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Abstract.

Long-period (LP) events and tremor are characteristic seismic signals of active volcanoes, offering insight into underlying
fluid-driven processes. Their-However, their emergent wavefield is complex and challenging to characterise. Seismie-arraysas
well-as-arotational sensor-with-a-co-loeated-Here we decipher the LP event and tremor wavefield composition using a seismic

array combined with a rotational sensor co-located with a seismometer (6C station)ean-deeipher EP-event-and-tremor-wave
field-compeosition. This study aims-to-analyse-and-compare-analyses and compares directional and phase velocity estimates by

processing a 25-day long dataset from a rotational sensor and an array of seven broadband stations deployed at Mt. Etna, Italy,
in August-September 2019. We derive the back azimuths (BAz) of LP events and tremor from both the seismometer array and
the 6C station, and we compare these estimates with a reference BAz obtained from the network locations from the Istituto
Nazionale di Geofisica e Vulcanologia-Osservatorio Etneo (INGV-OE) on Mt. Etna.

Volcanic tremor occurs in distinct phases with varying seismic and surface activity. Depending on the phase, either the array

or 6C method provides reliable tremor BAz estimates, agreeing well with the INGV-OE reference. We find that BAz estimates

of both methods are shifted southward relative to the reference location for the LP events. We attribute the larger southward
deviation observed in the 6C results to local heterogeneities which exert a stronger influence on the 6C station than on the
array.

Based on the array derived slownesses we infer that the tremor and LP events mainly consist of surface waves. Further,
the rotational sensor recordings suggest a wavefield dominated by SH-type waves. In combination with the observed temporal
evolution of the 6C phase velocity in narrow frequency bands, we infer Love-wave dominance. This study highlights the value

of a rotational sensor to constrain the wavefield in a deterministic way in a complex volcanic environment.

1 Introduction

Volcanic tremor often marks the build-up to, and accompanies eruptive activity (McNutt, 2002; Zuccarello et al., 2022). At
many volcanos, it-tremor is closely correlated with explosive phenomena such as paroxysms, and lava fountaining (Zobin,

2017). Tremor is characterized as an emergent, continuous signal lasting minutes to days, typically with peak power in the
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1+-51 to 5 Hz range, though this varies between volcanic systems (McNutt, 2002). Another class of typically observed volcano-
seismic signal are long-period (LP) events which exhibit dominant frequencies from 0.5 to 5 Hz (Chouet and Matoza, 2013).

Variations in LP event frequency have been attributed to property changes

in the resonating conduit (Jousset et al., 2003). Un-
like tremor, LP events can sometimes show a clear onset of the p-wave arrival (Chouet, 2009). Bifferent However, transitions

in which LP events merge into tremor have been observed for Soufriere Hills volcano in Montserrat (Neuberg et al., 2000).
Wlocahon approaches to handle LP events and volcanic tremor with-seismometernetworks-exist (e.g.

). The wavefield of those event types is complex and 1a

that-the detailed composition of wave types often remains unclear due to a lack of observations at appropriately sized arrays or
6C recordings.

Conventional seismometer networks record unrest on volcanoes;butfor-deteeting-. However, to detect weak volcano-seismic
signals, smaller, denser aperture networks are-more-promising-as arrays are more suitable (Chouet, 1996b; Saccorotti et al.,
2001; Wassermann, 1997). Arrays, originally set up in the 1960s to detect nuclear tests (Douglas, 2002), have since become
key-toels-a key tool for studying the Earth’s structure and exploring volcanic activity (Rost and Thomas, 2002). These seismic
arrays consist of multiple seismometers placed at small station spacings, ranging from a few tens to hundreds meters. An
incoming wave is recorded coherently on all seismometers within a frequency range that depends on the station spacing and
the seismic ground velocities (McNutt, 2002). In such a set-up the ground motion along three orthogonal axes is measured.
Weak or emergent signals can then be detected more easily by stacking data. Information about the wavefield can be gathered,
migrating sources tracked and source directions or incidence angles determined (McNutt, 2002; Rost and Thomas, 2002).

Seismic arrays are advantageous for exploring volcanic tremor (Chouet, 1988, 1996a; Ferrazzini et al., 1991).

Arrays have been used to locate (Chouet, 2003; Métaxian et al., 2002) and distinguish tremor wave-types (Saccorotti et al.,

2004), track migrating tremor sources (Eibl-et-al5;2047b; 20232020 ZueeareHo-et-al5-2022)(Eibl et al., 2017b, 2020; Zuccarello et al., 2

and differentiate between different simultaneously recorded tremor (Eibl et al., 2017a) or between tremor and long-period
event sources (Almendros et al., 2014). Long-period seismicity can likewise be analysed by arrays (Almendros et al., 2001;
Chouet, 2003). Even though arrays enable a better understanding of the wavefield and volcanic structures, their installation
and maintenance is challenging and costly in volcanic settings which are mostly difficult to access or do not permit specific
array geometries. The performance depends on the operation of all seismometer stations. In case of station failure, the array
geometry, aperture and thus sensitivity to a certain frequency range changes (Wassermann et al., 2016).

If space is limited or the site is difficult to access, peint-measurements-ustngrotational sensors might offer an alternative to
seismic arrays (Cochard et al., 2006). In recent years, portable rotational sensors have become available allowing the recording
of the full rotational wave-field-wavefield with high resolution around three orthogonal directions. These fibre optic gyro-
scopes can be co-located with a seismometer to measure six degrees of freedom: three translations and three rotations —A-six
component-(6C station). Such a six component (6C) station requires less installation effort and maintenance in-comparison-with
compared to a multiple station array, while being able to separate the wavefield and calculate directions of arriving signals.

Processing techniques with six-eomponent-6C measurements (Hadziioannou et al., 2012; Wassermann et al., 2020) aim at pro-

attaglia et al. (2003); Di Grazia et al. (2006
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viding the same information as normally obtained by a multi-station array (Brotzer et al., 2025; Cochard et al., 2006). Various
laboratory (Bernauer et al., 2018) and passive and active field experiments (Izgi et al., 2021, 2025) with rotational sensors have
confirmed low self-noise, a broad frequency range and realistic event direction estimation. First-experiments-Experiments on
volcanoes have been carried out on Kilauea (Wassermann et al., 2020), Stromboli (Wassermann et al., 2022) and Etna (Eibl
et al., 2022a) which have shown great advances in wavefield analysis using arotational-sensor-with-a-co-located-seismometer6C
stations. Wassermann et al. (2022) were able to deteetidentify gas jetting events not recorded-on-detected by other instruments,
leading to the build-up of a new vent on Stromboli volcano. By-tsing-Using a rotational sensor, Eibl et al. (2022a) separated-the
wavefield-of LP-events-and-tremor-have shown, that LP events at Mt. Etna which-is-helpfalin-characterizing-the soturee-system:
mainly have a strongly polarized wavefield in the horizontal plane and are therefore composed of SH-type waves. The tremor
wavefield is composed of SH-type waves in August and early September and features a mixed wavefield from 9 September

A-recentstudy-byKeilet-al(2022)-comparesKeil et al. (2022) compared rotational sensor and array recordings of anthro-
pogenic noise. Resulting P- and S-wave velocity profiles from arrays and the rotational sensor and co-located seismometer
{6C)-station were in agreement, thus confirming the suitability of using the six-compeonent-station-approacheil-et-al;2022)
6C station approach. The self-noise of the rotational sensor was a major constraint for frequencies below 5 HzKeit-et-at;2622)
. Bernauer et al. (2021) identified a lower frequency limitation of 4 Hz in the rotational sensor’s response during their compar-
ative study of various sensors used for measuring rotational motion. Recordings of rotation and rotation rate are furthermore
stronger affected by local heterogeneities than displacement, velocity and acceleration recordings (Singh et al., 2019). Anether
study-by-Brotzer et al. (2025) compared a rotational sensor and seismic array with respect to Signal-to-Noise Ratio (SNR)
and back azimuth calculation of a local and a regional earthquake. Stations with downtime had an effect on the array derived
rotation (ADR)
analysed-signals-(Suryanto-et-al--2006)—in_their study. In contrast, measurements obtained from a single rotational sensor are

independent of inter-station geometry or availability, as they directly record ground rotations at a single point.

D

asting—We investigate the performance of a 6C station in comparison to an array by-caleulating-deployed
at Etna volcano (Italy). We calculate back azimuths and phase velocities of LP event and tremor signals. The aim of this study
is to testfor-a-first-time-in-a-voleanic-environment, whether the 6C approach yields—reliable-back-azimuth-provides reliable
estimates of back azimuths and velocities compared with those obtained from a conventional seismic arrayand-whether-they

furthermore-match-with-the-, and whether these results are consistent with reference locations from the Istituto Nazionale di

Geofisica e Vuleanologia-Osservatorio-Vulcanologia—Osservatorio Etneo (INGV-OE) “s-network. We briefly introduce the area

of our study at Etna volcano, summarize the INGV-OE’s network processing for localizing the long-period events and volcanic
tremor and explain the rotational sensor and the array processing in Section 3. Results of the tremor and LP event back azimuth
comparisons to the INGV-OE locations are presented in Section 4fer-tremor-and-P-events. An interpretation and discussion is
given in Section 5 along with an explanation of limitations in this study. We conclude that a rotational sensor in combination

with a seismic array can be used to pin-dewn-decipher the wave types in a complex wavefield (6).



2 MethodologySeismic installation on Etna volcano
95 2.1 Seismic installation-on Etna voleano

Mount Etna is one of Europe’s most active and visited volcanoes (Scarfi et al., 2023). This stratovolcano is located on the Italian
island of Sicily (Fig. 1a) and is characterized by Strombolian activity, lava flows and fountains, as well as earthquakes from the
sliding eastern flank.
activity put the city of Catania, the villages and the tewn-ef- Catania-are-atrisk-under-the-voleanie-activitytouristic summit areas

100 atrisk (Currenti and Bonaccorso, 2019). Thus, understanding volcanic activity is undoubtedly important for mitigating hazard.
Although fissure eruptions occur, the most frequent eruptive activity is concentrated in the main summit area within Bocca
Nuova (BN), North East crater (NEC), Voragine (VOR), South East crater (SEC) and the New South East crater (NSEC), as
illustrated in Fig. le.

v The volcanic and tectonic

From August to September 2019, a dense broadband array and a rotational sensor were installed in Piano delle Concazze

105 on Mt. Etna (Currenti et al., 2021; Eibl et al., 2022a). Six 3C Trillium Compact 120 s seismometer (Nanometrics™) with
DiGOS DATA-CUBES3 digitisers are used as a small aperture array where one of them is co-located with the rotational sensor

(Fig. 1d). The inter-station distance is 60-90 m and the seven seismometers are buried at 40 cm depth in pyroclastic deposit
(Currenti et al., 2021). Their maximum elevation difference is 10 m. One 3C blueSeis-3A rotational sensor RS! (formerly:
iXblue, now: exail) was co-located with the 3C Trillium Compact 120s seismometer named Bb17 as a 6C station (Fig. 1c) on

110 the same quadratic, granitic plate and recording with a 200 Hz sample rate (Eibl et al., 2022a). Werefer-to-the rotational-senser

e omponent{6C)-station(Fig—le)-In the recording time period, an eruption started

on 4 September 2019 with weak ash emission at the NEC and Voragine crater. Around two days later it was accompanied by

Strombolian activity at the NEC and finally led to lava effusion from 18 September 2019 until around 21 September 2019 at

Voragine crater (Eibl et al., 2022a).
115 i

3 Methodolo

120 3.1 Root mean square calculation and Signal-to-Noise ratio

The preprocessing steps include tapering and instrument correction for the seismometers. Then, a two-pole zero-phase Butterworth
bandpass filter from 0.6 to 10 Hz is set for the array and from 0.6 to 1.4 Hz for the rotational sensor. For the tremor data the
same steps are applied, but the data is filtered from 0.5 to 10 Hz for the seismometer and from 0.5 to 2.5 Hz for the rotational
sensor. The tremor data is furthermore resampled from 200 Hz to 50 Hz.
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Figure 1. Overview of the network set-up. (a) Etna volcano on Sicily, Italy. (b) Locations of 16 stations of the INGV-OE network around the

main craters used for tremor processing (little white squares). Stations within the white frame box are used for the LP event detection. The

red triangle indicates the rotational sensor station. The satellite image is taken from © Google Earth 2019. (c) Set-up of the 6C station. (d

Location of the array stations (blue dots), rotational sensor (red triang®®) and faults (red and dotted yellow lines). (¢) Summit crater locations
NEC: North East crater, VOR: Voragine, BN: Bocca Nuova, SEC: South East crater, NSEC: New South East crater).




125

130

135

140

145

150

The root mean square (RMS) is a statistical measure to quantify the average signal (S) amplitude. The RMS value reflects
the signal energy over a specific time period. It is calculated by squaring each signal value i, averaging these squares over all

samples 7, and then taking the square root:

RMSsignal = (1)

The RMS of the long duration tremor is calculated with sliding windows of 30 minutes and 20% overlap. We-plot-this-for
For each LP event, we calculate the RMS in-one-5-second-tong-within a 5-second time window containing the signal and

a RN\ 1 ccond-le

g L N R a e second-as well as the RMS within a visually confirmed
5-second noise window that starts prior to the start-of-the-signal window. Finally, we use these to calculate the Signal-to-Noise

ratio (SNR) by:

RMSsignal

SNR, =
RMSnoise

2

The SNR indicates how well a signal is visible in comparison with the noise level. For all LP events the SNR is calculated

for each-eomponent-(e)-vertical component data. The LP event data is-tapered;instrument-corrected-for-the-seismometers-only;

are preprocessed using the ObsPy toolbox (Beyreuther et al., 2010).

3.2 INGV-OE network processing

First:-We next describe the amplitude-based tremor localization method is-deseribed;followed-by-—the INGV-OE-network’s
use-of radial-and the approach using the semblance for LP event localization. Both are implemented using INGV-OE seismic
network data from August and September 2019.

The volcanic tremor source is routinely located using a subset of 16 permanent seismic network stations equipped with
Trillium seismometers (Nanometrics™) operated by INGV-OE and installed at altitudes from 1200 m to 3000 m altitade-in
arange-of-within 10 km from the summit craters (Fig. 1b). The location procedure is based on the seismic amplitude decay
method and implemented as a 3D grid search (Battaglia et al., 2005; Di Grazia et al., 2006; Cannata et al., 2013). The spatial
grid is centred at the summit crater Voragine and extends horizontally 6x6 km and 3 km vertically with a node spacing of 250 m.
Amplitudes are measured from the vertical component data of 30-min seismic signal windows. The data are Butterworth filtered
(0.5-2.5 Hz) and used to fit the RMS amplitude to source-station distance. This step is performed for each working station and

each node of the grid, that is iteratively assumed to be the source of the volcanic tremor. The goodness of the linear regression
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fit is represented by the value of R?, and the source is identified as the centroid of the grid nodes whose R? values do not
differ more than 1% from the maximum R? value (Di Grazia et al., 2006; Cannata et al., 2013). To obtain reliable solutions,
thresholds of R? goodness > 0.9 and a minimum station number of 13 are set. An uncertainty of 500 m, based on Jackknife
estimation (Efron, 1982), is assumed to-assess-tremor-ltoeationstabilityfor each tremor location. The event location uncertainty
is-on-the-orderof-afew-hundred-meters-inlatitude-and-longitudebut-can reach up to approximately 1 km in depth (Di Grazia
et al., 2006; Cannata et al., 2018; Cannavo’ et al., 2019).

For the location of the LP events, we consider a catalogue of amplitude transients with peak frequency in the spectral
band 0.2-1.1 Hz detected and extracted from the continuous signal by means of the Short Time Average/ Long Time Aver-
age (STA/LTA) energy algorithm (e.g.: Trnkoczy 2012). The event source location method is based on the similarity among
waveforms at the different stations on the particle motion of very long-period (VLP) events (Cannata et al., 2009). It is a grid
search method (with the same grid used for volcanic tremor location) and implements, using the three components of the fil-
tered signal, the radial semblance function (Cannata et al., 2013). The source is placed in the node of the grid characterized
by the maximum semblance value. For this procedure, only summit stations are used, which in the time interval of the field
campaign were only four (see the white frame box around the summit in Fig. 1b). To obtain robust locations, solutions with
a radial semblance higher-larger than 0.6 are considered reliable and locations outside the summit crater area are excluded.
371 LP events were detected and located during the field experiment. An uncertainty of 500 m for the LP event locations from
INGV-OE is included in the analysis. We furthermore associate the lateral resolution to the radius of the first Fresnel volume

calculated with an assumed velocity v of 1000 m/s- ~! (Eibl et al., 2022a), 1 Hz frequency (f) and 500 m source depth (z)
resulting in 500 m uncertainty (Yilmaz-and-Doherty; 200+

v 2.z
r=—- - ,
2 f-v
withr as the point distance ;4

—(Yilmaz and Doherty, 2001):

Rl 3)

Further parameter combinations for this calculation can be found in Suppl. Table S1. Fhe-average-of-all-combinations-is
All frequency, velocity and source depth combinations result in a mean uncertainty of 480 m; accordingly, we assume an

uncertainty of approximately 500 m.

The back azimuth (BAz) of the incoming wavefront is defined as the angle between North and the direction to the epicentre
from the station (Rost and Thomas, 2002). We calculate the INGV-OE back azimuth for LP events and tremor as the direction
measured clockwise from North to the INGV-OE locations from the array centre point of view. This enables direction compar-
ison with the array and 6C BAz estimates, as the back azimuth to the array and the rotational sensor respectively only differ by

0.02° to 0.05° around the main crater region.
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3.3 Rotational sensor processing

SH-type waves are recorded on the vertical component of the rotational sensor and on the horizontal components of the
seismometer. We therefore correlate the vertical rotation rate with the transverse acceleration for a given angle (Cochard
et al., 2006; Hadziioannou et al., 2012; Izgi et al., 2021; Keil et al., 2022) and save the correlation coefficient. This procedure is
repeated for all angles from O to 360 degree. Finally, the angle that yields the highest correlation between transverse acceleration
and vertical rotation rate is assumed as the source back azimuth (Hadziioannou et al., 2012).

By-dividing-Dividing the transverse acceleration 47 by the vertical rotation rate wz, assuming a transversely polarized plane
wave with amplitude A, wavenumber £ and phase velocity ¢ propagating in x-direction, we obtain Eq. 4 --and 5. The ratio of

i and wz is constant and equal to —2c¢ (Eq. 6).

iip = —k*c? Asin(kx — kct) 4)
. 1o ..

Wy = 5]{: cAsin(kx — ket) 4)
i _ ©
wz

The phase velocity is calculated from the RMS amplitude ratio of rotation rate and transverse acceleration motions for the
angle that yields the highest correlation of the waveforms (Hadziioannou et al., 2012). We refer to this method as the 6C
approach.

First, we demean and detrend the data linearly and apply a cosine taper. We then use a bandpass zero phase filter with two
corners. We calculate the BAz in steps of 1° and with a correlation coefficient threshold of 0.15. Additionatty-Uncertainties in
back azimuth and phase velocity are quantified by reprocessing the data using shorter time windows. For each presented value

we calculate the standard deviation

95%-of-the-maximum-—correlation-of that time-windewfrom short-window results occurring within half the long-window before
and after the timestamp.

Rotational sensor back azimuths for the tremor sere-are derived in a frequency range of 0.5 to 2.5 Hz with sliding time
windows of 30 minutes. For the uncertainty estimate we calculate the standard deviation of 0.5 minute sliding time windows
15 minutes before and 15 minutes after each timestamp. We tested different LP event frequency ranges for the 6C processing
range. We also compared our results to an INGV-OE catalogue of-in the same frequency range, which did not enhanee-the

eomparisenlead to high agreement between the back azimuth results, thus adhere to the initial 0.2-1.1 Hz INGV-OE catalogue.
Sliding window length in this case relates to the minimum frequency of interest. We choose a window length of three times the



215 corresponding signal period at 0.6 Hz, thus 5 s with 90% overlap. For every LP event we obtain one back azimuth value and
one phase velocity value by selecting the time of highest correlation between the vertical component of the rotational sensor
and the rotated horizontal (transverse) components of the co-located seismometer bb+7-Bb17 within the manually selected

event time by the Pyrocko seismogram workbench (Heimann et al., 2017). For those results we calculate the standard deviation

from shorter time windows (99% overlap).

220 3.4 Array analysis

Plane wave parameters are estimated from array data by a standard band-limited slowness power spectrum analysis in the
frequency domain. For this purpose we maximize the beam power BP, computed as:

m2 | N 2

BP(s)= Z ZXn(mAf)exp(—j%rmAfrns) @)

m=ml |n=1

for slowness vectors s = (s;,s,)” in a slowness grid in the horizontal plane of wave propagation. In Eq. 7, X,,(mAf)

225 represents the Fourier coefficient for the observed signal at station n at position r,, and discrete frequency mA f. The shifted

signals are summed over the total number of array stations Nwithin-the-array. The squared sum of the stacked signals is then

further summed over the frequency band from the lowest (mlte-m2-corresponding-to-the-indicesfor-thetowest-) and highest
frequencies (m2) of interest. A f = 1/T represents the frequency resolution of the Fourier transformed signal of length 7T'.

The slowness vector corresponding to the maximum power in the map points to the propagation direction of the best fitting

230 plane wave and its absolute value indicates the inverse of its apparent velocity (Wassermann, 1997). The horizontal slowness

and back azimuth from azimuth ¥ can be obtained from the components of the slowness vector {Beyreuther-et-al;2010:-Cheuetet-al1997
Chouet et al., 1997; Beyreuther et al., 2010) as:

Shor = 1/ 82 4 52. (®)

and

1 o
235 U= 80

-arctan(sg, sy). )

For details we refer to Rest-and-Thomas{(2002)-Sehweitzeret-al(2042)-and Buttkus(2000)Buttkus (2000), Rost and Thomas (2002
and Schweitzer et al. (2012).

We perform array processing from 24 August 2019 to 14 September 2019 on tremor signal with the vertical component
seismometer data. Unlike the horizontal components, the vertical components are not expected to be strongly influenced by
240 topography, tilt (Wassermann, 1997) or misalignment with geographical north. The slowness grid boundaries are defined to

+3 s km~! with a step size of 0.01 s km~!. A frequency range from 0.5 to 10 Hz was selected, as the tremor signal is strongest
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from 1 to 5 Hz (Suppl. Fig. S1), but the array response shows best directional sensitivity with low power side lobes from 0.6

to 10 Hz (Suppk-Fig. S2). We furthermore want to distinguish between noise and signal and chose a broader frequency range.

downsample the tremor data from 200 Hz to 50 Hz after applying a lowpass filter of 20 Hz to avoid aliasing —Uneertainties

and process 30-min sliding windows that have no overlap to compare with the INGV-OE results as in Eibl et al. (2022a).
Uncertainties for the 30-min back azimuth and slowness results within the array processing are ealeulated-from-back-azimuth

ne-stowness-valuesforeach-grid-pointHf-the-power is-atleast 95%of the-maximum-value(Eibl-et-al;2647b).0btained from

For analysing 371 LP events the same slowness grid was used. A sliding time window of 5 seconds and 90% overlap, as
suggested in Eibl et al. (2022a), is applied. Results are displayed in the centre of the sliding window of 5 s which shifts by
0.5 s during each iteration. Although the highest LP event amplitude is expected from 0.6 to 1.4 Hz by the spectrogram and
power spectral density (PSD) analysis (Suppl-Figs. $3:-S4, S5, S6), we apply a maximum frequency of 10 Hz for the array
processing according to the aperture of the array (Suppl-Fig. S2) and a minimum frequency of 0.6 Hz due to poor resolution
at lower frequencies similar to Zuccarello et al. (2016). The event signal’s frequency content is expected to dominate the
recording, while noise before and after spans a broader frequency range. Therefore, we can compare with the 6C results.
For comparison with the rotational sensor and the routine monitoring locations by INGV-OE, we take the back azimuths
during the LP event based on the manually selected event time picks in the Pyrocko seismogram workbench (Heimann et al.,
2017). For every LP event, the BAz and slowness value is taken from the time of maximum relative power (semblance) within
the time window of the event. As a result, we obtain one back azimuth and slowness value for each event. The associated
uncertainties are derived from the standard deviation calculated over results from sliding time windows with higher overlap of
combining fixed parameters such as station geometry and frequency range, together with variable parameters including noise
level and inter-station time errors. Repeating these simulations produces a distribution of estimated slowness vectors, from
which uncertainties can be assessed and one-sigma confidence ellipses calculated (Fig. S7).

4 Results
4.1 Volcanic tremor analysis
4.1.1 Volcanic activity, tremor amplitude and location

We use the observed volcanic activity described by Eibl et al. (2022a) to define eruption phases (Table 1). We then attribute the
INGV-OE tremor locations (Fig.2)-derived-by-the INGV-OE- 2) to these phases. Prior to the first observed activity, during phase
0 tremor was located around NSEC, SEC and reaching towards VOR crater (white circles in Fig. 2). From 4 September 2019,
weak ash emission was noted. Until 6 September 2019 locations during this phase 1 activity cluster around SEC and mostly

the-NSEC. During phase 2 (yellow circles in Fig. 2), the INGV-OE detected Strombolian activity and tremor east of NSEC,

10
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Figure 2. Illustration of the tremor locations (white (Phase-phase 0), gray-grey (Phasephase 1), yellow (Phase-phase 2), 4red (phase 3) and
orange (Phase-3phase 4)) according to eruption phasesy, array stations (blue dots) --and rotational sensor (red triangle);-array-centretyetow

det). Uncertainties of 500 m are drawn around the locations as red circles. Summit craters are indicated.

with some locations further north. Strong Strombolian activity was observed from 9 September until 12 September (erangered
circles in Fig. 2). Locations during these days spread between an area from NEC to north of NSEC and in between, but mostly
accumulate below the NEC. This phase was followed by Strombolian activity until 13 September at the NEC, then at VOR
crater. Tremor locations for this last phase comprise a broad area between the NEC, VOR and SEC with some locations west
of NEC and are displayed as yeHow-ecireles-with-black-outline-orange circles in Fig. 2.

Both instruments’ components, the vertical rotation (HJZ) and the vertical velocity (HHZ) show similar RMS amplitude
changes over time (Fig. 3a). RMS data for all components of Bb17 and RS1 show similar trends (Suppl-Fig. SH-The-amplitude

isJow—until-S8). Before 3 September 2019 3 PM UTC —TFhen-the-amplitude-tremor amplitude is low. It then rises and ash
emissions (phase 1 as gray-grey colour in Fig. 3a) start on 4 September at NE-eratetNEC. At the first tremor increase, the
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phase timing eruption state visible activity tremor locations
phase 0 before 2019-09-04 pre-eruption no visible activity between NSEC, SEC, VOR
phase 1 | 2019-09-04 to 2019-09-06 eruption start ash emission (NEC) NSEC to SEC

phase 2 | 2019-09-06 to 2019-09-09 eruption evolving Strombolian activity (NEC, VOR) south, east of NSEC
phase 3 | 2019-09-09 to 2019-09-12 eruption climax strong Strombolian activity (NEC) mostly NEC

phase 4 | 2019-09-12 to 2019-09-14 | stable eruption, declining | Strombolian activity (NEC,VOR) south and west of NEC

Table 1. Eruption phases, classifications of superficial activity and BAzbased-en-the- INGV-OE locations.

frequency ranges from 1-2 Hz and is strongest on the horizontal array components and the vertical rotational sensor component.
Phase 2 with Strombolian activity starts on 6 September, but the tremor RMS does not increase further compared to phase 1. A
minor peak in amplitude is visible on 8 September from 02:58 to 06:30 UTC. A significant increase on 9 September at 01:30
UTC marks the beginning of phase 3 (red colour in Fig. 3a) with sustained Strombolian activity at the North East crater until
10 Septembershown-in-orange. Strong amplitude tremor energy reaches from 1 Hz to 45 Hz (Suppk-Fig. S1 and S7S9). Large
amplitudes are visible until 12 September (Fig. 3a), when another minor peak appears, after which the amplitude decreases to

a level similar to the eruption start. This is assigned to phase 4 until the end of analysed time on 14 September 2019.
4.1.2 Tremor back azimuths

We compare the time series of tremor back azimuths derived from (i) array processing, (ii) a rotational sensor and (iii) the
INGV-OE network catalogue locations from the end of August 2019 to 14 September 2019 (Fig. 3).
From phase 0 to phase +-we-observe-2, we generally observe a INGV-OE back azimuth changes from 210° deereasing-to

190°en4-September-, which fall within the £10° uncertainty range (Fig. 3b). Inphase1-and2-the BAzvaluesvary-between
190°%-and-200%-On 8§ September, however, during the RMS peak from 3 AM to 6 AM UTC, BAz values increase from 190°

ARSI

to 225°, pointing to the northern (NENEC, BN, VOR) craters. Afterwards-the- BAz-values-migrate-again-to-around-The BAz
values then migrate back to 190° until the next day, when the BAz values then continuously move from 200° to 230°, the

directions of the northern craters, coinciding with the increase of Strombolian activity observed at those. From-9-September
{During phase 3 )-the BAz values are stable at around 230° to 235°, pointing still to the northern craters. On 12 September
(phase 4), back azimuth values start to decrease from around 240° to 210° until 14 September. These-The INGV-OE reference
back azimuths and uncertainty ranges are shown in Fig. 3c, d as grey lines for comparison.

The array-derived BAz (Fig. 3c) fit the INGV-OE reference range until the beginning of phase 1. From 4 until 8 September,
BAz with higher relative power than during phase 0 show directions towards the southern craters and are within the upper
limit of the INGV-OE reference. On 8 September with the first strong tremor amplitude peak, BAz-array and INGV-OE wvatues

BAz overlap. Directional estimates continue to agree in phase 3 in which Strombolian activity intensified. Nevertheless, the

array BAz scatter more strongly between-the-referencerange-from-2106>to-240°within the INGV-OE reference range. In phase

12
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Figure 3. Back azimuth tremor comparison from 31 August 2649-untit-to 14 September 2019. (a) RMS of seismic data of the Bb17 seis-
mometer (HHZ component, blue) filtered from 0.5 to 10 Hz and rotational sensor (HJZ component, black) filtered from 0.5 to 2.5 Hz and
plotted above observed activity as coloured blocks. (b) Black points show the INGV-OE BAz, with the respective uncertainty bars of 500 m.
Coloured horizontal lines indicate the BAz of the craters. (c) Back azimuths derived using the vertical array component, coloured according
to the semblance with gray-grey vertical bars indicating the associated uncertainty. Gray-Grey lines in the background show the INGV-OE
BAz uncertainty range. (fd) The back azimuth values derived using the 6€-method6C method, coloured according to correlation between the

transverse acceleration and the vertical rotation rate.
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4 Strombolian activity was still noted, but switched from NEC to VOR crater between 12 and 13 September;represented-by
deereasing BAz-valuesfrom230°-240°te-210°-220°. Array BAz fall within the INGV-OE range but have higher uncertainties

reaching outside the range.
During phase-phases 0, phase-1 and phase-2, the 6C-derived BAz (Fig. 3d) vary mostly between 185° and 200° within

the INGV-OE reference range and show little changes with respect to the uncertainties. Correlation between the horizontal
seismometer and vertical rotational sensor components is highest during these-times—phase 1 and 2. From phase 3 to phase 4,
the 6C BAz are-fower-than-point to directions south of the INGV-OE rangeBAz range, even accounting for the uncertainties.
Directions point to NSEC and SEC instead of the northern craters where strong Strombolian activity was observed.

In summary, phase 0 features different direction trends for all methods. During phase 1, 6C-derived BAz fit the reference
better than the array results, even though the tremor onset on 3 September is clearly visible on both instruments (Supplk
Figs. S1, $6:-57S8, S9). Phase 2 is best displayed by the 6C BAz as well, but the first RMS amplitude peak on 8 September
and corresponding direction changes are better represented by the array-derived BAz. In phase 3 and 4 with highest tremor
amplitude and following decreasing amplitudes we see closest agreement between the array-derived BAz values and the INGV-
OE locations’ BAz. For all methods, the semblance and maximum correlation are highest from 4 until 8 September, phases 1

and 2. However, some time windows during phase 3 also show high semblance for the array.

4.1.3 Tremor slownesses and phase velocities

~The hypocen-
tral distance (Fig. 4b) of tremor INGV-OE locations to the array centre varies from 2.1 km to 2.5 km until the end of phase
2, when it decreases with the first RMS amplitude peak to 1.6 km distance before increasing to 2 km again. At the beginning
and end of phase 3, the distance drops from ~2 km to ~1.6 km each time. At the onset of phase 4, tremor is located at a
distance between ~2.2 km and ~2 km. Uneertainties-of-the-distance-are-of The horizontal resolution is constrained by 500 m-
The-vertical-resolution-is-constrained-, the vertical resolution by 1000 m uncertainty. Accordingly, small-scale variations in
the estimated source position fall within the range of methodological uncertainty and cannot be considered resolvable with
confidence. The strongest change of-the-distance-resultsfrom-in distance represents the deepening of the tremor source during
phase 3 with sustained Strombolian activity. The tremor migrated from the surface at ~2.9 km down to 1.6 km altitude, a trend
which is despite-the-uneertainties; reliablesignificant despite the vertical uncertainty.

Array-derived slowness values (Fig. 4c) deereasefrom1-6-skm—_+to+0slightly decrease to 1.2 s km~! during-from phase

0 and-to phase 1. With exception of the RMS-peakpeak on 8 September, slowness values are-stable-mostly-at+-2-skm=1
remain stable during phase 2. Highest slowness values of around ~1.7 s km ™ are reached during the RMS peak in-phase2
and with the strong tremor amplitude increase at the beginning of phase 3. Puring-phase-3-stowness-values-vary-only-between
+4-shem—"and+2-s-km—"From 10 to 12 September slowness variations are not significant with respect to the uncertainties.

=L slownesses show an increasing trend to
1.6 s km~!. Interestingly, slowness values are stable at the times of highest relative power, which coincides with the beginning

With the beginning of phase 4, s

of visible activity and the strong Strombolian activity.
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Figure 4. Slowness and phase velocity comparison for the tremor from 31 August until 14 September 2019. (a) RMS of 0.5 to 10 Hz filtered
seismic data of the Bb17 seismometer (HHZ component, blue) with-a-6-5-to+0-Hzand-alongside the RMS of rotational sensor data (HJZ
component, black) with-afiltered from 0.5 to 2.5 Hzfitterand-observed-. Qbserved activity is indicated as coloured blocks indicated-and as
vertical dashed lines in the following subplots. (b) Hypocentral distance from the array to the tremor locations coloured by event altitude.
(c) Slowness values derived using the vertical array component, coloured by semblaneehypocentral distance. (d) Fhe-phase-Phase velocities

derived using the 6C-method, coloured by correlation between the transverse acceleration and the vertical rotation rate.
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Phase velocities obtained from the 6C method (Fig. 4d) vary-mesthy-between-seem stable around 0.35 km s ! and 0.4 km s 1
in-during phase 0, 1 and 2. With the beginning of phase 3 the velocities increase slightly from 0.35 km s~! t0 0.45 km s~!. The
shape of velocity changes seem-seems to represent the RMS tremor amplitude changeswith-three-peaks-inphase3—, indicating
slightly higher velocities with higher tremor amplitudes. In phase 4 the values drop Hinearty-from-0-4-km-s—to ~0.33 km s71

The most pronounced changes in tremor distance, altitude, array slowness, and 6C phase velocities occur during the end of
phase 2 and throughout phase 3, coinciding with elevated RMS tremor amplitude and intense Strombolian activity. Velocities
derived from the combination of the transverse acceleration and vertical rotation correlations (6C velocities) correlate with

peaks in tremor amplitude.
4.2 Long-period event analysis

In the following we first diseuss—present the LP event signal-to-noise ratios, and show an exemplary long-period event to
explain the processing used to obtain one event back azimuth and phase velocity value for every LP event. We then present an

comparative overview of all the-371 EP-events-analysedanalysed LP events.

4.2.1 Signal-to-noise ratio of LP events

While most events show comparable SNR across components, some exhibit highest SNR on HHZthe vertical seismometer
component (HHZ), supporting the use of the vertical component for the array analysis (Supph—TFig. $859). The SNR from
the H¥Z-vertical component of the rotational sensor (HJZ) mostly exceeds those of the horizontal components (HIN and
HIEecompenents—by-) by a factor of two. The SNR for the selected LP event on 2 September 15:51:10 UTC is shown in
SupplHig—59;-51+0-and-SHFigs. S11, S12 and S13. For that LP event, SNR values are highest for the array’s horizontal
components (HHN and HHZeomponents-) and for the rotational sensor’s HIZ and HIN components. This event is detected on
all components, but exhibits highest energy-amplitudes on the horizontal components of the co-located seismometer and on the

vertical component of the rotational sensor as shown in the spectrogram (Suppt-Fig. S354).
4.2.2 Exemplary Example LP event: back azimuths-azimuth, phase velocity and eorrelationsslowness

The HHZ component of one array station is shown alongside the vertical component of the rotational sensor (Fig. 5a, b). High
amplitudes-indicate-the INGV-OE-picked-1-P-event-The LP event is shown within the grey dashed lines. Another lower am-
plitude event is also visible approximately 10 seconds earlier on both instruments’ components. Array-derived back azimuths
fluctuate between mostly 180° to 240° (Fig. 5c). At the event start, the BAz fits-wellis consistent with the INGV-OE reference
(red line) and semblance between the array stations is high. The-smal-time-shifts-between-the-high-semblanee-time-windows
and-the-event-waveformsresult-from-theshding-windows-Sliding windows of 5 seconds (Fig. Se)-and-O-1-overlap-apphied-in

the-analysisc) and overlap of 90% lead to temporal smearing of the high semblance and back azimuth results in comparison
with the event waveform and high amplitudes. A slight increase in semblance is also observed approximately 10 seconds prior

to the event, coinciding with the potential recording of another LP event with lower amplitude. Slowness values are lowest at
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the event start with ~0.5 s km ™1, increasing linearly to 2 s m~! towards the event’s end. Ne-suchslowness-change-isnoted-1+0
seconds-prior-the-picked-event—The rotational sensor back azimuths-azimuth (Fig. 5d) range is broader than the array results

with ~150° to 230°. At the event start 6C BAz indicate a direction of 201°, thus pointing 24° further south than the INGV-OE

reference. Phase velocities are highest at the event start reaching up to ~0.8 km s~* and 10 seconds prior at 0.6 km s~ 1.
4.2.3 LP event catalogue: temporal and spatial distribution

We analysed a total of 371 LP events (Fig. 6a) from 24 August 2649-to 14 September 2019, with no LP events in the INGV-OE
catalogue from 5-6 to 14 September, during the eruption phase (Fig. 2?a6d). Additional LP events are visible during this phase
but not listed in the catalogue, either because they were not possible to locate with low amplitude in comparison to the tremor
amplitude (Sciotto et al., 2022) or because of the catalogue frequency range set for this-our study. Other small-amplitude signals
are visible, but have not been detected by the INGV-OE network, see Fig. 5a, b at 15:51:05. We do see similar small-amplitude
signals for /=103 of the 371 LP events picked. All 371 catalogue events have been located by the INGV-OE routine at eleven
locations (Fig. ??bb6a) at altitudes varying from 2.75 km to 3.25 km, but-mestly-at-3with an uncertainty of 1 km. 189 LP
catalogue events occurred from 27 until 29 August (Fig. 2?a6d). Prior to the first visible activity on 4 September, LP BAz from
the INGV-OE catalogue point to the north-eastBoceaNuova-and-Voragine- NEC, BN and VOR craters alternately. The-first
First LP events further south appear from the evening on 3 September until early 4 September, however other LP events are still

detected at the northern craters. Only four LP events are located by the INGV-OE at the southern craters in-total-(Fig. 2?b6a).
4.2.4 Back azimuths of the LP events

If the LP event back azimuth estimated from the array or 6C method for-ant-P-eventfalls within the corresponding uncertainty
range of the INGV-OE BAz, the event is counted as a valid result for the respective method, as indicated in the legend —(Fig. 6b,
¢). For all LP events the uncertainty range of INGV-OE BAz varied from +10-14°. The respective BAz are obtained at the
event time of highest semblance (array) or highest correlation (6C). Of 371 LP events, we obtained 119 valid BazBAz from

the HHZ components and 67 valid BAz from the 6C method, see legends in Fig. 22¢;
horizontaHinesfor-orientation—6b, c. INGV-OE locations tblack-peints)-point to the northern craters until 4 September when
few LP events are located at SEC (Fig. 2?e;-¢6b, ¢). HHZ components’ BAz point mostly to a direction in between the northern
and southern craters s-are-thus-by-around-about 10°-15° slightly-deviated-southwardsfurther south compared to the INGV-OE

reference (Fig. 2?¢6b). Higher event signal-to-noise ratios seireled-in-bluefrom the array mostly result in BAz between the

northern and southern crater region. 6C BAz seatterin-a-broaderrange,notfoeussingresults do not focus on a specific area
but-are-alse-rather-deviated-throughout the entire time analysed, but also deviate towards the south in comparison with the

reference directions (Fig. 2?d)-Although-seme LP-events-exhibit-higher-6c). Higher SNRs on the HIZ component -it-dees-do
not systematically result in back azimuths that better match the INGV-OE reference, suggesting that high SNR alone does not
imply more accurate BAz estimates.

No clear deviation according to specific sites classified in Fig. 2?e-7a is observed either. The array-derived BAz predomi-

nantly align approximately 20° south of the reference direction, with deviations reaching up to 40° further south in some cases
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correlation for the 6C results. The BAz of highest power (correlation) is annotated. The INGV-OE value is shown as a red line with its

uncertainty as a gray-grey rectangle. Array slowness is shown as a green line (¢) and phase velocities as an orange line (d) with the respective
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Figure 6. Overview of all 371 LP event back azimuthsand-deviation-fromreferenece. (a) EP-eventnumbers-over-time—b)}-INGV locations
with uncertainty (red) showing LP event counts. (¢b) BAz for all LP events by the vertical array components. (d¢c) BAz from rotational sensor

6C method. The crater directions are shown as coloured horizontal lines and the legend shows the counts of LP events whose BAz align with

the reference (black dots), including uncertainty. (ed) numbered NG V-locationsfor(f(g)-ptots-LP event numbers over time with start of
BAz-deviation-to-referenee-versusloeationvisible activity fe)tey(H;(g)-Seatter-colourby-SNR—(h) Back-azimuth-histograms:

(Fig. 22£7b, e). The W6C BAz measurements also exhibit deviations -with-seme-directions-peinting-of around 20°
iate-south, but also reach up to 80° to-the south

refative-to-south of the direction indicated by the INGV-OE location (Fig. 2?¢g7c¢, f), resulting in directions far outside the ex-

pected range of Mount Etna’s crater region. A higher number of high-SNR events is observed at location IV for both methods,
which also corresponds to the area with the greatest concentration of located LP events. Whereas INGV-OE and array-derived
directions (Fig. 2?e;-h)-directions-6b, 7d) are focussed on the crater region, 6C BAz show a broad range reaching outside the
crater range (Fig. 22d;-h6c, 7d).

4.2.5 Slownesses and phase velocities of the LP events

We present the results of phase velocity analyses and spectrograms to furthermere-characterize the wave types long-period
events consist of. In particular, we aim to determine whether the observed long-period events exhibit characteristics of SH
body waves or of Love-waves (surface waves). Calculating phase velocities with the 6C approach for different frequency ranges
(Fig. 8a), we observe a decrease of velocity with increasing frequencies. Whereas-seme IP-events—yield-similarfrequenetes

througheut-the-event-The frequency content of LP events may be constant (Fig. 8b) ;-ethers-show-an-inerease-of frequencies
from-the-start-towards-the-end-of the-event-or vary during the event duration (Fig. 8c). The temporal evolution of the phase
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velocities for all 371 LP events obtained in the frequency range of 0.6 to 1.4 Hz indicates a slight decrease of velocity over
the event time (Fig. 8d).
. | fuded £ hi Fsi.

To enhance the analysis, we also apply array analysis to a selection of volcanic-tectonic (VT) events, where the P- and

S-wave arrival times can be detected precisely. One exemplary VT event with the corresponding BAz and slowness results
is shown in Suppk-Fig. $12514. The HHZ components show high semblance for the event start and resulting back azimuth
azimuths are in strong agreement with the INGV-OE reference (Suppk—Fig. S12d)y—Array-derived slownessis-at0:2-skm—1
while-the-S14d). The p-wave arrival is visible on the vertical-componentseismogram-(Suppk-HHZ component seismogram and
array-derived slowness is at 0.15 s km ! (Fig. S$+2aS14a, g). Slownesses observed for s-waves (Suppt-Fig. S+2bS14b) increase
non-linearly. A further step-wise slowness increase is observed for the following surface waves. Comparing these VT event p-,

s- and surface wave slownesses with the slownesses obtained for the 371 LP events (Suppk-Fig. S+3aS15a), the array-derived
LP event slownesses mateh-expeeted-VT-eventsurface-wave-veloeitiesfrom around 0.6 to 1.5 s km~! match expected VT
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Figure 8. Overview of LP event frequency-dependent phase velocity, signal spectrograms, and velocity changes over event time. (a) Phase

velocities of the 371 LP events obtained by the 6C method for different frequency ranges respectively. (b, ¢) Exemplary rotational sensor

HJZ) spectrograms of the high amplitude LP events. (d) Phase velocity evolution over the event time for all the LP events in the 0.6 to 1.4 Hz

frequency range.
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5 Interpretation and discussion
5.1 Limitations and constraints of the applied methods

Array performance depends on the array response defined by the station set-up. Here, Bb17 was placed on a granitic plate
with the rotational sensor, while others were buried directly. Additionally, the event distance should be much larger than
the aperture of the array (Schweitzer et al., 2012). Tremor sources are located 1.2-2.5 km from the array, and LP events at
1.7-2.6 km. The array aperture is of 0.156 km, thus suitable for analysing events at that distance. Minimum and maximum
slowness (1-2 s km™') and frequeney-the frequency range (0.6-1.4 Hz) vatues-of the exemplary LP event (Fig. 5, S4) yield
wavelengths of 0.36-1.7 km. At 1.7-2.6 km distance, longer wavelengths may be poorly resolved, as the wavefront can no

longer be assumed planar (Schweitzer et al., 2012).

Fhe-hich-uneertainties-Sliding window lengths of 0.5 and 5 min applied in the array preeessing-despite-a-weH-fitting BAZ;
are-likely-caused-by-the-array response-at the-time-of event-(Suppl-analysis result in similar trends as the here presented 30-min

processing windows (Fig. S14)-S3) and confirm reliability of the results. The strong main lobe near the slowness grid centre
(i.e., at low slowness) leads to multiple possible BAz solutions within the high-semblance region —(Fig. S16). A larger array

aperture would enhance the BAz resolution for the-lower frequencies (Schweitzer et al., 2012). Based on the general array
response Stppt—(Fig. S2) and the slowness grid results for the start of the exemplary LP event (Suppt—Fig. St4S16), we can
conclude, that it primarily emphasizes the main lobe when a narrow-band coherent signal is present. Low uncertainties for LP

events derive from similar back azimuths and slowness values obtained by higher resolution results, but can be confirmed b

synthetic simulations (Fig. S7). With high SNR of 10 we expect uncertainties of less than 10° and 0.02 s km~!, whereas lower

SNR leads to higher uncertainties for back azimuth and slowness results.

Local heterogeneities affect small arrays more than large ones, with near-surface structures distorting the wavefield. For

Etna volcano, these heterogeneities and topographic effects have been used to explain differences in the inversion of slowness
data, with two arrays pointing to different directions of the same recorded tremor signal (Saccorotti et al., 2004), while site
effects do not show a strong influence on the tremor-seuree-network-network tremor locations (Cannata et al., 2013). However,
according to Cannata et al. (2013) and Battaglia et al. (2005), two simultaneously active sources could lead to volcanic tremor
sources being located in between the actual locations by the network amplitude decay technique. LP events and tremor share
the 0.6-1.4 Hz range, complicating separation, but tremor locations from the INGV-OE network match actual volcanic activity
well (Cannata et al., 2013; Sciotto et al., 2022).

Finally, we compare the BAz from the array components and the 6C station results to the INGV-OE reference locations
assuming that those are close to the true locations. However, the amplitude-based method of the network for tremor is associated
with uncertainties of around 500 m. The rotational sensor is sensitive to local heterogeneities which limits the accuracy of

direction results and velocities (Keil et al., 2022; Donner, 2021).

5.2 Tremor source parameters: Comparative and joint analysis of the array, 6C, and the INGV-OE network
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We-plot-the- INGV-OE tremor locations and-observe(Fig. 2) indicate, despite some outliers, a location clustering according to
the eruption phases. Pre-eruptive back azimuths differ between the methods and possibly result from low tremor amplitudes
and stronger influence of noise (Fig. 3b-d). From the eruption start with ash emission (phase 1) through Strombolian activity
(phase 2) at the northern craters, INGV-OE and 6C tremor directions point south of the southern craters to SEC and NSEC.
Array HHZ directions point to SE and NSE crater. We assume activity at both crater regions during phase 1 and 2, that are
respectively indicated by the array directions (southern craters) and visible activity (northern craters). The network and 6C
BAz results possibly indicate insufficient high amplitudes to resolve correct directions at the general crater region or might be
deviated due to local heterogeneities (Donner (2021) and references therein) that could effectively be mitigated by the array
analysis.

During the high amplitude tremor and strong Strombolian activity, INGV-OE and array-derived back azimuths coincide
and align with visible activity. They are assumed to be correct. The systematically lower phase-3-back azimuths estimated
by the 6C method during this phase 3, compared to those from array and network analyses, raise the question of whether the
rotational sensor’s 6C method is more sensitive to secondary activity south of the New South East crater, or whether they result
from small-scale structures (Keil et al., 2022), given that the 6C method relies on a single-point measurement. Multiple active
tremor sources have been confirmed for an eruption in 1999 on Mt. Etna (Cannata et al., 2008) and can not be excluded for
this 2019 eruption. However, we believe that the back azimuth differences by the 6C method are rather caused by local site
heterogeneities. We assume that a secondary activity would to some extent as well be displayed by array back azimuths.

The accuracy of array results depends on the semblance of all stations. As semblance is low before any visible activity, the
array BAz are not in agreement with the reference (Fig. 43c). At the onset of the eruption, the tremor amplitude increases
slightly with high correlation and semblance for all-the-both methods. Lower array semblance and lower 6C station correlation
are observed from phase 3 onwards. At the same time tremor depths-depth changes occur. We hypothesize that the difference in
medium propagation paths results in low semblance. While the array slowness reaches similar values during high semblance,
the 6C phase velocities represent the tremor amplitude changes and are stable with the exception of phase 3 only, as noted by
Eibl et al. (2022a). During phase 3, the reduced 6C station correlation between the seismometer and rotational sensor might be
caused by the deepening of the tremor source and consequently wave type mixing associated with intense Strombolian activity
on the surface but tremor in-the-at depth. Eibl et al. (2022a) already noticed SV type of waves during the elevated Strombolian
activity. Distance increase by around 5 km and tremor slowness decrease were interpreted as tremor deepening by Eibl et al.
(2017a) on Iceland. However, here-the-distance-change-is-of-in this case the distance changes by 0.8 km and might thus not
show a significant change in slowness.

We conclude, that low tremor amplitude results in diverging direction estimations-estimates by all methods, which could
confirm either noise dominance or secondary sources, as interpreted for LP events by Schick et al. (1982) and tremor by
Cannata et al. (2008) on Mt. Etna. During high tremor amplitudes the phase-based array results fit the INGV-OE reference
directions and the visible activity locations, whereas the amplitude-based 6C method might be deviated by local heterogeneities
(Keil et al., 2022; Donner, 2021) or due to SV wave types. The tremor slowness decreases with increasing depths while phase

velocities increase coherently. Relatively high slowness values of around 1.2 to 1.7 km s~! in comparison to slowness values of
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0.5 to 0.7 km s~ for volcanic tremor on Iceland (Eibl et al., 2017a) }-could be related to deeper sources, higher complexity of
500 the volcanic edifice and surface wave type tremor. Assuming that array slownesses represent surface waves (1.2-1.4 s km™1),
we convert them to phase velocities of 0.7 to 0.8 km s~!. There is a discrepancy of around 0.3 km s~! compared with the
phase velocities derived using the 6C method. This might be, as before mentioned, due to small-scale structures deviating the
incoming waves (Keil et al., 2022; Donner, 2021), or due to a mixtures of wave types during phase 3 (Eibl et al., 2022a),

resulting in slower phase velocities.
505 5.3 Love wave type LP events: velocities and directions

Even though the eruption, starting on 4 September 2019 with weak ash emissions, took place at the North East and Voragine
craters (Eibl et al., 2022a), most LP events point to a source at shallow depth further north of the North East crater according
to the network directions. In previous studies, LP events at Mt. Etna have in-otherstudies-already-been mentioned to be present
without volcanic activity as well, thus not directly related to volcanic activity (Cannata et al., 2009).

510 For the exemplary LP event on 2 September 2019 no clear direction change is observed comparing the BAz of the small-
amplitude signals emerging around 15:50:45 and 15:51:05 in Fig. 5a, b, - prior to the detected LP event —to-the -P-event
tHig—5)-at 15:51:15. Persistent low amplitude activity could explain similar directions before and after the defined LP event,
we thus interpret those high correlation times as real pulse signals of lower amplitude than the LP events.

We achieve better fitting BAz from the array processing for all the LP events than from the 6C analysis. However;-both

515 methods Towards the visible activity start, array BAz seem to focus more on the crater area, a change which is not observed for
the 6C BAz. However, the array and 6C BAz seem to be both influenced by a deviation of 20° towards south, —the-array-mestly

by-up-to20~-and-the rotational senser-method-by-but the 6C BAz even up to 80°, but-the latter thus generally more scattered
results-in comparison with the INGV-OE directions. Disagreement could possibly be related to the faults indicated in Fig. 1d,

which have already been found to cause short wavelength discrepancies in the comparison of strain recorded by Distributed
520 Dynamic Strain Sensing (DDSS) and the array derived strain (Currenti et al., 2021; Jousset et al., 2025). Station Bb22, which
was also used in this-our study, seemed to be most affected by the faults (Currenti et al., 2021). HoweverNevertheless, no
significant waveform differences were observed between the array stations. The faults may affect the entire array, not just the
nearest station. The INGV-OE network locations eould-furthermore-be-atfected-by-up-to-are constrained by an estimated 500 m
uncertainty, making it difficult to even distinguish between northern and southern craters. If this separation is not possibly due
525 to the uncertainties, then array back azimuths point at least mostly to the summit region, fitting visible activity generattyin
general. 6C LP event BAz results, from a point measurement, are possibly again affected by local heterogeneities, as LP event
amplitudes and LP event SNR for the HJZ component (Fig-2?d)-did-do not show a clear effect on the BAz reference agreement.
Low 6C SNR relative to the array, however, likely eontributes-contribute to the increased scatter (Brotzer et al., 2025) observed

in the results (Brotzeretal;2025)(Figs. 6, 7).
530 The frequency increase over the LP event time is interpreted as dispersion. Together-with-the-Combined with the decrease in

6C phase velocity

at higher frequencies, this behaviour is consistent with the presence of surface waves (Chouet et al., 1997; Bormann et al., 2012; Udias and

2
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. Rotational sensor recordings suggest a SH-wave dominated wavefield and the array-derived slownesses are typical for surface
waves in volcanic media. The joint interpretation of array and rotational sensor results hence allow us to constrain that long-
period events at Etna between 24 August to 6 September 2019 were predominantly composed of Love-waves. 6C LP phase
velocities of mostly 400-700 ms ™!, as mentioned by Eibl et al. (2022a) match the shear wave velocity range of 400-1100 ms™*
obtained from distributed acoustic sensing (DAS) investigation on Mt. Etna (Jousset et al., 2022). Zuccarello et al. (2016)
obtained the same range of shear wave velocities (400-700 ms—') down to 130 m depth. Tremor array slowness values are
around 1.2 s km™! with high semblance and agree with expected surface wave slownesses from VF-event-anatysisthe analysis

of a 2.4 magnitude VT event that occurred on 6 September 9:34 UTC at NEC. The 6C phase velocities arerelated-correspond
to higher slowness values of 2.2 to 2.8 s km~! which is possibly a-eause-ofrelated to local scattering.

6 Conclusion and Outlook

For-thefirsttime-in-a-voleanie-setting:-we-We present a direct comparison between back azimuths derived from a seismic array

and those obtained from a six-component-station of a rotational sensor and a seismometer in a volcanic setting. Differences
in tremor and long-period event back azimuths between the two methods and in comparison with the network reference of
the INGV-OE highlight the complexity and influence of the volcanic edifice. We conclude that low amplitude tremor leads
to back azimuth disagreement between all three methods and none leads to directions indicating the actual surface activity.
During high amplitude tremor, the INGV-OE network and array BAz overlap and point to the northern craters where strong
Strombolian activity was observed. The 6C BAzhoweverare-by-Baz, however, point back in a direction 20° deviated-further
south, which is interpreted to result from topography or local heterogeneities. The array tremor slownesses indicate reliable
results with slightly faster velocities during the eruption confirming a deeper tremor source. 6C phase velocities are expected-te
be-higher and the disagreement might derive likewise from topographic influence or local structures. Eibl et al. (2022a) noted
a mixed tremor wavefield during strong Strombolian activity. As the 6C method relies on the SH-type waves only, it can not be
expected to represent the mixed wavefield directions accurately. Applying another method for SV-type waves on the horizontal
components of the rotational sensor (Wassermann et al., 2020) resulted in expected directions towards the northern craters (Eibl
et al., 2022a). Likewise, applying array processing on the horizontal array components for the low amplitude eruption phases
mainly consisting of SH-type waves should result in more accurate directions too. We thus suggest adapting the methodology
according to the wavefield once known.

As LP event back azimuths show southward deviation from the INGV-OE reference for both methods, we assume a strong
topographic effect due to the volcanic site itself (Schick et al., 1982), which could to some extent also affect the array
tEibletal2647a;-Chonetetal; 1997 (Chouet et al., 1997, Eibl et al., 2017a). Nonetheless, array-derived BAz encompass the
entire crater region and network locations yield uncertainties comprising the entire summit area as well. Scattered 6C BAz could
derive from local heterogeneities (Singh et al., 2019) or the distance of the 6C set-up to the events (Izgi et al., 2025), as a direct

influence of event SNR and amplitude could be excluded.
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Sciotto et al. (2022) stated, that tremor amplitudes at Mt. Etna are more connected to volcanic activity, than the LP event
amplitudes, which could be confirmed in terms of locations in our work. They deduce from their findings, that tremor and
LP events at Mt. Etna most likely have different source mechanisms. Further possible interpretation of no clear correlation
between LP events and eruption-other eruptions on Mt. Etna are given by De Barros et al. (2009); Cannata et al. (2009); Sciotto
et al. (2022).

Adding more stations improves the array’s ability to filter seismic signals based on their slowness and direction, allowing for
better isolation of the target signals and suppression of unwanted energy (Schweitzer et al., 2012). Even more information could
be obtained from a second array together with another 6C station at two different locations to derive event locations instead of
directions while compensating for structural effects on the wavefield (Métaxian et al., 2002). Relocating the instruments to a
different site of Mount Etna could offer a more detailed understanding of the path effects mentioned by Saccorotti et al. (2004).
Finally, we recommend further investigation of the low-amplitude signals preceding the network-detected LP events to better
constrain source information. Fibre optic technologies, of which rotational sensors, are promising for volcano monitoring
in terms of understanding volcanic processes and structure (Jousset et al., 2025). We recommend more testing of rotational
sensors in volcanic environments to understand specific influence of topography and scattering on both methods. While the
array processing appears to provide more accurate directions of tremor and LP event signals, the rotational sensor facilitates

wavefield separation. Our—study—s-euteomes-Outcomes of our study highlight the advantage of combining both approaches,

resulting in improved volcano-seismic source characterization.

Data availability. The seismic data will be made publicly available at GEOFON during the review process. Preprocessed data files will
be made available through GFZ Data Services. The rotational sensor and Bb17 data is available at GEOFON Eibl et al. (2022b) via
https://doi.org/10.14470/ME7564062119.
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