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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. However, their emergent wavefield is complex and challenging to characterise. 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). This study 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, 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 1 to 5 Hz

range, though this varies between volcanic systems (McNutt, 2002). Another class of typically observed volcano-seismic signal
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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). Unlike tremor,
LP events can sometimes show a clear onset of the p-wave arrival (Chouet, 2009). However, transitions in which LP events
merge into tremor have been observed for Soufriere Hills volcano in Montserrat (Neuberg et al., 2000). Different network-
based location approaches to handle LP events and volcanic tremor exist (e.g. Battaglia et al. (2003); Di Grazia et al. (2006);
De Barros et al. (2009); Cannata et al. (2010); Soubestre et al. (2019)). The wave eld of those event types is complex and
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. However, to detect weak volcano-seismic signals, smaller
denser aperture networks as arrays are more suitable (Chouet, 1996b; Saccorotti et al., 2001; Wassermann, 1997). Array:s
originally set up in the 1960s to detect nuclear tests (Douglas, 2002), have since become 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). Ir
such a set-up the ground motion along three orthogonal axes is measured. Weak or emergent signals can then be detected mc
easily by stacking data. Information about the wave eld 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 al., 2017b, 2020; Zuccarello et al., 2022; Eibl et al., 2023) and differentiate
between different simultaneously recorded tremor (Eibl et al., 2017a) or between tremor and long-period event sources (Al-
mendros 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 wave eld and volcanic structures, their installation and maintenance
is challenging and costly in volcanic settings which are mostly dif cult to access or do not permit speci ¢ array geometries.
The performance depends on the operation of all seismometer stations. In case of station failure, the array geometry, apertur
and thus sensitivity to a certain frequency range changes (Wassermann et al., 2016).

If space is limited or the site is dif cult to access, rotational 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 eld with high resolution around three orthogonal directions. These bre optic gyroscopes can be co-located with a
seismometer to measure six degrees of freedom: three translations and three rotations (6C station). Such a six componer
(6C) station requires less installation effort and maintenance compared to a multiple station array, while being able to separate
the wave eld and calculate directions of arriving signals. Processing techniques with 6C measurements (Hadziioannou et al.,
2012; Wassermann et al., 2020) aim at providing 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 eld experiments (Izgi

et al., 2021, 2025) with rotational sensors have con rmed low self-noise, a broad frequency range and realistic event direction



60

65

70

75

80

85

90

estimation. Experiments on volcanoes have been carried out on Kilauea (Wassermann et al., 2020), Stromboli (Wassermant
etal., 2022) and Etna (Eibl et al., 2022a) which have shown great advances in wave eld analysis using 6C stations. Wassermanr
et al. (2022) were able to identify gas jetting events not detected by other instruments, leading to the build-up of a new vent on
Stromboli volcano. Using a rotational sensor, Eibl et al. (2022a) have shown, that LP events at Mt. Etna mainly have a strongly
polarized wave eld in the horizontal plane and are therefore composed of SH-type waves. The tremor wave eld is composed
of SH-type waves in August and early September and features a mixed wave eld from 9 September 2019 until 13 September
2019 (Eibl et al., 2022a).

Keil et al. (2022) compared rotational sensor and array recordings of anthropogenic noise. Resulting P- and S-wave velocity
pro les from arrays and the rotational sensor and co-located seismometer station were in agreement, thus con rming the
suitability of using the 6C station approach. The self-noise of the rotational sensor was a major constraint for frequencies
below 5 Hz. Bernauer et al. (2021) identi ed a lower frequency limitation of 4 Hz in the rotational sensor's response during
their comparative 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). 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) 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.

We investigate the performance of a 6C station in comparison to an array 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 test, whether the 6C approach provides
reliable estimates of back azimuths and velocities compared with those obtained from a conventional seismic array, and whethel
these results are consistent with reference locations from the Istituto Nazionale di Geo sica e Vulcanologia—Osservatorio Etneo
(INGV-OE) network. We brie y 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 4. 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 decipher the wave types in a complex wave eld (6).

2 Seismic installation on Etna volcano

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 ows and fountains, as well as earthquakes
from the sliding eastern ank. The volcanic and tectonic activity put the city of Catania, the villages and the touristic summit
areas at risk (Currenti and Bonaccorso, 2019). Thus, understanding volcanic activity is undoubtedly important for mitigating

hazard. Although ssure eruptions occur, the most frequent eruptive activity is concentrated in the main summit area within



95

100

105

110

115

Bocca Nuova (BN), North East crater (NEC), Voragine (VOR), South East crater (SEC) and the New South East crater (NSEC),
as illustrated in Fig. 1e.

From August to September 2019, a dense broadband array and a rotational sensor were installed in Piano delle Concazz
on Mt. Etna (Currenti et al., 2021; Eibl et al., 2022a). Six 3C Trillium Compact 120 s seismometer (Nanometrics™) with
DiGOS DATA-CUBES 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 deposi
(Currenti et al., 2021). Their maximum elevation difference is 10 m. One 3C blueSeis-3A rotational R&igtormerly:
iXblue, now: exail) was co-located with the 3C Trillium Compact 120s seismometer nBbieths a 6C station (Fig. 1c) on
the same quadratic, granitic plate and recording with a 200 Hz sample rate (Eibl et al., 2022a). 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 nally led to lava effusion from 18 September 2019 until around 21
September 2019 at Voragine crater (Eibl et al., 2022a).

3 Methodology
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 But
terworth bandpass lIter 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 ltered 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.

The root mean square (RMS) is a statistical measure to quantify the average Sigadplitude. The RMS value re ects
the signal energy over a speci ¢ time period. It is calculated by squaring each signali yaliggaging these squares over all
sampled , and then taking the square root:

<

RMSignal = S2: (1)

1 X
s
The RMS of the long duration tremor is calculated with sliding windows of 30 minutes and 20% overlap. For each LP event,
we calculate the RMS within a 5-second time window containing the signal as well as the RMS within a visually con rmed
5-second noise window that starts prior to the signal window. Finally, we use these to calculate the Signal-to-Noise ratio (SNR)

by:

RM Ssignal .



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 triangle) and faults (red and dotted yellow lines). (e) Summit crater locations
(NEC: North East crater, VOR: Voragine, BN: Bocca Nuova, SEC: South East crater, NSEC: New South East crater).
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The SNR indicates how well a signal is visible in comparison with the noise level. For all LP events the SNR is calculated
for vertical component data. The LP event data are preprocessed using the ObsPy toolbox (Beyreuther et al., 2010).

3.2 INGV-OE network processing

We next describe the amplitude-based tremor localization method and the approach using the semblance for LP event localiza
tion. 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 within 10 km
from the summit craters (Fig. 1b). The location procedure is based on the seismic amplitude decay method and implemented a:
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 Itered (0.5-2.5 Hz) and used
to tthe 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 t is represented by
the value of R, and the source is identi ed as the centroid of the grid nodes whésalBes do not differ more than 1% from
the maximum R value (Di Grazia et al., 2006; Cannata et al., 2013). To obtain reliable solutions, threshoklgaddess

0:9 and a minimum station number of 13 are set. An uncertainty of 500 m, based on Jackknife estimation (Efron, 1982),
is assumed for each tremor location. The event location uncertainty 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 Average
(STA/LTA) energy algorithm (e.g.: Trnkoczy 2012). The event source location method is based on the similarity among wave-
forms 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 Itered
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 eld campaign
were only four (see the white frame box around the summit in Fig. 1b). To obtain robust locations, solutions with a radial
semblance larger than 0.6 are considered reliable and locations outside the summit crater area are excluded. 371 LP even
were detected and located during the eld 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 rst Fresnel volume calculated with
an assumed velocity of 1000 m ! (Eibl et al., 2022a), 1 Hz frequency Y and 500 m source depth)(resulting in 500 m
uncertaintyr as the point distance (Yilmaz and Doherty, 2001):

r

=Y 22
2
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Further parameter combinations for this calculation can be found in Suppl. Table S1. 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 de ned 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.

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 coef cient. This procedure is
repeated for all angles from 0 to 360 degree. Finally, the angle that yields the highest correlation between transverse acceleratiol
and vertical rotation rate is assumed as the source back azimuth (Hadziioannou et al., 2012).

Dividing the transverse acceleratiafn by the vertical rotation ratez , assuming a transversely polarized plane wave with
amplitudeA, wavenumbek and phase velocitg propagating in x-direction, we obtain Eq. 4 and 5. The ratiepfand!
is constant and equal to2c (Eq. 6).

ot = k2c?Asin (kx  kct) 4)
1 2 -

L7 = SkZcAsin(kx  ket) (5)

=2 ©)

Z

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 |t
with two corners. We calculate the BAz in steps of 1° and with a correlation coef cient threshold of 0.15. Uncertainties in
back azimuth and phase velocity are quanti ed by reprocessing the data using shorter time windows. For each presented value
we calculate the standard deviation from short-window results occurring within half the long-window before and after the
timestamp.

Rotational sensor back azimuths for the tremor 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
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before and 15 minutes after each timestamp. We tested different LP event frequency ranges for the 6C processing and found th
strongest BAz agreement with the reference in the 0.6-1.4 Hz range. We also compared our results to an INGV-OE catalogue
in the same frequency range, which did not lead to high agreement between the back azimuth results, thus adhere to the initia
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 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 Bb1’
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).

3.4 Array analysis

Plane wave parameters are estimated from array data by a standard band-limited slowness power spectrum analysis in th

frequency domain. For this purpose we maximize the beam power BP, computed as:

Xz X
BP(s) = Xn(m flexp( j2m fr,s) )

m=ml n=1

for slowness vectors = (sy;sy)" in a slowness grid in the horizontal plane of wave propagation. In EX..{m f)
represents the Fourier coef cient for the observed signal at stat@npositionr , and discrete frequenay f . The shifted
signals are summed over the total number of array stabibbriBhe squared sum of the stacked signals is then further summed
over the frequency band from the lowest1) and highest frequenciem@) of interest. f = 1=T represents the frequency
resolution of the Fourier transformed signal of length

The slowness vector corresponding to the maximum power in the map points to the propagation direction of the best tting
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 (Chouet et al., 1997; Beyreuther
etal., 2010) as:

q

Shor =  S%+ S (8)

and

= 180 arctan (sy;sy): 9)

For details we refer to 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 in uenced by
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topography, tilt (Wassermann, 1997) or misalignment with geographical north. The slowness grid boundaries are de ned to

3 skm ! with a step size of 0.01 s knt. A frequency range from 0.5 to 10 Hz was selected, as the tremor signal is strongest
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 (Fig. S2). We furthermore want to distinguish between noise and signal and chose a broader frequency range.
We downsample the tremor data from 200 Hz to 50 Hz after applying a lowpass Iter of 20 Hz to avoid aliasing 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 obtained from the standard deviation of 0.5-min
sliding time window results (Fig. S3c-f).

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 (Figs. S4, S5, S6), we apply a maximum frequency of 10 Hz for the array processing
according to the aperture of the array (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 th
standard deviation calculated over results from sliding time windows with higher overlap of 0.99, analogous to the 6C-method.
LP event result uncertainties were additionally quanti ed through Monte Carlo simulations combining xed 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 assesse
and one-sigma con dence ellipses calculated (Fig. S7).

4 Results
4.1 \olcanic tremor analysis

4.1.1 Volcanic activity, tremor amplitude and location

We use the observed volcanic activity described by Eibl et al. (2022a) to de ne eruption phases (Table 1). We then attribute
the INGV-OE tremor locations (Fig. 2) to these phases. Prior to the rst 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 NSEC. During phase
2 (yellow circles in Fig. 2), the INGV-OE detected Strombolian activity and tremor east of NSEC, with some locations further






