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Abstract

The field of rotational seismology emerged after advances in ring laser gyroscope (RLG)
technology made it possible to observe weak rotational ground motions in seismic wave-
fields. Large-scale RLGs are challenging to operate, but are currently the only possibility
to resolve small rotational motions associated with phenomena in seismology and geodesy,
such as the Earth’s free oscillations or variations of the Earth’s rotation vector. The ROMY
ring laser array is an unprecedented instrument for geoscientific observations. By combin-
ing four large-scale, triangular-shaped RLGs with high sensitivity, it can provide all three
components of weak rotational ground motion.

As part of this thesis, the performance and operational stability of ROMY has been eval-
uated and improved through various hardware upgrades. For all heterolithic RLGs, a
profound understanding of environmental impacts and their mitigation or correction is
essential. Therefore, a network of environmental monitoring sensors has been developed
and installed for ROMY. This enabled the identification and quantification of instrumental
effects caused by environmental influences, such as temperature changes.

The first rotational low noise model was derived and validated with available direct and
indirect rotational observations of RLGs and seismic arrays, respectively. Knowledge of
the rotational background noise floor contributes to a deeper understanding of our planet
and provides a valuable guidance for instrument development. Unique direct observations
of ground tilt by ROMY allow the study of ground deformation induced by atmospheric
processes at long periods, independent of inertial acceleration contributions. In combina-
tion with local barometric pressure observations, compliance functions are obtained and
a low noise level at long periods, which is imposed by atmospheric pressure changes, is
determined for ROMY.

Successfully operating three RLGs continuously over one year resulted in a valuable dataset.
While this dataset acquired with ROMY is used to demonstrate potential six degree-of-
freedom (6 DoF) applications, such as seismic source tracking of the secondary microseism,
a one-year dataset of a portable 6 DoF station in southern California is used to analyze
local and regional seismicity and derive an empirical scaling relation for ground rotations.

Although continuous operation has been demonstrated, further hardware upgrades for
ROMY, in order to mitigate identified instrumental effects and enhance the operational
stability, are encouraged. Harnessing ROMY’s full potential will ultimately provide the
observational basis to study and answer many open geoscientific questions.
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Chapter 1

Introduction

In seismology, the wavefield gradients, explicitly ground strain and rotation, have largely
been ignored in the past due to amplitudes about three orders of magnitude smaller than
the translational motions and a sheer lack of instrumentation to provide observations.

In order to study weak rotational ground motions of the seismic wavefield, at this point,
only large-scale ring laser gyroscopes (RLGs) provide sufficient sensitivity (e.g., Brotzer
et al. 2023). With advancements in large-scale RLG technology (Schreiber & Wells 2013),
first observations of teleseismic events (e.g., Pancha et al. 2000, Igel et al. 2005, 2007),
and of rotational constituents for toroidal free oscillations of Earth (Schreiber et al. 2014)
became possible.

As a result of the accessibility of this new observable, the field of rotational seismology
emerged (e.g., Schreiber et al. 2006b,a, Cochard et al. 2006, Zembaty et al. 2021) with a
focus on single-station wavefield observations at highest sensitivity.

The combination of co-located observations of rotational and translational motions utilizing
six degrees-of-freedom (6 DoF) methodology (e.g., Cochard et al. 2006, Sollberger et al.
2020, 2018, Schmelzbach et al. 2018) exploits local sensitivity (Bernauer, Fichtner & Igel
2012) to obtain seismic phase velocities (e.g., Keil et al. 2021) and backazimuth estimates
(e.g., Sollberger et al. 2020, Wassermann et al. 2022, Yuan et al. 2021) for separated
seismic wave types (Sollberger et al. 2018). There is also potential in improved moment
tensor inversion (e.g., Donner et al. 2016, 2018, Donner 2021), dynamic tilt correction (e.g.,
Venkateswara et al. 2017, Lin et al. 2011, Bernauer et al. 2020b) and the observation of
Earth’s eigenmodes (Widmer-Schnidrig & Zurn 2009).

A high-sensitivity single station, with an increased information gain on the seismic wavefield
by observing 6 DoF, is especially beneficial wherever the deployment of large amounts of
stations or seismic arrays is not feasible. This includes settings with challenging terrain
and limited space such as encountered at volcanoes (e.g., Wassermann et al. 2020, 2022),
in urban environments (e.g., Keil et al. 2021), at the ocean floor (e.g., Lindner et al.
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2017), inside buildings for structural health monitoring (e.g. Zembaty et al. 2016) or on
extraterrestrial bodies (e.g., Bernauer et al. 2020a, Guattari et al. 2019).

The availability of portable rotation sensors for field applications is currently limited,
and their current resolvability not sufficient to observe all weak ground motions, thus
not yet usable for many promising seismological applications (e.g., Bernauer et al. 2021).
This becomes evident through a comparison of sensor self-noise levels with the low noise
model for rotational ground motions, introduced in this thesis (Sec. 4.1), and provides a
benchmark for future instrumental development. As part of this thesis, the applicability
of the 6 DoF methodology to local and regional seismicity are demonstrated and current
limitations of signal detectability are assessed to serve as guidance for similar experiments
(Sec. 4.2).

High-sensitive RLGs possess the potential to provide new insights and Earth-based obser-
vations not only for seismology, but in particular for geodesy (e.g., Schreiber et al. 2023a,
Schreiber & Wells 2023b) and theoretically for experiments to contribute to fundamental
physics (e.g., Stedman 1997, Bosi et al. 2011). In seismology, a complete understanding of
the ground deformation due to atmospheric or oceanic loading on the solid Earth is still
unresolved. With this in mind, a tilt correction of inertial accelerometers, in particular
their horizontal components, is desirable (e.g. Bernauer et al. 2020b, Lin et al. 2011). In
this context, a contribution to improved observations of the Earth’s eigenmodes (Widmer-
Schnidrig & Zurn 2009), and thus to a better understanding of the internal structure of
the Earth, is within reach.

Currently, there are only few active, large-scale RLGs operated globally, including ROMY
(Germany; Igel et al. (2021)), G-ring (Germany; Schreiber et al. (2009)), the ER-1 (New
Zealand; Zou (2021)), GINGERINO (Italy; Belfi et al. (2017)) and the recently established
GEORG (Germany). ROMY is unprecedented in design by assembling four large-scale
(between 33 m to 36 m perimeter), triangular-shaped rings to a tetrahedron structure. This
unique access to three components of weak seismic ground rotations enables to address open
scientific questions.

The heterolithic realization of ROMY poses the challenge of mechanical instability of the
resonator. Hence, it has a susceptibility to variations in the scale factor as a result of
geometric deformation, which is understood to be an instrumental effect that should be
avoided. Its proximity to the surface allows studying and quantifying environmental influ-
ences on the heterolithic rings. Identified instrument responses to these external influences
help to design appropriate countermeasures in order to minimize their impact on the op-
eration (Sec. 3.2).



This thesis consists of four main chapters. Following this introduction, the second chapter
summarizes the advancements achieved by upgrading parts of the hardware components
or optimizing configurations. Moreover, new instrumentation of ROMY is introduced and
described.

The third chapter on the instrumental characterization of ROMY contains an article on the
"Automated Quality Assessment of Interferometric Ring Laser Data” published in Sensors
(Brotzer et al. 2021) and contributes to the aim of providing high-quality data for the geo-
scientific community. A second article "On Environmental-related Instrumental Effects of
a Multi-component, Heterolithic Ring Laser Array”, submitted to Review of Scientific In-
struments, identifies and quantifies influences of external drivers, such as temperature and
barometric pressure and the response of the ring laser system. With a deeper understanding
of the interaction, appropriate countermeasures can be designed and implemented in order
to eventually enhance the operational stability further and provide continuous high-quality,
multi-component rotation data.

The fourth chapter on rotational seismology contains an article on "Characterizing the
Background Noise Level of Rotational Ground Motions on Earth” published in Seismo-
logical Research Letters (Brotzer et al. 2023) and a second article "On Single-station, Six
Degrees-of-freedom Observations of Local to Regional Seismicity at the Pinon Flat Obser-
vatory in Southern California” that is submitted to Seismica.

A final chapter eventually summarizes key findings of this work and provides an outlook for
the future of ROMY and its potential to address open scientific questions in a seismological
and geodetic context.



1. Introduction




Chapter 2

Hardware Upgrades and Performance

Over the past four years (2020 to 2024), efforts have been made to characterize the ring
laser array ROMY (Igel et al. 2021) and its instrumental effects (Sec. 3.2). The hardware
has been gradually upgraded within the scope of the available budget with the objective to
achieve an improved performance and better operational stability, hence more continuous,
high-quality rotation data.

In the following sections, the realized hardware upgrades are concisely documented and
validated enhancement are reported. First, the advanced hardware setup currently de-
ployed for RZ is summarized. Second, an overview of the recent performance is provided.
Next, identified sources of electrical noise are discussed, such as interference between radio
frequency antennas, as well as implemented countermeasures. A specifically developed and
installed environmental monitoring system and the implemented passive thermal insulation
are described and validated. Finally, new instrumentation, comprising a microbarometer
station, a barometer array and a tiltmeter is presented and characterized.

Within the scope of an intended major hardware upgrade for ROMY in the future, it
is recommended that all four rings of ROMY are equipped with a setup, as described
in Section 2.1 and beyond. The insights and suggestions provided in this chapter may
contribute to a successful upcoming hardware upgrade.

2.1 Advanced Ring Laser Setup

The instrumental setup illustrated in Figure 2.1 is the most advanced for ROMY to date.
This setup is currently deployed for RZ, which has proven to be the most stable to operate
and maintain based on previous experience.

Each triangular-shaped, optical ring resonator forms a closed optical beam path using
curved dielectric mirrors (Fig. 2.1). Reducing four corners (for square rings) to three is
advantageous, since each missing mirror reduces transmission and absorption losses (e.g.,
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Schreiber & Wells 2023b), however, also reduces potential detection sites of transmitted
light. Optimizing the beam combination and eliminating external influences and interfer-
ences is essential to enhance the Sagnac signal and all subsequent signal processing.

Compared to the previous setup of two plane mirrors and a beam combiner prism, a Koester
prism is now used to interfere the clockwise and counter-clockwise laser beams and generate
the Sagnac interferogram (Fig. 2.1). The prism is mounted on a prism stage with three
rotational degrees-of-freedom, which can be adjusted by micrometer screws to provide
the required sensitivity. A slim, one-dimensional micrometer translation stage completes
the required degrees-of-freedom to optimize the beam alignment for a large interferogram
contrast, thus an advantageous detection signal.

ADT & -
Intensity control RF - Transmitter »

& 305
Q’ ‘\’ ADT

RF - Matching

IDS01

Spectrum
Analyzer

DAQ

/ Beam Splitter J

— CH2

Gj Koester Prism
CHL

I DS Camera

) Photo Diode

B Avalanche Photo Diode

ADT =Amplification & Differential
Transmission

DAQ = Data Acquisition System

CW = monobeam clockwise

CCW = monobeam counter-clockwise

ADT

Figure 2.1: Sketch of an advanced ring laser gyroscope instrumentation setup as realized
for RZ. Sketch is not to scale.

In contrast to a setup with two mirrors and a beam combiner, a Koester prism can be
positioned closer to the corner window. As a result, much of the beam propagation and
the beam combination occurs within the prism, reducing asymmetric, free-air propagation
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effects on the uncombined beams, such as fluctuations of the refractive index of air, caused
for instance by temperature variations (e.g., Schreiber & Wells 2023b). Recording both
combined beams leaving the Koester prism and stacking the electronic signal (see Sec. 2.4)
allows to reduce incoherent common-mode noise (see Sec. 2.4).

Monochromatic video cameras are mounted on the optical table corner boxes behind the
mirror to track laser beam walk. In the setup shown in Figure 2.1 three cameras are
included, while a fourth could replace the avalanche photo diode. Beam walk could also be
observed using quadrant photodiodes, which can simultaneously record the beam intensity
and thus monobeam signals at multiple locations. The camera approach, however, is
sufficient to constrain the beam plane deformation caused by geometric variation of the
optical resonator (see Sec. 3.2).

This crosstalk between RF-excitation has been observed visually and electronically and is
unfavorable for a stable operation and high-quality signals (see Sec. 2.5). A new signal
generator (RIGOL DG992) is combined with a linear amplifier (LZY-22+ by Mini-Circuits)
to serve as an RF-transmitter (radio frequency transmitter) with adjustable transmission
frequency (up to 100 MHz). This allows operating the co-located RF-excitation of RZ and
RV at different transmission frequencies (RV=80MHz and RZ=65MHz), hence reducing
their interference (see Sec. 2.5).

In addition, a Faraday cage was designed and build in cooperation with Jiirgen Loos to
cover the gain tube of RV and reduce the RF emissions of the antenna, which easily couple
to the exposed, co-located electrodes of RZ (see Fig. 2.11a).

The copper electrodes for the gain tube have been upgraded by mounting each onto an
adjustable support. This allows to manually set and fix the electrode distance.

Upgrading the plasma ignition mechanism by integrating a beta radiator inside the gain
tube is still pending for three rings (RZ, RU, RV), as it is best carried out during gas
refill. Compared to the ’sparker units’ currently used to manually ignite the plasma at
each fade, the beta radiators would provide unsupervised automatic ignition whenever
there is sufficient power provided by the RF-antenna, thus reducing maintenance work and
downtime.

A new device, called for amplification and differential transmission (ADT), designed for
either photodiode and PMT inputs have been realized and tested in cooperation with
Jan Kodet (TUM). Two input signals can be stacked for common-mode noise reduction.
The device features post-detection amplification of low-amplitude signals of a photo diode
(PD) detecting monobeams and transmit the signals to the central data acquisition unit
in the central shaft. Generally, differential transmission is advantageous against external
interference (see Sec. 2.4).

In the advanced setup, selected PDs (10439-01 and C10439-03 from Hamatasu), based on
their fixed gain and low drift characteristics, are used in combination with the ADT devices
for monobeam and Sagnac signal detection (Fig. 2.1). Previously used photomultiplier
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tubes (PMTs) require a high-voltage power supply, whereas PDs require only 15V DC.
The PDs have a fixed gain and a low temperature drift, while PMTs have a variable
gain controlled by the power supply, which needs to be as stable as possible. This is a
challenge to ensure, especially with the long transmission cables involved. A sufficiently

large aperture to properly capture the approximately 3 mm wide beam, is required and is
provided by both, PMT and PD (C10439-08 10x10 mm).

2.2 Performance Characterization

2.2.1 Data Quality Status

The quality of observations for ROMY’s RLG is evaluated for 2023 and 2024 (until Septem-
ber) as shown in Figure 2.2, based on a simplified methodology as presented in Section 3.1.
One-minute time intervals are classified as good or bad quality, while downtimes refer
to a non-operational state of the rings, for instance during maintenance work (see also
Sec. 3.2.2). Bad data is mainly dominated by periods where MLTT launches are required
to recover from multi-mode operational states.

Quality Statistics [ 2023-01-01 - 2023-12-31 ] (b) Quality Statistics [ 2024-01-01 - 2024-10-01 ]

BN Good Quality B Bad Quality [ NaN B Good Quality BB Bad Quality [—J NaN

(a)

100% A 726 100% 1 595
15.54 15.03 -

80% 80% 4

60% 60% -
100.0 100.0
40% 40%

20% 20% A

0%

T 0% - T
RZ RU RV RW RZ RU RV RW

Figure 2.2: Statistical overview of data quality of ROMY’s rings for the year (a) 2023
and (b) 2024 (until 2024-09-30) classifying data as good, bad and downtime or erroneous
(= N/A).

RW was not operated due to a possibly still existing cavity leak. However, an evacuation
test in the spring of 2024 gave no indication of a remaining gas leak. Until August 2024,
an unavailable high-quality neon isotope gas mixture prevented an immediate refill of the
cavity. After an upcoming refill, a manual realignment of the optical resonator is required
before the RLG can be returned into service.

The best performing ring in 2023 was RZ with 68 % of good data, followed by RV (47 %),
then RU (18 %). All the ring resonators required re-alignment at least once during the
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one-year observation period. An overlapping period of good quality data from all three
rings is limited to times after September 23, 2023, when RU was manually re-aligned. The
hereafter referenced long-term observation period of three rings of ROMY refers starts on
September 23, 2023 and continues until October 2024.

In 2024, three of ROMY’s rings have been operated with good data quality in the range of
81 % to 88 % as a result of continuous supervision and maintenance efforts. This demon-
strates not only the feasibility but also provides the largest available dataset of three
component rotational ground motion observations for ROMY. Shorter periods of multi-
component operation between 2017 and 2020 complement this dataset. The individual
uptime equal about 70 % of simultaneous operation of RU and RV to obtain horizontal
components of ground rotation. In order to achieve more continuous, good quality obser-
vations, the operation stability of all rings has to be improved (see Sec. 3.2).

2.2.2 Allan Deviation

The stability and sensitivity for an RLG can be evaluated using the Allan Deviation (AD).
In order not to rely on a subjectively selected time period for the analysis, an overlapping
Allan Deviation is computed in a statistical approach for 4h intervals with 50 % overlap
between 2024-04-20 and 2024-04-25 (Fig. S.1). This allows a median and minimum per-
centile value to be computed for each averaging time, and the variation of averaging time
that achieves the maximum resolution to be evaluated. Results for the G-ring (= RLAS)
are shown instead of data for RW (Fig. S.1d).

The overall superior stability of the G-ring at sub-pico rad/s resolution, is attributed to
its monolithic design, the stabilization scheme employed and sophisticated environmental
shielding. The difference across averaging times is evident compared to the non-stabilized,
heterolithic rings of ROMY. For averaging times above 100s to 200s (median values in
Fig. S.1), the increasing ADs indicate strong frequency drifts due to non-stabilized res-
onators.

The best resolution, achieved by RZ, is less than 2 prads~! for an averaging time between
200s to 300s, while the median value amounts to 6prads™' for an averaging time of
100s. A slightly less effective performance is observed when RZ is operated in a phase-
locked multi-mode regime during the free-spectral range measurements in September 2024

(Fig. S.2).

RV reveals less variation compared to RZ, with a maximum resolution of around 2 prads™!
and a median value of approximately 5prads™! at 200s. The inferior performance of RU,
achieving a average resolution of 20 prads—! at 90s, might be linked to the low-quality
isotope mix that promotes multi-mode regimes.

When the median ADs are put into perspective with geophysical and geodetic signals
observable with large RLGs, the insufficient long-term stability of ROMY to resolve most
geodetic signals is evident (Fig. 2.3). Currently, ROMY accomplishes its purpose to provide
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Figure 2.3: Median, overlapping Allan deviations for ROMY’s rings RZ, RU, RV and the
G-ring, are shown. The red, dotted line indicates the resolution of G-ring based on long
datasets underlying the detection length-of-day variations (Schreiber et al. 2023a). The
expected range for geoscientific signals, including seismic waves, Earth’s eigenmodes, semi-
diurnal Earth tides, diurnal and annual polar motion, Chandler wobble, zonal Earth tides
and oceanic/atmospheric angular momentum (OAM/AAM) are depicted.

multi-component observations for rotational ground motions of seismic waves. Secondary
microseisms are observed (see Fig. S.3) and possibly Earth eigenmodes excited after suf-
ficiently large earthquakes. Considering only its geometrically imposed resolution limit,
ROMY could achieve a higher resolution as the G-ring. In order to harness ROMY’s full
potential and resolve polar motion and length-of-day variations, as achieved by G-ring
(Schreiber et al. 2004, 2023a), more effort must be undertaken towards implementing a
sophisticated active resonator stabilization system for all of ROMY’s rings (see Sec. 3.2).

2.2.3 Resonator Characterization

An optical resonator (or cavity) is commonly characterized by the quality factor Q@ = 2mwer/A
and the finesse ' = A\Q/P, with P being the perimeter of the ring (Pgrz=33.5m), ¢ the
speed of light (¢=3 x 108 ms™') and A the optical wavelength (A=632.8 nm) for a helium-
neon gas mix (Schreiber & Wells 2023b, Igel et al. 2021).

In order to assess the cavity for RZ, measurements of the ring downtime 7 or photon
lifetime within the optical resonator were conducted on 2020-09-01. A comparison is shown
in Figure 2.4. By fitting an exponential function, a ring downtime of 0.67 ms is determined.
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This allows computing the quality factor of Q; = 1.996 x 10'? and finesse of I, = 37699 for
RZ. Using the free spectral range (FSR), defined by the resonator geometry, F.SR = ¢/ P,
a total cavity loss, L = (7- FSR)™! of L = 167 ppm for RZ is determined, which is about
55 ppm per mirror. The expected losses per mirror amount to about 10 ppm, hence around
30 ppm for the total loss of the resonator. The increased loss can be the result of combined
effects: damaged mirror coatings, an extended beam diameter due to beam divergence,
dust particles on the mirrors or dust covering the corner windows.

2020-09-01

0.25 1

Amplitude (V)
o
7

0.05

-1.0 0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (ms)

Figure 2.4: Ring downtime measurement for RZ on 2020-09-01. Three measurements
are compared and run 1 is modelled using an exponential function to determine the ring
downtime 7 of 0.67 ms.

Since all ROMY rings have identical hardware components and the same design (see
Fig. 3.7b), although slightly larger (P=12m), comparable characteristics are expected
for the slanted rings RU, RV and RW.

The beam power of a beam after combination in a Koester prism was measured with
a Thorlabs powermeter on 2023-06-05 over several hours (Fig. 2.5). The ring laser was
operated at low intensity to support a single-mode operation regime.

The transmitted beam power amounts to about 15nW, which gives a monobeam power
of about 7.5nW, assuming equal partitioning of the beam intensity for both propagation
directions. Power values around 20 nW have been observed during previous measurements,
depending on the explicit settings of the intensity control loop. This provides an assessment
of the expected transmission power.

The beam power decrease by about 4nW over the 5h of the measurement. The contrast
of the Sagnac signal and the peak power spectral density values (PSD,,,;) correspond to
this trend and can serve as a proxy for the beam power when no powermeter is set up.
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Figure 2.5: Measurement of the beam power (orange) for RZ of a single output after beam
combination on 2023-06-05. A moving average is included as a black line. The contrast of
the Sagnac interferogram and the PSD maximum are shown on separate y-axes.

Scaling factors of 17.44nW and 20.57nW V=2 Hz for contrast and PSD,,.., respectively,
are obtained via a linear regression.

2.3 Electronic Noise Sources

The quality of the Sagnac signal also depends on the electrical noise. To achieve good
signal quality, the noise floor and pronounced peaks therein have to be minimized. This
is especially important for the monobeams, which have only about half the signal power
compared to the combined Sagnac signal. A systematic noise analysis at ROMY enabled
to attribute several characteristics to various hardware components (Fig. 2.6).

The blue spectrum in Figure 2.6 shows a typical power spectrum for RZ (without inter-
ference). Several distinct peaks are visible besides a dominant Sagnac frequency peak at
around 553.5 Hz, which is about 200 dB above the noise floor. The most pronounced noise
peaks belong to the 50 Hz hum and harmonics thereof.

The self-noise of the data logger unit is characterized using an open channel and is
about 100 dB below the signal noise floor, but includes some electronic hum peaks (green;
Fig. 2.6). Adding an 50 Q2 endpiece (or terminator) to the channel via a short cable (ap-
prox. 1m) to shorten the circuit produces a noise signature with distinct peaks between
10Hz and 100 Hz (red; Fig. 2.6).

Connecting an unpowered PMT in a corner shaft via long coaxial cables (about 15m to
20m) and the electronic boards used for signal monitoring in the acquisition rack adds 1/f
noise (brown; Fig. 2.6). The design of the electronic boards may have a grounding issue
and thus contribute to the increase in electronic noise. Turning on the PMT, however
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Figure 2.6: Electric noise sources are compared by power spectral density (PSD) charac-
teristics. Data of an open-channel of the data logger unit (green) represents the self-noise
level. A short coaxial cable with an 50 €) endpiece is attached to the data logger (red). An
unpowered photomultiplier tube (PMT) detector is connected via a long coaxial cable and
electronic boards (brown). The PMT is powered, but covered (purple). Detection of the
Sagnac signal with the PMT (blue).

covering its detector to avoid light sensing, boosts the noise floor, in particular for higher
frequencies (> 1Hz).

A second example for RV, now using PDs for signal detection is shown in Figure 2.7.
Here, FJV shows the power spectrum for RV without interference signatures and FJW
represents the power spectrum for an open channel with only a 1m coaxial cable with an
50 €2 endpiece attached. The noise level for FJW is about 50dB below the level of the
Sagnac signal (FJV).

A reflection signature between 10 Hz and 100 Hz is present, as well as peaks for the 50 Hz
hum and its harmonics. A harmonic peak at 450 Hz is clearly visible in the close-up about
40 dB above the noise floor (Fig. 2.7¢). The small peak at the Sagnac frequency of RV is
most likely attributed to electronic channel crosstalk. The difference between the Sagnac
frequency peak of FJV and the noise floor is about 75dB to 90dB (Fig. 2.7c).
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Figure 2.7: (a) A random, low-noise selection for 10 min of rotation rate data of RV. (b)
spectra of Sagnac signal data for RV (FJV) and an empty channel of the data logger with a
cable and 50 €2 endpiece attached (FJW). (c¢) represents a zoom-in on the Sagnac frequency
peak at around 447.7 Hz. Decibel scale is relative to the Sagnac peak of FJV.

2.4 Differential Transmission

Analog signal transmission is still the default for ROMY to transmit signals from the detec-
tion in the corner shafts to the data acquisition unit in the central shaft (02). This is based
on single-ended coaxial cables. Differential signal transmission is generally recommended
when EMI (electromagnetic interference) or RFI (radio frequency interference) noise is
present. To address this issue, electronic boards for signal amplification and differential
transmission (ADT) were designed, built and tested in close cooperation with Jan Kodet
(TUM). The amplification is required especially before transmitting signals detected by
photodiodes with low internal gain and small signals, such as monobeams. The differential
transmission relies on twisted, well-shielded RJ45 cables. The intention is to reduce present
EMI and RFT noise, although long cable distances remain and are inevitable when using
a central data acquisition unit due to ROMY’s structure. Three ADT units are currently
operated at RZ (see Fig. 2.1).

By stacking both beams leaving the Koester prism (see Fig. 2.1a), the incoherent common-
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Figure 2.8: (a) Power spectral density for Sagnac signals at RZ for 10 min duration each,
comparing: single-ended (blue) and differential (orange) transmission of a combined signal
detected by two photodiodes. The waveform of FJW is divided by its envelope to obtain
FJX. The maximum is set to zero for all spectra. (b) and (c) present different close-ups of
the Sagnac frequency peak at about 553.6 Hz.

mode noise can be successfully reduced (see (Schreiber & Wells 2023b)) by about 10dB to
20dB. The comparison of the Sagnac signal between single-ended and differential trans-
mission shows a reduction of the noise floor for the latter of several decibels on average
and up to about 11dB. The Sagnac frequency peak appears unchanged (Fig. 2.8¢).

An equalization of the amplitudes of the Sagnac signal is achieved when dividing by the
envelope of the signal with pre-whitening value of 0.001. This amplitude correction further
enhances the PSD by some decibels and rejects some prominent noise peaks near the Sagnac
frequency peak (see Fig. 2.8b). These peak in turn most likely result from amplitude
modulation of the signal due to external interference, internal beam intensity fluctuations
or the rather low sampling rate of 5kHz, thus artificially causing amplitude variations.

With regard to a long-term upgrade of ROMY,, it is recommended to use differential signal
transmission as default. Including a well-defined electrical grounding system in each shaft
to ground all devices consistently could further eliminate electrical noise sources. The
presence of RFI noise will remain due to several RF-excitation antennas (see Sec. 2.5)
since required to operate the active RLGs.
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2.5 Antenna Interference

Each of ROMY’s four ring lasers uses an RF-excitation scheme at the gain tube to power
the plasma for active lasing. The RF-excitation antenna consists of an RF signal generator,
amplification unit, impedance matching and electrodes at the gain tube. The gain tubes
of RZ and RV are both located in shaft 08 only about 30 cm apart.

Strong interference between the excitation antenna at RV and RZ is evident, both visually
in the plasma and in the signal spectra. Whenever only one RF-excitation is operated and
the other is off, no interference is present. This can be attributed to the similar transmission
frequencies during excitation at about 80 MHz. The precise interference signature depends
on the settings of the antenna, such as input and output power. To address this issue,
RV has been upgraded with a new signal generator that allows the setting of transmission
frequencies and an amplification unit to provide sufficient excitation power.

2024-04-19 00:00:00 - 00:10:00 UTC vs. 2024-05-03 00:00:00 - 00:10:00 UTC
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Figure 2.9: (a) Spectra of 10 min of Sagnac signals for ROMY’s western ring (RV) are
shown as power spectral densities before and after the installation of a new radio frequency
excitation system for RV (2024-05-02) to reduce interference with the antenna of RZ. (b)
and (c) show a different zoom-in on the Sagnac frequency peak.

Figure 2.9 compares spectra of Sagnac signal data for RV before and after employing
the new antenna setup at RV. A pronounced peak at around 11Hz, as well as a set of
symmetrically aligned peaks in the vicinity of the Sagnac frequency peak (447.7 Hz) are
identifiable before the new antenna setup is used (blue; Figs. 2.9a and 2.9b). Operating
RF-excitation at two different transmission frequencies of 80 MHz and 65 MHz eliminated
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the interference signature (Fig. 2.9). In general, less prominent side lobes around the
Sagnac frequency indicates less amplitude modulation.

A synthetic frequency modulation approach as used for ratio transmission techniques has
been implemented to create and analyze a synthetic Sagnac signal and noise contributions.
Real rotation data is modulated on a carrier frequency to produce a synthetic Sagnac
signal. Figure 2.10 shows spectra computed for an observed and a synthetic Sagnac signal
as well as noise spectra for white frequency and phase modulation noise intended to explain
the noise level of the observed data.

(a) —— Sagnac signal —— 1% White Phase Modulation (WPM) Noise
—— Synthetic signal —— 1% White Frequency Modulation (WFM) Noise
—— Synthetic signal + Noise
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Figure 2.10: (a) Amplitude spectra of real Sagnac data for RU (black), a synthetic Sagnac
signal based on frequency modulation (pale blue), synthetic Sagnac signal with white phase
noise (dark blue), 1% smoothed white phase modulation noise (green) and smoothed white
frequency modulation noise (red). (b) A close-up on the Sagnac frequency peak of RU at
about 303 Hz. For the synthetic signal with and without noise, a modulation index of 3
and 1 is used, respectively.

For example, white frequency modulation noise could explain the increase in noise level
observed towards low frequencies below 500 mHz. A pure synthetic Sagnac signal shows
symmetric side lobes at about 0.1 Hz next to the Sagnac peak, while its general spectral
amplitude level is not representative with that of observed Sagnac data (see Fig. 2.10b). By
adding white phase modulation to the modulated signal, the overall level better matches



18 2. Hardware Upgrades and Performance

the real observations better. The width of the slope around the Sagnac frequency is not
well captured in the synthetic signal, this is mainly controlled by the modulation index.

2.6 Environmental Monitoring System

In order to study the environmental influences on the near-surface ring laser array, causing
undesired instrumental effects (see Sec. 3.2), ROMY had to be equipped with an internal
environmental monitoring system.

The monitoring system, called Weather in ROMY, abbreviated WROMY, consists of self-
assembled sensor boxes in each access shaft, except for shaft 02 and 03. Each sensor box
uses a Raspberry Pi computer as data acquisition unit and an HTP sensor to record air
humidity (H), air temperature(T) and air pressure (P), as shown in Figures 2.11e and 2.11f.

Figure 2.11: (a) A Faraday cage covers the gain tube of RV to reduce RF emission and
reduce interference at RZ. An electrically rotatable valve was installed for the ventilation
pipe of the central shaft, (b) shown from the outside (green) and (c) the inside (orange). (d)
Resonator corner box of RZ in shaft 07 with two video cameras for beam walk monitoring
and a photo diode for monobeam detection mounted on the optical table. (e) The weather
stations inside each of ROMY’s shafts (WROMY) consists of a data acquisition unit based
on a Raspberry Pi and(f) a THP sensor.

Scripts running on the Raspberry Pi read, store and transmit data to the ROMY archive
via network access. Malicious readings of the HTP sensors, occurring randomly, however,
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infrequent, required an integrated relais circuit that interrupts the power supply and ends
the error of the THP sensor. This causes irregular, minor data gaps. In 2024, DPS310
pressure sensors, called Pressure of ROMY (PROMY) were added to the sensor boxes
located in the corner shafts to provide a better resolution for pressure and temperature
readings. With a sampling rate of 1 Hz multiple values are averaged to reduce noise

This monitoring network allows to continuously monitor the atmospheric conditions in-
side ROMY starting in the summer of 2021. Current data are displayed on the ROMY
monitor at the observatory. Complementary, the weather station BW.FURT (WXT530
by VAISALA) is at the surface about 30 m next to ROMY and provides observations of
precipitation, wind direction and wind speed, air temperature, barometric pressure and air
humidity.
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Figure 2.12: Maintenance log from 2022-01-01 to 2024-09-30 based on light sensing in
ROMY’s shafts. Color-scale indicates the amount of individual light sensors which detected
light on that day.

Furthermore, a light sensor (BH1750) is used to detect two states: dark and not dark, in
order to automatically log maintenance work, when at least one of the shafts was opened.
This also provides the ability to issue warnings in case a lamp inside the shafts was not
turned off after maintenance work. An overview of maintenance work from 2022-01-01 to
2024-09-30 is shown in Figure 2.12. The number of shafts opened that day is color-coded.
More shafts being accessed usually indicates a major maintenance activity. Additional
sensors have been installed in shaft 01 in order to monitor carbon monoxide (CO) and
carbon dioxide (CO2) levels. For safety purposes, a radon sensor is also operated in shaft 01.
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2.7 Passive Thermal Insulation

The exposure of ROMY to environmental changes at the surface is hardly reduced by
the metallic covers on top of the access shafts. Heating up these covers could eventually
lead to convection in the shafts. Since thermal effects on the optical resonator have to be
minimized, a passive thermal insulation design has been developed and implemented.

The surface air temperature records for September 2022 based on the weather station
FURT (Fig. 2.13a) shows strong daily variations of more than 10°C, causing pronounced
spectral peaks at one and two cycles per day (Fig. 2.13c). In the absence of thermal
insulation, except for closed shaft covers, the temperature variations propagate down to
ROMY'’s shafts recorded at all upper sensors (WS3 — WS9), especially at one cycle per
day. WS4 and WS8 show elevated temperatures. Both sensors are located in shafts with
at least one gain tube section. The increased temperature is explained by the excess heat
of the RF-transmitters and other electronics.
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Figure 2.13: Temperature data is shown between 2022-09-01 and 2022-09-30. Gray bars
indicate day time (sunrise to sunset). (a) shows the outside air temperature recorded at the
weather station FURT. (b) shows air temperature records of THP sensors inside ROMY’s
shafts. In (c) power spectral density is shown for each THP and FURT records based on
the time series in (a) and (b).

WS1 is located at the bottom of the central shaft (01), with the most stable temperature
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conditions between 13 °C to 14 °C at a depth of about 15 m below the surface. The sudden
increase in air temperature on day 14 is caused by the activation of a dehumidifier unit,
which also distorts the corresponding PSD. The sensor resolution does not resolve any
daily or sub-daily air temperature variations for WS1.

In order to reduce the observed temperature variations within the ROMY structure, and
thus instrumental effects, a passive thermal insulation was designed and installed. The
purpose is to provide a more stable temperature condition by 1) a suppression of the
exchange of air masses between outside and inside and 2) a reduction of air convection at
the resonator by a barrier to only allow the upper air volume to convect due to heat intake
at the exposed metallic cover.

A 60mm thick styrofoam plate, mounted on a sliding aluminum frame, separates the
smaller entrance shaft off from the main shaft. The sliding system is installed on the
ceiling of the access shafts and allows the sliding plate to be opened and closed from the
inside and outside. An illustration of the schematic principle is presented in Figure 2.14a
and 2.14b, while images of the realization are provided in Figure 2.14c and 2.14d.

@) (b)

AT AT << 1

Figure 2.14: Schematic illustration of insulation plates installed in one of ROMY’s access
shafts. (a) Without passive insulation, the metallic cover heats up and temperature varia-
tions (AT) propagate via air convection and heat diffusion. (b) With insulation plates in a
sliding system at the shaft ceiling (orange) two volumes are separated, stabilizing the main
volume from air temperature fluctuations on a daily and sub-daily basis. An image of the
insulation plate installed in one of ROMY’s access shafts as (c) seen from the outside (top
down) and (d) from the inside (bottom up).

A passive insulation system is fully operational in all small shafts (04 to 09) since 2024-03-
09. In order to validate the system against the previous state (Fig. 2.13), a second period
without maintenance work, between 2024-03-09 and 2024-04-09, is analyzed. The outside



22 2. Hardware Upgrades and Performance

air temperature for this period in spring shows variations comparable to the September
data in Figure 2.13a.

Thus, this passive insulation system can be considered as a lowpass filter to reduce daily and
sub-daily air temperature fluctuations. This system improves the temperature variation
inside the shaft and successfully suppresses daily and sub-daily peaks. However, it is not
capable to remove or suppress seasonal variations (see Fig. 3.19). More details can be
found in Section 3.2.

The central access shaft has a ventilation system to provide fresh air during maintenance
work and to reduce radon levels. The ventilation pipe in the central shaft provided a direct
path for temperature equalization between outside and inside. A rotatable valve is now
installed inside the ventilation pipe to close automatically, when no maintenance work is
being conducted (see Fig. 2.11c).

2.8 Microbarometer Station

An MB2005 microbarometer sensor (by CEA) with a REFTEK data logger was installed
inside ROMY’s shaft 03 on 2023-08-28. The station, named BW.FFBI, provides high-
quality observations of absolute barometric pressure (BDO) and infrasound (BDF), being
able to sense pressure changes below 1 mPa. A comparison of the power spectral densities
of the sensitivity-corrected and response-corrected infrasound data with the absolute pres-
sure data yields a match between 20 mHz and 400 mHz (see Fig. 2.15). As expected for
lower frequencies, the highpass infrasound channel is limited in dynamic range even when
response-corrected, while for frequencies above 400 mHz the absolute pressure channel is
limited in resolution.

Different inlet setups for the microbarometer have been briefly tested and evaluated. On
this basis, a setup was selected that connects to inlets of the sensor via a porous hose
placed inside shaft 03. The shaft cover is pressure permeable and reduces wind noise to
some extent. There is a difference of about 30dB between the PSD and the low noise
model for barometric pressure by Marty et al. (2021) at 0.1 Hz (Fig. 2.15). The difference
is smaller for lower frequencies. The peak of the micobarom around 0.2 Hz is resolved on
generally quiet days (Fig. 2.16). The broader peak just below 2Hz could be related to a
resonance frequency of the central shaft, acting as a Helmholtz resonator.

The DPS310 digital pressure sensor is a low-cost, but high-precision barometer sensor based
on micro-electro-mechanical system (MEMS) technology. Such a sensor is operated next to
the MB2005 microbarometer station using a Raspberry Pi for data logging. A comparison
of the DPS310 and MB2005 data for barometric pressure reveals identical PSDs and high
coherence below 0.1 Hz (see Fig. S.4).



2.8 Microbarometer Station 23

MB2005 | 2024-09-12 00:00:00 - 2024-09-13 00:00:00

—— FFBIL.BDO
FFBI.BDF (response removed)
—— FFBIL.BDF (sensitivity removed)

_20 -

PSD (dB wrt. 1 Pa?/Hz)

_40 4

_60 4

-80 T T T
107 103 1072 107t 10° 10t
Frequency (Hz)

Figure 2.15: Power spectral density for absolute air pressure (FFBL.BDO) and high-pass
filtered (infrasound) pressure (FFBL.BDF) with sensitivity or instrument response correc-
tion applied. Welch spectra are computed separately below and above 120 mHz. Low and
high noise models for barometric pressure by Marty et al. (2021) are shown as reference
(dashed black lines).
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Figure 2.16: Median power spectral density (PSD) and an 95 % confidence interval for the
microbarometer station FFBI is shown with regard to the low and high noise models for
atmospheric pressure by Marty et al. (2021). Data of channel BDO and BDF are used to
compute PSDs below and above 10 mHz, respectively.
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2.9 Barometer Array

By 2024-03-09, all stations of the outer seismic array of ROMY (BW.TON, BW.ALFT,
BW.BIB, BW.GELB, BW.GRMB) were equipped with a DPS310 barometer sensor and a
Raspberry Pi as data acquisition unit. Together with either the DPS310 barometer or the
MB2005 microbarometer at ROMY as a reference station, this forms a small barometer
array of six stations with an aperture of approximately 4.2km (Fig. 2.17).
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Figure 2.17: (a) Map of the local seismic and barometer array surrounding ROMY including
topography. (b) Computed array response using the ObsPy package (Megies et al. 2011).

Figure S.5 compares two days of barometric pressure records of the array stations, bandpass
filtered between 0.05 mHz to 100 mHz. A high coherence higher than 0.7 is obtained for all
stations below 0.8 mHz, with respect to the central station (BW.PROMY). For frequencies
above 0.1 Hz, the ability of the array to resolve an increasingly incoherent wavefield is
limited due to its design. The array response function shown in Figure 2.17b deviates from
an ideal impulse function by being slightly elliptical in a northwest-southeast direction.
This is a result of the station distribution.

2.10 Tiltmeter

RLGs utilize the local Earth rotation rate to overcome the lock-in effect. This results
in a sensitivity to the local orientation, especially in a north-south direction. Local tilts
therefore affect the Sagnac frequency of RLGs (e.g., Schreiber & Wells 2023b). ROMY has
temporarily been equipped with two tiltmeters:

e a two-component Lippmann borehole tiltmeter, named BoreholeROMY (BROMY),
mounted at the foundation at the bottom of the central shaft 01 from 2021-02-10
until 2024-07-17 and
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e a two-component Lippmann platform tiltmeter, named TiltmeterROMY (TROMY),
with varying locations from 2021-01-25 until 2024-01-15.

A permanent platform tiltmeter for ROMY, called ROMY Tiltmeter (ROMYT), was added
in April 2022. The instrument recorsd north-south and east-west tilts as well as the tem-
perature inside the sensor housing. All Lippmann tiltmeters are inertial accelerometers,

equivalent to long-period optimized seismometers, and thus sensitive to inertial accelera-
tion.

These tiltmeters show a high susceptibility to temperature and humiditiy variations, caus-
ing several microradians of tilt, which are not entirely linear, but contain certain non-linear
hysteresis effects (Fig. 2.18). The instrumental effect of temperature could be observed in
particular for the borehole tiltmeter being located in a stable environment (bottom of the
central shaft). Temperature fluctuations introduced by operating a dehumidifier unit in
the shaft during summer are recorded by the instrument.
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Figure 2.18: The effect of temperature variation on tiltmeter observations is demonstrated.

(a) Absolute air temperature records inside ROMY (WS1-9) and outside (FURT) for 70 h

with an anomaly starting at after about 37h. (b) Tilt observations for north and east

components showing the response to the strong temperature variation.

Efforts to insulate the instruments from temperature variations included absorbent cotton
and boxes of styrofoam. The tiltmeter also benefits from more stable temperature condi-
tions due to the passive insulation of the shafts themselves. For the current deployment
of ROMYT in shaft 07 the sensor is mounted on a rigid, about 20 mm thick Gabbro base-
plate, insulated with cotton, sealed with a stainless steel pot and eventually covered with
a styrofoam box, as visually documented in Figure 2.19.

After insulation, an effect of long-term temperature variation remains, as shown in Fig-
ure 2.20. A time delay of 148.8h for N-S tilts and 26.4h for E-W tilts, enhances a linear
relation (Fig. 2.20g and 2.20h). The time shifts are based on the maximum cross-correlation
functions of about 0.9 for both components. Propagating long-term temperature changes
appear to affect both components (N-S = 20nrad/°C and E-W = 30nrad/°C; Fig. 2.20),
however, both components differntly.
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Figure 2.19: Images of the setup of an inertial, 2-K Lippmann tiltmeter. (a) The tiltmeter
is mounted onto a 20 mm gabbro plate, (b) wrapped up in absorbent cotton and (c) sealed
under a stainless-steel pot. (d) Then it is wrapped up in another layer of absorbent cotton
for thermal isolation and covered by a box of styrofoam for more thermal shielding. It is
deployed on ROMY’s horizontal concrete foundation in the southern access shaft.

With regard to instrumental temperature effects, it is difficult to discriminate between
thermal deformation of the local ground below the instrument introducing tilt deformation
versus the temperature changes propagating through the insulation and then affecting
the tiltmeter housing and electronics. An active stabilization of the shaft temperature to
reduce slow, long-term temperature variations would benefit the tiltmeter observations.
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Figure 2.20: Temperature variation of an internal sensor (a) and N-S and E-W tilt (b)
records of a Lippmann tiltmeter (BW.ROMYT) are shown for over two months since
2024-03-09. (c) and (d) show scatter plots for tilt versus temperature variation. Cross-
correlation functions are computed and maximal cross-correlation coefficients of 0.9 ob-
tained at 148.8 hours time lag for N-S tilt (e) and at 26.4 hours time lag for E-W tilt (f).
Scatter plots of tilt versus temperature variation after shifting time series based on time
lags are plotted in (g) and (h). Orthogonal distance regressions are shown in (c), (d), (g)
and (h) as black, dashed lines with a=slope and b=intercept.

A comparison of tilt records from ROMYT and the nearby, permanent seismometer FUR
helps to validate the operation of the tiltmeter (Fig. 2.21). The tilt observations are
converted to acceleration by multiplying the gravitational acceleration (= 9.81ms™2). A
high coherence value above 0.8 is obtained for the daily and sub-daily tidal signals sensed
by both instruments. For frequencies above 20 mHz, where the tiltmeter is essentially an
accelerometer, the coherence is close to 1 (Fig. 2.21d).
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Figure 2.21: Data comparison for ROMYT tiltmeter and FUR seismometer. Tilts are

converted to acceleration by multiplying 9.81ms™~.
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Chapter 3

Instrumental Characterization

For any scientific instrument, a profound understanding of instrumental effects is important
in order to identify systematic errors and imposed limitations, which can then be mitigated
or corrected. In case of active RLGs, one known source of error is backscatter coupling,
which can be corrected for during post-processing when both monobeams are observed
(Hurst et al. 2014). Monobeam observations are now included as part of the advanced
setup of ROMY (see Sec. 2.1). Other systematic effects have been identified and discussed
by (Hurst et al. 2017, Pritsch et al. 2007, Schreiber et al. 2008).

For the heterolithic RLGs of ROMY, the dominant drifts are related to environmental
effects that cause scale factor changes by influencing the mechanical stability of the optical
resonator. This in turn compromises the operational stability and the data quality. In the
first article in this chapter, new methodology to better understand and assess the data
quality is presented. A second article, discusses experimental approaches to study the
interaction of ROMY’s RLGs and its environment. Analyzes of the collected data allows
to quantify these environmental influences and propose mitigation strategies in order to
benefit a continuous observation of high-quality rotation data.
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3.1 Automated Quality Assessment of Interferometric
Ring Laser Data
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Abstract

In seismology, an increased effort to observe all 12 degrees of freedom of seismic ground
motion by complementing translational ground motion observations with measurements of
strain and rotational motions could be witnessed in recent decades, aiming at an enhanced
probing and understanding of Earth and other planetary bodies. The evolution of optical
instrumentation, in particular large-scale ring laser installations, such as G-ring and ROMY
(ROtational Motion in seismologY), and their geoscientific application have contributed
significantly to the emergence of this scientific field.

The currently most advanced, large-scale ring laser array is ROMY, which is unprecedented
in scale and design. As a heterolithic structure, ROMY’s ring laser components are subject
to optical frequency drifts. Such Sagnac interferometers require new considerations and
approaches concerning data acquisition, processing and quality assessment, compared to
conventional, mechanical instrumentation. We present an automated approach to assess
the data quality and the performance of a ring laser, based on characteristics of the in-
terferometric Sagnac signal. The developed scheme is applied to ROMY data to detect
compromised operation states and assign quality flags. When ROMY’s database becomes
publicly accessible, this assessment will be employed to provide a quality control feature
for data requests.
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3.1.1 Introduction

In seismology, rotational motion observations supplement the conventional observation
of translational motions and extend the scope of insight granted by seismic observations
(e.g., (Igel et al. 2014, Schmelzbach et al. 2018, Li & van der Baan 2017, Sollberger et al.
2020)). Array derived rotations, based on classical translational seismometer array mea-
surements (e.g., (Huang 2003, Suryanto et al. 2006, Donner et al. 2017)) and recent efforts
to derive rotational motions using high-rate GNSS measurements (Xu et al. 2019), were
complemented by rotational sensors in the course of the last decades (e.g., (Bernauer,
Wassermann & Igel 2012, Bernauer et al. 2018)). Stationary ring laser installations, such
as G-ring at the Geodetic Observatory in Wettzell, Germany (operating since 2002) and
the four-component ring laser array ROMY at the geophysical observatory in Fiirstenfeld-
bruck, Germany (operating since 2017), represent highly sensitive optical instruments in
terms of absolute rotations. Ring lasers are optical interferometers (Schreiber & Wells
2013) and exploit the Sagnac effect (Sagnac 1913, Anderson et al. 1994).

For large ring laser installations with a cavity length exceeding four meters, we distinguish
between monolithic and heterolithic structures. While the data quality of monolithic in-
struments greatly benefits from its inherently high mechanical stability, heterolithic devices
are subject to a larger sensor drift, due to a lower mechanical stability. A monolithic de-
sign, commonly made of the class ceramic Zerodur, is technically limited in cavity length
(<16 m). With each ring having a cavity length of about 36 m, ROMY represents a het-
erolithic structure made of stainless steel and concrete. Hence, in the absence of an active
cavity stabilization system, we are dealing with a drift of the optical frequency in the in-
terferometer. Since the free spectral range F'SR = ¢/ P, with ¢ being the speed of light and
P the perimeter, is around 8.6 MHz for ROMY'’s rings, the frequent changes of the longi-
tudinal mode index of the oscillating laser modes result in two often observed scenarios:

1) aloss of contrast as the currently oscillating dominant laser mode is weakening, while
it drifts away from the maximum of the laser gain curve and

2) a sudden change of laser modes, where the two counter-propagating laser beams are
not operating on the same longitudinal mode index.

In the second scenario, we lose the interferogram entirely from our detector bandwidth,
since the interferogram is biased away from the usually used audio frequency range by
multiples of the F'SR. In order to evaluate the ring laser output automatically, we need a
reliable criterion to evaluate and flag the validity of the detected signal for all components
of ROMY in near real-time. Such a data flag does not only exclude erroneous signals from
the observation record, it also provides the necessary feedback signal to recover the proper
operation state of each ring laser.

This paper is structured as follows. We first review the theoretical foundations of the
Sagnac principle as used in ring laser technology. This is followed by a description of the
data processing scheme developed for the quality assessment of the raw ring laser signal.
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Finally, the scheme is applied to real multicomponent data recorded by the ROMY ring
laser, followed by discussion and conclusions.

3.1.2 Fundamental Background on Ring Laser Instruments
3.1.2.1 Sagnac Interferometry

The Sagnac effect describes the effect of rotation on the propagation of light around a
closed contour. In the case of an external light source, this effect shows up as a phase shift
between the co- and the counter-rotating light beam (Sagnac 1913). If, however, we use
laser excitation in a ring resonator, this effect causes a frequency shift, which allows us to
observe a beat note ¢ f, when interfering the counter-propagating laser beams (Macek &
Davis 1963) (see Figure 3.1C-D). The beat note frequency depends on the scale factor of
the Sagnac interferometer, more precisely the ratio of the enclosed area A and the perimeter
P of the resonator. §f is strictly proportional to the rate of rotation experienced by the
entire apparatus and can be expressed as:

4A | -

where A denotes the laser wavelength and 7 the normal vector on the area of the sensor.
A ring laser, which is rigidly attached to the solid Earth, thus observes the Earth rotation
vector O as the primary signal. It is important to note that the Sagnac effect is an effect on
the propagation of light, which allows for the observation of the motion of the encapsulating
sensor housing (cavity) filled with a low pressure gas mix relative to the two counter-
propagating light beams on a closed, reciprocal path (Schreiber & Wells 2013). Some
properties of an optical Sagnac interferometer that come along with specific requirements
are as follows:

e an entirely linear transfer function up to the Nyquist frequency as long as the sensor
does not deform under external forces (e.g., centrifugal forces).

e a well-resolved study of Earth’s rotation with merely one large-scale, ground-based
sensor as long as the ring cavity is strapped down to the rigid Earth and shows
stable long-term performance in terms of the optical frequency as well as the cavity
geometry, which poses a great challenge.

e a high-sensitivity observation of seismically induced ground rotation commonly below
10~ "rad/s, which are contained in the measurement as perturbations of the rather
uniform beat note of Earth rotation (Pancha et al. 2000, Igel et al. 2005). Detecting
these signals requires a large and sensitive Sagnac interferometer and the ROMY ring
laser array represents such a sensitive device.

Rotational rates are obtained by sophisticated processing with an instantaneous frequency
estimation at its core, as outlined by Igel et al. (2021). Rather than evaluating the quality
of the rotation rate time series, we present an approach to classify the quality based on the
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raw beat note signal and thus infer important information on the instrument’s operation
state at the same time.

3.1.2.2 Characteristics of a Large-Scale Ring Laser Array

ROMY abbreviates ROtational Motions in seismologY and represents the only existing
four component large-scale ring laser array, unprecedented in its design and scale (Igel
et al. 2021, Gebauer et al. 2020). It was constructed in 2016 at the site of the Geophysical
Observatory in Fiirstenfeldbruck, Germany. The setup and working principle is schemat-
ically shown in Figure 3.1. Each component is realized as an equilateral, triangular ring
laser with approximately 12 m side length and arranged to form a downward pointing tetra-
hedron. The evacuated resonant cavity of each ring is filled with a helium-neon gas mix.
Laser functions are established with radio frequency excitation of a plasma at the gain tube
(see Figure 3.1B). Three low-loss super mirrors form a closed optical beam path. In order
to make the instrument highly sensitive (Schreiber & Wells 2013), the cavity is designed
for minimal loss. The fundamental limit of an optical gyroscope is the shot noise of the
photon flux on the detector. Since this has the characteristics of white noise, it averages
down according to: 1/+/t, with ¢ being the observation time. Practically more important is
the Q-factor of the ring laser cavity, which determines the linewidth of the laser radiation
and can be quantified by measuring the ringdown time. The ringdown time of a cavity
depends on its losses, which vary considerably across ROMY'’s rings at this point in time.
We observe that the horizontal ring is about 1.5 orders of magnitude more sensitive than
the worst of the slanted rings (Igel et al. 2021). A possible cause is dust contamination of
the bottom mirrors in the slanted cavities, which can thus be remedied in principle.

ROMY has a large heterolithic optical cavity made from stainless steel, referenced to a
solid concrete foundation. Temperature variations, mechanical vibrations and ongoing
settling of the newly built monument cause a substantial drift of the optical frequency in
the cavity. While most of these perturbations are a common mode effect and cancel out in
the interference, some of it does not cancel, since the laser process is not entirely reciprocal.
Backscatter coupling and a nullshift offset are responsible for variable drift effects in the
interferogram, which affect the long-term stability of the sensor. As a result, ROMY does
not yet resolve variations of Earth rotation.

In the short-term, however, ROMY performs very well given that the two counter-propagating
laser modes are lasing on the same longitudinal mode index. If that is the case, we can
typically observe a slow variation of the nominal beat note at the level of 10 ppm over sev-
eral hours, which is an effect caused by gain medium dispersion and backscatter coupling
(Schreiber & Wells 2013, Aronowitz 1971).

A nominal Sagnac frequency characterizes each of ROMY’s equilateral triangles being
defined by the projection of Earth rotation onto its respective normal vector. A difference
of observed and expected nominal Sagnac frequency is caused by a small misalignment
towards north and a small inclination to the horizontal (Gebauer et al. 2020). At the
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inteference —— beat note

Figure 3.1: (A) all four components of ROMY form a downward pointing tetrahedron. (B)
a schematic cutaway drawing of the design of one of ROMY’s components, each realized
as an equilateral, triangular ring laser. (1) The triangular lasing path is closed using
highly reflective mirrors. (2) gas discharge is sustained inductively with a radio antenna
at the narrowed gain tube. (3) evacuated resonant cavity filled with a Helium-Neon mix.
An illustration at the center shows the frequency shift between counter-propagating laser
beams introduced by rotation 2 according to the Sagnac effect. (C) combination of the
two beams using two deflection mirrors (4) and a beam combiner (5) is installed at the
lower corner of the ring. A photo multiplier (7) records the monobeam intensity used to
stabilize the laser intensity via a control loop.(D) illustration of the interference (dashed
red) of counter-propagating laser beams (blue and orange) with shifted frequencies which
create the beat note (solid red) that is recorded by a photo multiplier (6).

moment, all four components achieve a sensor resolution of the order of 107! rad/s, as
shown by the Allan deviation for integration times between 60 and 200 seconds (Igel et al.
2021). A large-scale ring laser as ROMY has the potential to reach a resolution below
1073 rad/s, if the laser cavity was fully stabilized, thus enabling one to routinely observe
not only solid Earth tides, but also the Chandler Wobble. Moreover, an array of ring laser
is capable to resolve the complete Earth rotation vector due to its four components, as
demonstrated for ROMY (Gebauer et al. 2020).
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3.1.2.3 Ring Laser Operation in the Presence of Optical Frequency Drift

The laser transition of the helium-neon ring laser is about 1.6 GHz wide and we use an
equal mix of 2°Ne and ?2Ne isotopes to decouple the two beams from each other. Lasing is
achieved near the line center, where the gain is at a maximum. We employ gain starvation
in order to reduce the number of excited laser modes in the cavity, thereby running the
system at very low gain. Intra-cavity mode selection devices are prohibitive, since they
would reduce the Q-factor and hence the resolution.

Due to the massive size of the cavity of 36m, it only takes a cavity variation by one
wavelength to cause a frequency drift of about 8.6 MHz, thus a higher mode activation.
In the presence of thermal expansion, this would cause rapid transitions of longitudinal
modes. This effect is reduced by overpressuring the cavity, causing a suppression of neigh-
boring laser modes over a range of about 100 MHz by homogeneous line broadening.
Longitudinal mode changes nonetheless occur frequently and given the narrow FSR we
have the difficulty that both laser beams match in longitudinal mode index after such a
mode transition. Although this does not remove the Sagnac effect from the measurement,
it pushes the interferogram outside the sampling window of the digitizer and therefore
becomes undetectable.

Furthermore, the set of laser modes becomes unstable when it faces such a mode transition,
due to mode competition effects. During such a transition phase, the mode contrast is
dramatically reduced and as a consequence the interferogram is not stable. In the absence
of a perimeter stabilization mechanism, we have to detect and exclude the periods of
compromised operation states and the corresponding observations from the data analysis
procedure. Moreover, a detection of the presence of different mode indices allows one to
recover proper operation by automatically triggering a restart of the lasing process.

3.1.3 Methodology
3.1.3.1 Evaluation Scheme: Quality Measures

The developed evaluation scheme is designed to detect operation states compromised by
mode competition effects or the loss of an interferogram due to the presence modes with
different longitudinal mode index. On the basis of this scheme, a quality flag is assigned
to the individual data sections. In order to judge not only the quality of the seismological
important rotation rate but also why and how the signal is distorted, the introduced scheme
is based on analysis of the raw sinusoidal signal obtained by Sagnac interferometry. Due to
nominal frequencies of up to about 553 Hz (z-component), the beat note signal is sampled
at a rate of 5 kHz with 24 bit resolution, which results in a large data volume.

In order to automatically calculate quality measures, 15 min chunks of raw data (= 4.5 x
105 samples) are queried and the quality measures, as defined below, are calculated for
2secs sliding windows with a 50 % overlap. No significant improvement was found for
windows below 2sec. The obtained values on these 2sec windows are either averaged or
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the corresponding extreme values are extracted for 20secs intervals, which correspond to
the sampling rate of the quality measures (= quality samples).

For the assessment of individual data sections, the following signal characteristics or quality
measures are determined:

e Mean value: calculated mean values (M) of 2sec windows are averaged for 20 sec
intervals. The resulting function relates to an averaged laser intensity level, which is
amplified by the photodetector. It is used to monitor automatic restarts of the lasing
process and ensure lasing is initiated. Additionally, d¢M is computed as the absolute
of a first-order finite difference of the mean value (M) to enhance the identification
of jumps in laser intensity.

¢ Frequency estimate: represents a simple count of zero-crossings over 2 sec windows.
The median of the frequency (fsagnac) Over 20secs serves as a quality measure. A
deviation of the specific, single-mode nominal frequency of each ring indicates the
presence of multiple longitudinal mode indices.

e Maximal amplitude A,,.x and minimal amplitude A ,,;, for each 2sec window
are computed and the median over 20secs is used to monitor the stability of the
maximal peak-to-peak amplitude (A4,,) of the Sagnac signal.

e Signal contrast I': is computed according to: I' = (Aae — Amin) / (Amaz + Amin) and
oI represents its derivative based on a first-order difference. The contrast ranges
from 0 to 1, where a high contrast reflects a high-quality interferogram at low laser
intensity, while a low-contrast signal indicates a potential mode transition due to
optical frequency drift.

o AA.,: is computed as the maximal variation of peak-to-peak amplitudes in a sub-
window. A,, is calculated for each 2sec window of data. Across each 20 sec interval,
which corresponds to the sampling rate of the quality measures, the maximum and
minimum of the set of Ay, values is determined. The difference of these maximal
and minimal values is stored as AA.;;. This serves as a measure of the maximal
variability of the peak-to-peak amplitude over an interval of 20 secs. This provides a
measure to detect variations of the interference signal caused by mode competition
effects due to a developing frequency drift.

Figure 3.2 shows three signal cases: 1) desired single-mode, high-contrast signal, 2) inten-
sity increase causing a low contrast and 3) distorted signal due to an appearing second
longitudinal mode. For each 2second bin, the signal characteristics are indicated, exclud-
ing the frequency estimate. For illustration purposes, the shown amplitude variations are
exaggerated and the nominal frequency is reduced.
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Figure 3.2: Schematic example of the quality measure computation for: (A) Single-mode,
high-contrast signal; (B) A single-mode, low-contrast signal due to mode competition
effects; (C) An appearing multimode operation state. Shown are synthetic signals for 2 sec
windows with exaggerated amplitude variations and reduced frequency for demonstration
purposes. Mean (orange), maximal value (red) and minimal value (green) is calculated for
each bin as well as an estimate of the frequency based on zero-crossings (not shown). Bins
with 50 % overlap are indicated (black).

3.1.3.2 Evaluation Scheme: Thresholds

In order to classify detections of compromised operation states and assign a quality flag
for each 20 sec interval, three quality levels are defined:

e QO: good quality data with high contrast (= green).
e Q1: medium quality data, allowing fluctuations in the signal contrast (= yellow).
e Q2: bad quality data, not suitable to be used for processing and analysis (= red).

The thresholds needed for the assignment of the corresponding quality levels are inferred
from an empirical analysis of existing data of ROMY. The most relevant signal charac-
teristic is the nominal frequency of the corresponding ring, which is the projected Earth
rotation in single-mode operation. An interval of +1.5Hz (approx. 1.5 x 107" rads/s)
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centered around the respective nominal frequency (fz = 553.4Hz, fy = 303.0Hz, fi =
447.5Hz, fiy = 451.7Hz) is defined as a quality criterion for the frequency estimate. Com-
promised operation states cause the nominal frequency to exceed this frequency interval
and are not suitable for the calculation of rotation rates, thus assigned Q2 quality. In order
to act more robust, an additional criterion is used to also classify single quality samples
of Q0 or Q1 surrounded by samples of Q2 as Q2 quality data. This helps one to avoid
false assessment due to frequency estimates during operating phases of unstable frequency
(Figure 3.3C).

The feedback controlled beam intensity is kept at a low level to facilitate gain starvation
of higher lasing modes and corresponds to a voltage between 0.5V and 1.5V. For the
mean values (M), a minimal threshold of 0.1V is set to avoid false positives for unpowered
rings due to electronic noise randomly meeting Q0 or Q1 criteria. Exceeding an upper
threshold of 2V results in an assignment of Q1, since it significantly reduces the contrast
and indicates mode competition effects. Sudden intensity changes are detected by d;M
with a threshold set to 0.02V/s and often coincide with an automatically triggered reset
of the lasing process.

The calculated contrast I' monitors the sinusoidal amplitude of the beat note signal with
respect to the overall intensity. A high and stable contrast is linked to a good interference
at single-mode operation. As part of manual maintenance, the contrast is commonly
optimized by varying the gain of the photodetectors and therefore no nominal contrast is
applicable as a threshold. However, a minimal contrast of 0.08 is inferred, and lower levels
are classified as Q2.

Exceeding the threshold defined for AA.,; by 0.3V is another criteria that results in an
assignment of Q1 quality. This threshold aims at the detection of periods with fluctuations
of the peak-to-peak signal, which is related to mode competition effects.

3.1.4 Results and Discussion

For validation purposes, a data selection of November 14, 2019, is shown in panel A and B
of Figure 3.3, comprising the raw beat note signal and the obtained rotation rate with dis-
torted sections of high amplitude, respectively. Several examples show the effects of optical
frequency drift and their detection. Panels C to H of Figure 3.3 display the corresponding
quality measures and the applied thresholds.

Between minute 566 and minute 583 of Figure 3.3, the intensity increases to a level of 3V to
4V, decreasing the contrast and causing several quality measures to pass their thresholds.
Accordingly, the samples are classified as Q1 and Q2, as shown color-coded in Figure 3.3.

Two examples of an operation on different longitudinal modes, starting at minute 613 and
minute 625 (Figure 3.3), respectively, are indicated by a disappearing interference signal
(panel A and F) and detected by fsagnae, AAest, I' and 9. An interferogram could be
restored after a mode competition had been triggered.
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When the presence of different longitudinal modes is detected, a control software automat-
ically triggers a restart of the lasing process involving a brief boost of the power (M ~ 5
V) at the gain tube of the cavity, resulting in the excitation of several lasing modes. The
natural mode selections controlled by the characteristic gain curve of the resonator elim-
inates higher modes, thus ideally achieving a single-mode operation. Several successful,
automatically triggered restarts can be seen in Figure 3.3 (¢ = 616 min, 625 min, 656 min).
If re-establishing a single-mode operation is not successful, a manual maintenance is neces-
sary. Depending on the situation, this can result in a longer downtime for the acquisition
of good quality data.

This sort of maintenance often includes a realignment of the lasing path and realignment
of the radio frequency excitation, which varies the laser intensity. A detection of lost
Sagnac interference is shown in Figure 3.3 at around ¢ = 616 min. If the difference AA.,;
exceeds a value of 0.3V, Q1 quality is assigned. An example is provided in Figure 3.3 at
t = 597 min, where fluctuations of the interferometric signal are detected based on this
criterion. Figure 3.3 also shows that several measures are required to work together to
avoid wrong classification or false positives.
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Figure 3.3: Selected data section of ROMY’s z-component on 2019-11-14. (A) Raw beat
note signal; (B) Obtained rotation rate Q (clipped at +5 urad/s); (C) Estimated Sagnac
frequency; (D) Mean values M; (E) first-order finite-difference of M; (F) Median of maxi-
mal and minimal amplitudes A4,,; (G) Maximal variance of peak-to-peak amplitudes AA.;
(H) Calculated contrast value I'. Quality evaluation thresholds are indicated as gray,
dashed lines. The background colors correspond to the classified quality level.
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Furthermore, the scheme was applied to data of all four components of ROMY for Novem-
ber 2019. During this period an active field experiment was conducted at the site of the
observatory, for which ROMY served as a reference station and all four rings were operat-
ing. Panels A-D of Figure 3.4 display the daily share of all quality levels across November
2019 for each of ROMY’s four components Z, U, V and W, respectively. Apart from a
data gap on November 27 and maintenance work between November 11 and November
14, the z-component demonstrates the best performance in terms of percentage and con-
tinuity of Q0 data. Here, the slanted rings confirm an increased vulnerability to optical
frequency drift effects and underline a currently missing long-term stability. Overall, Q1
quality accounts for only a small share.

The median frequency estimates shown in Figure 3.4, based on Q0 and Q1 data only,
remains stable within a tolerance of 0.25 Hz, while the frequency offset for the z-component
is related to maintenance work. The corresponding contrast for the z-component included
in Figure 3.6A, being on an overall low level (=~ 0.2), shows a further decrease before
maintenance was required due to drift effects that could not be automatically recovered.

Figure 3.6 shows the evaluated data of ROMY’s z-component for the entire month of
November 2019 not only by daily shares but also resolved temporarily across daily hours.
Such a temporal visualization demonstrates the distribution of data sections with compro-
mised operation states and subsequently the potential of a selection of a time series with
good quality only. While several failures interrupt a stable performance of the instrument
at the beginning of November, a continuous record of QO data is significantly improved for
the second half of November.

An application of the scheme for six hours of ROMY’s w-component are shown in Fig-
ure 3.5, where rotation rates are shown with the quality levels as the background. Four
occurrences of mode competition effects are detected (Q1), with the last resulting in an
operation state where multiple longitudinal modes with different mode index are present
(Q2). Additionally, rotation rates of a regional event in Albania on November 28, 2019, at
10:52:43 UTC with a magnitude of 4.7 are shown in the record.

The presented scheme will help to provide quality measures for ring laser data of ROMY
and possible other instruments, when the database becomes publicly available. It is planned
to run a service similar to the FDSN web service "waveform catalog" (Trani et al. 2017),
which consists of a database with corresponding quality measures entries. The remote user
will then be able to select only those data which meet predefined quality criteria. This
could either be data without any gaps or data with Q0 quality only.
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Figure 3.4: Quality assessment applied to all four components of ROMY (A-D) for Novem-
ber 2019. Quality measures are computed for 20 second intervals. Daily shares shown in
green, yellow and red resemble the qualities Q0, Q1 and Q2, respectively. The daily me-
dian of frequency estimates, based on Q0 and Q1 data only, is plotted on a second y-axis

(blue) for each component (A-D), respectively. No data is available for the z-component
on November 27, 2019.
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Figure 3.5: Six hours of data of ROMY’s w-component on November 28, 2019, are shown,
including a regional event in Albania (M, = 4.7) at 10:52:43 UTC. The rotation rate
record is mean corrected, bandpass filtered (0.1 Hz to 1.0 Hz) and clipped. Background
colors indicate assigned quality levels for 20 sec intervals.
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Figure 3.6: Data of ROMY’s z-component for November 2019 is shown in (A) as daily
shares and in (B) across daily hours, in order to visualize the temporal quality distribution.
No data is available for the z-component on November 27, 2019. The data is evaluated
for 20 second based on 2second windows and color code according to three quality levels
QO (good), Q1 (medium) and Q2 (bad). (A) additionally shows the daily median of the
contrast I' computed by using Q0 and Q1 data only.

3.1.5 Conclusions

Realized as a heterolithic structure, ROMY’s four ring lasers experience an optical fre-
quency drift as a consequence of mechanical instability of the resonant cavities. The large
scale factor provides ROMY with unprecedented sensitivity to absolute rotations, however,
at the same time reduces the free spectral range and facilitate longitudinal mode transi-
tions and an operation of counter-propagating beams with different longitudinal mode
index, both compromising a stable Sagnac beat note.

An automated quality evaluation scheme for ring laser data has been developed, using the
recorded raw Sagnac beat note signal to infer quality measures and classify the record into
three quality levels. Using the raw interferometric signal allows to gain important infor-
mation on the sensor’s current performance and health state. For this purpose, several
quality measures, which jointly characterize the interferometric Sagnac signal, are com-
puted. Empirically defined thresholds for these quality measures are applied to assign
quality levels. The automated evaluation scheme is applied for data of November 2019 for
all four components of the large-scale ring laser ROMY. This reveals multiple detection of
mode transitions and amplitude fluctuations due to mode competition effects, as well as
compromised operation states due to counter-propagating beams with different longitudi-
nal mode index, in an automated way. The scheme will be employed to provide the remote
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user with an opportunity to request data according to quality levels as soon as the ROMY
database becomes publicly available.

Data and Resources

Second level data presented in this study are openly available in a publicly accessible
repository: https://syncandshare.lrz.de/getlink/fi72mpaCFH1XbPnMwoDYarzY/.
Raw data of ROMY are not yet publicly accessible due to the large amount of data, but
available on request from the corresponding author.
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Abstract

Large-scale ring laser gyroscopes (RLGs) are essential scientific instruments to study a
variety of geophysical and geodetic phenomena. The first and so far only large-scale RLG
array ROMY (ROtational Motions in seismologY’) comprises four triangular, heterolithic,
active RLGs and can provide high-quality, three-component rotational ground motion ob-
servations. Compared to other RLGs, often being located in underground laboratories,
ROMY is a near-surface sensor that is more exposed to environmental influences. Under-
standing and quantifying the instrumental effects caused by its environment is essential
to enhance a continuous operation of ROMY. External forces are known to deform a het-
erolithic optical ring resonator, which resembles an instrumental drift due to an alteration
of the scale factor. A new sensor network inside ROMY monitors key environmental pa-
rameters such as barometric pressure and temperature. In order to quantify deformation of
the resonator, we use camera-based beam tracking and free spectral range measurements.
Applying a correction for backscatter-induced errors, we achieve a reduction of Sagnac
frequency fluctuations of several millihertz. We discuss the current operational stability
of ROMY, recent upgrades, such as a passive thermal insulation and correlate observed
instrumental drifts with environmental drivers. Using a linear, multi-variant modelling
approach, we can identify dominant drivers and reduce long-term drift of the Sagnac fre-
quency. A deeper understanding of environment-induced instrumental effects allows to
develop strategies for a further improvement in operational stability.
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3.2.1 Introduction

Large-scale ring laser gyros (RLGs) with perimeters of several meters were originally de-
veloped to observe Earth’s rotation and its variations with high precision at our planet’s
surface, potentially complementing the tremendously more involved measurements using
VLBI (Very Long Baseline Interferometry). The sensitivity of RLGs rests predominantly
on the dimension of the encircled area and in particular on its stability during operation.
Therefore, a monolithic realization with thermally stable material supporting the RLG
structure was chosen for the single-component, so-called G-ring, installed at the Geode-
tic Observatory Wettzell, Germany, in 2002 (Schreiber et al. 2009, Schreiber & Wells
2023b). The G-ring observes rotational motions around a locally vertical axis, thus the
latitude-dependent contribution of Earth’s rotation and any local perturbation thereof.
This concept has led to the successful observation of polar motion (Schreiber et al. 2004)
and length-of-day variations (Schreiber et al. 2023a).

However, to observe the full vector of rotation, an array of at least three RLGs is required.
Such an RLG array was realized at the Geophysical Observatory Fiirstenfeldbruck, Ger-
many, with the so-called ROMY (ROtational Motions in seismologY) ring laser array in
2016 (Gebauer et al. 2020, Igel et al. 2021) combining four triangular ring lasers in an
overall tetrahedral shape with side lengths of 12m. Given the dimensions, the location
and financial constraints, ROMY is based on a heterolithic design, embedding the op-
tical ring resonators within a near-surface, concrete structure. As a potential design of
highly-sensitive, multi-component RLGs for geoscientific applications, the design-related
susceptibilities to environmental influences were explicitly intended to be the subject of
detailed scientific investigation.

These applications not only include the monitoring of the complete vector of Earth’s rota-
tion, polar motion, and length-of-day variations, but also local perturbations as generated
by the omnipresent seismic wavefield, that - in addition to the classic three translational
components - also has three components of ground rotations. RLG observations of such
rotational ground motions have contributed substantially to the emergence of the new
field of rotational seismology (e.g., Schmelzbach et al. 2018, Sollberger et al. 2020). It is
important to note that the sensitivity of portable rotation sensors for seismic field deploy-
ments, currently, are orders of magnitude above that of RLGs (e.g., Bernauer et al. 2018,
Jaroszewicz et al. 2016, Brotzer et al. 2023).

The heterolithic realization of ROMY (Igel et al. 2021) naturally poses challenges with
regard to the mechanical stability of the resonators. In addition to internal processes,
such as backscatter errors (Hurst et al. 2014), there are external drivers, such as ambient
temperature or barometric pressure, that cause instrumental effects on the RLG by altering
the scale factor (e.g., Schreiber & Wells 2023b, Belfi et al. 2012, Hurst et al. 2009). Since
ROMY is built close to the surface, it is particularly exposed to environmental influences.
Harnessing ROMY’s potential for observations of geodetic processes, the requirements for
mechanical stability to reduce the changes in the scale factor are even higher.
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In order to enhance the operation stability for continuous data acquisition, to benefit
further geophysical studies, these effects have to be understood. Identifying key drivers
requires multi-parameter observations of environmental phenomena. This allows us to
develop further strategies to reduce such instrumental effects by stabilizing each optical
ring resonator and /or develop models to correct for them during post-processing to enhance
the data quality.

To further illustrate the problems related to ring laser operations, we will briefly intro-
duce their basic properties as well as the potential for instrumental errors, followed by an
introduction to special features and the environment of the ROMY ring laser array.

3.2.1.1 Sagnac Interferometry and Instrumental Effects

Active (commonly filled with a helium-neon gas medium) or passive, large-scale resonators
are optical interferometers in a Sagnac configuration, providing access to Earth’s spin and
variations therein (e.g. Schreiber et al. 2023a), as well as local rotational ground motions
as caused for instance by passing seismic waves of earthquakes (e.g. McLeod et al. 1998,
Igel et al. 2005). The Sagnac beat frequency df (hereafter only Sagnac frequency) for an
RLG is given by:

4 A =

P being the perimeter, A the encircled area and A the optical wavelength (=632.8 nm).
The rotation rate 2 is a superposition of the Earth’s spin rate (g and a local rotation rate
Q.

4A I . B}
0f = 35 (] + 1) sin(p+0) = S (|Qs] +|2ul) (3.3)

with ¢ as the local latitude, S the scale factor and 6 as local tilt in N-S direction. In case
of an equilateral triangular-shaped resonator, the scale factor can be expressed as:

L sin(p +0) , (3.4)

S:
3 A

with L as the side length (P = 3L). The sensitivity of a ring laser gyroscope (also referred
to as ring laser or merely ring) is controlled by the scale factor S (Eq. (3.4)). The dominant
wavelength for active helium-neon lasers at A= 632.8 nm is exposed to variations due to
internal lasing dynamics (e.g., Hurst et al. 2017, Schreiber & Wells 2023b) and is utilized,
where applicable, in this study.

Other defining quantities of the scale factor are geometrical variations of the optical ring
resonator affecting the side length (or perimeter) and/or the areal vector’s orientation.
A more rigid ring resonator therefore reduces instrumental effects caused by geometrical
deformation. A monolithic design, as realized for the square 4x4 meter G-ring (Schreiber
et al. 2009), is not feasible for larger RLGs, which rely on a heterolithic design at the cost
of less mechanical rigidity. Hurst et al. (2017) investigated subtle instrumental effects on
the scale factor for the ultra stable monolithic G-ring. In particular, the internal effects
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discussed by Hurst et al. (2017) are certainly present in ROMY’s rings, but are of minor
importance in this study, since external forces on the resonator’s geometry are dominant
on the scale factor.

3.2.1.2 Structural and Environmental Aspects of ROMY

ROMY is a multi-component large-scale ring laser array, intended to provide high-sensitivity
observations of rotational ground motions for geophysics and geodesy (Gebauer et al. 2020,
Igel et al. 2021), located at the Geophysical Observatory in Fiirstenfeldbruck, Germany.
The four individual, triangular-shaped RLGs are arranged in a downward pointing tetra-
hedral concrete structure (Fig. 3.7c¢). This includes one horizontally oriented RLG (RZ;
Fig. 3.7a) and three slanted RLGs (RU, RV, RW). Operating at least three RLGs simulta-
neously allows reconstructing all three components of rotational ground motion (Igel et al.
2021, Gebauer et al. 2020). While the horizontal RLG is located at a depth of about 2.5m
below the surface, the tetrahedral tip is at a depth of about 14 m below the surface. Main-
tenance access is provided by seven individual access shafts from the surface (Fig. 3.7c).
The three corner mirrors of the optical ring resonators are housed in stainless steel corner
boxes, which are mechanically decoupled from the connecting pipes of the triangular ring
resonator via stainless steel bellows (Fig. 3.7b). At each corner of the tetrahedron, three
corner boxes are mounted on a common solid concrete foundation (Igel et al. 2021), as
illustrated in Figure 3.7b.
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Figure 3.7: a) Schematic experimental setup for FSR measurement at RZ. (b) 3D model
of a corners with three mirror boxes as found in shafts 05, 07 and 09. (c) Near-surface
ROMY structure with access shafts. All sketches are not to scale.
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Every scientific instrument is influenced by ambient environmental factors, which have to
be understood and quantified. These perturbations must be mitigated by either shielding
or applying appropriate corrections. Generally, the effects of ambient temperature and
barometric pressure on optical resonators have been observed for other RLGs, particularly
those of heterolithic design (e.g., Schreiber & Wells 2023b, Basti et al. 2021). In contrast
to other RLGs located underground in the Cashmere caves (e.g., Schreiber & Wells 2023b),
Gran Sasso Laboratory (Belfi et al. 2017) or a vault at the observatory Wettzell (Schreiber
et al. 2009), ROMY is located near the surface (Igel et al. 2021).

A sensor network to monitor environmental factors was installed at ROMY in 2021. This
network comprises sensors for air temperature, air pressure and humidity inside each of
ROMY'’s seven access shafts (one central shaft and six upper shafts; see Fig. 3.7¢c). A
weather station (BW.FURT) next to ROMY provides observations for precipitation, sur-
face air temperature and barometric pressure and serves as an external reference. A two-
component inertial tiltmeter (BW.ROMYT) is installed inside ROMY’s southern shaft on
the concrete monument, providing observations of local tilt deformation. A barometer
station (BW.FFBI) provides infrasound and absolute air pressure observations. A ground-
water gauge on the site of the Geophysical Observatory (approx. 400m from ROMY)
provides a reference for variations in near-surface hydrology. A set of video cameras mon-
itors the beam walk at individual corners, which serves as proxy for deformation at the
resonator corners, influencing the RLG’s scale factor. We use these data to quantify and
relate variations in the Sagnac frequency as well as beam walk to environmental changes,
such as temperature and pressure. Here, we have to separate two effects that have an
impact on the change in the scale factor. On the one hand, the common foundation of the
corners in the shafts experiences deformation and, on the other hand, the stainless-steel
corner boxes and their alignment controls are deformed directly. Deformation of the con-
trols acts via a lever and is expected to be the dominant source of deformation. However,
it is extremely difficult to observe these effects separately. Geometric deformation, such as
displacement or tilting, at the corners alters the perimeter of the optical resonator, thus
the scale factor (Eq. (3.4)). But also orientation changes are induced by forcing the beam
plane, defined by reflection points on the three corner mirrors, to re-align to form a closed
path.

In the following sections, we will first present insights to the current operational perfor-
mance and stability of ROMY. Observations of long-term drifts are intended to introduce
the existing dynamics with regard to the Sagnac frequency. This is followed by results of
the backscatter correction applied to the Sagnac frequency of the large heterolithic rings
of ROMY. We then present observations of deformation using a beam walk monitoring
system and free spectral range measurements. Instrumental effects caused by deformation
are discussed and related to the observations of the environmental factors (e.g. tempera-
ture or pressure) for case studies. In a last step, we attempt to bring these correlations
together using a linear multi-variant modelling approach.
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3.2.2 Operational Performance Analysis

For an active RLG, a mode jump is defined as a transition to another longitudinal lasing
mode for both directions of propagation. A mode jump can be triggered by changes
in the length of the ring resonator’s perimeter or by changes in the refractive index of
the gas medium (e.g. by increasing the plasma excitation power). When this occurs
for both counter-propagating beams simultaneously, a mode jump causes a shift of the
Sagnac frequency. However, it does not cause a break-down of the interferogram within
the passband of the detector, usually referred to as split-mode operation, and therefore
does not require recovery. The absence of the interferogram is detected by an automatic
control software, which launches a recovery procedure, referred to as MLTI (MuLtimode
Trlgger), by interrupting the intensity stabilization to enable a mode competition regime
before returning to the intensity controlled operation state. MLTT launches can occur every
30sec. When successful, this restores a single-mode or a stable multimode (phase-locked)
operation state.

Triggered MLTT launches are logged and used to compute MLTI sequences by merging
MLTT launches which are separated by less than 60 sec. After an MLTI sequence, the split-
mode operation state is considered successfully resolved. A cumulative percentage count of
MLTT sequences in the observational period between 2024-03-09 and 2024-07-31 is shown
in Figure 3.8a. Times of conducted maintenance work are automatically logged using light
sensors inside the access shafts and generally indicated hereafter by yellow, vertical bars
(e.g., Fig. 3.8a).
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Figure 3.8: Each MLTT launch required to resolve a detected split-mode operation state is
logged. Statistics for rings RZ (blue), RU (green) and RV (red) between 2024-03-09 and
2024-07-31 are shown. (a) Cumulative percentage count of MLTI sequences. Yellow bars
indicate time periods of maintenance work. (b) Histogram and distribution of Inter-MLTI-
Time (= elapsed time between MLTT sequences). (c) Uptime classified by good (green)
and bad (red) quality and downtime (white) in percentage.

A sudden increase in MLTT occurrences is often visible after performed maintenance work
related to thermal perturbations. We use the elapsed time between MLTT sequences, called
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Inter-MLTI-Time, to describe and quantify the operational stability of the individual rings.

The absolute count of MLTI sequences for RZ amounts to 1821 for this observational
period caused by a poorly configured, thus unstable multimode operation state between
day 86 and day 102 (see Fig. 3.8a). RU and RV reveal a similar count of 464 and 443,
respectively. A distribution of Inter-MLTI-Times for RZ shows two pronounced peaks, the
first peak at below one hour is attributed to the mentioned period between day 86 and
day 102. The second specifies the characteristic time between 1 and 2 hours. Based on the
Inter-MLTI-Time distribution for RU and RV, their average characteristic time between
split-mode operation states is around 6 hours (Fig. 3.8b).

The uptime statistic in Figure 3.8, being classified as good and bad quality data and non-
operation (downtime), is based on a modified approach presented in Brotzer et al. (2021)
and yields comparable uptimes of around 85% for all three operated RLGs (Fig. 3.8¢c)
between 2024-03-09 and 2024-07-31. Continuous, good quality data on three RLGs is
essential to obtain three component rotational ground motions. For the presented example,
this comes down to merely 66.2 % simultaneously good data quality. Vertical rotation is
observed independently by the horizontal ring RZ. However, for a continuous and stable
operation with good quality data, the MLTI count generally has to be minimized and the
Inter-MLTI-Time maximized.

The following section examines the variation in the Sagnac frequency of multiple rings over
several months, revealing that this operational instability is reflected in drifts on various
scales, data gaps, and frequency shifts.

3.2.3 Long-term Sagnac Frequency Drift

Three of ROMY’s RLGs have been successfully operated for an extended period from Oc-
tober 2023 up to July 2024. The observed frequency drift of the Sagnac beat frequency,
as well as frequently occurring mode jumps, is mostly a result of a non-stabilized het-
erolithic ring resonator. Within this observational period, intervals of varying duration of
non-operation for one or multiple RLGs are identifiable, caused by different instrumental
effects. A crucial condition for operating an RLG is a closed optical beam path inside the
ring resonator. Geometric misalignment of a ring resonator prevents lasing and requires
manual re-alignment efforts. A mechanically more rigid RLG, such as the monolithic G-ring
(Schreiber et al. 2009), is less susceptible to deformation and frequent misalignment.

Figure 3.9 shows time series of the estimated Sagnac frequency of ROMY’s horizontal
(RZ), western (RV) and northern (RU) RLG from January to July 2024, where intervals
of non-operation and MLTT sequences are excluded. Data gaps in the time series generally
follow misalignment or maintenance work. The subsequent offsets in Sagnac frequency are
explained by a modified geometry of the ring resonator, hence an altered scale factor and
areal vector orientation, as a result of the manual re-alignment (see Fig. S.6). We attribute
the significantly greater dynamic in short-term frequency drift of RU to a lower quality,
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Figure 3.9: Long-term drifts of Sagnac frequency over several months of (a) RZ, (b) RU and
(c) RV are shown. Colored traces are cleaned by removing times of logged MLTT launches
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natural neon gas mix, while RZ and RV are operated with a 50:50 mix of Ne?® and Ne*
isotopes.

A moving average is computed for 12 h windows to better capture the long-term drift. For
this observational period, the maximum drift range for RZ, RU and RV is about 30 mHz,
40mHz and 50 mHz, respectively. Attributing a Sagnac frequency change of 10mHz to
pure length change AL (Eq. (3.4)), would correspond to an elongation of about 202 pm.
An orientation change of the beam plane in north-south direction 6 (Eq. (3.4)) of 0.1 mrad,
would cause a frequency drift of 49.4 mHz.

These long-term drifts integrate all instrumental effects and emphasize the existing dy-
namic range. For seismological observations, long-term drifts are negligible, but disrupt
continuous observations due to data gaps or mode jumps. For geodetic signals, these drifts
are still orders of magnitude above the required stability.

3.2.4 Backscatter Correction

Backscattered light at each of the resonator mirrors from the propagation direction results
in a frequency pulling and pushing, impacting the Sagnac beat frequency of the interfered
laser beams. A correction procedure for this systematic errors was presented by Hurst
et al. (2014), which is based on observations of relative monobeam amplitude ratios as well
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as their phase relation.

We monitor monobeams for each of the operational rings RZ, RU and RV in successive
experiments in order to quantify the contribution of the backscatter effect to the observed
Sagnac frequency drifts. The signal of the photo diodes is amplified and then transmitted
differentially in order to provide a sufficient signal quality (Fig. 3.7a). For RV, a 50:50
isotope gas mix is suspected to contribute to less variance in the Sagnac frequency (Fig. 3.9),
when compared to the also slanted ring RU.

An example for the Sagnac signal (FJV) and the monobeam signals (F1V, F2V) for RV
are shown for the time and frequency domain in the appendix (Fig. S.7). The Sagnac
frequency peak on the monobeams due to backscattered light is modulated and dominated
by electric hum signals of 50 Hz and their harmonics. The 450 Hz harmonic peak is visible
in the spectra of the monobeams in Figure S.7 and happens to be close to the Sagnac
frequency peak of 447.5 Hz.

An example of the Sagnac frequency time series of RV before and after an applied backscat-
ter correction is presented in Figure 3.10. The long-term drift for this example across
22 days is about 7mHz, while the short-term variation is within 3mHz. This is about
one order less than observed for RU (approx. 10 mHz; Fig. S.8). The backscatter correc-
tion reduces the variation of the Sagnac frequency by about 1 mHz or 2mHz (Fig. 3.10b).
This can be expressed as a variance reduction R between signal variance o2, and residual
variance o2,

rTes”

0.2 2

sig — Ores
R = ———— x 100, (3.5)
oc.
sig
which amounts to 94.5 % for the example in Figure 3.10. The long-term drift is still present
after the backscatter correction has been applied, which strongly indicates that mechanical
scale factor variations and drifts are the dominant error source for ROMY. A focus on two
shorter time intervals emphasizes the achieved reduction related to backscatter errors. A
response of the Sagnac frequency to a dominantly thermal perturbation after maintenance
work is presented in Figure 3.10d. A sudden drop after a split-mode operation state of
approximately 3 mHz is recovered after about 6 hours.

Figure S.8a shows an example of a backscatter correction applied to the Sagnac frequency
time series of RU over 3days, characterized by several mode jumps and split-mode oc-
currences with subsequent MLTT launches. The non-ideal gas mix of this ring promotes
frequent mode jumps. The Sagnac frequency for RU in this example ranges between
302.42 Hz to 302.48 Hz, thus a maximal drift range of about 60 mHz is observed (Fig. S.8a).
The backscatter correction partially achieves reductions of up to 15 mHz, but does not com-
pensate everything. This indicates other causes for the remaining drift. The maintenance
period in this example, during which a convection-driven equalization of inside and outside
temperature occurs, causes thermal forcing on the instrument. The reaction is a subsequent
periodic oscillation dominating the drift behavior (from about 14:00-00:00 UTC).
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3.2.5 Resonator Deformation at ROMY
3.2.5.1 Beam Walk

In order to qualitatively capture the deformation of the optical resonator, we use a method
that has been applied at other large heterolithic RLGs, such as UG-2 (Hurst et al. 2009,
Pritsch et al. 2007). The two-dimensional displacement of the transmitted beam can be
tracked using video cameras mounted behind the corner mirrors. Monitoring of beam
positions at all corners enables to constrain the beam plane and quantify the experienced
deformation at the corners in two dimensions. This has also been used to apply a correction
based on ray tracing techniques (Pritsch et al. 2007, Hurst et al. 2009).

We use a set of monochromatic cameras by IDS Imaging (Tab. 1) for the beam wander
monitoring. In contrast to a rectangular ring laser, a triangular one has the advantage that
the lasing area remains plane and well-defined at all times. With a triangular-shaped ring,
however, a simultaneous observation of the combined and both uncombined beams limits
the amount of deployable cameras for beam tracking.
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An initial camera (IDS00) was installed at the northwestern corner of RU, monitoring the
counter-clockwise beam displacements. The camera is mounted onto the optical bench
behind the corner and aligned manually with approximately orthogonal orientation of the
sensor with respect to the transmitted beam. The x-direction and y-direction of the camera
sensor, as indicated in Figure 3.7a), can be converted to displacement (in micrometers)
using the camera sensor’s pixel size (see Tab. 1). The x-direction hereby resembles the
in-plane degree-of-freedom of the mirror corner, while the y-direction relates to the out-
of-plane motion. A monochromatic image of the beam is taken and stored every minute
automatically. Assuming a Gaussian beam kernel, a fit for a 2D Gaussian distribution is
performed on an image and the maximum of the distribution is picked (see Figure S.10).
Tracking of the fitted Gaussian beam maximum over time allows conclusions on corner
deformation.

Long-term beam tracking of RU for 74 days (2024-03-09 to 2024-05-21) reveals some dy-
namic in beam walk, corresponding to beam plane adjustments due to corner deformation.
A sudden offset on day 54 is attributed to minor resonator re-alignment during maintenance
work.

A relative beam displacement in x-direction, of about 340um, is accumulated over the
entire observation period (Fig. 3.11). This in-plane deformation is well correlated with the
increasing combined temperature at all resonator corners. The deformation in-plane seems
to be dominantly controlled by thermal expansion, since at times of temperature decrease,
the deformation is significantly reduced (Fig. 3.11b).

The relative beam displacement in y-direction reveals more short-term dynamics in an
overall range of about —40um to 60 um. Most of the variations correlate well with inverted
changes in barometric pressure (Fig. 3.11c). For the heterolithic RLG UG-2, Pritsch et al.
(2007) reported a maximal beam walk of about 30um in vertical and about 50pm in
horizontal direction across 2.5 days. UG-2, however, was located in an underground cave
with rather stable environmental conditions.

Between 2024-07-06 and 2024-07-29, two cameras (IDS01 and IDS03) were installed at the
southern corner of RZ, in order to observe both monobeam directions (Fig. 3.7a). The
beam tracking over 23 days reveals a more prominent displacement in y-direction (up to
80um) compared to x-direction (up to 40 um). The x-position shows a linearly increasing
trend, while the y-position also increases, however, with more short-term modulation (see

Fig. 3.12c and 3.12d).

A diverging trend is evident for both directions, which is also reflected in the relative
peak intensity derived from the fitted Gaussian peak. After 23 days, the offset amounts
to 15um and 75um, for x- and y-position, respectively. Nevertheless, the time series for
the displacement in both directions correlate well when comparing cameras IDS01 and
IDS03. Small contributions to the difference might result from slightly different distances
of the camera sensor behind the mirror, which is also the pivot point of the corner, thus
amplifying displacements due to an increased lever.
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Figure 3.11: (a) The beam peak position tracking as relative displacement in x-direction
(in-plane) and y-direction (out-of-plane) for the counter-clockwise monobeam of ROMY’s
northern ring RU at its northwestern corner over 74 days. (b) The out-of-plane displace-
ment over time with barometric pressure. (c) The in-plane displacement and combined
air temperature change at the resonator corners. The y- and x-displacements are reversed
in all panels. The sampling rate for beam tracking is 10 min and outliers are removed.

Yellow, vertical lines indicate maintenance periods.
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We infer the beam intensity using the peak of the 2D-Gaussian fitted on the images. The
relative intensity decreases by up to 40% for IDS01 and only by about 15% for IDS03
(Fig. 3.12b). The peak-to-peak amplitude of the Sagnac signal is related to the interfer-
ogram contrast and serves as a quality measure of the interferogram. A decreasing trend
of overall about 0.7V matches with the declining beam intensity. Sudden shifts of beam
intensity and Sagnac signal peak-to-peak amplitude align well.

This demonstrates the influence of deformation at the corners causing beam walk on the
beam combination at the Koester prism (see Fig. 3.7a) and consequently the interferogram
contrast. Several causes are possible: 1) a decrease in overlapping area and alignment
for the beam combination, 2) a reduction of the resonator finesse, thus beam intensity,
by moving the reflection point on the mirrors and 3) a shift in the beam plane causing
misalignment with the constricted gain tube, hence reducing beam intensity.
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3.2.5.2 Perimeter Variation

A commonly employed method to monitor deformations of an optical ring resonator is
based on the free spectral range (FSR):

c

where c¢ is the speed of light (& 3 x 108ms™!), n the integer mode index and P the
perimeter of the optical ring resonator (e.g., Schreiber & Wells 2023b). For large RLGs,
such as RZ with a perimeter of about 33.55m, the FSR is 8.94 MHz. Considering a gain
curve with a width of about 1.8 GHz, an operation on a stable phase-locked multimode
regime is challenging, but feasible. Monitoring the relative FSR variation over time using
an adequate fast avalanche photo diode and spectrum analyzer, stabilized by a 10 MHz
GPS reference, enables to track the changing perimeter (Eq. (3.6)).

We track the 12" FSR (= 107.2994 MHz) of RZ and compare the derived relative perime-
ter changes to beam walks and environmental observations. A schematic setup of this
experiment is illustrated in Figure 3.7a.

The pressure of the gas mix causing a homogeneous broadening, which suppresses the clos-
est neighboring modes. Of the excited FSR peaks, the 12* FSR peak was found to be
the most stable. Peak tracking reveals a frequency drift of about 20 Hzd~!, which corre-
sponds to a perimeter variation of about 7umd~' or 0.115mHzd ™" in Sagnac frequency
variation (Fig. 3.13a). The dominantly linear increase seems to be controlled by tempera-
ture changes, where the increasing combined temperature (at all corners of RZ), scaled by
30um °C~" (for presentation reasons), matches this trend.

Three cameras (IDS01, IDS03 and IDS05) provide beam displacements during this experi-
ment (see Fig. 3.7a). Here, a dominant contribution of temperature increase is observed in
shaft 07, explaining a stronger effect on beam displacement observed by IDS01 and IDS03,
which are also located in shaft 07, whereas IDS05 is not. The absolute beam walk displace-
ment (IDS*-A = v/ X? 4 Y2) requires only half of the linear thermal coefficient compared to
the perimeter change, indicating that there is a portion of homogenous thermal expansion
of the resonator not contributing to beam walk.

In order to remove the dominant linear trend, a highpass filter with corner period of
36 hours is applied to the data. Hereby, the small scale perturbations of beam displacement
in the order of <5um in y-directions and tens of micrometer in x-direction become visible
(Fig. 3.13b and 3.13c). The beam displacement of several micrometers in y-direction shows
a high correlation with barometric pressure changes (Fig. 3.13b). This is also evident in
the perimeter variation record, although with a minor correlation, and has to be scaled by
a factor of four (Fig. 3.13b).
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Figure 3.13: Separation of external effects on perimeter changes and beam walk at RZ. (a)
Relative integrated displacement of the resonator’s perimeter (AP) based on FSR mea-
surements and absolute beam walk displacement (v X2 + Y?2) for cameras IDS01, IDS03
and IDS05 are compared with combined temperature (black) at all corners (05, 07, 09)
scaled by 30um°C~". (b) Highpass filtered displacements in y-direction (out-of-plane)
with changes in barometric pressure scaled by 1ymhPa™'. (¢) A summation of IDS03-X
and IDS05-X, thus highpass filtered displacements in x-direction (in-plane), divided by the
perimeter (P = 33.5m), is shown as a dashed, black line. Theoretical horizontal tidal strain
in eastern direction (solid, black), computed using PyGTide (Rau et al. 2022), is shown.
A highpass with corner period of 36 hours is applied to displacements in (b) and (c). Cor-
responding scatter plots of displacement against temperature change, pressure change and
tidal strain are shown in (d), (e) and (f), respectively.

When removing the linear trend for the beam displacement in x-direction, a periodic sig-
nature of approximately one cycle per day (1cpd) and a peak-to-peak amplitude of about
10nm is found (Fig. 3.13c). This agrees in magnitude and phase with theoretical horizon-
tal tidal strain in eastern direction, which is computed using the PyGTide package (Rau
et al. 2022). A summation of IDS03-X and IDS05-X, which are oriented towards the same
corner mirror (see Fig. 3.7a), divided by the perimeter (P = 33.5m), aligns well with the
theoretical predicted tidal strain.
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3.2.6 Environmental Effects
3.2.6.1 Thermal Response

The optical resonator includes stainless steel bellows, decoupling the beam pipe enclosures
from the three corner boxes (Fig. 3.7a). Therefore, we subsequently assume, that deforma-
tions mainly occur at the corner boxes and their foundation. We further assume, that the
air temperature in the corners shafts is representative for the mirror corner itself without
any lag time.

Thermally Induced Drift in Sagnac Frequency

A variation in temperature in the corner shafts of the resonator introduces thermal defor-
mation. Two sources contribute dominantly to thermal deformation. Firstly, the concrete
foundation expands or contracts due to thermal forcing, therefore increasing or decreasing
the resonator side length, and hence the scale factor (Eq. (3.4)). Secondly, the stainless
steel corner boxes, which are designed to minimize thermal deformation with regard to the
mirror position, nevertheless, contribute to deformation via the alignment lever assembly
used to manually align the resonator. However, these two sources of deformation are dif-
ficult to separate. Any change in the scale factor is considered an instrumental effect or
error, in this case introduced thermally.

A response of the Sagnac frequency of RV to a temperature perturbation as a result of an
extended interval of air ventilation is shown in Figure 3.14. The maintenance work causes
a sudden increase in temperature of up to 2.5°C in the central shaft 01. The temperature
at the other two corners of the resonator (07 and 09) is only slightly perturbed. The
seasonal temperature trend over 80 hours here is about 250 m°C and more pronounced on
temperature records of PS7 and PS9.

The time series of the relative Sagnac frequency without backscatter errors shows a pro-
nounced response to the temperature perturbation, including a fast increase of about 6 mHz
followed by a slower decay. A thermal expansion of the resonator causes an increase of
the scale factor, thus the Sagnac frequency (see Eq. (3.4)). Here, 6 mHz variation would
correspond to a pure length change of about 160 um. This assumes no change in orientation
of the beam plane in connection with thermal deformation at the corner. The response
of the Sagnac frequency of RU (scaled by —0.5) without backscatter correction, is less
comparable (see Fig. 3.14). The drift signatures in the Sagnac frequency as a response to
temperature changes are observed for all rings, in particular during or after maintenance
periods (Fig. 3.9). Several upward drifts due to thermal expansion of the resonator followed
by relaxing contraction are clearly visible for RV in Figure 3.9c.
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Thermal Signature of Beam Walk

Between 2024-05-24 and 2024-06-24, beam displacement for one corner of RZ (IDS01,
southern shaft), RU (IDS00, northwestern shaft) and RV (IDS07, southern shaft) was
monitored simultaneously (Fig 3.15). Until day 24, the displacement of the monitored
beams, in particular for x-directions, follows an increasing trend that is reflected in the
temperature records of the upper shafts (PS5, PS7, PS9). The long-term temperature in-
crease of about 2 °C across 24 days corresponds to beam displacements in the x-direction of
60um (RZ), 110 um (RU) and 220 um (RV). The temperature in the central shaft remains
rather undisturbed, except of temperature spikes of short duration during maintenance
work (Fig. 3.15). The strong displacement observed between day 24 and day 28 is forced
dominantly by the activation of the internal air ventilation system of ROMY, introducing
strong temperature perturbations. In the upper shafts, the introduced thermal perturba-
tion amount to 1°C to 2°C and in the central shaft up to 0.3°C (Fig. 3.15d).

Linear coefficients between the combined displacement of x- and y-direction and temper-
ature changes are estimated before and after the thermal perturbation on 2024-05-24, as
shown in Figure 3.16a and 3.16b, respectively. For the regression, a summed temperature
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Figure 3.14: (a) Relative Sagnac frequency (Af) for RV without backscatter errors during a
drift, which is controlled by strong temperature variation. The strong temperature change
(AT) is introduced due to running air ventilation in the central shaft starting prior to the
maintenance work (yellow area). The Sagnac frequency of RU is multiplied by a factor of -
0.5 to fit and a moving average is applied. A second axis shows the corresponding resonator
side length variation (AL). (b) Relative temperature change in central shaft (PS1) as well
as corner shafts of RV (PS7 and PS9). PSX represents a stacked temperature variation.
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is used, which is composed of the individual measurements at the corners of reach ring
resonator. A linear trend is evident, but overlain by more complex interactions. The co-
efficients for RZ, 4.2 pmoC_l and 6.7 pmoC_l, vary only insignificantly for both examples
(Fig. 3.16) and are small compared to the RU and RV.

For RU, thermal coefficients between the two selected periods of 17.3 ym °C~!and 31.5 um °C~!
are obtained and for RV 52.9 meC_l and 90.9 pmoC_1 are estimated. Higher thermal co-
efficients are obtained for the period with a strong, short-term temperature perturbation.
The strongest thermal response is observable at the resonator of RV.
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Figure 3.15: Relative beam displacement of (a) RU, (b) RZ and (c) RV across 31 days
since 2024-05-24. (d) Temperature observations at all corners are shown. The hatched,
gray area marks a time period with activated air ventilation. Yellow, vertical lines indicate
maintenance periods. The beam displacement has a sampling time of 10 min and outliers
have been excluded.

A long-term thermal coefficient of 40 um °C~'or0.6 um °C~!'d~! is obtained for RU, based
on 300 um displacement in x-direction for 7.5°C over 70 days (Fig. 3.11c).

A thermal effect on the ring resonator is expected and observed for multiple rings of ROMY.
Temperature variations have shown to deform the stainless-steel corners, in particular by
affecting the adjustment levers, and hence cause scale factor changes reflected in beam walk.
This can be detected by observing beam wander at the corners. The thermal deformation
coefficients for individual rings vary and range in the tens of micrometer displacement per
degree Celsius.



64 Instrumental Characterization

2024-06-03 - 2024-06-14 2024-06-14 - 2024-06-18
120 A (a) ¥ 120 (b)
g— 1001 g_ 100 1
€ Z(M=42xT+00 = Z(M =6.7xT+0.0
U 80 Z4.2X1 10 T g0 =6.7x T +0.
£ =
0] Q
o (8
2 607 V(T) =52.9xT +0.0 2 601 V(T) =90.9.x T+ 0.0
0 o
O 404 O 40
] (5]
Z y ) =
= . $ T =
T 201 o 20 A
v : ' L
0 - 01
00 05 10 15 20 25 30 35 40 0 1 2 3 4 5 6
relative Temperature (°C) relative Temperature (°C)

Figure 3.16: Linear regression of beam displacement and temperature for RZ, RU and RV.
Absolute beam displacement (d = \/z? + y?) and combined temperatures at all corners of
RU (orange), RZ (blue) and RV (red) for two time periods (a) 2024-06-03 to 2024-06-14
and (b) 2024-06-14 to 2024-06-18 are used. Hereby, data (a) before and (b) during a strong
temperature perturbation, as indicated in Figure 3.15, is analyzed.

Temperature Variation and Mode Jumps

Within the Sagnac frequency time series, we observe frequent mode jumps not causing
split-mode states, however, shifting the Sagnac frequency. An exemplary mode jump is
shown in Figure 3.17a, occurring after about 14 hours, shifting the Sagnac frequency of RV
by about 2mHz.

When assuming that a mode-jump occurs as soon as the perimeter of the ring resonator
is expanded or contracted by at least one wavelength (~633nm), we can estimate linear
thermal expansion coefficients. In order to study the temperature variation only, we have
to assume, that no other environmental effects act on the Sagnac frequency at this time.
Most thermal deformation is assumed to accumulate at the corners of the triangular ring
resonator, since the resonator edges and corners are decoupled by stainless steel bellows.
The air temperature measurements inside the corner three shafts (01, 07 and 09) of the RV
ring resonator as well as a summed, overall temperature trace are shown in Figure 3.18.

In order to accumulate a linear strain along the resonator perimeter of about 633 nm, a
linear thermal expansion coefficient of o = 15ue/°C has to be used. In this example, most
temperature variation, hence strain, is attributed to the corner in shaft 07. An expansion
of the ring resonator as a result of an increase in temperature causes an increase of the
enclosed area and perimeter, and thus the in Sagnac frequency (Eq. (3.2)), as seen in
Figure 3.18a.

A second example with a sequence of five mode jumps, with a rather constant repetition
time of approximately 2hours, is shown in Figure 3.17a for RV. Before and after this
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Figure 3.17: An example for observed mode jumps at RV related to temperature variations
and thermal expansion of the ring resonator. (a) A mode jump is observed after approx.
14 hours for the relative Sagnac frequency of RV. (b) - (d) Air temperature measurements
in the corner shafts 01, 07 and 09 of ROMY. (e) A superposition of the individual temper-
atures. Each temperature has a strain axis showing converted temperature to linear strain
using a thermal expansion coefficient of o = 10ue/°C.

sequence, a split-mode operation state occurs. Between the mode jumps, the Sagnac
frequency shows an increasing trend which does not meet the expectations for an overall
decreasing temperature trend, namely a contraction of the resonator. From the start of
the sequence to the end, however, we find an overall decrease in Sagnac frequency, in
accordance with expectations. For an « of 10ue/°C, an integrated strain of 633nm is
obtained between the split-mode states with regard to the overall temperature (Fig. 3.18).
We can not explain the intermediate mode jumps comprehensively.

The estimated thermal coefficients of 10pe/°C to 15ue/°C are similar to commonly used
values for concrete (8ue/°C to 13ue/°C; Eurocode 2; Bamforth et al. (2008)), which can
vary strongly depending on the used concrete aggregate. Structural steel is based on similar
values (10ue/°C to 12pe/°C; Eurocode 3, (ECCS 2015)).
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Figure 3.18: An example for observed mode jumps at RV related to temperature variations
and thermal expansion of the ring resonator. (a) Over 12hours five mode jumps are
observed for the relative Sagnac frequency of ROMY’s western ring (RV). (b) - (d) Air
temperature measurements in the corner shafts 01, 07 and 09 of ROMY. (e) A superposition
of the individual temperatures. Each temperature has a strain axis showing converted
temperature to linear strain using a thermal expansion coefficient of v = 15pe/°C. Dashed,
gray lines represent multiples of 633 nm. Moving averages are shown for the temperature
measurements in order to better visualize the trend.

Thermal Insulation

Thermal stability is essential to improve the operational stability of the heterolithic RLGs
of ROMY, as described in the sections above. The observed temperature variations (°C
down to m°C) have a significant effect on the scale factor (see Figs. 3.14 or 3.17). In
order to reduce observed temperature variations inside ROMY’s shafts, a passive thermal
insulation was designed and installed.

The passive thermal insulation intends to provide more stable temperature conditions by 1)
suppressing air mass exchange between outside and inside by introducing a low conductive
barrier and 2) limiting strong air convection to the upper volume near the exposed metallic
cover, experiencing strong heat intake.

A 60mm thick styrofoam plate is mounted on a sliding aluminum frame to separate the
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smaller, upper volume from the main volume containing the resonator corners. The slid-
ing system is installed at the ceiling of the shaft. This design can be considered as a
lowpass filter to reduce daily and sub-daily air temperature fluctuations. Additionally, an
electrically rotatable valve was installed for the ventilation pipe of the central shaft to
automatically close this direct link, avoiding ambient temperature fluctuations to enter,
unless maintenance work is being conducted.

To verify the enhancement, observations before and after the installation of the insulation
are provided in Figures 2.13 and 3.19, respectively. Outside air temperature observations
in September 2022 (Fig. 2.13a) contain many days with strong daily variations of more
than 10°C, also reflected as pronounced spectral peaks in Figure 2.13¢ at one and two
cycles per day. With no thermal insulation, except of closed metallic top covers, the
temperature variations propagate inside the shafts, visible in the time and the frequency
domain, especially by a broad spectral peak at one cycle per day. Temperature sensors
WS4 and WSS are located in access shaft that host electronics for plasma discharge, and
elevated absolute temperature levels in these shafts are most likely related to electronic
excess heat. Sensor WS1 is located at the bottom of the central shaft at a depth of about
14 m below surface, with the most stable temperature conditions at about 12°C to 16°C
throughout the year. If present, any daily or sub-daily air temperature variations for WS1
are below the sensor resolution threshold. The sudden increase in air temperature on
day 14 (Fig. 2.13b) is linked to automatic activation of a dehumidifier unit, which is also
reflected in the corresponding power spectral density.

The insulation is fully operational since 2024-03-09. The impact of the passive, thermal
insulation is tested by comparing the period before the insulation (Fig. 2.13) and a period
without disturbance due to maintenance work between 2024-03-09 and 2024-04-09 after all
insulation plates were installed. Outside air temperature for this period in spring shows
comparable variations as before in September (Fig. 3.19a).

Inside temperature is based on records of upgraded sensors located in five access shafts
(01, 04, 05, 07 and 09). Being at the bottom of the central shaft, PS1 represents again the
most stable air temperature between 15.4°C to 15.6 °C. Daily or sub-daily air temperature
variations are, however, not visible in the time series nor the power spectra. At the daily
and sub-daily spectral peaks, the difference between outside and inside is approximately
50 dB.

We find that the passive thermal insulation successfully acts as a low-pass filter, suppressing
short-term variations. In turn, this reduces thermal forcing on the ring resonators, hence
instrumental effects and drifts and improves the short-term operational stability. The
upper shafts still show a slow long-term temperature increase. The passive insulation,
however, cannot mitigate seasonal variations (Fig. 3.19).
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Figure 3.19: Temperature data is shown between 2024-03-09 and 2024-04-09. Gray areas
indicate day time (sunrise to sunset). (a) The outside temperature recorded at the weather
station FURT. (b) Temperature records of five DPS310 sensors inside ROMY'’s shafts. (c)
Power spectral densities are shown for DPS310 and FURT records based on the time series
in (a) and (b).

3.2.6.2 Barometric Response

An example of a distinct, passing low-pressure system around midday of 2024-05-06 and
the response in terms of beam displacement at RZ is shown in Figure 3.20. The peak
beam displacement in reversed y-direction (~=—6um) is about ten times more pronounced
compared to the x-direction (=0.6um) of this example. The displacement in x-direction
represents a twist of the corner (= in-plane motion), which is less correlated since excited
due to local pressure changes.

There is a clear correlation (CC=0.8) between the local barometric pressure and the re-
versed y-direction of the beam displacement (Fig. 3.20a). This, in turn, causes deformation,
such as tilting, at the corners of the resonator, which is reflected in beam walk. Observa-
tions of a co-located inertial Lippmann tiltmeter ROMYT confirm E-W tilt deformation
at the corner basement exceeding the tidal deformation at the time during minimum air
pressure. Tilt deformation in N-S direction is less pronounced (Fig. 3.20).

The Hilbert transform of the barometric pressure can be used to approximate the surface
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deformation in the surrounding area by a travelling pressure wave (Ziirn et al. 2007). No
obvious correlation is found for the Hilbert transform, thus most deformation is rather
caused locally due to deformation of additional barometric loading deforming the shafts
(= cavities) of ROMY.

A negative tilt deformation of about 550 nrad appears on the absolute tilt of ROMYT and
BROMY (= borehole tiltmeter deployed at the tip of ROMY), for the low pressure period
(Fig. 3.20c). This agrees well with the reversed beam displacement of almost —3um. The
low-frequent, backscatter corrected Sagnac frequency of RV correlates well with the baro-
metric pressure and a relative change of approximately —1.6 mHz is observed (Fig. 3.20c¢).

A second example for pressure loading induced deformation at the resonator corner is
provided in Figure S.11, confirming the presented observations.
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Figure 3.20: Beam position of RZ is shown (a) in reversed y-direction (= out-of-plane) and
(b) in x-direction (= in-plane) between 2024-07-05 to 2024-07-08. Outliers for beam wander
were removed. The absolute barometric pressure (solid blue) and the Hilbert transform
of the barometric pressure (dotted blue) are shown. Tilt observations of the ROMYT
tiltmeter located about 50 cm next to the corner are plotted as N-S (dashed red) and E-W
(solid red) tilt. (c) Comparison of the absolute beam displacement (v/ X2 + Y2) of IDS01,
the absolute tilt (v N2 + E?) for ROMYT (solid) and BROMY (dashed) as well as the
6 hour moving average of the Sagnac frequency of RV without backscatter.
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3.2.6.3 Hydrological Response

The near-surface, concrete ROMY structure is exposed to a near-surface groundwater
layer. Variations of the groundwater table, in particular after heavy rain, are expected to
exert asymmetric hydrostatic pressure on the ROMY structure. Increasing pore pressure
in the refilled material of the ROMY structure also contributes to its deformation. Both
contribute to deformation of the entire ROMY structure and alter the scale factor due to
orientation and geometric changes of the ring resonator. For a large one-sided hydrostatic
pressure change, a response of the Sagnac frequency due to an orientation changes of
the areal vector, in particular for N-S directed tilts, is expected. Assuming the entire
structure behaves monolithic (no internal deformation) the overall change in orientation
should be resembled complementary in Sagnac frequency observations of multiple rings.
Without backscatter corrections for all RLGs simultaneously, however, small variations
in orientation due to hydrological forcing are not easily discernible from other long-term
effects (e.g. temperature variation). Moreover, a substantial short-term hydrological event
(e.g. heavy rain) would be required in order to distinguish and quantify this effect reliably.

3.2.6.4 Modelling Instrumental Drifts
Beam Walk Model

The observed instrumental drifts in beam positions, caused by resonator deformation, are
strongly related to environmental factors, as described above. A simple, multi-variant linear
model is used to link environmental observations and beam wander (bw) comprehensively,
assuming a dominantly linear relation:

bw = Z Cn Qn (3.7)

with ¢, as linear coefficients and @),, as corresponding observed quantities.

The Kendall rank correlation serves as a measure of dependence between pairs of observ-
ables (Figs. 3.21b and 3.21d). Different Kendall rank correlations are found for pairs of
observables for beam displacement in x- (bwz) and y-direction (bwy), while both show high
correlation with air temperature observations (Fig. 3.21b and 3.21d).

An example model for bwy and bwx at RV is presented in Figure 3.21a and 3.21c, re-
spectively. The first two-thirds of the dataset (gray shaded area) is used to determine
linear coefficients for each model with a subset of observables based on their Kendall rank
correlation:

bwy = co-bdo+ cy-psl + co - psT+ c3 - ps9 + ¢4 - mae + ¢5 - man,
bwxr = co-psl+cy-psT+cy-ps9+c3-mae+cy - man

with abbreviations of observables listed and described in Table 3.1. The linear regression is
based on a RANSAC (RANdom SAmple Consensus) algorithm, which is a robust regression
approach that automatically rejects outliers.
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The modelled beam wander (light red) captures the trend and major modulations well
(Fig. 3.21) with overall R? values about 0.99 The observable quantities are smoothed using
a moving average of 30 min and reduced by the start value. Obtained coefficients are listed
in Table 3.1.

Beam wander for the last one-third of the dataset is predicted using the obtained linear
coefficients. The predicted beam displacement (purple) deviates significantly from the ob-
servation (black), which indicates an oversimplified model and/or missing observables of
driving forces (Fig. 3.21). Also, hysteresis effects or insufficient sampling of the observables,
like temperature along the resonator or concrete foundation, might contribute. Further-
more, the observables are not entirely independent, which is reflected by higher Kendall
correlation between the observables, not merely with respect to bwy and bwzx (Fig. 3.21a
and 3.21b).

Spikes in the predicted data are related to temperature spikes during maintenance, which
are not captured during coefficient modelling. Generally, the linear model reproduces the
observed, underlying drifts, which supports that the included observables are main drivers,
as outlined for case studies in Section 3.2.6.

Table 3.1: The code used for quantities, the unit, and a quantity description are provided.
C,, are linear coefficients obtained using a multi-variant model based on a RANSAC re-
gression.

Code Unit C,(bwx) C,(bwy) C,(fs) Description

fsbs  mHz — — — Sagnac frequency w/o backscatter error
bwx um - - 0.06  x-displacement on ids07

bwy um - - 0.001  y-displacement on ids07

peg m - - -0.1  groundwater level

man  prad -3.1 4.6 1.1 N-S tilt of ROMYT

mae  prad 9.9 24.9 0.4  E-W tilt of ROMYT

psl °C 319.6 223.1 -0.8  air temperature in shaft 01

ps7 °C -14.2 -39.4 2.7 air temperature in shaft 07

ps9 °C 115.7 82.6 -4.8  air temperature in shaft 09

bdo hPa - -2.6 0.1 absolute barometric pressure of FFBI

hp hPa — — — Hilbert transform of barometric pressure
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Figure 3.21: Time series of the relative beam displacement for RV are shown (a) in x-
direction (bmz, in-plane) and (c) in y-direction (bwy, out-of-plane) as observed (black) and
modelled (red). Data in the gray shaded area are used to fit a linear, multi-variant model as
defined on top. The prediction (purple) is based on the obtained model coefficients. Kendall
rank correlation coefficient matrices are shown in (b) and (d) for bwy and bwzx, respectively.
Observables are: peg = water level, man = N-S tilt, mae = E-W tilt, psl|ps5|ps9 = air
temperature inside shaft 1|59, bdo = absolute air pressure, hp = Hilbert transform of air
pressure.

Sagnac Frequency Model

As a next step, we use the same approach to model drifts of the Sagnac frequency directly,
taking into account a set of observables, including beam walk (bwz and bwy), temperatures
(ps7 and ps9) and barometric pressure (bdo), as well as the Hilbert transform of the baro-
metric pressure (hp). The observable quantities are smoothed using a moving average of
60 min and reduced by the start value of the time series. Two prominent downward spikes
in the Sagnac frequency are attributed to maintenance work, thus temperature spikes, in
shaft 01 (Fig. 3.22a).

Hereby, the assumption of simple, linear dependencies is even stronger, since the underlying
relationships are more complex. Nevertheless, the model, with an R? of 0.974, is able to
capture long-term drifts of the time series (Fig. 3.22a). The prediction accuracy of the
model seems good, although we believe the model is rather simplistic.
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Figure 3.22: (a) A time series of the smoothed Sagnac frequency at RV as observed (black)
and modelled (red). Data in the gray shaded area are used to fit a linear, multi-variant
model as defined on top. The prediction (purple) is based on the obtained model coef-
ficients. Kendall rank correlation coefficient matrices are shown in (b) for the smoothed
Sagnac frequency without backscatter (fj,s) with other observables: bwy = beam displace-
ment in y-direction, bwxr = beam displacement in x-direction, peg = water level, man =
N-S tilt, mae = E-W tilt, psl|ps7|ps9 = air temperature inside shaft 1|7]|9, bdo = absolute
barometric pressure, hp = Hilbert transform of barometric pressure.

Drift Correction

The estimated model can be used to correct for instrumental long-term drifts, yielding a
strong variance reduction of the Sagnac frequency across 18 days compared to the backscat-
ter corrected time series and reduces drifts to below 1 mHz (Fig. 3.23a).

An Allan deviation for the uncorrected Sagnac frequency shows a minimum for integration
times around 120s, and an increase towards larger integration times that is related to
instrumental drifts. A backscatter corrected Sagnac frequency shifts the Allan deviation
minimum towards 400s. When additionally reducing the drift model, a reduction for
integration times of above 10° sec is visible (Fig. 3.23b).

3.2.7 Discussion

Currently, only few large ring laser gyroscopes are operated for geophysical or geodetic ob-
servations of rotational motions. With its four individual RLGs, ROMY is the only existing
instrument that can provide all three components of ground rotation at high sensitivity.
The heterolithic realization of the ROMY structure naturally poses challenges with regard
to the mechanical stability of the optical resonators. External drivers causing instrumental
effects by altering the scale factor have to be understood, correlations quantified, and po-
tentially avoided or corrected for in the future in order to enhance the operational stability
for continuous high-quality data acquisition.



74 Instrumental Characterization

We report on observations of multiple RLGs operated across several months with simul-
taneous monitoring of the external environment. Uncorrected Sagnac beat frequency time
series exhibit long-term drifts in a range of several tens of mHz over 5months. For this
period, the uptime with good quality data is around 85 % for all three operated RLGs
(Fig. 3.8). An increase in maintenance frequency towards the end of this observational
period is notable, introducing additional thermal variation. In terms of times between
split-mode operation states, RU and RV appear to have a higher operational stability at
around 6 hours (Fig. 3.8b). These parameters, however, are influenced by the configuration
of the intensity control of the respective ring, which had to be adjusted individually over
the observation period, and are therefore only of limited use for comparison purposes.

We present first results of a backscatter correction applied to an active, triangular-shaped,
heterolithic RLG with 12m side length. The detection of weak monobeam signals — rele-
vant for backscatter corrections — is challenging in the presence of relatively strong elec-
tronic hum noise. As expected for larger RLGs, the contribution of backscatter-induced
errors/drifts is reduced (Hurst et al. 2009), but the achieved reduction in frequency drift
still ranges within 1 mHz to 2mHz (see Fig. 3.10, S.8, and S.9). By correcting backscatter-
induced frequency errors, a variance reduction of above 90 % can be achieved. For the
6.25m? square, heterolithic ring ER-1, the backscatter introduced error is larger, reach-
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Figure 3.23: (a) Sagnac frequency variation of RV for 18 days (black) and without backscat-
ter errors (red). The backscatter correct data is reduced by the drift model (blue). Solid
lines represent a moving average of 60 min. (b) Overlapping Allan deviations of the scaled
relative Sagnac frequency time series (Af/fy) with fy=447.728 Hz. The dashed, black line
is based on 5 hours of 10 Hz data to extend towards smaller integration times.
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ing 50mHz to 90 mHz (Zou 2021). For the square, heterolithic GINGERino with a side
length of 3.6 m, the backscatter correction reduces Sagnac frequency fluctuations between
—25mHz to 30 mHz to below 2mHz (Belfi et al. 2017).

In the backscatter corrected signal, long-term and short-term drifts remain, which we
relate to atmospheric pressure and temperature induced deformations of the optical ring
resonator. As these effects overlap, it is difficult to analyze them separately. We therefore
focus on examples with a dominant influence of individual environmental drivers.

Short-term frequency drifts of several mHz in the backscatter corrected time series are ob-
served and related to thermal perturbations. Across several hours, we relate temperature
variations at the corners to integrated thermal strain along the resonator, causing expected
mode jumps after one wavelength of deformation. The inferred linear thermal expansion
coefficients are comparable to common values for concrete (Bamforth et al. 2008) or struc-
tural steel (ECCS 2015). These mode transitions often result in split-mode operation
states, thus compromising the operational stability.

We present a passive thermal insulation design for ROMY’s access shafts that successfully
suppresses significant daily and sub-daily temperature variations previously observed in
the near-surface shafts. This improves the short-term operational stability due to a more
thermally stable condition at the corners of the ring resonator. Seasonal temperature
trends, however, still propagate and compromise the long-term stability due to thermal
deformation. Further passive shielding or active temperature stabilization might provide
additional enhancement.

A beam wander monitoring setup has been successfully realized to quantify deformation
at individual resonator corners, which reveals beam displacements of up to 200 um over
3weeks in a relatively undisturbed setup, while in the presence of strong temperature
forcing similar displacements are observed within a few days.

Beam displacements over 74days for RU vary in a range of 100um and 340um for the
out-of-plane and in-plane direction, respectively (Fig. 3.11). Pritsch et al. (2007) reported
beam displacements of 50 um for the rectangle, heterolithic RLG UG-2 with a perimeter
of 121.435m, located in an underground cave near Christchurch, New Zealand. While a
rotational deformation in-plane seems to be dominated by thermal expansion, the out-of-
plane deformation reveals contributions of cavity deformation due to barometric pressure
loading.

We find maximal coefficients for beam displacements at RV of up to 90.9 meC’l over
4 days with dominantly temperature driven deformation. Strong temperature perturba-
tions might promote non-linear behavior. For slower, more linear temperature variations,
the coefficients are about half as large (<53um °C™).

Linear coefficients for the beam displacement caused by temperature variations are esti-
mated for RZ, RV and RU. Absolute beam displacements for RZ show a low response to
slow temperature variations 4.2 pmoC_l, whereas RV seems to have a stronger thermal
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response 52.9 meC_l. For RU, we estimate a long-term thermal coefficient of 40 meC_l
over 70days (apporx. 0.57m°C™! d™!) for in-plane beam displacement, driven by a sea-
sonal temperature increase.

The in-plane direction of beam wander seems to dominantly result from inhomogeneous
thermal deformation at the corners and foundation. This influences the Sagnac beat signal
by varying the combination of the beams for the interferogram, as illustrated in Figure 3.24b
and observed in Figure 3.12. When compared with FSR inferred perimeter changes, about
half of the thermal expansion contributes to deformation at the corner and foundation that
results in absolute beam walk, whereas the other half seems to be homogenous expansion,
contributing only to perimeter change.

A periodic signature in the highpass filtered in-plane beam displacements, divided by the
perimeter, with an amplitude of about 10 nm implies a correlation with theoretical tidal
strain towards east.

Highpass signatures well correlated with pressure are present at the perimeter change
record, although about four times smaller. Consequently, pressure induced deformation
has a reduced effect on the perimeter change. We find a high correlation between the out-
of-plane direction of the beam displacement with changes in barometric pressure for long-
term observations (Fig. 3.11) and individual passing low pressure events (Fig. 3.20). For
approx. 10hPa change in barometric pressure, a displacement of about 6 ym is observed.
Displacement in x-direction is roughly one order of magnitude smaller and does not reveal
a clear correlation.

A response is also observed on the inertial tiltmeter, which is why we attribute this de-
formation to a local cavity effect, as discussed by Ziirn et al. (e.g., 2007). The local
barometric loading/unloading at the surface deforms the cylindrical corner shaft, being
an underground cavity, in a way that the resonator corner deforms dominantly along the
out-of-plane degree of freedom as illustrated in Figure 3.24a. A low twisting, i.e. in-plane
displacement, deformation is expected for the vertically acting loading due to barometric
pressure.

Variations of the near-surface hydrology causing asymmetric hydrostatic pressure changes
are expected to have an effect on the orientation and possibly also internal deformation
of the ROMY structure. At this stage, however, these effects are obscured by more pro-
nounced effects, such as ambient temperature and air pressure.

A simple, linear multi-variant model reproduces dominant trends in beam displacements
and supports a dominant effect of temperature on the in-plane and stronger effects of baro-
metric pressure in the out-of-plane direction. While supporting the discussed correlations,
the linear coefficients derived from the comprehensive modelling approach differ from those
inferred from individual examples. Concerning thermal coefficients, comparable values for
PS7 and PS9 as above between —39.4 pmonl to 115.7 pmonl are obtained comprising
both beam walk directions (see Table 3.1). In the comprehensive model, a coefficient of
—2.6um hPa™! is obtained, whereas a comparison with high frequency signatures of dis-
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placement and pressure indicates a coupling coefficient of 1um hPa~!. The discrepancy
might be attributed to low-frequency pressure content involved in the modelling.

(a) ubarometric uloadmg ﬂ (b)
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Figure 3.24: (a) Schematic deformation processes of a shaft due to barometric loading,
reflected in out-of-plane beam displacement. (b) Schematic in-plane beam displacement
due to mirror corner deformation. The upper left mirror is displaced, causing the formerly
red beam plane to adjust to the blue dashed beam plane. Sketches are exaggerated and
not to scale.

Predictions based on the model-derived coupling coefficients for beam walk based on the
currently available short dataset show a decreased fit with actual observations. A linear
approach might therefore be too simplistic to capture all involved processes appropriately.
Observables, such as temperature, might also be sampled too coarsely along the optical
resonator. A dominant contribution of the included observables, however, supports findings
from case studies presented in Section 3.2.6.

In a next step, a linear, multi-variant drift model is derived for a Sagnac frequency times
series of RV, incorporating a selected subset of six observables, that captures underlying
drifts well.

When computing an Allan deviation for uncorrected data, the minimum is encountered at
about 100 s to 200s. After removing the backscatter errors, the minimum is shifted towards
400s. A correction, based on the drift model, applied to the Sagnac frequency time series
without backscatter errors, results in an improved Allan deviation, for integration times
above 10%s (Fig. 3.23). For integration times of hours to days, the stability is improved.

An improved model might offer a removal of dominant long-term trends caused by envi-
ronmental factors during post-processing, however, not improving short-term effects and
the operational stability. The latter requires a sophisticated geometric stabilization system
for all resonators. This is planned for the ROMY RLG in the near future.
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3.2.8 Conclusions

We present observational data for the multi-component ring laser array ROMY with re-
spect to environmental observations in order to relate external forcing to instrumental
drifts. Operation of multiple RLGs of ROMY with an uptime more than 80% is feasible,
providing observations for three components of rotational ground motion for geophysical
(and eventually geodetic) applications. We acknowledge, however, that at this stage man-
ual supervision and frequent maintenance is required. Backscatter correction, applied to
the 12m, triangular RLGs of ROMY, reduces the Sagnac frequency variations by about
2mHz to 3mHz and is compatible with the expectations.

Camera-based monitoring of beam walk at the mirror corners provides access to deforma-
tion of the optical resonator. We find beam displacements of tens to hundreds of um over
several days up to weeks, leading to significant variations of the RLG scale factor. This
decreases the overall operational stability. Monitoring the 12!* FSR, we obtain perimeter
changes of the order of 7umd~", which is about twice the rate of beam walk, indicating a
portion of a homogeneous corner expansion as well.

A dominant, long-term driver for deformation is thermal expansion, in particular for the
in-plane beam displacement. We can attribute this to an undesired temperature sensitiv-
ity of the alignment lever assembly, in particular for the in-plane alignment. The in-plane
displacement also reveals a periodic signature, likely related to horizontal tidal strain de-
formation. For the out-of-plane beam displacement, we observe a clear correlation with
barometric pressure, likely related to tilt deformation of the corner’s foundation induced
by varying pressure loading on top.

A linear, multi-variant modelling approach enables to reproduce trends in beam displace-
ment as well as the Sagnac frequency variations. Improvements in short-term thermal
insulation are achieved by a newly installed passive insulation system. A seasonal temper-
ature variation, however, is still present. Barometric pressure shielding with the current
structural design is not realizable.

To exploit ROMY’s full potential as the only multi-component, high-sensitive ring laser
array for geodetic signals (e.g., polar motion or length of day variations) more effort has
to be invested to increase long-term stability. The presented contribution to a better
understanding of instrumental effects of ROMY caused by its environment, based on a
new monitoring sensor network, serves as a basis to develop further strategies to stabi-
lize the RLGs. Model based corrections of drifts caused by environmental factors during
post-processing seem feasible. In order to achieve an enhanced operational stability and
uptime by reducing short-term effects, a well-designed, active control system stabilizing
the resonator geometry is essential.
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Data and Resources

Ring laser data of ROMY were provided by the Geophysical Observatory in Fiirstenfeld-
bruck (BayernNetz 2001). Extensive parts of data processing were done using modules of
the ObsPy python package (Megies et al. 2011). All other data used in this paper came
from published sources listed in the references. Processed data, data processing scripts
and Jupyter notebooks to create the figures are accessible at the following repositories.
For more details, please contact the corresponding author.

1. https://syncandshare.lrz.de/getlink/fiN8s26Zjy4bSo(BA9hSYF/RSI-ROMY-2
024

2. https://github.com/andbrocode/InstrumentalEffectsROMY.git
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Chapter 4

Rotational Seismology

Rotational seismology is a field that emerged after advances in ring laser technology made
direct observations of weak ground rotations possible. Combining translational and rota-
tional ground motion observations of the seismic wavefield provides an information gain of
the particle motion with a single station. By following the linear elastic waveform theory
for plane waves, information, for instance, about the local subsurface velocity structure or
the backazimuth of plane waves can be obtained (e.g. Cochard et al. 2006, Keil et al. 2021).

The first article in this chapter (4.1) presents the first rotational low noise model on Earth.
This model is derived from the constrained NLNM for vertical ground accelerations by
Peterson (1993). Using global, model-based Rayleigh wave phase velocities, a RLNM for
transverse rotations is constrained and validated with available observations. Knowledge of
the background noise level is essential for experimental design, for a deeper understanding
of our planet, and for instrument development as a benchmark.

The second article (4.2) was inspired by a research stay at PFO in 2022 within the scope
of a Paros Scholarship awarded by the American Geophysical Union for projects related to
geophysical instrumentation. During the research project, the former one-component ring
laser gyroscope, named GEOsensor (Schreiber et al. 2006a), installed at the underground
vault of the Pinon Flat Observatory was recovered. Instead, a three-component rotation
rate sensor was installed, which, together with a seismometer, functions as a six degrees-
of-freedom (6-DoF') station. This provides the opportunity to continuously study the local
and regional seismicity using the 6-DoF methodology.
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Rotational Ground Motions on Earth
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Abstract

The development of high-sensitive ground motion instrumentation for Earth and planetary
exploration is governed by so-called low-noise models, which characterize the minimum
level of physical ground motions, observed across a very broad frequency range (0.1 mHz-
100Hz). For decades, broad-band instruments for seismic translational ground motion
sensing allowed for observations down to the Earth’s low noise model. Knowing the low-
ermost noise level distribution across frequencies enabled not only to infer characteristics
of Earth such as the ocean microseismic noise (microseisms) and seismic hum, but also to
develop highly successful ambient seismic noise analysis techniques in seismology. Such a
low noise model currently does not exist for rotational ground motions. In the absence of
a substantial observational database, we propose a preliminary rotational low noise model
(RLNM) for transverse rotations based on two main wave field assumptions: the frequency
range under investigation is dominated by surface wave energy and the employed phase
velocity models for surface waves are representative. These assumptions hold in partic-
ular for a period range of about 2s to 50s and lose validity towards long periods when
constituents produced by atmospheric pressure dominate. Since noise levels of vertical
and horizontal accelerations differ, we expect also different noise levels for transverse and
vertical rotations. However, at this moment, we propose a common model for both types
of rotations based on the transverse RLNM. We test our RLNM against available direct
observations provided by two large-scale ring lasers (G-ring and ROMY) and array-derived
rotations (Pifion Flat Observatory PFO array, Grifenberg array and ROMY array). We
propose this RLNM to be useful as guidance for the development of high-performance rota-
tion instrumentation for seismic applications in a range of 2 to 50s. Achieving broadband
sensitivity below such a RLNM remains a challenging task, but one that has to be achieved.
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4.1.1 Introduction

The concept of low noise models is known in many scientific fields and characterizes a
minimum background noise level for a certain measurement in a given environment. Non-
coherent noise levels, thus non-transient signals, are commonly described by computing a
power spectral density (PSD) across the relevant frequency bandwidth. Applied on seis-
mic, or more general, physical ground motions, this reflects the minimal power of seismic
or physical background motions expected on a planet per frequency band under best ob-
servational circumstances. Therefore, a low noise model sets a minimum threshold for
observations of signals of interest. For translational seismic ground motions, more pre-
cisely acceleration, a new low and high noise model (NLNM/NHNM) has been presented
by Peterson (1993) replacing previous models by Brune & Oliver (1959). These models
were based on the envelope of averaged PSDs computed for recordings of ground accelera-
tion for a set of 75 global stations (Peterson 1993). The NLNM still serves as a benchmark
for instrumental self-noise level of translational seismic sensors in order to resolve obser-
vations of the lowermost expected signals. With the emergence of rotational observations
in seismology due to new instrumentation developments, such as large-scale Sagnac in-
terferometers, also referred to as ring lasers (Stedman et al. 1995, McLeod et al. 1998,
Schreiber & Wells 2023b), and optical fibre gyroscopes (Bernauer, Wassermann & Igel
2012, Bernauer et al. 2018), at the beginning of this century, a constant drive for improved
instrumentation and application in seismology could be observed (e.g Pancha et al. 2000,
Igel et al. 2005, Wassermann et al. 2009, Schmelzbach et al. 2018, Kislov & Gravirov 2021).
Observations of three components of rotational ground motions complement classic obser-
vations of three components of translational ground motions. In general, a deformable
elastic medium has 12 independent degrees of freedom (3 translations, 3 rotations and 6
strains; Aki & Richards (e.g. 2002)). Co-located seismometers and rotational sensors, with
three components each (6C station), enable the application of new processing techniques
(e.g. Igel et al. 2007, Sollberger et al. 2020), in particular for field deployment (Yuan et al.
2020), to better understand seismic wave fields and the subsurface. Resulting benefits
comprise, for instance, general wave field decomposition (Sollberger et al. 2020), ambient
noise analysis (Hadziioannou et al. 2012, Tanimoto et al. 2015), site characterization (Keil
et al. 2021, Singh et al. 2020), local measurement of anisotropy (Noe et al. (2022), Tang
et al., (in prep.)), improved structural health monitoring (Zembaty et al. 2021, Liao et al.
2022), teleseismic and eigenmode observations (e.g. Igel et al. 2011, Nader et al. 2015, Lin
et al. 2011), enhanced moment tensor inversion (Donner et al. 2016), dynamic tilt correc-
tion of horizontal components of seismometers (e.g. Bernauer et al. 2020b), especially for
ocean-bottom seismometers (Lindner et al. 2017), as well as structural health monitoring
(Guéguen & Astorga 2021). Currently, a variety of rotational sensors are operated and de-
veloped, such as large-scale ring lasers (e.g. Igel et al. 2021, Schreiber et al. 2006b, Ortolan
et al. 2016), fibre optic gyroscopes (e.g. Bernauer et al. 2018), mechanical beam balances
(e.g. Venkateswara et al. 2021, McCann et al. 2021) or liquid-based sensors (Leugoud &
Kharlamov 2012). However, to fully exploit the above-mentioned variety of benefits for seis-
mological applications, portable rotational sensors with improved sensitivity across a wide
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frequency range are required. To benchmark this instrumentation development, knowing
the rotational low noise model (RLNM) for Earth (and eventually other extraterrestrial
bodies) is crucial.

We describe the employed methodology in Section 4.1.2, all data used for comparison to the
theoretical low noise model for rotations in Section 4.1.3 and our results in Section 4.1.4.
Supporting materials are appended.

4.1.2 Methodology

The NLNM by Peterson (1993) for vertical acceleration is inferred from global observations.
Due to a current shortage of permanently operated rotational sensors with high sensitivity,
we chose a theoretical approach to convert the NLNM for vertical accelerations to obtain
a theoretical rotational low noise model (RLNM) for transverse rotations on Earth.

4.1.2.1 Translation to Rotation

In order to convert translations to rotations, we use known relations for plane waves in
linear elasticity, introducing rotations at the free surface (e.g. Cochard et al. 2006). The

rotation rate (2 is generally defined as:

5 10 /=
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where (7, t) is the seismic displacement, at the location 7" and time ¢.
For SH-polarized waves (Love waves), the vertical rotation rate 2z is related via the
horizontal Love phase velocity ¢y, with the transverse acceleration iip:

. 1 drp

Qp=—= —. 4.2

Z 2 Cr, ( )

For SV-polarized waves (Rayleigh waves), the transverse rotation rate Qr is related via the
horizontal Rayleigh phase velocity cg with the vertical acceleration i y:

P (4.3)
CR

The equations (4.2) and (4.3) have been described in previous literature (e.g. McLeod et al.
1998, Igel et al. 2005, Pancha et al. 2000, Belfi et al. 2012, Lin et al. 2011). A more detailed
derivation is provided in the supplementary materials of this article (Appendix 6).
The existing NLNM for vertical translations as power spectral density (PSD) (Peterson
1993), commonly encountered as relative decibel units, enables an estimate of a low noise
model for (transverse) rotations using equation (4.3) according to:

rad?

$?Hz'
where 7' denotes the period and ¢, z(7") is the dispersive Rayleigh phase velocity. See
appendix 6 for more details. This approach, however, relies on two essential assumptions:

PSDo(T) = (V/10PSPE D10 /cph,R<T)>2 with [PSDo(T)] = (4.4)
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1. The power of the vertical acceleration in the NLNM is attributed dominantly to
fundamental mode Rayleigh waves, at least for a range of 2s to 200s where this
assumption approximately holds.

2. The global, dispersive Rayleigh phase velocity structure (for the fundamental mode)
is known or modelled as a distribution or maximum likelihood curve.

These assumptions and their consequences are discussed in detail in Section 4.1.5. In this
article, figures are consistently discussed in terms of power or rather power density (;2“;1]22)
of rotational rate (“2¢) observations and across periods instead of frequencies.

S

4.1.2.2 Global Phase Velocities

We used the global S-wave velocity model obtained by Haned et al. (2016), hereafter called
HUMZ2. This model was derived from the inversion of path average Rayleigh wave group
velocities measured on empirical Green functions in the period range from 32s to 246s.
The crustal part of the model is based on Crust1.0 (Laske et al. 2013) laterally smoothed
with a correlation length of 800km, which corresponds to the resolution of the mantle
part of the model. The lateral resolution of this model is sufficient for investigating the
rotational low noise model. Phase velocities were then computed on a grid of 1x1 degrees,
following Saito (1988) and using the model HUM2. To infer the global phase velocities for
fundamental mode, dispersive Rayleigh waves, two processing steps were applied:

1. The sampling density at the pole regions has been reduced by introducing a minimum
distance (4 degrees ~ 444km) between sampling locations along each latitude, to
avoid a regional bias. The re-sampled locations are shown in Figure S.17b.

2. Sampling locations in the oceans are neglected by using a geographic continent/ocean
mask (Todd 2020) in order to satisfy the assumption of observing dominantly fun-
damental mode Rayleigh wave energy and use comparable velocity profiles for conti-
nental crust only.

The sampled locations to extract phase velocities, based on the HUM2 model (Haned
et al. 2016), are shown in Figure S.17a. A probability density distribution of all 1542
extracted phase velocities within 2s to 200s are shown in Figure 4.1b as a probability
density distribution. As expected, high variance of Rayleigh phase velocities is observed
for shorter periods (below 10s), which are mostly sensitive to the large lateral variations
of the crust and lithosphere. Towards longer periods, phase velocities display less lateral
variations.

4.1.3 Observational Data

In order to validate the proposed theoretical RLNM, we compare it to available direct
observations of large-scale ring lasers as well as array-derived rotational ground motions
based on three seismic arrays with different apertures, thus period ranges. All data cover
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the entire year of 2019 and are described in detail hereafter. An explicit exclusion of
seismic events has been neglected and dominating seismic noise is assumed across the long
observation period justifying PSD computation.

4.1.3.1 Statistical Single Station Validation

To evaluate the model in a first step, we chose a statistical approach to infer many local
rotational models using vertical acceleration recordings and the local Rayleigh wave phase
velocities computed for the HUM2 model (Haned et al. 2016). Data of the entire year of
2019 of 120 globally distributed seismic stations (Figure S.17a) are used to infer mean and
median PSDs for each station. An estimate of the local PSD for rotational ground motions
is obtained using the local Rayleigh wave phase velocities, which are interpolated at each
station location (Figure 4.3e).

4.1.3.2 Array Derived Rotations

Rotational ground motions can be inferred from well-designed seismic arrays (Huang 2003,
Spudich & Fletcher 2008, Suryanto et al. 2006). Three-component array derived rotations
(ADR) are computed for 2019 for three different seismic arrays: 1) the ROMY array (RMY)
surrounding the site of the Geophysical Observatory in Firstenfeldbruck, Germany, 2) a
subset of the Pinon Flat Observatory array (PFO array) in California, USA, and 3) a
subset of the Gréfenberg array (GRF) located in southeastern Germany.

For RMY, an inner array comprising four stations (FUR, FFB1, FBB2, FFB3) and an outer
array with six stations, using FUR as a central station, is deployed (see Figure S.12b). The
station distribution of the selected seismic arrays is shown in Figure S.12 with the arrays’
aperture indicated. The frequency range for array derived rotations is limited:

0.03 0.25
€< f< ¢ , (4.5)
a

where the lower limit depends on the array’s aperture a and the local apparent horizontal
seismic phase velocity ¢ (Spudich & Fletcher 2008, Poppeliers & Evans 2015). Poppeliers
& Evans (2015) set the value of 0.03 for the lower frequency limitation based on ampli-
tude measurement uncertainty and inter-station distances, both being crucial for gradient
calculation. For the PFO array, Donner et al. (2017) adjusted the lower frequency limit:

0.00238 0.25
DI g2 (4.6)
a

based on a re-evaluation of the amplitude uncertainty of the arrays’ sensors. Table 4.1
lists the applied limits for the three arrays. Hourly power spectral densities are computed
for each of the three components (Figures S.13, S.14, S.15 and S.16). As a statistical
representation, a median PSD is generally compared with the proposed RLNM.
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Table 4.1: Frequency limits (fmin and fioae) according to equations (4.6) and (4.5) and
required quantities (a = aperture; ¢ = apparent phase velocity) for the seismic arrays
PFO, GRF and RMY (see. Figure S.12 are listed. The RMY array is divided into an
inner (RMY;) and outer (RMY,) sub-array.

a (m) C (km/s) fmin (HZ) fmaaz (HZ) 1/fmm (S) 1/fmax (S)

PFO 730 3.8 0.01 1.3 80.7 0.8
GRF 17851 3.8 0.006 0.05 156.6 18.8
RMY, 2628 3.4 0.04 0.3 3.1 25.8
RMY; 230 3.4 0.4 3.7 0.3 2.3

4.1.3.3 Ring Laser Observations

Direct measurements of vertical ground rotations are provided by permanent, large-scale
ring lasers (= optical Sagnac interferometers). For this study, data of 2019 of the G-ring,
located at the Geodetic Observatory in Wettzell (Germany) (e.g. Schreiber et al. 2006b)
and the vertical component of ROMY (ROtational Motions in seismologY) ring laser array
(Igel et al. 2021), located at the Geophysical Observatory in Fiirstenfeldbruck (Germany),
are incorporated. Lasing in a horizontal plane, both the G-ring as well as the horizontal
ring of ROMY are sensitive to rotations around a vertical axis. Hence, these rotational
motions are induced by SH-polarized seismic waves (Love waves). The computed hourly
PSDs for ROMY and G-ring of 2019 are shown in Figure 4.2. Gaps result from non-
operational periods and maintenance work. The secondary microseism is the dominating
signal (2s to 10s), with expected seasonal variation, yielding more energy in the winter
months compared to the summer months (e.g. Tanimoto et al. 2015).
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Figure 4.1: a) shows the distribution of yearly median PSDs for all stations shown in
Fig. S.17A color-coded as a probability density with a computed median PSD and the
NLNM and NHNM (, black lines) by Peterson (1993). b) shows the probability density
of Rayleigh phase velocity curves extracted and smoothed from CRUST1.0 (Laske et al.
2013) at sampling locations shown in Fig. S.17b. The black line indicates the maximum of
the distribution. c) shows the estimated rotational low noise models based on the NLNM
in panel A and the phase velocity curves in panel b). The black, solid line indicates the

median rotational low noise model (RLNM).
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Figure 4.2: The left panels show hourly power spectral densities for 2019 for the vertical
component of a) the ROMY ring laser in Fiirstenfeldbruck, Germany and b) G-ring in
Wettzell, Germany. The right panel represents the median of all PSDs (red, solid) with a
95% confidence interval (red shade). The black, dashed line represents the Rotational Low
Noise Model (RLNM).

4.1.4 Results

We convert the NLNM for vertical acceleration to a low noise model for transverse rotations
using equation (4.3). Figure 4.1c shows the obtained rotational low noise models as a
probability density distribution for a selected bandwidth of 2s to 200s. The median of
the distribution is selected and referred to hereafter as a theoretical rotational low noise
model (RLNM). For the secondary microseism peak at approx. 4s to 5s, the RLNM yields
a level of about 1072 rad?s 2 Hz ! and for the primary microseism peak (approx. 14s) a
level of about 5 x 10~2*rad*s 2 Hz!. A minimum rotational noise level is defined at 50s
to 70s with 10~26rad®s 2Hz!. For the secondary microseism, all three components of
ADR of the PFO array show a smooth increase in power towards the peak with a steep
drop towards 10s (Figure 4.3a).
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Figure 4.3: Inferred Rotational Low Noise Models (RLNM) are shown as a probability
density distribution while the minimal RLNM is plotted as a black, solid line. Compared
are median PSDs of 2019 for three components of array derived rotations (ADR) for a)
the Pifon Flat Observatory (PFO) array in California, USA (UCSD 2014), b) the outer
(solid) and inner (dotted) ROMY (RMY) array in Fiirstenfeldbruck, Germany as well as
c) a sub-array of the German Grifenberg array (GRF) (GRSN 1976), where fainted colors
are outside the estimated usable frequency range of this array. Dotted lines towards longer
periods for ADR indicate contamination by tilt predominantly by horizontal components,
thus affecting vertical rotations the most. d) shows the median PSDs of 2019 (dotted)
and medians of selected days (solid) for vertical rotations of the large ring laser ROMY
and G-Ring both located in Germany. The 90%-confidence interval is shown as colored
area, respectively. A single-station model in e) is based on median PSDs of 2019 of global
seismic stations converted to rotations using local phase velocity profiles extracted from
CRUST1.0 (Laske et al. 2013). f) compares self-noise levels of existing portable sensors
BS3A (Bernauer et al. 2018), QRS (Venkateswara et al. 2021), BRS (Venkateswara et al.
2017), ALFRA (McCann et al. 2021) (solid lines), a theoretical limit based on geometrical
design only for large-scale ring lasers (ROMY and G-ring; dash-dotted lines) and planned
BS1C (Guattari (pers. comm.); dashed line).



Characterizing the rotational background noise level 91

The peak for the secondary microseism shows an offset of about 2s towards longer periods
compared to the RLNM (Figure 4.3a and 4.3b). Detailed investigations of this shift, ob-
served at the PFO, is not within the scope of this article. For the horizontal components,
the peak of primary microseism is present with about one order of magnitude in power
above the model (Figure 4.3a). The ADR power spectra of the inner and outer RMY array
show a broad peak for the secondary microseism band with approximately one order of
magnitude in power higher (Figure 4.3b). For the horizontal components, a signature of
the primary microseism is present. The horizontal components of ADR for the GRF array
follow the RLNM for periods within 18s to 70s (Figure 4.3¢), supporting the estimated low
noise level for these periods. A continuation of the PSD outside the sensitive period band of
the array (see Table 4.1) is indicated with dotted and dashed lines in Figure 4.3c. Median
PSDs and a 95% confidence interval based on all PSDs of 2019 is shown in Figure 4.3d.
For periods longer than 10s, the optical Sagnac interferometers G-ring and ROMY ap-
proach a power level at approximately 2 x 10~2?rad*s 2 Hz ' and 3 x 10~ rad®s 2Hz !,
respectively. This limit is mainly controlled by optical losses of the optical resonator at
the coated mirrors. Generally more energy in the period band for secondary microseisms
for ROMY compared to G-ring is most likely attributed to the geological setting of ROMY
inside the pre-Alpine Molasse basin and its amplification characteristics.

4.1.5 Discussion

4.1.6 Validation of the Rotational Low Noise Model

The new low and high noise models by Peterson (1993) have been influencing seismology
in terms of better understanding Earth by quantifying its continuously excited noise levels
across frequencies, as well as a benchmark for instrument developers to provide instru-
ments able to observe the smallest signals. If taken at face value, the RLNM is 3 to 4
orders of magnitude (see Figure 4.3f) in power below the self-noise level of currently oper-
ating (portable) ground rotation sensors, while at the same time self-noise level of today’s
broad band seismometers are below the NLNM in the studied period band. In order to
close this gap and observe rotational ground motions at the level of the RLNM, major
technical developments are still required. We provide a first estimate of the transverse
rotational low noise model for Earth based on a conversion of the new low noise model for
vertical accelerations using globally distributed phase velocities of Rayleigh waves. The un-
derlying assumptions are 1) that Rayleigh waves are the most energetic waves contributing
to the seismic noise for periods between 2s to 200s and 2) the model-based phase veloc-
ities are representative. Concerning the latter assumption, the largest variations are at
short period and related to the crust and lithospheric lateral heterogeneities. We are using
phase velocities derived from recent global models. In order to convert vertical acceleration
into transverse rotation with equation (4.3), it is assumed that most of the seismic energy
corresponds to the Rayleigh waves as stated at the end of Section 4.1.2.1 as assumption
1. Ambient seismic noise in the 3s to 300s period range is generated by ocean wave
interactions with specific mechanisms depending on the period range (Hasselmann 1963,



92 Rotational Seismology

Ardhuin et al. 2015). Secondary microseisms (period band: 3s to 10s) are generated by
ocean gravity wave-wave interactions and have been successfully modeled by considering
the propagation of Rayleigh waves from the source regions to the stations (Stutzmann
et al. 2012). Primary microseisms (period band: 10s to 20s) are generated by ocean grav-
ity waves interacting with the shallow ocean floor at the coast and can also be effectively
modeled by considering only Rayleigh wave propagation (Gualtieri et al. 2019). Finally,
the seismic hum with periods between 50s to 300 s was successfully modeled by considering
ocean infragravity waves hitting continental shelves as source mechanisms and the propa-
gation of Rayleigh waves (Deen et al. 2018). Most sources of seismic noise in the period
range of 3s to 300s originate from the ocean. Based on excitation by pressure loading
at the ocean floor, Rayleigh waves are excited predominantly and polarized in the plane
of propagation. However, Love waves, which have transverse polarization, have also been
observed (e.g. Friedrich et al. 1998). Recently, Le Pape et al. (2021) and Gualtieri et al.
(2021) showed that Love wave constituents of secondary microseisms can be generated by
Rayleigh-to-Love wave conversion on a 3D interface close to the source region. An anal-
ysis of the average energy ratio of Rayleigh-to-Love waves for the secondary microseism
including rotational measurements for the G-ring site in Wettzell yields a range of 0.9 to
1.0 (Tanimoto et al. 2015). For the site of PFO using seismic array data, energy ratios of
2.0 to 2.5 were obtained (Tanimoto et al. 2016). For Japan, a ratio estimate of approx-
imately 2 was reported by Nishida et al. (2008). Although the Rayleigh-to-Love ratio is
highly variable (Juretzek & Hadziioannou 2016), it seems that considering only Rayleigh
waves propagation serves a valid first-order approximation to support assumption 1 in Sec-
tion 4.1.2.1. To account for assumption 2, stated in Section 4.1.2.1, on dispersive, global
phase velocities for Love and Rayleigh waves, we relied on up-to-date crustal and upper
mantle models and employed median velocities to suppress local effects of the globally
sampled velocities.

The median and confidence interval of the single station estimate based on local rotational
models is compared to the RLNM in Figure 4.3e. The overall characteristics of the model
are reflected, however with an overall higher power level, that we attribute mostly to sta-
tion quality.

ADR data of three arrays support the RLNM for their respective frequency range. An
increase in power towards longer periods is observed for all array-derived rotation data,
which can be attributed to a dominating influence of amplitude noise for longer periods
affecting derived gradients. For all arrays, the vertical ADR spectra show higher noise
levels compared to the horizontal ones. Generally, horizontal components of translational
records are more noisy.

Large-scale ring lasers currently provide the best direct, high-sensitive measurement of
rotational round motions. A non-portable ring laser, however, is not directly comparable
to portable sensors neither in design nor operation effort operation costs. A theoretical
sensitivity limit, for the large-scale ring lasers G-ring and ROMY, respectively, is shown in
Figure 4.3f. This resolution or sensitivity limit is merely taking into account the geomet-
rical design of the ring, therefore defining a pure theoretical limit. We neglect limitations
due to noise sources (e.g. lasing process, electronic self-noise or cavity losses at the mir-
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rors). The dominant limitation, defining the current observation levels (see Figure 4.3d),
is dominated by the scattering, transmission and absorption losses at the coated mirrors
of the resonator cavity.

Fiber optic rotational rate sensors, such as the blueSeis-3A sensor (BS3A; Bernauer et al.
(2018)) or the planned blueSeis-1C sensor (BS1C; pers. comm.), already offer many field
applications based on rotational sensing, however, their instrumental self-noise levels are
still 2 —4 orders of magnitude in power above the presented RLNM. Self-noise charac-
teristics of three mechanical beam balances under development for horizontal compo-
nents, namely ALFRA (McCann et al. 2021), QRS (Venkateswara et al. 2021) and BRS
(Venkateswara et al. 2017), are shown in Figure 4.3f. With regard to the QRS sensor,
the presented self-noise level is inferred from observations in a vault (Venkateswara et al.
2021), which seemed to reveal some power in the secondary microseism band. For the
secondary microseisms range (2s to 10s), a reduction of the self-noise level for BRS, QRS
and ALFRA of about 1 to 2 orders of magnitude in power would be sufficient to resolve
signals at the RLNM. For periods above about 20s, still 2 to 3 orders of magnitude in
power of reduction is required.

In order to gain access to the full dynamic range of rotational signals, the self-noise levels
of these sensors have to be further reduced below the RLNM for the seismically active
frequency range between 2s to 100s (10 mHz to 0.5 Hz).

4.1.6.1 Comparison of NLNM and GSN Low Noise Models

We decided to focus on the NLNM by Peterson (1993) as a well-cited benchmark for verti-
cal seismic acceleration observations. Other low noise models, based on data of the Global
Seismic Network (GSN) for vertical (GSN-Z) and also horizontal (GSN-H) accelerations,
introduced by Berger et al. (2004), are converted to rotational models in Figure 4.4 for com-
parison purposes. The GSN-Z model only shows minor deviations from the NLNM, thus
the converted transverse rotational low noise models RLNM-T 7 x3 and RLNM-Tasn_ 7,
respectively, match well.

For the conversion, an assumption of dominantly first-order Rayleigh wave energy for ver-
tical component for the investigated frequency bandwidth has been made and discussed.
In order to convert the GSN-H noise model to rotational rates, an assumption of dom-
inantly Love wave energy would be required. This would be a very strong assumption,
when assuming equipartitioning of Love wave and horizontal Rayleigh wave energy. We
nevertheless include the conversion of the GSN-H model for horizontal accelerations us-
ing Love phase velocities (see Fig. 4.4b) according to equation (4.2). The resulting model
(RLNM-V sy —_g) shows a noise level for vertical rotations of about one order of magnitude
in power lower compared to transverse rotations, while converging towards longer periods
(Fig. 4.4¢). This resembles the characteristics for horizontal acceleration noise levels, be-
ing lower for the microseisms bands and higher towards longer periods, in comparison with
vertical acceleration noise models (Fig. 4.4a). For the range of 2s to 20's, the GSN-H model
suggests a lower noise floor for horizontal accelerations with respect to vertical accelera-
tions. As vertical rotations are induced by horizontal motions, we assume the noise floor
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Figure 4.4: a) shows a translational low noise models for ground acceleration: the new
low /high noise models (NLNM/NHNM) by Peterson (1993) as well as the horizontal (GSN-
H) and the vertical (GSN-Z) low noise model based on data of the Global Seismic Network
(GSN)) by Berger et al. (2004)). In b) the phase velocities for Rayleigh and Love waves are
shown, including a 95% confidence interval. c) shows the corresponding low noise models
for transverse (-T) and vertical (-V) rotational motions according to equations (4.2) and
(4.3). Here we assume that the GSN-Z noise is predominantly composed of Rayleigh waves
while the GSN-H noise is predominantly made up of Love waves, being aware that the
latter assumption of equipartitioning is a very strong assumption.

of a vertical RLNM to be rather lower than higher with regard to the transverse RLNM
for the respective period band.

While we consider the assumptions for the derivation of the transverse RLNM to be on
solid ground, we acknowledge that the assumptions that went into the construction of the
vertical RLNM are not. Therefore, we simply propose that the former model should be
taken as a benchmark for both types of rotations until better constrained vertical RLNM
models become available.
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4.1.6.2 Towards Long Periods

The proposed low noise model for rotational ground motions is restricted by the dis-
cussed assumptions, in particular concerning the period range. Towards long periods above
200 seconds to 300 seconds, locally generated noise resulting from atmospheric movement
above the station starts to dominate seismic far-field signals, such as spheroidal and toroidal
hum introduced rotations. Those influences are likely pronounced differently for vertical
and transversal rotational components. For vertical and horizontal rotational observations
at long periods, we expect a different level in analogy to translational observations since
local processes, such as atmospheric pressure induced ground tilts, influence vertical and
horizontal components differently.

4.1.7 Conclusions

We propose a (transverse) rotational low noise model (RLNM) based on the NLNM by
(Peterson 1993) for vertical accelerations, assuming dominantly Rayleigh wave type energy
across a period range of 2s to 200s. The conversion is based on surface wave velocities
extracted from state of the art lithospheric seismic velocity models. A comparison with
GSN low noise models for accelerations by Berger et al. (2004) reveals a lower noise level for
vertical rotations of about one magnitude in power, however, requiring a strong assumption
of equipartitioning for the conversion. We expect different levels for transverse and vertical
rotation noise floors, but we propose that the transverse RLNM be taken as a benchmark for
both types of rotations until better constrained vertical RLNM models become available.

In order to validate the RLNM with currently available observations, we used array-derived
rotations from three differently sized seismic arrays and direct rotational measurements of
the large-scale ring lasers, G-ring and ROMY, over the entire year of 2019. All observational
data are compatible with the inferred background noise level for rotations of the RLNM
for their representative period bands.

Self noise of state of the art rotational sensors, either already operational or still under
development, are compared against the RLNM. Large-scale, high-sensitive ring lasers, such
as G-ring and ROMY, approach the RLNM, in particular at the secondary microseism
peak. Lowering the currently limiting self-noise levels for these ring lasers requires technical
improvements, especially for the coated corner mirrors, to reduce losses of the optical cavity.

Available portable rotational sensors (e.g. blueSeis-3A, ALFRA, QRS) already provide a
sensitivity level sufficient for a wide range of geophysical applications or seismic isolation
(e.g. gravitational wave detectors). None of these sensors, however, has currently a self-
noise level below the proposed RLNM. Although lowering self-noise levels of rotational
sensors below the RLNM remains technically challenging, it is nevertheless essential to
achieve this goal to extend the domain of applications to that currently possible with
classic seismometers.
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Data and Resources

Data of the Ring laser ROMY and its seismic array were provided by the Geophysical
observatory in Fiirstenfeldbruck (BayernNetz 2001). Data of the G-ring were provided by
the Geodetic observatory in Wettzell. Data of the Pinion Flats Observatory array (UCSD
2014) and the Gréfenberg array (GRSN 1976) are openly accessible via IRIS and BGR
FDSN services, respectively. Data of the Global Seismograph Network II (GSN 1986),
Global Seismograph Network IU (GSN 2014) and GEOSCOPE network G (GEOSCOPE
1982) went into the analysis and the free availability is acknowledged. Extensive parts
of data processing were done using modules of the ObsPy python package (Megies et al.
2011). Phase velocities are computed using the model from Haned et al. (2016). GSN
noise model data are based on Berger et al. (2004). All other data used in this paper came
from published sources listed in the references.

The supplementary materials of this article (see Sec. 6) include a more detailed back-
ground for the equations presented in Section 4.1.2 and additional figures related to the
observational data used for comparison to the rotational low noise model.

Data files of the transverse rotational low noise model (RLNM) as well as Jupyter notebooks
to re-create the figures of this article are provided online:

e https://github.com/andbrocode/RotationalLowNoiseModel.git
e https://zenodo.org/doi/10.5281/zenodo.10027880

e https://syncandshare.lrz.de/getlink/fiGtpiKTn9cmUtHixKqP1A/SRL-RLNM-2
023

For more information, please contact the first author.
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Abstract

In September 2022, a portable, three-component rotational rate sensor, namely a blueSeis-
3A gyroscope, has been deployed at the underground vault of the Pinon Flat Observatory
(PFO) in southern California. A three-component, broadband seismometer is co-located,
jointly forming a six degree-of-freedom (DoF') station 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 Pinon Flat).

The instrumentation at PFO additionally provides high-quality strain observations, allow-
ing now to study translation, rotations and strain of the seismic wavefield in a low noise
and high seismicity area (e.g. San Andreas fault zone). The seismic array at PFO is used to
compute array derived rotations and validate the direct observations of rotational ground
motions. We show results of 6 DoF processing applied to a local M,,=4.1 and a regional
M,,=6.2 event to obtain backazimuth estimates, which we validate with array beamform-
ing, and estimates 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 amplitude 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 observations currently to be set by
the self-noise level of the blueSeis-3A rotation sensor and encourage further instrumental
development.
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4.2.1 Introduction

With the emergence of rotational ground motion observations in seismology based on new
instrumentation development (e.g. optical fiber or vacuum Sagnac interferometer) at the
beginning of this century, a constant drive for improved instrumentation and application
in seismology could be observed (e.g., Pancha et al. 2000, Igel et al. 2005, Schreiber et al.
2009). Observations of three-components of rotational ground motions supplement classic
observations of three-components of translational ground motions, thus provide a more
complete observation of particle motions considering a full linear elastic seismic wavefield,
which is characterized by a total of 12 degrees-of-freedom (3 translation, 3 rotation and
6 independent strain). A co-located broad-band seismometer and rotation sensor, with
three-components each, are referred to as a six degree-of-freedom (6 DoF) station. 6 DoF
observations at a single 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 wavefield decomposition by
polarization analysis (Sollberger et al. 2018, 2020), near-surface site characterization (Keil
et al. 2021, Singh et al. 2020), improved structural health monitoring (e.g., Zembaty et al.
2016, Trifunac 2009, Bontkowski et al. 2023, Guéguen et al. 2020, Guéguen & Astorga 2021),
enhanced moment tensor inversion (Donner et al. 2016, 2018, 2020, Donner 2021, Ichinose
et al. 2021) and dynamic tilt correction of horizontal components of seismometers (Bernauer
et al. 2020b, Lin et al. 2022), especially for ocean-bottom seismometers (e.g., Lindner et al.
2017), source tracking (Yuan et al. 2020, Chen et al. 2023), teleseismic observations (e.g.,
Igel et al. 2005, Schmelzbach et al. 2018, Abreu et al. 2023) or for applied exploration data
analysis (e.g., Schmelzbach et al. 2018). An increased information gain for single-station
observations holds potential for studies on extraterrestrial bodies (Bernauer et al. 2020a).
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 gyroscopes (e.g., Bernauer et al.
2018), mechanical beam balances (e.g., Venkateswara et al. 2017, McCann et al. 2021,
Ross, Venkateswara, Hagedorn, Gundlach, Kissel, Warner, Radkins, Shaffer, Coughlin &
Bodin 2017, Ross et al. 2023) or fluid based sensors (e.g., Bernauer, Wassermann & Igel
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 background noise
level to set a benchmark for instrumentation development.

Before recent, wavefield gradients, in particular rotations, were commonly neglected in seis-
mological analysis and modelling due to their small amplitudes (Aki & 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 & Wyatt
2003), it was a challenge to observe weak rotational ground motions (e.g., Schreiber et al.
2014). Technical advances in recent years, in particular optical sensing and read-out tech-
nologies, resulted in new instrumentation (Bernauer, Wassermann & Igel 2012, Bernauer
et al. 2021) to directly access rotational ground motions (e.g. fiber-optical gyroscopes,
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beam balance rotation sensors) and dynamic ground strain (e.g. distributed acoustic sens-
ing (DAS)). 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 specific case studies (e.g Wassermann et al. 2020,
Yuan et al. 2020, Shaa et al. 2017, Perron et al. 2018, Takeo 2009). A one-component,
horizontal ring laser gyroscope, called GEOsensor, was installed at Pinon 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 rotation sensor (Bernauer et al. 2018) next
to a three-component, broadband seismometer forming a 6 DoF station at PFO in south-
ern California as replacement for the GEOsensor. The PFO is located between the San
Andreas (25 km NE) and the San Jacinto fault zone (14 km SW) systems (Agnew & Wyatt
2003), which are seismically active fault zones on the Southern California segment of the
Pacific and North-American plate boundary. The 6 DoF data is openly accessible online
and provides an opportunity to apply 6 DoF analysis to local and regional seismicity.

4.2.2 Deployment

Currently, most 6 degree-of-freedom (DoF') stations are deployed for short-term field mea-
surements (e.g Wassermann et al. 2020, Sbaa et al. 2017, Yuan et al. 2020). In late
September 2022, a first permanent (= open-end) 6 DoF station was installed on an iso-
lated granite pillar inside the underground vault at the Pinon Flat Observatory (PFO) in
Southern California (see Fig. 4.5). Hence, the installation benefits from good coupling to
the sub-surface while being decoupled from the vault, as well as stable ambient temperature
conditions. The station consists of a portable, fibre-optic gyroscope blueSeis-3A sensor (by
Exail, formerly iXblue), measuring three-components of rotational ground velocity (rad/s).
This rotational sensor is provided by the Incorporated Research Institutions for Seismology
(IRIS), now EarthScope Consortium. A full characterization of the blueSeis-3A was con-
ducted by Bernauer et al. (2018). The data are openly accessible via IRIS FDSN service
(UCSD 2014) with seed code: PY.BSPF..HJ* (with 200 Hz). All metadata is specified in
a stationXML. A Trillium T120 broad-band seismometer (by Nanometrics) provides three-
components of translational ground motion observations (II.LPFO.10.BH* with 40 Hz).
Since April 02, 2023, a STS-2 seismometer (by 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.

4.2.3 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. Figure 4.6a and 4.6b show all events listed by the USGS catalog (gray circles)
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Figure 4.5: (a) shows the station map of the seismic array at the Pinon 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 broad-band seismometer placed on an
isolated granite pillar.

scaled by magnitude across time and geographic distribution, respectively. Most of the
local seismicity is occurring along the nearby northwest-southeast oriented fault systems,
including the San Jacinto fault and the San Andreas fault (Fig. 4.6d, red lines represent
known fault lines). A prominent cluster of local seismicity is located to the south of PFO,
referred to as the Trifucation seismicity cluster (Ross, Hauksson & Ben-Zion 2017).

4.2.3.1 BSPF: Direct Rotations

We use a recursive LTA-STA coincidence trigger of the ObsPy package (Beyreuther et al.
2010) to detect seismic events recorded on at least four of the six channels of BSPF.
This allows a distinction between events with coincidence of 4, 5 and 6 depending on
the amount of triggered channels. This generally includes three translational channels,
due to the enhanced signal-to-noise characteristics of the broad-band seismometer, plus
N channels of the rotation sensor. The event count by magnitude shown in Figure 4.6b
reveals that only 118 events are detected with a coincidence of 6 out of 406 events with a
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coincidence of at least 4. Triggered events are color-coded by magnitude in Figure 4.6a,
and by depth in 4.6c and 4.6d. The seismicity detected by the 6 DoF station is limited
to local seismicity within a radius of about 150 km around PFO (Fig. 4.6a and 4.6d). An
exception is the M,,=6.2 regional event on 2022-11-22, with an epicentral distance of about

312 km (Fig. 4.9). Triggered event times are matched to events in the USGS catalog via a
nearest-time criteria.
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Figure 4.6: The regional seismicity around the Pinon Flat Observatory (PFO) in southern
California based on the USGS catalog from October 2022 to October 2023 is shown over
time (a) and as geographic distribution (c), including known fault lines (SCEDC 2013) as
red lines and urban centers: San Diego (SD), Los Angeles (LA) and Palm Springs (PS),
as dark red areas (Patterson 2012). Events are scaled by magnitude and triggered events
on the 6 degree-of-freedom station are color-coded by magnitude (a) and depth (c). A
histogram by magnitude of the total count of 406 triggered events (b) on at least 4 of 6
channels (blue) are compared to 118 events triggered 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 M,, 4.1 event (2022-12-31 12:12:26 UTC) at an epicentral distance of 24.3 km
from PFO.
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Figure 4.7 displays a selection of detected events with a coincidence of 6. The magnitudes
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 prad/s to 16.4 urad/s. A strong variation
of signal-to-noise ratio (SNR) can not only be observed across events, but also across
different components. For the entire dataset, the SNR for PY.BSPF does not exceed 10,
while for most events a 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).

—_
Q

_ 051 ML=11 ED=14 km —z 1] M=11ED=14km — N/| 957 ML=1.1 ED=14 km —E
5 J
3
S o0
2
G -0.5 PGRV=0.6 urad/s BP=10-20 Hz -1 PGRV=1.7 prad/s BP=10-20 Hz _0.54 PGRV=0.6 urad/s BP=10-20 Hz
(b) 0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
_ 27 ML=15 ED=14 km — z 51 ML=15 ED=14 km — N 21 ML=15 ED=14 km E
3
[SO] 0 o 0
2
G _p | PORV=2.1pradss BP=1-20 Hz -5 PGRV=6.2 prad/s BP=1-20 Hz _, | PGRV=21prads BP=1-20 Hz
(©) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
37 ML=21 ED=11km — z 104 ML=2.1 ED=11km — N 10{ ML=2.1 ED=11km — E
@
=1
[SI]
2
< _5 4 PGRV=5.5 prad/s BP=1-30 Hz —101 PGRV=13.5 prad/s BP=1-30 Hz —101 PGRV=13.4 prad/s BP=1-30 Hz
() 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
_ 54 ML=2.3 ED=14 km —z 201 ML=2.3 ED=14 km — N 101 mi=2.3 ED=14 km — E
0
3
g 0 Aol 0 0 sy
G -5 pGRV=6.9 prad/s BP=1-30Hz | | PGRV=2L7 pradss BP=130Hz | _ | PGRV=10.4 uradis BP=1-30 Hz
0 2 4 6 8 10 0 2 4 6 8 10
(e) . 10
_ 571 ML=2.8 ED=26 km —z ML=2.8 ED=26 km — N
% 10 A
=1
c o0 01
2
G _5 ] PGRV=58 prad/s Bp=1-30Hz | ~107 pGRV=16'4 pradss BP=1-30 Hz PGRV=9.5 urad/s BP=1-30 Hz
T T T T T T T T T T T T -10 41— T T T T T
) 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
& 14 M=29 ED=22 km —z 54 ML=2.9 ED=22 km — N 254 ML=2.9 ED=22 km — E
= ]
el
s o 04 Wporaby 0.0 4
2
~14
G PGRV=1.8 prad/s BP=1-30 Hz -5 PGRV=6.3 prad/s BP=1-30Hz | =2.571 PGRV=3.6 urad/s BP=1-30 Hz
(g) 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
054 ML=3.6ED=115km z 29 ML=3.6ED=115km 11 ML=3.6ED=115 km E
Q
o
c 00 01 01
2
G _0.5 PGRV=0.7 prad/s BP=1-15 Hz —2 4 PGRV=2.5 urad/s BP=1-15 Hz -1 PGRV=1.2 prad/s BP=1-15 Hz
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Time (s) Time (s) Time (s)

Figure 4.7: (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 is shown for each record. The
origin times are found in Table 4.3. The recording in (e) comprises two events.
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4.2.3.2 Array-Derived Rotations

We use the seismic array at PFO to derive rotational ground motions, serving as a refer-
ence for our single-point, direct measurements. Commonly, three-component ground ve-
locities observations are used in a finite-difference approach to estimate three-components
of ground rotation across the area of the array (e.g Spudich & Fletcher 2008, Poppeliers &
Evans 2015). We employ an implementation for ADR computations in the ObsPy package
(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., Pop-
peliers & Evans 2015, Donner et al. 2017), assumptions, such as 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 measurement within
the given assumptions.

The seismic stations at PFO are shown in Figure 4.5a. 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
aperture of the array (Tab. 4.2). For the analysis, the frequency bands were conservatively
adjusted to a narrower range (f,,;,-fne: in Tab. 4.2) for the comparison. The inner array
(green stations) comprises five seismic stations and provides the highest frequency band
from 1 Hz to 5 Hz (tADR). By extending the inner array by four more seismic stations
(blue stations in Fig. 4.5), 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 seismic stations for all array
provides ADR between 0.1 Hz and 0.5 Hz (¢ADR).

Table 4.2: Parameters used to subdivide the seismic array at Pinon Flat Observatory
(PY.BHP) to three subarrays (see Fig. 4.5) to compute array-derived rotations for different
frequency bands (f1-f2), based on Donner et al. (2017), imposed by the subarray aperture a
and apparent velocity of 3 km/s. For the analysis, the frequency bands were conservatively
adjusted to a narrower range (fin - fmaz)-

subarray code # stations a (m) f, (Hz) f... (Hz) fl1 (Hz) 2 (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 ‘ADR 5 93 1.0 5.0 0.08 8.1

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.
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Table 4.3: Detailed information on earthquake events shown in Figure 4.7. ED = epicen-
tral distance; D = Depth; M = Magnitude; BAz = backazimuth; T = Magnitude Type;
CA = California

Panel Starttime M MT D ED BAz Region
(UTC) (km) (km) (%)

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 8 149 199.4 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
2022-10-26T08:14:38 2.8 ML 14 26.8 276.5 Anza, CA

(f 2024-02-27722:50:48 2.9 ML 13 229 161.8 DBorrego Springs, CA
(g) 2024-02-16T07:38:50 3.6 ML 13  115.7 294.5 Ontario, CA

(
(
(
(
(e

)
)

4.2.3.3 Signal-to-Noise Ratio

The signal-to-noise ratio (SNR) is a good measure for signal quality. We computed SNRs
automatically for each triggered event for direct rotation rate, array-derived rotation rate
and acceleration and each frequency band (see Tab 4.2). The SNR is defined as the
maximum of absolute amplitudes in a 15 second window following the trigger time. The
noise level is computed as the maximum of absolute 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 4.8 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 rotation observations
of BSPF and translation motion for all three frequency bands (a = 0.1-0.5 Hz, m = 0.5-
1.0 Hz, i = 1.0-6.0 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 frequency band m (SNR ~ 2-3) and i (SNR ~ 80-100) compared to band
a, where noise dominates (SNR ~ 1). This tendency can be seen across all components.
Since ADR benefits from the low-self noise of the seismometer, the behavior is equivalent.
For BSPF, thus direct rotation rate observations, for most events centers around a SNR
of 1, while it improves for band 7 with higher frequencies. However, most signal energy
for rotational ground motion is found beyond 5 Hz and is not reflected in this analysis
focusing on frequency bands comparable with ADR.
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Figure 4.8: The panels show histograms of signal-to-noise ratios computed for all 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 (1.0-6.0 Hz) from left to right.

4.2.4 6 DoF Analysis

Hereafter, we show results of an exemplary 6 DoF analysis for two selected events, a regional
M, 6.2 and a local M,, 4.1.

4.2.4.1 Event M6.2

The M,, 6.2 event occurred on 2022-11-22 (16:39:05 UTC) in Baja California about 312 km
south of PFO and was recorded with the 6 DoF station. This event represents the largest
magnitude recorded up to now and provides energy in the lower frequency a-band (0.1-
0.5 Hz), thus enabling a comparison with ADR for lower frequencies. However, at this
time, there is no data available for station BPH02, BPH03 and BPHO05, in turn affecting
the array-derived rotation rate estimates, in particular the north-south component.

Waveforms of array-derived rotation rate observations and direct rotation rate observa-
tions for this event are compared in Figure 4.9 across all three frequency bands defined
in Table 4.2. Zero-lag cross-correlation values are as high as 0.97 for the east component
(0.5-1.0 Hz). The correlation of the north component is reduced to 0.85, most likely due
to missing station data for ADR computations.
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Figure 4.9: Direct (black) and array-derived rotational rate (ADR) waveforms of the M,, 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
(1.0-6.0 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 (¢ADR). 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 coefficient of 0.98. (Self-) noise dominates
the PY.BSPF recording for the low frequencies (0.1-0.5 Hz). Especially for the north
component of the high frequency range (1.0-6.0 Hz), the effect of missing station data for
ADR computation is recognizable.
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4.2.4.2 Event M4.1

On December 31, 2022, a M,, 4.1 event occurred southeast of PFO at an epicentral distance
of 24.3 km. Waveforms of this event were recorded with the 6 DoF station and compared
to ADR estimates in Figure 4.10. For ADR computations at this time, station PY.BPH05
(Fig. 4.5a) is missing, having an influence on the north-south south geometry of ADR visible
in the waveform comparison in Figure 4.10. This is quantified by lower ADR amplitudes
of the north-component and smaller cross-correlation coefficients in Figure 4.10. Zero-lag
cross-correlation coefficients (CCC) between ADR and direct rotation rates are above 0.87
and as high as 0.96 for the east component of the m-band. For this frequency band, signal
amplitudes are in good agreement, although ADR seems to slightly underestimate peak
amplitudes. This is likely a result of spatial smoothing across the array stations as part
of the ADR estimation procedure. For frequencies within 1 Hz to 5 Hz, the phase match
between tADR and BSPF results in CCC values of up to 0.9 (east component), while
peak amplitudes differ significantly. ¢ADR underestimates peak rotations by 47% (Z),
73% (N), 42% (E). ADR generally reveals smaller amplitudes than direct measurements,
hence underestimating single-point rotational ground motions, likely as a result of spatial
averaging. The main frequency content for the local M,, 4.1 is above 5 Hz for the rotation
rates observed by PY.BSPF (Figure 4.11). For the a-band, the SNR is poor and the
waveforms are dominated by instrumental self-noise, thus not suitable for interpretation
(see Fig. 4.10).

4.2.4.3 Backazimuth Estimation

With a single 6 DoF station, observing co-located acceleration and rotation rate, the back-
azimuth of a plane wave can be estimated by exploiting the polarization information of
particle motion (e.g., Igel et al. 2007, Sollberger et al. 2020, Igel et al. 2014). The following
approaches are compared:

1. Love polarization: A grid search across backazimuth range used to rotate horizon-
tal acceleration to transverse acceleration, which is correlated with vertical rotation
rate. This is a Love wave polarization filter and is applied for overlapping windows
along the event. The maximum zero-lag, cross-correlation value then provides a
backazimuth estimate.

2. Rayleigh polarization: A grid search across backazimuth range used to rotate horizon-
tal rotation rate to obtain transverse rotation rate, which is correlated with vertical
acceleration. This is a Rayleigh wave polarization filter and is applied for overlap-
ping windows along the event. The maximum zero-lag, cross-correlation value then
provides a backazimuth estimate.

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 eigenvector of
the covariance matrix based on the north and east component of rotation rate. The
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Figure 4.10: Direct (black) and array-derived rotational rate (ADR) waveforms of the
M, 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 (1.0-6.0 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 (¢ADR). 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 0.97 (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.
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Figure 4.11: (a), (c) and (e) show rotation rate records of the M,, 4.1 event (2022-12-31
12:12:26 UTC) for north, east and vertical component, respectively, while (b), (d) and (f)
show corresponding spectrograms based on the continuous wavelet transform.

angle is obtained computing the tangent of north over east. A remaining 180 degree
ambiguity can be resolved by evaluating the sign of the cross-correlation between
vertical acceleration and transverse rotation rate, which should be in phase.

The window length is 2 seconds with 90% overlap. Each backazimuth estimate is color-
coded by the respective zero-lag, cross-correlation (CC) value. An overall backazimuth
estimate is obtained by using the peak of a kernel-density estimate using Gaussian kernels
of the correlation-weighted distribution (e.g., Fig. 4.12). A minimum CC value of 0.2 is
required for a backazimuth estimate to be considered for the kernel-density estimate. With
an expected backazimuth of 166 degrees and 170 degrees, the seismic wavefield 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 rotational motion around the
north component is expected. Figure 4.12 and Figure 4.13 show backazimuth estimates for
all three approaches listed above, each compared to the expected backazimuth based on the
catalog event location for the M,, 4.1 event and M,, 6.2 event, respectively. Waveforms band
pass filtered between 0.5 Hz to 1.0 Hz are shown for different combinations of acceleration
and rotation rate using the expected backazimuth for matrix rotation (Fig 4.12a-c and
Fig. 4.13a~c). Due to the proximity of the source location for the M,, 4.1 event, there is
no clear phase separation, nonetheless, a decent waveform fit is observed (Fig. 4.12). 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 significantly from the expected backazimuth.
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Figure 4.12: Comparison of backazimuth estimates for the M, 4.1 event (2022-12-31
12:12:24 UTC) event. Top to bottom: difference of transverse and radial acceleration
(black) and vertical rotation rate (red), sum of vertical and radial acceleration (black) and
reversed transverse rotation rate (red), vertical acceleration (black) and reversed transverse
rotation rate (red), grid search based backazimuth estimates using Rayleigh polarization,
grid search based backazimuth estimates using Love polarization, covariance optimization
of horizontal rotation rate with polarization filter using vertical acceleration. For all back-
azimuth estimates, a histogram, weighted cross-correlation coefficient, and a probability
density function with its maximum is shown on the right y-axis. The backazimuth, based
on the catalog epicenter location, at 179 ° is shown as a black, dashed line with a +5 °
interval in gray.

For the M,, 6.2 event, all approaches yield directions in agreement with the expected
backazimuth of 179 degrees for the dominant part of the surface waves (see. Fig 4.13).
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 coda, CC values decrease and directions
scatter significantly around the expected backazimuth. For each frequency band imposed
by ADR a backazimuth estimation for different approaches is presented in Figures 4.14a and
4.14b for the M,, 4.1 event and M,, 6.2 event, respectively. The three 6 DoF approaches
are applied using direct rotational observation and ADR. Established seismic array f-k
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Figure 4.13: Comparison of backazimuth estimates for the M, 6.2 event (2022-11-22
16:39:05 UTC) event. Top to bottom: difference of transverse and radial acceleration
(black) and vertical rotation rate (red), sum of vertical and radial acceleration (black) and
reversed transverse rotation rate (red), vertical acceleration (black) and reversed transverse
rotation rate (red), grid search based backazimuth estimates using Rayleigh polarization,
grid search based backazimuth estimates using Love polarization, covariance optimization
of horizontal rotation rate with polarization filter using vertical acceleration. For all back-
azimuth estimates, a histogram, weighted cross-correlation coefficient, and a probability
density function with its maximum is shown on the right y-axis. The backazimuth, based
on the catalog epicenter location, at 179 ° is shown as a black, dashed line with a +5 °
interval in gray.

beamforming for vertical components serves as a reference for backazimuth estimation.
Mean backazimuth estimates and standard deviations are obtained from the peaks and
variances of the kernel-density estimates, as shown in Figures 4.12 and 4.13.

4.2.4.4 Seismic Phase Velocities

Observing 6 DoF of the seismic wavefield provides direct access to local seismic phase
velocities of plane-waves utilizing amplitude ratios for
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Figure 4.14: Comparison of backazimuth estimates for (a) the M,, 4.1 event and (b) the
M, 6.2 event. Shown mean estimates and their standard deviation are based on Gaussian
kernel-density fits to correlation weighted distributions with a minimum correlation value of
0.5. The respective expected backazimuth 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 each method Love (grid search based on Love wave polarization), Rayleigh
(grid search based on Rayleigh wave polarization), Co.Var. (co-variance optimization using
horizontal rotation rates and seismic array beamforming (using vertical velocities). Stan-
dard deviations are displayed as vertical error bars.

1. Love waves:

la
CLove,phase = _§Q_i7 (47)
2. Rayleigh waves:
Q
CRayleigh,phase — Q_a (48)
T

with a denoting translation acceleration, €2 rotation rate and 7" and z transverse and vertical
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components, respectively (e.g., Pancha et al. 2000, Igel et al. 2007, 2014). As for many
detected events the entire waveform is compromised by self-noise and phase identification
difficult, we focus on peak amplitudes. Average apparent phase velocities are estimated
for SH-polarized and SV-polarized waves using peak ground rotation velocity (PGRV) and
peak ground translation acceleration (PGTA) amplitudes according to equations (4.7) and
(4.8), respectively.

Components are rotated to a ZRT system based on the expected backazimuth from catalog
locations before peak amplitudes are determined. The velocity is estimated as the slope
of an orthogonal distance regression with an enforced the intercept to equal zero. This
approach yields an apparent phase velocity of about 2882 m /s for SH-polarized waves and
about 2565 m/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 2581 m/s for SH- and SV-polarized wave phase velocities are obtained,
respectively.

Since no direct seismic phases are analyzed, the velocities are not linked to Rayleigh or
Love waves directly and an uncertainty arising by using peak amplitudes and merely 118
events has to be taken into account. In order to obtain estimates for Rayleigh and Love
phase velocity, we analyze our two selected events.

For moving time windows of 2 seconds and 50% overlap (before and after), we compute
orthogonal distance regressions amplitude ratios according to equations (4.7) and (4.8)
to estimate Love and Rayleigh phase velocities. Figure 4.15 shows waveforms and phase
velocity estimates for the M,, 4.1 and M,, 6.2 event, color-coded by zero-lag cross-correlation
values. Components are rotated to a ZRT system using the expected backazimuth. Phase
mismatches in waveforms that are projected into velocity estimates might result from
differences in actual backazimuth due to scattering and the expected backazimuth of plane
waves along a great circle path.

An interpretation towards associated phase velocities 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. We focus on a frequency band between 0.5 Hz to 1.0 Hz.
Velocity estimates for the M,, 4.1 event in this frequency band with high cross-correlation
coefficients (>0.8) range within 1.7-2.1 km/s and 2.5-3.5 km/s for Love and Rayleigh wave
phase velocities, respectively.

For the M,, 6.2 event, Rayleigh waves seem to dominate with high cross-correlation values
(>0.8) and a phase velocity between 3.2-4.2 km/s. Love wave phase velocities for this event
are in a wide range of 2.0-4.0 km /s with generally lower cross-correlation values compared
to Rayleigh type waves.
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Figure 4.15: Band-pass filtered (0.1-0.5 Hz) observations of normalized vertical rotation
rate Q07 and transverse acceleration ar (a) and transverse rotation rate {2 and vertical
acceleration ay (c) are shown for the M, 4.1 event. (e) and (g) show the same combinations
for the M,, 6.2 event. (b) and (d) show windowed phase velocity estimates based on
amplitude ratios for Love (b) and Rayleigh (d) waves. Each estimate is color-coded by the
corresponding maximal, zero-lag cross-correlation coefficient. (f) and (h) show the phase
velocity estimates accordingly for the M, 6.2 event. Time windows with 50% overlap are
indicated by horizontal error bars.

4.2.5 Empirical Scaling Relation for Rotation Rates

In order to quantify the potential observations of a 6 DoF station with a blueSeis-3A
sensor for studying the local and regional seismicity, we require a relation of magnitude
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Figure 4.16: Estimates of (a) SV-wave and (b) SH-wave phase velocities based on equa-
tions (4.7) and (4.8) using peak ground translation acceleration (PGTA) and peak ground
rotation velocity (PGRV) amplitudes (instead of windows phase) for the subset with a
coincidence trigger of six (118 events). An orthogonal distance regression is used to deter-
mine the phase velocity (=slope) using for all events (blue and orange circles) and events
with magnitude 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.

and hypocentral distance with rotation rate amplitudes. 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
scale for horizontal and vertical peak ground rotation rates individually:

My, = log10(Amaz) + a logio(R) +b R+ ¢ (4.9)

with R being the hypocentral distance in km and A,,,, the peak ground rotation rate for

horizontal PGRV:
Amax =\ A?\f + A?E )

and vertical PGRV
Az =1/ A% .

For this purpose, we use a reduced dateset of 118 events triggered on all six component
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
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equations of the form:

Moy — 10g10(Amaz0) logio(Ro) Ro 1 a
: = : ) (4.10)
M; — loglO(Amam,i) lOglo(Ri) R; 1 c

that allows to solve for the coefficients a, b and ¢ using a least-squares misfit criterion.

Peak amplitudes for the detected regional M,, 6.2 event were added manually to add a con-
straint for larger distances and higher magnitudes. Peak amplitudes of small-magnitude
events with a poor signal-to-noise ratio are more compromised by sensor self-noise. There-
fore, 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 (4.9) and variance
values are obtained using a least-square optimization and listed in Table 4.4. Deviations
between the final coefficients of vertical and horizontal rotation rates are as low as 0.3% for
¢ and maximal for b with 6.6%. Variances listed in Table 4.4 are provided by the employed
method curve_ fit of the SciPy python package. Figure 4.17 visualizes the empirical scaling

Table 4.4: Coefficients a, b and ¢ for an empirical scaling relation for vertical and horizontal
rotation velocities as defined in equation (4.9) and their variances (02) as obtained by a
least-squares minimization.

M, (vertical) 1.42 0.00652 6.42 0.114 1.88e¢ % 0.177
My, (horizontal) 1.37 0.00695 6.40 0.0690 1.14e7% 0.107
deviation 3.5% 6.6% 0.3%

relations for a regional range of hypocentral distance up to 350 km and magnitudes up
to M, 6.5. For a hypothetical M 3.0 event at 50 km hypocentral distance, we would
consequently expect vertical rotation rates of 0.69 urad/s and horizontal rotation rates
of 0.84 urad/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, respectively (Fig. 4.17). 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. 4.17). The shaded area for Figure 4.17 indicates a poor model resolution, thus no
reliability in this magnitude-distance range due to missing observational constraints.



118 Rotational Seismology

BSPF: M = 10g10(Amax) + 1.37 log1o(R) + 0.00701 R + 6.40

10°

Anmax (used for fit; N=118)
events not triggered
self-noise @ 1Hz: 1le-08 rad/s
5 self-noise @10Hz: 3e-08 rad/s
rms RLNM @1Hz: 1le-11 rad/s

102

1074

107°

VN2 4 E? (rad/s)

1078

Magnitude

10—10

Amax

10712

107
10 20 30 40 50 100 200 300
(b) Hypocentral Distance (km)

BSPF: M = l0g10(Amax) + 1.42 log1o(R) + 0.00652 R + 6.42 10°

Anmax (used for fit; N=118)
events not triggered
self-noise @ 1Hz: 1e-08 rad/s
5 self-noise @10Hz: 3e-08 rad/s
rms RLNM @1Hz: 1le-11 rad/s

1072

104

\/2_2 (rad/s)

Magnitude

Amax

10 20 30 40 50 100 200 300
Hypocentral Distance (km)

Figure 4.17: This map shows the expected maximal (a) horizontal and (b) vertical rotation
rates based on observations with a blueSeis-3A sensor at Pinon 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 (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.
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4.2.6 Discussion
4.2.6.1 Comparison of single-station and array-derived rotations

In the absence of portable rotational sensors, array-derived rotations served as a mean to
access rotational ground motions for 6 DoF waveform analysis (Spudich & Fletcher 2008,
2009). ADR also served as a benchmark for observations of large-scale ring laser gyroscopes
(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 observations and ADR estimates
for frequencies up to 5 Hz, revealing strong variations in peak rotation rate amplitudes,
while for lower frequencies, rotation rate amplitudes of direct observations and ADR are
comparable, if the signal-to-noise ratio allows a comparison. Since ADR amplitudes are
affected by averaging across the array stations, this approach might not capture full peak
rotation rate amplitudes, especially towards higher frequencies (see Fig. 4.10).

These findings are important in particular when comparing direct measurements of rota-
tion (or strain) with array-derived rotations (or strain) in areas with expected local lateral
heterogeneities. A fraction of the amplitude differences between ADR and direct observa-
tions might be attributed to strain-induced rotations (e.g., van Driel et al. 2012) caused
by a local site effect at the single-point 6 DoF station.

4.2.6.2 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 assumed, produce
accurate results (Sollberger et al. 2020). Challenges arise for local seismicity since most
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, a clear separation of
seismic phases is not to be expected. 6 DoF observations still allow separation by particle
motion polarization to some degree and attribute apparent phase velocities.

We apply basic 6 DoF processing techniques, such as backazimuth estimation and local
phase velocity estimation, for a local M,, 4.1 event and a regional M,, 6.2 event. First,
we focus on a frequency range of 0.5 Hz - 1.0 Hz, which shows 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 backazimuth based on the catalog event location. Approaches
based on Love and Rayleigh polarization require separated phases to exit adequate particle
motion.
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For the local M,, 4.1 event, array f-k beamforming is in good agreement with the expected
backazimuth although the variance increases towards higher frequencies. The backazimuth
estimation for ADR and direct rotation observations show poor results with high variance
for the i-band (2.0 Hz - 5.0 Hz). For the m-band (0.5 Hz - 1.0 Hz), the CoVar approach
yield the best estimates for both events. The signal-to-noise ratio is poor for the a-band,
thus any interpretation not suitable. With regard to the i-band estimates for the M,, 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 estimates close to the expected backazimuth,
except of the Rayleigh approach being far off the expected backazimuth.

4.2.6.3 Empirical Scaling Relation for Rotation Rates

A first empirical amplitude relation map for vertical and horizontal rotation rates for local
to regional scale seismicity is presented in Figures 4.17a and 4.17b 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 events with a coincidence of
6. The applicability is likely restricted to the incorporated cluster of observed magnitudes
and hypocentral distances and merely extrapolated outside. Apart from the M,, 6.2 event,
further constraints 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 station setup and location geology. In particular, settings with soft sediments
likely amplifies amplitudes, thus decrease the resolution limit, despite the fixed self-noise
level. Nevertheless, this serves well as a first orientation enabled by the long dataset of a
permanent installation.

4.2.7 Conclusions

We report on a first permanent 6 DoF station, comprising a rotation rate sensor (blueSeis-
3A gyroscope) and a broad-band seismometer, at the Pinon Flat Observatory in southern
California. Compared to the former 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.

Being located in a tectonic active area embedded in the well-instrumented Pinon Flat
Observatory infrastructure 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
regional seismicity using one year of data from October 2022 to October 2023. Most
triggered events are originated within an epicentral distance of 150 km from the station
and cover a magnitude range from below 1.0 to 4.1. An exception is a regional magnitude
6.2 event.

The signal-to-noise ratio is essential to obtain good results for the 6 DoF analysis tech-
niques, however, varies strongly for the events of this dataset depending on their epcientral
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distance, magnitude and presumably the radiation pattern (see examples in Fig. 4.7). 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
direct observations of PY.BSPF is generally found between 10 Hz and 30 Hz.

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 seis-
micity or mid-magnitudes for regional seismicity, the self-noise limit has to be decreased by
about 3 to 4 orders of magnitude (see Fig. 4.17; Brotzer et al. (2023)). This is especially
required for studies based on ambient seismic noise sources, such as seismic microseism,
which are deeply hidden in the self-noise at the moment. In order to compare direct rota-
tional motion observations with array-derived rotations, we divide the seismic PFO array
into three subarrays with different frequency bands. Cross-correlation values of above
0.9 indicate a good match in waveforms for lower frequency bands with sufficient signal-
to-noise ratio for a local M,,=4.1 and a regional M,,=6.2 event. For higher frequencies
(>1 Hz), amplitudes for rotation rates differ significantly, which is partially attributed to
an incomplete set of stations at the time of the event. Instead of an averaged rotational
motion across an array of stations, a rotational sensor provides direct point observations
of the curl of the seismic wavefield. A contribution to the discrepancy might be a result of
strain-rotation coupling, which was not investigated further in this study.

The results of 6 DoF processing to the aforementioned events to obtain backazimuth and
local seismic phase velocities estimates demonstrates a possible application for local and
regional scale seismicity given a good signal-to-noise ratio.

Furthermore, we used peak rotation rate observations of 118 events to infer an empirical
amplitude relation for peak vertical and horizontal rotation rates based on a local mag-
nitude scale equation. Determined coefficients for this empirical amplitude relation for
vertical and horizontal rotation rates are very similar (0.3% - 6.6% deviation). A validity
of the empirical relations below the self-noise level is not guaranteed, 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.

Data and Resources

Processed data, metadata not available online as well as Jupyter notebooks and python
scripts to create the shown figures are provided at these repositories:

e https://github.com/andbrocode/BlueSeisPinonFlat
e https://doi.org/10.5281/zenodo.11582084

e https://syncandshare.lrz.de/getlink/fiXq8RsYcpwAzLa7hZ4YbT/Seismica-P
FO-BlueSeis-2024


https://github.com/andbrocode/BlueSeisPinonFlat
https://doi.org/10.5281/zenodo.11582084
https://syncandshare.lrz.de/getlink/fiXq8RsYcpwAzLa7hZ4YbT/Seismica-PFO-BlueSeis-2024
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Chapter 5

Observations and Preliminary Analyses

This chapter presents and discusses specific observations related to ROMY and other in-
strumentation therein. This includes preliminary results of initiated, but not yet completed,
projects deemed worthy of elaboration and documentation in this chapter.

First, recent observations of ROMY’s ring laser gyroscopes and the complementary instru-
ments in and around ROMY are presented and further examined. This includes the seismic
array surrounding ROMY, which is used to compute array derived rotations, and the envi-
ronmental network within the ROMY structure. Observations from the tiltmeter and the
infrasound station are discussed. Furthermore, the experiment and preliminary results on
the natural frequencies of the ROMY structure are briefly outlined and explained.

Second, results of a comparative study of earthquake-based amplitude levels for rotation
rates around a vertical axis between the horizontal ring of ROMY and the G-ring at
Wettzell are presented and examined.

Third, an extended analysis of the interaction between the atmosphere and the solid Earth
as a result of elastic deformation due to barometric loading is discussed. Direct observations
of pure rotations promise an enhanced understanding of these processes. The availability
of longer time series of ROMY allows to estimate compliance functions and to constrain a
barometric tilt model at the ROMY site.

Finally, the potential for seismic source tracking employing 6 DoF methods based on obser-
vations of a single station are demonstrated and discussed. Applications to a local source
and distant sources of secondary microseisms are presented.

All of these projects address several scientific questions that remain open, such as the
specific site characterization or the atmospheric contribution to the ground deformation,
thus the low noise model towards long periods. The high-quality, 6 DoF observations that
ROMY can provide have the potential to address these open scientific questions, and the
preliminary results presented provide a starting point for further projects.
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5.1 ROMY’s Observational Framework

5.1.1 Sagnac Frequency Observations

Three of ROMY’s rings have been operated almost continuously from October 2023 until
now (October 2024) to collect three-component geophysical rotation data. The Sagnac
frequency, which is different for each ring due to the orientation of its areal vector in space,
shown in Figure 5.1 contains sudden offsets, long-term (weeks to months) drifts and also
short-term variations due to instrumental effects, such as backscatter and mode jumps
(see Sec. 3.2 for more details). The sudden offsets are caused by geometric changes of
the ring resonator during manual re-alignment, which is necessary to keep the lasing path
closed and thus the ring operational. Frequent maintenance work was required throughout
the observation period in order to keep all the rings operational and to optimize the data
quality (Fig. 5.1).
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Figure 5.1:  Sagnac frequency over one year for (a) RZ, (b) RU and (c¢) RV. Grey traces
include distorted data (e.g. MLTT launches). Color-coded data are cleaned by removing
MLTT launches and downtimes. A moving average of 720 min windows is shown in black.
Yellow bars indicate time periods of maintenance work.

5.1.2 Direct Observations and Array Derived Rotation

When fully operational, ROMY provides four observations of rotational ground motions
in a non-orthogonal component system (Z, U, V, W). The M,, 7.5 earthquake in the New
Britain Region (P.N.G.) on 2019-05-14 (12:58:28 UTC) was recorded on all of ROMY’s



5.1 ROMY’s Observational Framework 125

rings. A spectral comparison of the direct Z-component of RZ and the combined Z’-
component by rotating the U-V-W system demonstrates, that the combined signal (dark
blue) below 0.01 Hz and above 0.07 Hz is elevated with respect to the recording of RZ (pale
blue), mainly driven by the worst performing component, here RW. In the frequency band
dominated by the event (0.01 Hz to 0.1 Hz), the vertical components are more comparable.
A rotation to an orthogonal Z-N-E system therefore relies on comparable, ideally low, noise
floor, thus performance of the individual rings.

In general, the north and east components can be reconstructed using only the contributions
of the U-V-W system, but still suffer from the highest self-noise contribution. A comparison
of a reconstruction using the full U-V-W- system and a reduced U-V system is shown in
Figure S.19 Data used in this section and following analyses (Sec. 5.3 and 5.4) are based
on direct observations for the vertical component and combined signals for the north and
east component based on rotation of RU and RV.
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Figure 5.2: Power spectral densities for components Z, U, V and W based on a multitaper
approach and averaged in 12" octave bands for the M,, 7.5 earthquake on 2019-05-14. The
Z’ component is reconstructed using the U-V-W non-orthogonal system.

Having longer rotation time series for three rings of ROMY in 2024 allows a better statistical
characterization of the resolution. A median for hourly PSDs for RZ, RU and RV are
computed between 2024-01-01 and 2024-03-31 and shown with a 95 % confidence interval
with respect to the RLNM (Brotzer et al. 2023) in Figure 5.3. Missing data from a fourth
ring, allowed to include G-ring data instead. Compared to the G-ring, ROMY’s rings yield
an overall wider confidence interval. A signature of the secondary microseism peak (7s to
10s) is evident for the median PSD of all rings. The increase in energy above 1 Hz appears
to be related to the location of ROMY, as it is less pronounced for the G-ring. The elevated
levels of the 97.5 quantile of the RU and RV between 4 mHz and 400 mHz are related to
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the atmospheric coupling, as further explained in Section 5.3.
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Figure 5.3: Median PSD with 95% confidence interval for the (a) horizontal, (b) northern
and (c) western ring of ROMY as well as (d) G-ring (RLAS). The PSDs are based on
hourly data between 2024-01-01 to 2024-03-31. The rotational low noise model (dashed
black line) by Brotzer et al. (2023) is shown as a reference.

A seismic array of nine stations is used to compare array-derived rotations (ADR) with di-
rect measurements from ROMY. An inner array consists of three borehole sensors (BW.FFB1,
BW.FFB2, BW.FFB3) and the permanent station GR.FUR. In 2021, all five seismome-
ters of the outer array (BW.BIB, BW.TON, BW.GRMB, BW.GELB, BW.ALFT) were
replaced by STS-2 (Streckeisen) seismometers (Fig. 2.17a). For these stations, Gabbro
baseplates were designed, prepared and deployed in order to provide the best possible
pressure and thermal shielding in the field. To derive ADR from a seismic array, a rigid
baseplate beneath the array and plane wave propagation are assumed (Spudich et al. 1995,
Spudich & Fletcher 2008, 2009). These assumptions are generally valid for low-frequency
teleseismic events, while they become strong assumptions for local and regional events with
higher dominant frequency content (see Sec. 4.2). Based on the frequency band assessment
of (Poppeliers & Evans 2015), ADRs for the inner and outer ROMY array are limited to
the ranges listed as RMY in Table 4.1.

Waveforms of ADR and ROMY for the M,, 6.9 Al Haouz earthquake on 2023-09-08 for
frequencies between 0.02Hz to 0.1 Hz are shown in Figure. 5.4. The waveforms for ADR
are shifted by 0.75s to optimize the variance reduction, but the origin of the shift is not
clear and needs to be investigated with respect to the ADR processing chain. This is
one of several three-component teleseismic events recently observed with ROMY. There is
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good visual agreement between the waveforms for the north and east components, which
are inferred from the vertical displacement. The vertical rotation (= torsion or twist) is
derived from the horizontal displacements. An overall underestimation of peak rotation
rates of around 2nrads~! for the horizontal components and 5.6 nrads~! for the vertical
component can be partially attributed to spatial averaging across the array. Another
contribution may be the absence of data for station ALFT for the ADR computation. The
best match in the waveforms is observed for the north component, which is accompanied by
an achieved variance reduction of more than 97 % and a CC coefficient of 0.99(Fig. 5.4a).
The worst agreement in peak amplitude is obtained for the vertical component, with is
consistent with a variance reduction of only 87.74 %.
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Figure 5.4: Array-derived rotation and direct ROMY observations of the M,, 6.9 Al Haouz
earthquake (2023-09-08 22:11 UTC) for north (a), east (c¢) and vertical (e) ground rotation
rate are compared. (b), (d) and (f) show residuals between ADR and ROMY. (g), (h) and
(i) show amplitude spectra for the north, east and vertical components, respectively. A
bandpass between 0.02Hz and 0.1 Hz is applied to the data. ADR is based on stations:
GR.FUR, BW.BIB, BW.GELB, BW.GRMB, BW.TON and shifted by 0.75s. CC=cross-
correlation value; VR=variance reduction; MAD= maximal amplitude difference
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5.1.3 Environmental Observations

Environmental data between 2022-01-01 and 2023-05-31 (before the passive i

nsulation sys-

tem was installed) are shown in Figure 5.5, which contains an extended data gap at the

beginning of 2023 due to errors in the archiving code.
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Figure 5.5: An overview of environmental monitoring data and local tilts inside the ROMY
structure. (a) Air temperature, (b) air humidity and (¢) barometric pressure of the sensor
network WS1-WS9 and the outside weather station FURT. Precipitation of FURT is added.

(d) Two component tiltmeter data for ROMYT, TROMY and BROMY.

Corrupt and

distorted data are removed, and data after gaps referenced to last valid values. (e) East

tilts and (f) north tilts with removed linear temperature trend.

Differences in absolute temperature within ROMY’s shafts are explained

by additional

excess heat from electrical devices in some shafts. Temperature records inside ROMY
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show a seasonal trend ranging from about 7°C to 22°C. There is a seasonal lag compared
to the outside temperature (FURT) due to the depth of several meters. The strong diurnal
and sub-diurnal variation in surface temperature and humidity that are damped inside
ROMY, but not entirely suppressed (see Sec. 3.2.6.1).

At the bottom of ROMY’s central shaft (WS1), the temperature variations are small
between 14 °C to 16 °C throughout the year. Signatures for WS1 with a sudden increase
in temperature followed by a slow decrease are related to activation and operation of a
dehumidifier unit and therefore show up in the corresponding humidity and temperature
record. The apparent linear decrease for WS1 is incomprehensible and should be verified
with longer multi-year time series in the future.

Humidity correlates with the temperature inside the shafts, ranging from 70 % in winter
to 90 % in summer. For the central shaft, values of 100 % have also been recorded since.

5.1.4 Local Tilt Observations

Long-term tilt observations for different tiltmeter located at different locations within
ROMY are shown in Figure 5.5d-c. A strong dependence on temperature and temper-
ature changes has been observed for the instruments, however, only a linear correction
does not capture all influences (see seasonal trends in Fig. 5.5e and 5.5f). Linear coeffi-
cients vary for the different sensors, the respective observation period and the individual
components. An experiment was conducted with one platform tiltmeter to investigate the
temperature dependence. The sensor was placed under an insulated box and exposed to a
controlled thermal influx. The results are inconclusive and suggest non-linear effects in the
presence of strong temperature variation (increase and decrease) and with an exponential
decay during readjustment after removal of the heat source. Generally, independent tilt
observations at ROMY are important to monitor the deformation of the ROMY structure
and corner boxes and will benefit from further improvements in passive thermal insulation
or an active temperature stabilization.

More than two months of data since 2024-03-09 of N-S and E-W ground tilt at ROMY'T are
shown in Figure 5.6 as bandpass filtered waveforms and continuous wavelet transforms. The
spectrogram reveals dominant sub-daily tides for the N-S and the E-W tilt motions. Weak
daily tides are present only on the E-W component. This is consistent with theoretical
expectations for latitudes around 48 °N, with vanishing diurnal tidal rms tilt amplitudes
for the north component of about Onrad to 4nrad and strong tilts in east direction of
about 18nrad to 20nrad (Agnew 2010). For semi-diurnal tides, both north and east, are
expected to be pronounced with rms tilt amplitudes of 20 nrad and 30 nrad, respectively
(Agnew 2010).

Several energetic events with periods longer than 24 h are additionally causing tilt signals
(Fig. 5.6). This is more prominent on the E-W component. For very long periods, the
dominant source of ground motion is elastic deformation caused by atmospheric pressure
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loading (Ziirn et al. 2007). This would agree with more signal energy on E-W components
for a dominant eastward wind direction at ROMY’s location.

Predicted solid Earth tidal tilts are computed using the python package PyGTide (Rau
et al. 2022) to compare it to observations. A good agreement for semi-diurnal tilts is found.
When comparing several months of mixed diurnal and semi-diurnal signals between 11h
to 26 h period, the residuals are minimized by scaling predicted eastern tilts by 1.09 and
northern tilts by 0.82 (Fig. 5.7). Transient signals in the residual time series often coincide
with times of maintenance (see Fig. 5.7) when opening and closing shaft covers causes
artificial pressure signals. Partially discrepancies in predicted and observed signals might
also origin in strain to rotation coupling, attributable to local heterogeneities, not least the
ROMY structure itself.

Barometric loading of the Earth’s surface causes deformations and introduces tilt motion
coupling to the seismometer components (see Sec. 5.3). The signal content in the residuals
in Figure 5.7, left after expected solid Earth tides have been removed, is largely the result
of local atmospheric pressure effects. Modelling tilts based on a linear model with local
barometric pressure (P(t)) and its Hilbert transform (H[P(t)]) can reduce the residuals in
terms of variance reduction (Eq.(3.5)) by 44 % for the east component and 13 % for the
north component (Fig. 5.8). The coefficients, derived by multi-variate RANSAC regression,
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Figure 5.6: Observed N-S (a) and E-W (c) tilt of BW.ROMYT is shown with corresponding
continuous-wavelet transform (CWT) in (b) and (d), color-coded by the normalized CWT
power. White shaded areas are unresolved. A bandpass (1h to 100 h) has been applied.
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Figure 5.7: Predicted (red) and observed (black) solid Earth tidal tilts for (a) north-south
and (c) east-west components. Observed data is based on ROMYT tiltmeter and prediction
computed using PyGTide (Rau et al. 2022). The data are bandpass filtered between 11h
to 26 h period to cover daily and sub-daily tidal signals. The residuals of predicted and
observed signals are shown in (b) and (d). Predicted signals are scaled by 0.82 for north and

1.09 for east components in order to reduce the residuals. Yellow bars indicate maintenance
periods.

are:

N'(t) = —5.3nrad/hPa- P(t) + 8.4 nrad/hPa - H[P(t)] (5.1)
E'(t) = 28.0 nrad/hPa- P(t) 4+ 10.1 nrad/hPa - H[P(t)]

The north component yields a larger contribution from the spatial pressure gradient, while
the east component is dominated by local deformation or ’cavity effect’ (Ziirn et al. 2007,
2022). Therefore, the differences between the coefficients for the two components may
be due to the geometry of the shaft or cavity and the concrete foundation on which the
tiltmeter rests. The ’cavity effect’” also includes a contribution from strain-rotation coupling
due to a heterogeneous subsurface features that a cavity represents (Ziirn et al. 2007, 2022).



132 5. Observations and Preliminary Analyses

bandpass = 1 - 30 hours

(a)
'['_.; 50
o
£ TV TT YT Py LA A il A At AT AR AN A | 4 Dathtoand kAR ARARAAA ‘ MTTHIYTRN W A ‘l““l.t‘
= 01 YVIHYEY r" WA 's‘ HVTW Y ! f‘(’)"”\‘l\ Ll WY ’4\")‘ ""',/‘»le W '|"(‘.J| 0 "\“‘ Wik INNA Yl e '!\\ l“ L
= I
£ 504
2
—100 A —— model = -5.3 nrad/hPa x P + 8.4 nrad/hPa x H[P] —— observation - 1x tides
= (b)
o
38 o]
g<
o —— VR =13.3%
—100 1
100 1 (c)
§ ol it A A TV} A ,ﬁvﬂ‘\,’.“f A‘,“,lf AAAABAANANAA AN A e s A,
£ IV ML W) ‘l‘l“u\"(w,w, I’. | .“\'v.,,‘ | "“,""v‘v‘
=
= —100
-
n
©
#2001
—— model = 28.0 nrad/hPa x P + 10.1 nrad/hPa x H[P] —— observation - 1x tides
= (d)
— oA
o
3
< ;
& 200 A VR = 44.07%
0 10 20 30 40 50 60 70 80

Time (days) from 2024-03-09

Figure 5.8: Observed tilts (black) for (a) north and (c) east component are corrected using
predicted solid Earth tides based on PyGTide (Rau et al. 2022) with scaling factors of 0.82
and 1.09, respectively. A linear model for barometric pressure and the Hilbert transform
thereof is fitted (red). Residuals of the model and observations are shown in (b) and (d).
Yellow bars indicate maintenance periods.

5.1.5 Infrasound Observations

Infrasound signals recorded at FFBI seem to be affected during maintenance work when
access shafts are opened, thus allow air circulation inside ROMY and especially whenever
active air ventilation is activated in the central shaft (Fig. 5.9a). As expected, dominant
contributions of infrasound are can be attributed to wind, independent of the direction.
An increase in wind speed causes a stronger signal for the infrasound channel of FFBI
(Fig. 5.9).

The BDO channel of FFBI, which records absolute barometric pressure, shows a constant
offset of 7hPa compared to PS3 next to FFBI. This is attributed to a missing recent
calibration of the sensor, adjusting its reference to the respective altitude, before its in-
stallation at ROMY. The weather station FURT is about 3 m elevated at the surface level,
which explains the slightly lower pressure readings.

On calm days, the microbarom around 0.2 Hz, representing infragravity waves caused by
oceanic-atmospheric interaction (e.g., Waxler & Gilbert 2006), is clearly resolved (Fig. 5.10).
Better infrasound observations could potentially be achieved by adding a spatial filter to
suppress wind noise.
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Figure 5.9: (a) Raw infrasound observations of FFBI at ROMY (black) and with a moving
average (3600s) applied (white). (b) Absolute barometric pressure of FFBI, FURT and
PROMY. (¢) Smoothed wind speed and direction recorded at FURT. Yellow vertical bars
indicate maintenance work.

5.1.6 Natural Mode Observations of the ROMY Structure

It is expected, that the glass fiber reinforced concrete structure (or building) of ROMY,
embedded in the shallow subsurface, as indicated in Figure 3.7, has an impact on the
recorded signals based on its natural frequencies (or eigenmodes). The eigenmodes of a
structure are commonly estimated using an experimental modal analysis (EMA) or opera-
tional model analysis (OMA). For the EMA, the structure must be excited with a known
source signal, which is not possible for ROMY. An OMA relies on the excitation of the
eigenmodes by ambient signals during operation.

In the spring of 2023, an experiment was conducted in which nine Trillium Compact broad-
band seismometers were installed in ROMY’s access shafts to record ambient seismic noise
and infer the eigenmodes of the structure. The median power spectral density for one
week (2023-03-10 and 2023-03-17) is computed for all components and each station in-
side ROMY, as well as the borehole stations FFB1, FFB2 and FFB3 surrounding ROMY
(Fig. 5.11). The borehole stations provide an external reference outside the ROMY struc-
ture. FFBI1 is located at a depth of about 90 m, while FFB2 and FFB3 are at depths of
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Figure 5.10: A median PSD with a 95 % confidence interval is shown for barometric pressure
recorded at FFBI using data of channel BDO below 10 mHz and BDF above. Noise models
by Marty et al. (2021) are shown as reference.

about 15m, hence comparable to the deepest point of the ROMY structure. Stations RY03
and RY04 had to be excluded due to data distortions. High frequency distortions and a
pronounced 50 Hz peak are evident for RY09, limiting its reliability above 10 Hz.

In general, less seismic energy is present for the deep borehole station FFB1 above 1 Hz
for the horizontal components and above 2 Hz for the vertical component. The shallower
borehole stations are, as expected, more comparable to the stations within the ROMY
structure. Distinct frequency peaks are present, such as the adjacent peaks at 1.13 Hz and
1.24 Hz. The peak at 1.13Hz is larger for the east component, while the 1.14 Hz peak is
dominant for the north component. All prominent peaks are consistent across all stations,
as expected for eigenmodes. However, since the same peaks also occur at the external
stations, their cause is more likely to be found in the subsurface structure than in the
ROMY building. Most likely, the excitation by ambient seismic vibrations is not sufficient
to excite the eigenmodes of the ROMY building and allow for an OMA.

The median PSDs of horizontal (H) and vertical (V) components are used to compute H/V
curves:

_ /PSD% + PSD%,
N PSD, ’

for all stations, which are presented in Figure 5.12.

H/V

(5.3)

Distinct peaks are identified for all stations at the following frequencies: 0.228 Hz, 1.13 Hz,
1.24 Hz, 2.085 Hz, 2.775Hz, 3.125 Hz , and indicated by yellow bars in Figure 5.12. A peak
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Figure 5.11: Median PSDs for the vertical (a), north (b) and east (c) component of seis-
mometers inside ROMY (RY01 - RY09) and the inner ROMY array (FFB1, FFB2, FFB3)
between 2023-03-10 and 2023-03-17 are shown. A moving average has been applied for

visualization purposes.

at 16.66 Hz is present only for the stations inside the ROMY building and might be linked
to electrical crosstalk via grounding, originated from the nearby electrified tram system,
which typically operates at high-voltage at 16.7 Hz.

Preliminary Conclusions and Outlook

The presented preliminary results presented may indicate a negligible effect on the obser-
vations due to the natural frequency amplification of the embedded structure of ROMY.
Virtual modelling of the complex ROMY structure to obtain theoretical eigenmodes and
eigenvectors could improve the understanding of potential influences on the observations,
but would require a sophisticated software and engineering insight. The H/V curves could
be used in combination with more data to characterize the local subsurface and potentially
correct local site effects in observations of teleseismic events (see Sec. 5.2).
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Figure 5.12: Median PSDs for the vertical (a), north (b) and east (c) component of seis-
mometers inside ROMY (RY01 — RY09) and the inner ROMY array (FFB1, FFB2, FFB3)
between 2023-03-10 and 2023-03-17 are shown. A moving average has been applied for
visualization purposes.

5.2 Amplitude Amplification: ROMY and G-ring

For many teleseismic earthquake records, a difference in amplitude for rotation rate between
ROMY and the G-ring is reported. The different geological setting, hard crystalline rock
for the G-ring in Wettzell and softer sediments for ROMY in Fiirstenfeldbruck is a likely
candidate for the different amplitudes. The quantitative explanation for this discrepancy
between locations is still not fully understood. Since the G-ring is a single, horizontal RLG,
only a comparison of rotational motions around a vertical component is possible.

In order to systematically and statistically evaluate the amplitude ratio between ROMY
and G-ring, a dataset of global earthquake detections is required. Based on the ISC
(International Seismological Center) catalog, all events with magnitude of 6 and above
between 2019-01-01 and 2024-04-30, were analyzed, which amounts to 428. Data for the
vertical components of ROMY (BW.ROMY) and G-ring (BW.RLAS) and the co-located
broadband seismometers FUR (GR.FUR) and WET (GR.WET), respectively, are used for

the analysis.

A manual quality assessment and selection of observations was required due to frequent
instrumental distortions of ROMY records. This leaves 48 usable events, or about 11 %.
Reasons for the small number of useable events are maintenance work for the RLGs, espe-
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Figure 5.13: The location of 48 selected earthquakes (red circle) detected by ROMY (green
triangle) and G-ring (about 200 km NE of ROMY) that are used for the study, plotted on
a ROMY centered polar-projection map.

cially ROMY and frequent split-mode operation states (= no data), as well as instrumental
glitches occurring during events as a result of mode jumps and instrumental drifts. A polar
distribution of epicenters of the selected, useful events is shown in Figure 5.13. Most events
are located in a backazimuth range of 0 to 90° (= south-western Pacific area) with respect

to ROMY.

Figure 5.14 shows as an example data for an M,, 6.8 event on April 05, 2024 (11:03:15
UTC), with the data used to estimate the peak amplitude is shaded in blue. Each trace is
zero-padded, bandpass filtered with in 6th-octave frequency bands and an absolute peak
amplitude is determined using the 95th percentile. For each event, the amplitude spectra
are computed using an FFT. Since the focus is on the vertical rotation rate, catalog-based
theoretical backazimuths are used to rotate into a ZRT coordinate system and use the
transverse acceleration of FUR and WET for further analysis. For the example event,
these amplitudes are shown in the lower panel of Figure 5.14.

Median values for peak amplitudes estimated in the time domain are shown with a 60 %
confidence interval for vertical rotation rate of ROMY and G-ring in Figure 5.16a and for
transverse acceleration FUR and WET in Figure 5.15a. Statistical values for the spectral
amplitudes and ratios are shown for accelerations in Figure 5.17 and for rotation rate in
Figure 5.18.
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Figure 5.14: Upper panel: Three hour traces of an exemplary event are shown for all
component of seismometers BW.FUR and BW.WET and vertical components of ring lasers
BW.ROMY and BW.RLAS (G-ring). Blue shaded area indicates data that is used for
further analysis. Lower panel: Peak amplitudes estimated as a 95 percentile in 6th-octave
frequency bands.

The ratio for transverse acceleration between 1 mHz and 100 mHz is approximately 1 before
it increases towards higher frequencies. Above 1 Hz, the ratio is between 10 and 20. This

might also be related to a generally higher level of anthropogenic noise around the site of
FUR.

When comparing the vertical rotation rate of ROMY and the G-ring, a level of about
1 prads~! between 1 mHz and 10 mHz is approached. This is a resolution limit and therefore
mostly noise rather than seismic energy. Moreover, most events are not expected to provide
significant seismic energy in this frequency band. Conclusions for frequencies below 10 mHz
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BW.ROMY and BW.RLAS. (b) ROMY-

tudes.

are therefore not reliable.

to-RLAS ratio of median values of peak ampli-

Between 10 mHz and 100 mHz the teleseismic earthquake signal content is dominant and
a rotation rates at ROMY are larger by a factor of 2 to 3 (Fig. 5.16). For frequencies
above 0.1 Hz, the difference in signal energy increases for both acceleration and rotation
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Figure 5.18: (a) Median values of amplitude spectra of all events (circles) and 60% confi-
dence interval (shaded) for vertical rotation rate of BW.ROMY and BW.RLAS (G-ring).

(b) ROMY-to-RLAS ratio of median values of amplitude spectra.

rate, indicating amplification effects, most likely due to the local sedimentary subsurface
structure. The G-ring is mounted on top of crystalline rock, whereas ROMY is located in
the pre-alpine sedimentary basin, which could be attributed to local amplification effects.
No significant effect of directivity, as far as the non-uniform earthquake distribution permits

(see Fig. 5.13).
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Preliminary Conclusions and Outlook

The previously reported observation of amplitude differences between G-ring and ROMY
for SH-type waves is supported by the preliminary results of this event-based analysis.
A factor of 2 to 3 between 0.01 Hz to 0.1 Hz in rotation rate is identified, which is not
present in the acceleration data. At higher frequencies >0.1 Hz, amplification effects, most
likely due to the sedimentary nature of the subsurface, are also present for acceleration. A
pronounced directivity effect for amplifications is not evident. Whether the cause lies in
the data processing cannot be excluded at present, but is considered unlikely. A detailed
simulation of the entire processing chain for ROMY has been initiated, but not yet finished.

A 2D or even 3D simulation of teleseismic events with a refined velocity model at the
location of the G-ring and ROMY based on the respective geological setting, is required
to model the observed difference in rotational amplitude. A detailed site characterization
could potentially be used to correct for the local site effects to the benefit of teleseismic
observations.

5.3 Atmospheric Pressure and Ground Deformation

A mechanical seismometer is an acceleration sensor that is sensitive to inertial accelera-
tion, such as that caused by seismic waves, and to gravitational acceleration, caused by the
redistribution of mass in the atmosphere above the sensor. These contributions cannot be
distinguished due to the equivalence principle. A third contribution originates from tilting
the sensor, which results in a coupling of the gravitational acceleration to the tilted compo-
nents, thus tilt-coupled acceleration. Tilt-coupled acceleration for inertial seismometers is
a first-order effect for the horizontal components and a second-order effect for the vertical
component, where the contributions are not constructively aligned.

A dominant contribution of local tilt deformation of the Earth’s surface is attributed to
atmospheric pressure loading, especially for frequencies below 10 mHz (Ziirn et al. 2007,
Tanimoto & Li 2020, Ziirn et al. 2022). Several months of direct observations of all three
components of ground tilt provided by ROMY allow redundant compliance estimation of
air pressure and tilt and eventually a discrimination between tilt and other contributions
to the seismic noise floor at low frequencies (<10 mHz).

5.3.1 ROMY and Air Pressure Modelling

Zurn et al. (2007) modelled these effects on a seismometer for a homogeneous half-space,
including contributions of gravitational attraction, tilt-coupled acceleration and inertial
acceleration. An approach to model the tilt # motion introduced by atmospheric pressure
loading was proposed and tested by Ziirn et al. (2007). This model consists of a linear
combination of co-located barometric pressure records and the Hilbert transform thereof
(Ziirn et al. 2007):

O(t) =a-P(t)+b- H{P(t)} . (5.4)
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The local pressure represents tilts due to local elastic deformation at the sensor location as
a response to barometric loading (LDT = Local Deformation Tilts), often associated with
‘cavity effects’ or local heterogeneities (Ziirn et al. 2007). The Hilbert transform of the
barometric pressure is referred to as travelling wave tilt (TWT = Travelling Wave Tilt)
and approximates the spatial pressure gradient (Ziirn et al. 2007). A correlation of the
respective waveforms is visually recognizable (see Fig. S.18).

Several months of data from ROMY and the co-located STS-2 broadband seismometer
FUR are analyzed to estimate the linear coefficients of Equation 5.4 and validate their
temporal stability. Figures 5.19 and 5.20 present the results of the analysis for the different
components of FUR and ROMY, respectively.

Table 5.1: Median and confidence interval (upper and lower quartile) of the estimated
linear coefficients a and b (Eq. (5.4)) for FUR and ROMY.

FUR az ay ag bz by bg
upper quartile - 323 142 - 6.0 3.9
median - 26.8 126 - 3.5 2.2
lower quartile - 19.6 109 - 1.6 1.0
ROMY

upper quartile | 9.3 77.0 64.0 32.3 388.8 230.7
median 3.3 474 43.2 26.6 253.5 148.0
lower quartile | 1.5 24.0 26.5 17.9 159.7 90.0

The coefficients of Equation 5.4 are estimated using a multi-variate regression with a
RANSAC approach on three hours of data, with one hour overlap, for all components
of ROMY (2024-03-01 to 2024-09-30) and the horizontal components of FUR (2024-01-01
to 2024-07-31), using barometric pressure observations from FFBI. These coefficients are
considered compliance, or the response of the ground to atmospheric pressure loading. Tilt-
ing motion is expected on the horizontal components, while rotation around a vertical axis
(SH-type waves) should be of subordinate relevance. The variance reduction (Eq. 3.5) and
the zero-lag cross-correlation (CC) coefficient are used to validate the barometric model.
Higher correlation in the waveform mostly results in a high variance reduction (> 50 %).

Estimating model coefficients for many data periods is more robust than focusing on ex-
emplary case studies only. However, longer time series include data periods of reduced
atmospheric activity that are of little significance to the modelling approach. Therefore,
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only coefficient estimates with a CC coefficient above 0.7 and with a time lag below 120s
are considered to derive a median coefficient with a confidence interval (Tab. 5.1).

With regard to FUR, many data periods yield a high variance reduction, in particular
for the north component (Fig. 5.19b). The coefficients appear to converge and be stable
over time with higher values for a, thus a ratio (a/b) above one. A ratio of about 9 is
obtained between the median coefficients for ay (26 ntrad hPa™") and by (3nrad hPa™") for
the north component and of about 6 between ay (12nradhPa™') and by (2nrad hPa™")
for the east component. Maximum CC coefficients are found at zero lag time, which
is expected for a physical elastic deformation model with no time delay. Excitation of
SH-type waves (recorded by the vertical component of ROMY) by barometric pressure
is not expected, but is observed and therefore included in this analysis. For the vertical
component, a significant variance reduction is achieved less often than for the horizontal
components. The variation in lag time for maximum CC coefficients also indicates a poor
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Figure 5.19: Estimates for linear coefficients |a| and |b| (Eq. (5.4)) each for three hours data
periods of the north (red) and east (blue) component of FUR (2024-01-01 to 2024-07-31)
are shown in (a) and (e), while their ratio (a/b) is presented in (c). (b) A histogram of
data periods by achieved variance reduction. (d) Statistical coefficient estimates based on
data periods with cross-correlation coefficients above 0.7 (= estimates with black edge).
(f) Maximal cross-correlation coefficients versus time lag.
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model for the vertical component. The coefficient estimates for the horizontal components
of ROMY appear to converge for the considered dataset, yielding a ratio below one and
thus higher coefficients for the TWT. The estimated compliance of ay = 47nrad hPa™*

and ap = 43nrad hPa™!
are different by a factor of 1.7.

are similar, while by = 253 nrad hPa

1 and by = 147nrad hPa™!
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Figure 5.20: Estimates for linear coefficients |a| and |b| (Eq. (5.4)) each for three hours
data periods of the vertical (green), north (red) and east (blue) component of ROMY
(2024-03-01 to 2024-09-30) are shown in (a) and (e), while their ratio (a/b) is presented
in (c). Estimates with (b) A histogram of data periods by achieved variance reduction.
(d) Statistical coefficient estimates based on data periods with cross-correlation coefficients
above 0.7 (= estimates with black edge). (f) Maximal cross-correlation coefficients versus
time lag.

5.3.2 Spatial Pressure Gradient

By using the recorded pressure at the barometer array (see Fig. 2.17) and the methodology
for ADR (Spudich & Fletcher 2009) using pressure as the vertical channel input, a gradient
can be computed for a north and east direction. As for ADR, this assumes a homogeneous,
rigid baseplate beneath the entire array (Spudich et al. 1995).

Figure 5.21 presents an example of the derived spatial pressure gradient for frequencies
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between 0.5 mHz to 10 mHz on 2024-10-27, with peak-to-peak pressure variations of about
10 Pa to 15 Pa. The east component has about half the amplitude of the north component.
This results in a mostly north-south oriented pressure gradient (Fig. 5.21e).
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Figure 5.21: Exemplary spatial pressure gradients for barometer array around ROMY
on 2024-10-27. (a) Barometric pressure changes at ROMY and derived spatial pressure
gradients (b) in north-south and (c) east-west direction. (d) A normalized absolute pressure
gradient is shown. (e) Polar plot of the combined pressure gradient with respect to north.
Data are bandpass filtered between 0.5 mHz to 10 mHz.

Currently, the gradient estimate is based on merely six stations, with only one station
located towards north and north-east. Adding more barometer stations would allow for a
more homogeneous distribution and increase the aperture (currently about 4.2km). This
could improve the spatial gradient estimation and provide a larger frequency range. At
the same time, the pressure wavefield is less coherent at higher frequencies, consequently
increasing the complexity of the gradients. This would weaken the underlying assumptions.
Therefore, the underlying assumptions for the ADR computation, with respect to plane
waves and a rigid baseplate, may no longer hold.

5.3.3 Tilt Correction

By observing pure tilt motion with high sensitivity, tilt-coupled contributions from ac-
celerometers could be removed (e.g., Bernauer et al. 2020b, Lin et al. 2022). This is
particularly valuable for ocean-bottom seismometer installations, being severely affected
by oceanic compliance (e.g., Lindner et al. 2017).

The potential for tilt correction is assessed for exemplary data of ROMY and FUR on
2024-10-27 (see Fig. 5.22). Atmospheric-induced tilt contributions are modelled using the
barometric model (Eq. (5.4)) with the Hilbert transform as a proxy for the spatial pressure
gradient (= MH) and with the derived gradient using the barometer array (= MG). FUR
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accelerations are converted to tilt by dividing by 9.81 ms—2

signal below 10 mHz is tilt-induced.

, assuming that the dominant
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Figure 5.22: Tilt removal for ROMY and FUR using a barometric model based on local
barometric pressure and the Hilbert transform thereof (= MH) and on local barometric
pressure and the derived spatial gradient (= MG). Tilt observed the (a) north and (b) east
component of ROMY (gray) and the residuals after correction with MH (blue) and MG
(orange) are shown. Horizontal acceleration for the (c) north and (d) east component of
FUR is converted to tilt by dividing with 9.81 ms~2. Tilt of FUR is reduced by subtracting
by direct tilts of ROMY scaled linearly and shifted in time (red) for (e) north and (f) east.
VR=variance reduction; R=ratio of pressure over gradient.

A high variance reduction of more than 70 % is achieved with MH for both components of
ROMY and FUR. For FUR, MG gives similar, however, slightly lower variance reductions.
For ROMY, however, the difference between the models is large, in particular for the east
component, where MG achieves a reduction of only 7.75 %, while MH achieves 74.86 %. A
comparison in the frequency domain reveals reductions of several dB up to about 20db,
especially at lower frequencies (< 3mHz) (see Fig. S.20).

In order to effectively reduce tilt observations of FUR using ROMY data, a scaling of
0.26 and 0.13 as well as a time shift of 82s and 104s must be applied to the north and
east component, respectively (Fig. 5.22e and 5.22f). The seismic stations FUR is located
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about 10m distance apart in a seismic underground vault, generally considered as co-
located sensor, however, likely experiencing different 'cavity effects’, as demonstrated for
instruments at slightly different locations by Ziirn et al. (2022).

5.3.4 Air Pressure Compliance Function

The compliance of barometric pressure and ground motions is estimated as a function of
frequency. Hourly PSDs are computed for each ground motion sensor and local barom-
eter using a multitaper approach, and median PSD values are estimated for 12%-octave
frequency bands. seismo-barometric scatter plots (ground motion versus barometric pres-
sure), as shown in Figure 5.23, reveal a linear increase in ground motion background level
above a minimum power in barometric pressure. Single scatter points with low coherence
at high pressure power and low ground motion power are commonly related to distor-
tions in air pressure (e.g., during maintenance work), that are not captured by the applied
outlier-exclusion-criteria (see Fig. 5.23).

Coherence values per frequency band between ground motion and pressure are used as a
selection criterion (COH > 0.8) for the linear orthogonal distance regression. Hereby, a
uniform relation between ground motion and pressure is assumed and only the intercept
is fitted. Uncertainties are determined by performing multiple regressions on randomly
sampled subsets (80% of the samples) and computing a median and a 90 % confidence
interval. Compliance functions for three components of ground acceleration observed by
the seismic stations FUR and BFO (Black Forest Observatory) are shown in Figure 5.24.
Tilt motions by ROMY’s tiltmeter, ROMYT, are converted to accelerations using the
gravitational acceleration (¢ = 9.81ms~2). The compliance function obtained for rotation
rate from ROMY is integrated to tilt by scaling with (27f)~1.

The compliance for the vertical component (Z) of BFO and FUR is, as expected, lower
than the corresponding compliance for horizontal components by a factor of about 10
and 15, respectively. Slightly different compliance is estimated for the north (N) and
east (E) components of FUR and BFO. The seismometer at BFO is installed in a former
underground mine in stiff, crystalline rock, while the STS-2 seismometer of FUR is located
in an underground vault adjacent to the ROMY structure on top of several kilometers of
sediments.

Both components of the tiltmeter ROMY'T reveal a similar compliance function as the
one of the north component of FUR. This is to be expected, since the inertial tiltmeter
ROMYT is a long period seismometer. All horizontal components of the instruments at
the site of the ROMY appear to converge to comparable compliance values above 10 mHz
between 500 nm hPa™" to 1000nmhPa'. For long periods, below 10 mHz, the compliance
functions of different instruments and their components diverge.

The estimated compliance functions can be used to obtain a low noise level for ROMY,
specific to its site characteristics. For this purpose, the compliance functions are multiplied
by the lower bound (2.5 %) of the PSDs for barometric pressure as observed at the ROMY
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Figure 5.23: Exemplary seismo-barometric scatter plots for all components (Z, N and E)
of tiltmeter ROMYT (upper row), ring laser ROMY (central row) and seismometer FUR
(bottom row). Data is color-coded based on the corresponding coherency values.
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site (see Fig. 2.16). The estimated limit is about 30dB to 50dB above the RLNM for
transverse rotations (Brotzer et al. 2023). It seems that the horizontal components of
ROMY are limited by this pressure-imposed limit for long periods.
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Figure 5.24: Estimated median compliance per 12!"-octave frequency band for seismometer
FUR and BFO, tiltmeter ROMYT and ring laser ROMY. Rotation rates of ROMY are
integrated to tilt and tilt converted to acceleration by scaling with a gravitational acceler-

ation of 9.81ms™!.

For comparison purposes, the low noise model for the horizontal accelerations by Berger
et al. (2004), based on data from the Global Seismic Network (GSN), is converted to tilt by
diving with the common gravitational acceleration of 9.81 ms~2. This assumes pure tilts
below 10mHz and would indicate a limit at around 10~2*rad®s 2Hz ' and thus about
30dB above the RLNM (Fig. 5.25). The difference to the estimated low noise limit for
ROMY may be due to the sedimentary structure beneath ROMY, which allows for a greater
pressure-induced deformation and thus a higher background level of rotational motion. A
contribution of pressure-induced instrumental effects (see Sec. 3.2) may also contribute.
This should be re-evaluated when the optical resonators of the RLGs of ROMY are actively
stabilized.

Preliminary Conclusions and Outlook

A strong, low-frequency tilt-induced contribution is observed for the horizontal components
of the seismometer FUR. At times this leads to a variance reduction of more than 90 %
when corrected with a linear barometric model, in particular valid for the north component.
Estimation of the linear model coefficients statistically indicates a temporal invariance of
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Figure 5.25: Estimated low noise level for ROMY’s horizontal components imposed by
pressure-induced tilts (N and Ejnie). The 2.5-percentile of PSDs computed for ROMY’s
north (orange) and east (green) component are shown. The rotational low/high noise model
by Brotzer et al. (2023) are shown for reference. The low noise model for the horizontal
accelerations by Berger et al. (2004) based on data of the global seismic network (GSN) is
converted to tilt by scaling with 9.81 ms~2 and shown for frequencies below 10 mHz.

these compliance coefficients. For FUR, higher compliance coefficients are obtained with
respect to the local barometric pressure, suggesting at dominant 'cavity effect’.

The available dataset of direct tilt observations from ROMY allows to constrain the com-
pliance values for tilt directly. However, due to periods of insufficient data quality (see
Sec. 2.2), less usable data are available for the analysis. The model coefficients can be
statistically determined and yield a ratio of compliance values below one, hence with a
dominant contribution of the spatial pressure gradient, in contrast to FUR. Peak variance
reductions above 80 % can be achieved with the barometric model.

Compliance functions are estimated that support a linear relation between barometric pres-
sure and ground rotation, as expected with strong compliance for horizontal components.
These might be amplified at the location of ROMY and FUR sites due to the sedimentary
nature of the subsurface, allowing for more deformation as a result of barometric loading.
Compared to the compliance functions estimated for the BFO site, located in solid rock, the
compliance functions for ROMY and FUR yield an increase toward higher frequencies and
are thus more consistent with those modelled based on a two-layer subsurface structures
(Kenda et al. 2020). The compliance functions can be used to estimate the low noise level
for ROMY’s horizontal components imposed by pressure-induced tilts at low frequencies.
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In order to advance this study, the effects of deformation caused by barometric pressure
loading should be simulated with a local 3D model. The derived characteristic compliance
functions could be more closely related to the specific local site characteristics. The ori-
gins of SH-type waves, possibly excited by atmospheric gravity waves interacting with the
topography, could be investigated by including the local topography in the model. Obser-
vations of the existing or potentially extended barometer array could serve as input data
for such simulations. An orientation could be a simulation done for the G-ring by Gebauer
et al. (2012).

5.4 Seismic Source Tracking

Using seismic observations to track natural events that generate seismic signals, such as
avalanches (e.g., Pérez-Guillén et al. 2019), storms (e.g., Davy et al. 2014), tectonic ruptures
(e.g., Kriiger & Ohrnberger 2005) or anthropogenic sources, such as traffic Riahi & Gerstoft
(2015), Yuan et al. (2021), is of relevance and has been widely tested, developed and
applied. Moreover, 6 DoF observations can be used as a polarization filter for different wave
types of the seismic wavefield (e.g., Sollberger et al. 2020) and thus enable to locate sources
for Rayleigh and Love type waves separately. The high self-noise level of portable sensors
such as the blueSeis-3A (see Sec. 4.2) limits the applicability of 6 DoF processing using
ambient seismic noise, such as the seismic microseism. High-sensitivity 6 DoF observations
of ROMY, allow to demonstrate the feasibility and potential of 6 DoF processing, which
will become available as soon as portable rotation sensors with sufficient sensitivity are
developed.

5.4.1 Microseism Tracking

The primary and secondary microseism peaks originate from energy transfer between the
oceans and the solid Earth, while the mechanism for the secondary microseism is a non-
linear oceanic wave-wave interaction, the primary microseism is caused by the interaction of
oceanic infragravity waves with coasts or bathymetric features in the ocean (e.g., Longuet-
Higgins & Jeffreys 1950, Hasselmann 1963, Tanimoto & Anderson 2023) The identification
of seismic microseism source locations caused by the interaction of ocean waves and seafloor
or coasts has been successfully demonstrated with seismic arrays (e.g., Hillers et al. 2012),
as well as fiber-optic cables (DAS) (e.g., Xiao et al. 2022). Single-station 6 DoF observations
provide a similar potential, while the combination of several distributed 6 DoF stations,
replacing seismic arrays, would significantly increase the accuracy (e.g., Yuan et al. 2021).

Figures S.21 and S.22 present power spectral densities (PSDs) computed hourly based
on a multitaper approach for acceleration records of GR.FUR and rotation rate observed
by BW.ROMY, respectively. The dominant peak of the secondary microseism is evident
in all components of FUR (0.1Hz to 0.3Hz), but also the weaker peak of the primary
microseism (0.05Hz to 0.1Hz), is also visible. Both weaken gradually in power towards
summer in the Northern Hemisphere. The lower frequency of the slope of the secondary
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microseism peak appears more turbulent, depending on the oceanic source activity. Only
minor gaps are visible for FUR, while ROMY still reveals many time periods of poor data
quality, resulting in data gaps. The corresponding PSDs are rejected for this analysis
based on maintenance logs and predefined thresholds. The most continuous observations
of the secondary microseism peak are available for the vertical component. The secondary
microseism features are very similar for accelerations and rotation rate observations (see
Fig. S.21 and Fig. S.22). A clear peak for the secondary microseism band is recognizable
in the median PSD of all components for ROMY.

In order to identify the dominant source locations for the microseisms of Love and Rayleigh
waves, backazimuth estimations are performed as described in Section 4.2. Waveforms
are bandpass filtered between 7s to 10s period (0.1Hz to 0.14Hz) in order to capture
the secondary microseism peak. Moving time windows of 20s with an overlap of 90 %
are used. Average backazimuths are obtained for one-hour time intervals using Gaussian
density kernels of estimates with cross-correlation values above 0.5. This allows a standard
deviation to be assigned to the dominant backazimuth estimate. A current weakness of
the implementation is the artificial discontinuity between 0° and 360°, which distorts the
density kernel for peaks near the edges of the scale, thus north. An example of the results for
a one-hour interval on 2024-03-07 is shown in Figure S.23 of the supplementary materials.

For validation purposes, the backazimuth is also estimated using the seismic array f-k
processing method, hereafter referred to as beamforming. The results are based on the
vertical components of the seismic array stations and therefore sensitive to SV-polarized
motion. This should be extended to three component beamforming.

Hourly estimates with uncertainties for the observation period between 2024-02-01 and
2024-10-31 using four different approaches are shown in Figure 5.26.

There seems to be an increased uncertainty for the backazimuth estimates for all methods
during the summer months compared to the winter months in the Northern Hemisphere,
indicating less pronounced or distant sources for seismic microseisms during summer (see
Fig. 5.27). For the early months of 2024, a dominant backazimuth of around 300° can be
observed. For Love waves, however, the dominant backazimuth seems to be at around 250°.
In October, the dominant backazimuth appears to re-emerge after the summer months of
more distributed directions.

This is visualized by plotting all moving window estimates as angular histograms in 5°
bins weighted by the computed CC coefficient (Fig. 5.28). There are no CC coefficients
for the beamforming estimates, therefore no weights were applied. The dominant direction
of Love waves is west-south-west (235° to 270°), while for the Rayleigh wave grid search
approach most estimates point towards west-north-west (270° to 315°). The covariance
approach is also based on SV-polarized waves and points to the west. The beamforming
distribution is most consistent with the Rayleigh wave grid search approach, but tends to
be more unidirectional than the other approaches.

A systematic drift away from the dominant backazimuth direction is observed for all applied
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Figure 5.26: Hourly backazimuth estimates for the secondary microseism peak (0.1 Hz to
0.14Hz) are shown with uncertainties between 2024-02-01 to 2024-10-31. Backazimuths
are estimated using a (a) Rayleigh covariance, (b) Rayleigh polarization grid search, (c)
Love polarization grid search method as well as (d) f-k array beamforming approach, using
vertical ground motions, as reference.
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Figure 5.27: Uncertainties of hourly backazimuth estimates between 2024-02-01 and 2024-
10-31 are compared, being separated by summer (2024-03-21 to 2024-09-20) in dark colors
and not summer in light colors. Backazimuths estimates based on a (a) Rayleigh covariance,

(b) Rayleigh polarization grid search, (c) Love polarization grid search method as well as
(d) f-k array beamforming approach are compared.
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Backazimuth Estimation: BW.ROMY - GR.FUR (2024-02-01 - 2024-09-30)
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Figure 5.28: Backazimuth directions are estimated for secondary microseism peak (6s to
11s period) between 2024-02-01 and 2024-09-30 and plotted as angular histograms weighted
with cross-correlation coefficients (CC) above 0.5 and centered on the location of ROMY.
Backazimuths are estimated using a (a) Rayleigh covariance, (b) Rayleigh polarization, (c)
Love polarization approach, as well as based on a (d) f-k array beamforming method using
vertical ground motion. Bathymetry data is provided by (Natural Earth 2024).
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methods during the last week of February in 2024 as shown in Figure 5.29. For Rayleigh
polarized waves, the backazimuth first deviates about 60° south until 2024-02-26, before the
drift reverses and drifts northwards to about 350°. From 2024-02-29 onwards, the dominant
backazimuth direction matches the previous one of about 300°. The uncertainties increase
with the northward drift, however, this seems to indicate a moving source of dominant
microseism energy, likely a storm in the Northern Atlantic.

As microseism generation is linked to oceanic wave activity, thus sea surface wave sig-
nificant height (SWH) measurements, obtained by satellite altimetry, are often used as
an observational proxy to constrain source regions. Daily maximum SHWs from satellite
measurements are available (CMEMS 2024) and compared with daily histograms of back-
azimuth estimates based on the covariance approach for the period of strong location drift
(Fig. 5.30). It is understood that secondary microseisms are generated by a non-linear
interaction of oceanic surface waves (e.g., Longuet-Higgins & Jeffreys 1950, Hasselmann
1963, Tanimoto & Anderson 2023). The dominant backazimuth directions, indicated by
the weighted histograms, generally point towards the area of maximum SWH. A mismatch
is observed for 2024-02-22 (Fig. 5.30c). On February 26, 2024, there are two areas of pro-
nounced SHW, with the backazimuth estimate pointing to the closer but weaker area north
of Spain (Fig. 5.30g).
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Figure 5.29: Backazimuth estimates for secondary microseism peak (7s to 10s period) are
shown as half-hourly maximum-likelihood peaks and error bars for a storm event (2024-
02-20 to 2024-03-01. Backazimuths are estimated using a (a) tangent, (b) Rayleigh polar-
ization, (c) Love polarization methods as well as (d) f-k array beamforming based on the
vertical component.
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Backazimuth Estimation: BW.ROMY - GR.FUR
0
(b) 2024-02-21

Figure 5.30: Daily angular histograms of backazimuth estimates weighted by cross-
correlation coefficients based on the Rayleigh covariance approach between 2024-02-20
and 2024-02-28. In the background, the daily maximal sea surface wave significant height
(SWH) in the northern Atlantic is shown, based on satellite data (CMEMS 2024).

A study by Hadziioannou et al. (2012) used rotational data of G-ring and obtained a
dominant backazimuth direction around 300° for Love waves. Similar source directions
are obtained for secondary microseism in a study based on seismic arrays across Europe
(Juretzek & Hadziioannou 2016). A difference in source direction for the secondary micro-
seism for Love and Rayleigh waves is not identified here (Juretzek & Hadziioannou 2016).
An apparent difference in source region for Love and Rayleigh waves should therefore be
verified with future longer time series.
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5.4.2 Tractor Tracking

In Section 4.2, backazimuth estimation based on 6 DoF observations is applied to local and
regional earthquakes. Here, 6 DoF data of ROMY are used to track a tractor working in
a neighboring field (see Fig. 5.31a and 5.31b).

This is certainly an unusual application on a very small scale, but it demonstrates the
range of applications for seismic source tracking. The feasibility of tracking vehicles along
a busy, nearby road north of ROMY with 6 DoF data has already been demonstrated by
Yuan et al. (2021). Therefore, this is just an extended example to demonstrate the level
of detail that can be achieved.

The example shows transient signals associated with the tractor working in the adjacent
fields (see Figs. 5.31c and 5.31d). The amplitude and cross-correlation value increase during
the day, indicating that the tractor is gradually approaching ROMY. The backscatter
estimated backazimuth in Figure 5.31d shows a reoccurring east-west pattern (about 90°
to 270°) with an interruption, likely related to reversing, in between. During a break,
presumably a lunch break around noon local time, car traffic north of ROMY dominates
the signals.

Preliminary Conclusions and Outlook

The secondary microseisms are recorded by the RLGs of ROMY and 6 DoF methods for
backazimuth estimation seem promising to locate source regions for Love and Rayleigh
waves individually, with a single station. A difference for Love and Rayleigh wave source
regions may be discernible. Ideally, data and simulations, are required to further con-
strain the observations. Therefore, any interpretation at this time should be considered
preliminary.

Yuan et al. (2021) suggest that having more, distributed 6 DoF stations would improve the
accuracy of the source tracking. The only additional station would be G-ring, providing
observations of a vertical component, thus SH-wave observations. The antenna formed by
the two stations would be limited in resolution due to the proximity of ROMY and G-ring.

In the case of the tractor tracking, it is still unresolved how an extended, large-scale sensor
such as ROMY is able to properly record rotation rates at very high frequencies (> 10 Hz)
and thus successfully track nearby sources to the presented detail.
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Figure 5.31: Tractor tracking with ROMY data. A Image of ROMY and the tractor on

the adjacent fields.

B Close-up image of the tractor with equipment. C Waveforms for

vertical rotation rate (upper) and transverse acceleration (center)on 2024-08-04, between
08:00 and 15:00 UTC. Estimated backazimuths color-coded by cross-correlation values
(lower). D Zoom-in starting at 12:00 LT including the presumable 'lunch break’.



Chapter 6

Conclusions and Outlook

This thesis covers various topics related to the instrumental characteristics of the ring laser
array ROMY and the contribution of 6 DoF observations to seismology. The key findings
are summarized and an outlook on further improvements of the unique instrument ROMY
and on the potential of research projects to address open scientific questions is given.

As ROMY is a prototype with a unique design, a profound understanding of the sen-
sor’s characteristics in its environment is essential. The long-term stability of ROMY’s
heterolithic rings is currently limited by geometric deformation of the optical resonator,
which manifests itself as a drift in the Sagnac frequency. A network of sensors has been
assembled and implemented to study and quantify the instrumental effects of ROMY due
to environmental influences. Temperature-induced deformation of the optical resonator
has the strongest influence on the stability, while out-of-plane deformation is partially
attributed to deformation induced by barometric pressure loading on the access shafts.

A set of video cameras was used to capture the beam positions at different corners, al-
lowing the monitoring of the beam walk caused by deformation at the resonator corners.
Long-term drifts of beam displacement over 74 days show a large dynamic in the beam
walk, amounting to about 100 um out-of-plane and 340 um in-plane. In the presence of
strong, short-term temperature perturbations (> 1°C), the deformation rate can be as
high as 90.9um/°C, as observed for RV. In addition, an experiment to monitor the free-
spectral range (FSR) was carried out to provide a record of the perimeter change of RZ.
By tracking the 12" FSR, a perimeter change of the order of 7umd~! can be derived.
These deformations contribute to frequent mode-jumps or split-mode operating regimes,
thus compromising the operational stability. In order to overcome these geometrical in-
stabilities, an active resonator stabilization system has to be designed and implemented.
The backscatter error for ROMY’s rings contributes to short-term drifts of about 1 mHz
to 2mHz. In the future, monobeam detection to apply a backscatter correction should be
the default for all rings.
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An automatic quality assessment algorithm was developed to evaluate the ring laser data.
This made it possible to quantify the performance and optimize the RLGs towards higher
uptime and improved quality. In this context, a ROMY monitor was installed at the
observatory, which displays current data from the sensor network installed within ROMY
as well as a quality analysis to enable rapid operational assessment in near real-time.

With the deployment of a blueSeis-3A rotation sensor at the Pinon Flat Observatory in
Southern California, the first permanent 6 DoF station was established. One year of data
allowed the successful application of 6 DoF processing techniques to a local and regional
seismic event with sufficient signal-to-noise ratio. However, the observation and processing
of smaller events is currently limited by the sensor performance. A newly introduced,
empirical scaling relation for rotation rates provides guidance for similar experimental
setups in the future.

A first rotational low noise model (RLNM) for the Earth was derived from a known model
for translational ground motions, known relations, and a set of model-based, globally dis-
tributed, phase velocity curves. The RLNM was validated using existing observations
from ADR and RLGs. A separate low noise level for vertical and transverse rotations, in
particular for low frequencies, could not be excluded.

Most portable sensors that are currently available or under development still have a self-
noise level above the RLNM. However, sensors based on a mechanical beam balance setup
appear to be close to resolving the secondary microseism peak. In this context, the pre-
sented RLNM serves as a valuable benchmark for instrument development. The model can
be further validated and refined in the future with additional data from more high-sensitive
rotation sensors.

The validity of the presented RLNM for transverse rotations towards longer periods re-
mained an open question. Moreover, the low noise limits of accelerometers imposed by
pressure-induced tilts for long periods are not yet fully understood. This motivated the
installation of a microbarometer station at ROMY, as well as a barometric array around
ROMY, to harness its unique ability to provide direct, horizontal ground rotations and
investigate the pressure-induced tilts and the low noise limits at long periods. Estimation
of compliance coefficients allows pressure-induced ground tilts to be modelled and variance
reductions for observed tilts of more than 90 % at certain times to be obtained. Observa-
tions over several months allowed to derive compliance functions to constrain a low noise
limit characteristic for ROMY’s site imposed by pressure-induced ground rotations.

As a result of continuous supervision and frequent maintenance work, ROMY has been
successfully operated with three RLGs for over one year. Implemented and tested hardware
upgrades for the RLGs of ROMY have been documented and elaborated. Currently, the
horizontal ring of ROMY is equipped with an enhanced instrumental setup.
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The following technical upgrades are suggested within the scope of a next major revision
of ROMY:

e The installation of electrical grounding strips in each access shaft to connect all
electrical devices and enclosures to a common ground. This might reduce electronic
noise and crosstalk, thereby improving signal quality.

e The development and installation of an active temperature stabilization system for
each access shaft to compensate for the seasonal temperature trend. A reduction of
the remaining temperature-driven resonator deformation might be achieved in this
way. The aim should be to stabilize the temperature at the millikelvin level at around
22°C room temperature. The existing passive thermal insulation will reduce heating
efforts and seasonal temperature variations will be mitigated.

e All rings should be equipped in the same way as RZ, including large-aperture photodi-
odes (10x10 mm active area, e.g. Hamamatsu C10439-03) in combination with ADT
units for reliable monobeam detection and a double detection for Sagnac signal in or-
der to reduce common-mode noise. Moreover, Koester prisms for beam combination
should be mounted on a micrometer translation stage and prism mount for precise
manual alignment. Also, sufficient video cameras or better quadrant photodiodes for
beam walk tracking are recommended.

e A sophisticated resonator stabilization system is required to counteract geometric
deformation of the resonator. This could be based on an FSR stabilization scheme or
an ultra-stable external frequency reference using multiple piezo actuators to adjust
the geometric at the corners along two degrees of freedom.

In the future, the creation of a digital twin of ROMY, involving a detailed local site
model, could help to constrain the observations discussed in Section 5, such as local site
amplification characteristics or pressure-induced ground deformation. A more complete
understanding of the local site effects could help to distinguish between local and remote
contributions to the 6 DoF observations, useful for instance for the source location of
different wave types. In addition, ROMY could provide the first observations of the Earth’s
horizontal rotational free oscillations, given sufficient excitation during a large earthquake.

In conclusion, ROMY is an unprecedented instrument that has already provided unique
observations to answer open scientific questions and could help to answer more in the future.
However, in order to harness ROMY’s full potential, more time and effort will be needed to
technically upgrade the instrument and keep it operating at peak performance to provide
the required continuous data for seismological and eventually geodetic observations.
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Supplementary Figures for Section 2
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Figure S.1: Statistical Allan deviation for (a) RZ, (b) RU, (¢) RV and (d) G-ring (= RLAS).
Each overlapping Allan deviation is computed using for 4h intervals with 50 % overlap
between 2024-04-20 and 2024-04-25, while corrupt data periods are ignored. The median
for each averaging time is colored.
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Figure S.2: Statistical overlapping Allan deviations for RZ in a phase-locked multi-mode
regime for 4h windows with 50 % overlap between 2024-09-10 and 2024-09-14 (gray) and
a median value for each averaging time (black).
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Figure S.3: Median PSDs with a 95% confidence interval are shown for (a) RZ, (b) RU,
(c) RV and (d) G-ring (RLAS). The RLNM is shown for reference (Brotzer et al. 2023).
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Table 1: Video cameras used for beam tracking by IDS Imaging Development Systems with
model type, sensor size and resolution specifications. RLG and shaft, by means of cardinal
direction, specify at which ring resonator and access shaft the camera was deployed.

Code  Model Sensor Size Pixel Size Resolution RLG Shaft
(HxW)  (u)  (MPx)

IDS00 UI-1240LE-NIR-GL 2748 x 3840 1.67 10.0 RU NW

IDS01  UI-1490LE-M-GL 1024 x 1280 5.30 1.31 RZ S

IDS03 UI-1490LE-M-GL 1024 x 1280 5.30 1.31 RZ S

IDS05 UI-1490LE-M-GL 1024 x 1280 5.30 1.31 RZ NW

IDS07  UI-1490LE-M-GL 1024 x 1280 5.30 1.31 RV S
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Figure S.6: Long-term Sagnac frequency time series for RU between 2023-11-01 and 2024-

01-10 (gray) and without MLTT sequences (blue).

Misalignment episodes of the optical

resonator that required manual re-alignment are marked. Yellow bars indicate time periods
of maintenance work.
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for the time series with and without backscatter contribution. Yellow bars indicate times
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Figure S.9: (a) The time series for ROMY’s horizontal ring (RZ) of the raw Sagnac fre-
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with a backscatter correction applied (red).

In panel (b) the difference is shown for the

time series with and without backscatter contribution. (c¢) and (d) each present data zoom-
in on the purple shaded time intervals in (a). Yellow, vertical lines indicate maintenance

periods.
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Figure S.10: (a) Example image of IDS camera for mono beam of horizontal ring (RZ) on
2024-05-06 22:36:04 UTC. 2D Gaussian fit is indicated as overlay with colored lines and the
Gaussian peak (red diamond) at (x, y) = (554, 390). (b) and (c¢) show cross-section in x-
and y-direction respectively, crossing the Gaussian peak (red, dashed line). The respective
1D Gaussian fit is shown (black, dashed line).
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Figure S.11: Beam position of RZ is shown (a) in reversed y-direction (= out-of-plane)
and (b) in x-direction (= in-plane) from 2024-07-11 to 2024-07-14. Outliers have been
removed. The absolute barometric pressure (solid blue) as well as the Hilbert transform
of the barometric pressure (dotted blue) are plotted. Tilt observations of a tiltmeter
located next to the resonator corner (~50 cm distance) are shown as N-S (dashed red)
and E-W (solid red) tilt, respectively. (c¢) Comparison of the absolute beam displacement
(VX2 +Y?) of IDSO1, the absolute tilt (v N2+ E?) for ROMYT (solid) and BROMY
(dashed) as well as the 6 hour moving average of the Sagnac frequency of RV without

backscatter.
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Figure S.12: Shown are locations of the seismic stations of a) the Pifion Flat Observatory
(PFO) array and the employed subset of seven stations (green), b) the ROMY array
(RMY) with an inner (FUR, FFB1, FFB2 and FFB3) and outer (FUR, GELB, TON,
ALFT, BIB, GRMB) array as well as c) a subset of five stations of the German Gréfenberg
array (GRF), which are used for computations of array-derived rotations (ADR). The cross
symbol indicates the centroid location of the array, respectively. Dotted lines indicate the

maximal aperture of each array: PFO = 730 m; RMY = 2 628 m; GRF = 17 851 m.
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Figure S.13: The left panels show hourly power spectral densities for 2019 of the a) vertical,
b) north and c) east component of array-derived rotations (ADR) at a subset of stations
of the Pinon Flat Observatory (PFO) in California, USA. The right panel represents the
median of all PSDs (red, solid) with a 95% confidence interval (red shade). The black,
dashed line represents the Rotational Low Noise Model (RLNM).
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Figure S.14: The left panels show hourly power spectral densities for 2019 for the a)
vertical, b) north and c) east component of array-derived rotations (ADR) for the inner
subarray of the ROMY array (RMY) in Fiirstenfeldbruck, Germany. The right panel
represents the median of all PSDs (red, solid) with a 95% confidence interval (red shade).
The black, dashed line represents the Rotational Low Noise Model (RLNM).
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Figure S.15: The left panels show hourly power spectral densities for 2019 for the a)
vertical, b) north and c) east component of array-derived rotations (ADR) for the outer
subarray of the ROMY array (RMY) in Fiirstenfeldbruck, Germany. The right panel
represents the median of all PSDs (red, solid) with a 95% confidence interval (red shade).
The black, dashed line represents the Rotational Low Noise Model (RLNM).
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Figure S.16: The left panels show hourly power spectral densities for 2019 for the a)
vertical, b) north and c) east component of array-derived rotations (ADR) at a subset
of stations of the Gréfenberg array (GRF) in Germany. The right panel represents the
median of all PSDs (red, solid) with a 95% confidence interval (red shade). The black,
dashed line represents the Rotational Low Noise Model (RLNM).
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Figure S.17: a) shows the revised sampling locations of the CRUST1.0 model in order
to extract dispersive Rayleigh phase velocity curves on continents only. b) shows a set
of globally distributed seismic stations belonging to several seismic networks used for the
statistical single station validation.
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Translation to Rotation - Supplement of Section 4.1

We want to infer the relations of rotational rate and translational acceleration for seismic
ground motions in an x-y-z-coordinate system. An infinitesimal vector rotation rate Q(7, t)
in linear elasticity can be expressed as:

o @uw @ﬂt Uy — azat Uy
S 10 /= ... 1
Q(T’t) = 5 a <V X u(r,t)) = 5 ay X az‘,uy =5 azat Uz — a:pat Uy )
&,, @uz 81@ Uy — (9y(9t Uy

with 7= [z,y, 2]T.

Love waves

For SH-polarized type waves (Love waves), we assume a plane wave for the displacement
field propagating in x-direction: u(z,t) = [0, A sin(wt — k,z), 0]7. The second derivative
in time, the acceleration field ii(z,t), results to:

iz, t) = [0, —A w? sin(wt — kyz), 07, (2)
while the rotation rate (3(1:, t) is given by:

Q(z,t) = [0, 0, 0.5 A w k, sin(wt — k)] (3)
Relating the transverse acceleration ;- and vertical rotation rate €, reveals:

tip(z,t) — A w? sin(wt — k) w : 1 dip
: - N P L
Qz(z,t) 0.5 Awk, sin(wt — k,x) k. °r Z 2 ¢’ (4)

with ¢, being the apparent Love wave phase velocity.

Rayleigh waves

For elliptical SV-polarized type waves (Rayleigh waves), we assume a plane wave for the
displacement field propagating in x-direction at zero depth: u(x,t) = [-0.42 A k, sin(wt—
kyz), 0, 0.62 A k, cos(wt — k,x)]T, following Lay & Wallace (1995). The second derivative
in time, the acceleration field ii(z, t), can be written as:

iz, t) =042 A ky w? sin(wt — kyx), 0,—0.62 A ky w? cos(wt — k)] (5)

Cochard et al. (2006) infer at the free surface, using a traction-free boundary condition,
the following equations from Hooke’s law:

Ous _ —Ous Ouy _ =0uz g Qe = (aux auy)’ (6)

5z or ¢ ar T y 4 822)\+Q,u (‘3x+8y
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with A\ and p being the Lame parameters. Using these equations in combination with
equation (1) an expression for the rotation rate at the free surface perpendicular to the
propagation direction, here along the y-axis, caused by Rayleigh waves is given by:

B o1,
ox

stated by Cochard et al. (2006) and also used in Lin et al. (2011). Relating the vertical
acceleration 1, and transverse rotation rate {2, then yield:

Q, = = —0.62 A k2 w cos(wt — k,x), (7)

iz(x,t)  —0.62 Ak, w? cos(wt —kyz)  w .
. pr— _ - Q _ 8
Qp(z,t)  —0.62 Aw k2 cos(wt —k,x) ke CR = M7 = (8)

with cr being the apparent Rayleigh wave phase velocity. A detailed explanation can also
be found in Lin et al. (2011).
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Supplementary Figures for Section 5
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Figure S.18: Tilt of ROMY for (a) Z, (b) N and (¢) E component (in nanoradian), re-
spectively. (d) Barometric pressure of FFBI (MB2005) and (e) the Hilbert transform of
the barometric pressure. (f) Northward and (g) eastward spatial pressure gradient derived
from the barometer array. All traces are band-pass filtered between 0.5 mHz and 10 mHz.
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Figure S.19: Power spectral densities for north and east based on a multitaper approach
and averaged in 12" octave bands for the M,, 7.5 earthquake on 2019-05-14. North and
east is reconstructed using the U-V-W and a reduced U-V system. A second y-axis shows
the spectral differences in decibels.
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Figure S.21: Hourly PSDs for three components(a) Z, (b) north and (c) east of GR.FUR
are shown over time 152 days (2024-01-01 to 2024-05-31). the side panels show a projection
onto the y-axis as median (solid) and a 90 % confidence interval (shaded). Rejected data

is replaced by gray bars.
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Figure S.22: Hourly PSDs for three components (a) Z, (b) north and (c) east of BW.ROMY
are shown over time 152 days (2024-03-01 to 2024-05-31). the side panels show a projection
onto the y-axis as median (solid) and a 90 % confidence interval (shaded). Rejected data
is replaced by gray bars.
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Figure S.23: Panels 1-3 show different combinations of acceleration and rotation rate band-

pass filtered between 7 s and 10 s period on 2024-03-07 (11:00 - 12:00 UTC).

Panels

4-6 show estimates of backazimuths color-coded by cross-correlation coefficients using a
Rayleigh wave polarization, a Love wave polarization and a SV wave co-variance methods.
Histograms of the estimates and Gaussian kernel distributions are plotted on the right

y-axis. Panel 7 shows estimates for Love and Rayleigh wave phase velocities.
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