereas for timewindows between
34 s and 45 s the range is 2000-3200 m/s (Fig. 12f).

5 Empirical Scaling Relation for Rota-
tion Rates

Inorder to quantify thepotential observationsof a 6DoF
station with a blueSeis-3A sensor for studying the local
and regional seismicity, we require a relation of magni-
tude and hypocentral distance with rotation rate ampli-
tudes. Chow et al. (2019) used teleseismic observations
to infer a logarithmic relation for vertical rotation rates
(Love waves). We follow a similar approach to infer an
empirical scaling relation based on a local magnitude
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Figure 12 Normalized waveforms and phase velocity estimates are shown in (a) to (d) for the Mw 4.1 event and in (e) to
(h) for the Mw 6.2 event. (a) and (e) show component combinations for Love waves (vertical rotation rate ΩZ and transverse
acceleration aT ), while (c) and (g) show combinations for Rayleigh waves (vertical acceleration aZ and transverse rotation
rate ΩT ). A bandpass filter is applied (0.5-1.0 Hz). Phase velocity estimates in 2 s time windows with 50% overlap (indicated
by horizontal error bars) are based on amplitude ratios (Eq. (1) and Eq. (2)). Each velocity estimate is color-coded by the
corresponding maximal, zero-lag cross-correlation (CC) coefficient of the waveforms in the time window.

scale for horizontal and vertical peak ground rotation
rates individually:

ML = log10(Amax) + a log10(R) + b R + c (3)

with R being the hypocentral distance in km and Amax

the peak ground rotation rate for horizontal PGRV:

Amax =
√

A2
N + A2

E ,

and vertical PGRV

Amax =
√

A2
Z .

For this purpose, we use a reduced dataset of 118
events triggered on all six components to pick peak

ground rotation rates in a frequency band of 1 Hz to
20 Hz (a sampling rate of 40 Hz imposes a limit for the
first half year of data). This results in a linear system of
equations of the form:M0 − log10(Amax,0)

...
Mi − log10(Amax,i)

 =

log10(R0) R0 1
...

...
...

log10(Ri) Ri 1

 ×

a
b
c


(4)

that allows to solve for the coefficients a, b and c using
a least-squaresmisfit criterion. Peak amplitudes for the
detected regional Mw 6.2 event were addedmanually to
add a constraint for larger distances and higher mag-
nitudes. Peak amplitudes of small-magnitude events
with a poor signal-to-noise ratio aremore compromised
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a b c σ2
a σ2

b σ2
c

ML (vertical) 1.42 0.00652 6.42 0.114 1.88e−6 0.177
ML (horizontal) 1.37 0.00695 6.40 0.0690 1.14e−6 0.107
deviation 3.5% 6.6% 0.3%

Table 3 Coefficients a, b and c for an empirical scaling relation for vertical and horizontal rotation velocities as defined in
equation (3) and their variances (σ2) as obtained by a least-squares minimization.

by sensor self-noise. Therefore, events below M 1 are
down-weighted for the curve fit by assigning a higher
variance of 5. High-magnitude events (> M 2.5) are up-
weighted instead using a lower variance value of 0.5,
while all others are assigned a default variance value of
1. The coefficients for vertical and horizontal rotation
rates of equation (3) and variance values are obtained
using a least-squares optimization and listed in Table 3.
Deviations between the final coefficients of vertical and
horizontal rotation rates are as low as 0.3% for c and
maximal for b with 6.6%. Variances listed in Table 3 are
provided by the employedmethod curve_fit of the SciPy
python package (Virtanen et al., 2020).
Figure 13 visualizes the empirical scaling relations for

a regional range of hypocentral distance up to 350 km
and magnitudes up to Mw 6.5. For a hypothetical M 3.0
event at 50 km hypocentral distance, we would con-
sequently expect vertical rotation rates of 0.69 µrad/s
and horizontal rotation rates of 0.84 µrad/s. The shown
self-noise limits for the blueSeis-3A sensor are extracted
from operational range diagrams by Bernauer et al.
(2018) and represent a minimum detection threshold
at 10 nrad/s and 30 nrad/s for 1 Hz and 10 Hz, respec-
tively (Fig. 13). A limit based on the rotational low noise
model for transverse rotations by Brotzer et al. (2023)
based on rms amplitudes of the model at 1 Hz provides
a lowermost resolvable level (see Fig. 13). The shaded
area for Figure 13 indicates a poor model resolution,
thus no reliability in this magnitude-distance range due
to missing observational constraints.

6 Discussion

6.1 Comparison of single-station and array-
derived rotations

In the absence of portable rotational sensors, array-
derived rotations served as a means to access rotational
ground motions for 6 DoF waveform analysis (Spudich
and Fletcher, 2008, 2009a). ADR also served as a bench-
mark for observations of large-scale ring laser gyro-
scopes (e.g., Suryanto et al., 2006; Donner et al., 2017).
ADR, however, is based on assumptions such as plane-
wave propagation and a rigid baseplate below the array
stations, which hold best for low-frequency teleseismic
events (Suryanto et al., 2006). When targeting regional
or local seismicity, the higher frequencies dominate
and a plane wave assumption will eventually not hold,
for instance due to small-scale scattering effects. The
inner PFO array allowed a comparison of direct obser-
vations and ADR estimates for frequencies up to 5 Hz,
revealing strong variations in peak rotation rate ampli-
tudes, while for lower frequencies, rotation rate am-

plitudes of direct observations and ADR are compara-
ble, if the signal-to-noise ratio allows for a comparison.
This gives confidence that both approaches are work-
ing. We observe generally lower peak amplitudes for
ADR compared to direct observations of BSPF. Single-
station ground rotation observations are very sensitive
to local heterogeneities. The ADR estimate is depen-
dent on the array geometry and density. The discrep-
ancy for the 1 Hz to 5 Hz frequency band for the Mw 4.1
event may be due to two missing stations in the inner
array at that time, emphasizing the importance of sta-
tion geometry and density for reliable ADR estimates.
Moreover, the assumption of a homogenous, rigid plate
below the array stations (Spudich and Fletcher, 2009b)
may result in underestimated amplitudes. This has to
be further investigatedwith high-sensitivity, direct rota-
tional observations as reference. These findings are im-
portant in particular when comparing direct measure-
ments of rotation (or strain) with array-derived rota-
tions (or strain) in areas with expected local lateral het-
erogeneities. A fraction of the amplitudedifferences be-
tween ADR and direct observations might be attributed
to strain-induced rotations (e.g., van Driel et al., 2012)
caused by a very local site effect at the single-point 6-
DoF station.

6.2 Six Degree-of-Freedom Analysis
Applications of 6 DoF analysis for teleseismic events,
which provide clear phase separation, low frequencies
signal content and ensure that a plane wave can be as-
sumed, produce accurate results (e.g., Sollberger et al.,
2020; Igel et al., 2007). Challenges arise for local seis-
micity sincemost seismic energy is contained in higher
frequencies (> 10 Hz). Higher frequencies are known to
be affected by scattering of local heterogeneities, thus
plane-wave assumptions might not be justified. Due to
small epicentral distances of local events, thus short
travel times, a clear separation of seismic phases is
not to be expected. The signal-to-noise ratio is essen-
tial to obtain good results for the 6 DoF analysis tech-
niques, however, it varies strongly for the events of this
dataset depending on their epicentral distance, magni-
tude and presumably the radiation pattern (see exam-
ples in Fig. 3). We apply basic 6 DoF processing tech-
niques, such as backazimuth estimation and local phase
velocity estimation, for a local Mw 4.1 event and a re-
gional Mw 6.2 event. We focus on a frequency range of
0.5-1.0 Hz, which reveals a good signal-to-noise ratio.
Hereby, three different approaches to estimate the

backazimuth are compared, while for both events a
ratio of horizontal rotation rate amplitudes (CoVar)
yields the closest estimates to the expected backaz-
imuth based on the catalog event location. Approaches
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Figure 13 This map shows the expected maximal (a) horizontal and (b) vertical rotation rates (Amax) based on observa-
tionswith a blueSeis-3A sensor at Piñon Flat Observatory. Color-coded circle represent observations of peak ground rotation
velocities on all six channels (N=118) used for the determination of coefficients. Grey circles represent catalog events that are
not triggered at the 6 DoF station. The self-noise level of the blueSeis-3A sensor is shown at 1 Hz (≈ 10 nrad/s) and 10 Hz (≈
30 nrad/s), based on operational range diagrams by Bernauer et al. (2018). The rms amplitude value at 1 Hz of the rotational
low noise model (RLNM) (Brotzer et al., 2023) is plotted as a lowermost value (≈ 10 prad/s). The gray shaded area is poorly
constrained, thus the model is not representative here.

based on Love and Rayleigh polarization require sepa-
rated phases to exit adequate particle motion. For the
local Mw 4.1 event, array f-k beamforming is in good
agreementwith the expected backazimuth although the
variance increases towards higher frequencies. The

backazimuth estimation for ADR and direct rotation ob-
servations show poor results with high variance for the
i-band (1.0 Hz to 5.0 Hz). For the m-band (0.5 Hz to
1.0 Hz), the CoVar approach yields the best estimates
for both events. The signal-to-noise ratio is poor for
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the a-band, thus any interpretation not suitable. With
regard to the i-band estimates for the Mw 6.2 event,
low accuracies and high variance is observed and also
the beamforming reveals a strong offset compared to
the expected backazimuth. Good signal-to-noise ratios
in the a-band and m-band result in backazimuth esti-
mates close to the expected backazimuth, except of the
Rayleigh approach being far off the expected backaz-
imuth.
Phase velocities for Love and Rayleigh waves are es-

timated for both events (Fig. 12). Near-surface shear-
wave velocities of around 3000 m/s are reported from
boreholes reaching depths of around 300 m (Fletcher
et al., 1990). Vernon et al. (1998) report strong veloc-
ity heterogeneities close to the surface at the site of the
PFO. The estimated Love wave phase velocity for the
Mw 4.1 event is lower than expected, with phase veloci-
ties of 1500-2000m/s. This might be related to a violated
assumption of dominantly fundamental mode surface
waves. Later Love waves for the Mw 6.2 event with re-
duced velocities (2000-3200 m/s; Fig. 12f) are likely re-
lated to scattered or converted waves linked to the het-
erogeneous near-surface wave guide at the site (Vernon
et al., 1998). Scattering effects are also expected from
the lateral variation in topography.

6.3 Empirical Scaling Relation for Rotation
Rates

Afirst empirical amplitude relationmap for vertical and
horizontal rotation rates for local to regional scale seis-
micity is presented in Figures 13a and 13b and may
serve as an orientation towards resolvability of seismic
events for future campaigns with a comparable station
setup. These empirical relations are derived using 118
eventswith a coincidence of 6. The applicability is likely
restricted to the incorporated cluster of observed mag-
nitudes and hypocentral distances and merely extrapo-
lated outside. Apart from theMw 6.2 event, further con-
straints for regional distances and larger magnitudes
are missing. We are aware that the transferability is not
universal, and the relation is primarily valid for this sta-
tion setup and location geology. In particular, settings
with soft sediments likely amplify amplitudes, thus de-
creasing the resolution limit, despite thefixed self-noise
level. Nevertheless, this serveswell as a first orientation
enabled by the long dataset of a permanent installation.

7 Conclusions
We report on a first permanent 6 DoF station, com-
prising a rotation rate sensor (blueSeis-3A gyroscope)
and a broadband seismometer, at the Piñon Flat Ob-
servatory in southern California. Compared to the for-
mer one-component GEOsensor gyroscope (Schreiber
et al., 2009), this station runs continuously with low
maintenance effort. The data is openly accessible to
the scientific community via IRIS FDSN services. Since
it is located in a tectonically active area embedded in
the well-instrumented Piñon Flat Observatory infras-
tructure and scientifically interesting area, we are sure
it can contribute to further valuable observations and

studies. We evaluate a first dataset of the local to re-
gional seismicity using one year of data from October
2022 toOctober 2023. Theorigin ofmost detected events
is within an epicentral distance of 150 km from the sta-
tion and cover amagnitude range from below 1.0 to 4.6,
while not all events are detected on all six components.
An exception is a regional Mw 6.2 event with an epicen-
tral distance of 312 km.
Direct rotational motion observations are compared

to ADR in a frequency range from 0.1 Hz to 5.0 Hz us-
ing three subarrays of the PFO seismic array. CC val-
ues of above 0.9 indicate a good match in waveforms
for lower frequency bands given a sufficient signal-to-
noise ratio, as shown for a local Mw 4.1 and a regional
Mw 6.2 event. For frequencies above 1 Hz, direct and
ADR amplitudes differ significantly. Instead of an aver-
aged rotational motion across an array of stations, a ro-
tational sensor provides direct point observations of the
curl of the seismic wavefield. A contribution to the dis-
crepancy might be a result of strain-rotation coupling
at local heterogeneities, which was not investigated fur-
ther in this study.
The signal-to-noise ratio is essential to obtain good

results for the 6 DoF analysis techniques, however, it
varies strongly for the events of this dataset depending
on their epicentral distance, magnitude and presum-
ably the radiation pattern (see examples in Fig. 3). A
comparison of ADR and PY.BSPF in terms of signal-to-
noise ratio yields better results for ADR, profiting from
low self-noise levels of seismometers. This comparison
is, however, limited by the imposed frequency bands
of the subarray geometry. Most signal energy for di-
rect observations of PY.BSPF is generally foundbetween
10 Hz and 30 Hz, therefore above of the range of the
smallest array.
The 6 DoF analysis obtains good backazimuth esti-

mates for all approaches, which are in agreement with
the expected backazimuth. Estimated Rayleigh phase
velocities of 3000-4000 m/s meet expectations for the
site. Love wave phase velocities are partially lower than
expected (2000-3000 m/s). Underlying assumptions of
the approach, such as dominant fundamental modes
and plane waves, have to be fulfilled, thus local hetero-
geneities have to be considered. Withmore high quality
events, local heterogeneities can also be studied using
6 DoF methodology. Furthermore, we used peak rota-
tion rate observations of 118 events to infer an empirical
amplitude relation for peak vertical and horizontal ro-
tation rates based on a local magnitude scale equation.
Determined coefficients for this empirical amplitude re-
lation for vertical and horizontal rotation rates are very
similar (0.3% - 6.6% deviation). Validity of the empir-
ical relations below the self-noise level is not guaran-
teed, therefore shaded. The presented relations might
serve as orientation for further installations of 6 DoF,
especially for this type of sensor, in order to study local
and regional seismicity.
We find that the current limitation for observations

is set by the self-noise limit of the blueSeis-3A sensor.
In order to complete observations at lower-magnitudes
for local seismicity ormid-magnitudes for regional seis-
micity, the self-noise limit has to be decreased by about
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3 to 4 orders of magnitude (see Fig. 13; Brotzer et al.
(2023)). This is especially required for studies based on
ambient seismic noise sources, such as seismic micro-
seism (Hadziioannou et al., 2012), which are at the mo-
ment deeply hidden in the self-noise of this sensor.
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