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events in the Mediterranean

area using the microseism
(Medicane Apollo case study)
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Microseism is the continuous background seismic signal caused by the interaction between the
atmosphere, the hydrosphere and the solid Earth. Several studies have dealt with the relationship
between microseisms and the tropical cyclones, but none focused on the small-scale tropical cyclones
that occur in the Mediterranean Sea, called Medicanes. In this work, we analysed the Medicane
Apollo which impacted the eastern part of Sicily during the period 25 October-5 November 2021
causing heavy rainfall, strong wind gusts and violent sea waves. We investigated the microseism
accompanying this extreme Mediterranean weather event, and its relationship with the sea state
retrieved from hindcast maps and wave buoys. The spectral and amplitude analyses showed the
space-time variation of the microseism amplitude. In addition, we tracked the position of Apollo
during the time using two different methods: (i) a grid search method; (ii) an array analysis. We
obtained a good match between the real position of Apollo and the location constraint by both
methods. This work shows that it is possible to extract information on Medicanes from microseisms for
both research and monitoring purposes.

During the period 25 October-5 November 2021, the eastern part of Sicily, and especially the areas between
Catania, Messina and Siracusa, was impacted by a low-pressure system, that on 28 October acquired the char-
acteristics of a Medicane (MEDIterranean hurriCANE) or tropical-like cyclone (TLC), called Apollo.

Medicanes genesis is favoured when an extratropical depression gets isolated from the polar jet stream. This
“cut-oft” feature becomes quasi-stationary above the Mediterranean Sea and can use the heat and humidity
largely available from the sea to produce organised convection!. Medicanes have features similar to the tropical
cyclones, both when observed on satellite images and considering their dynamic and thermodynamic character-
istics. They are characterized by the presence of an “eye”, a warm-core anomaly that is maximum near the surface,
a strong rotation around the pressure minimum, an eyewall with convective cells, from which rain bands extend,
inducing sea-level rise, storm surge and sea waves that can reach significant heights of about five meters®. Unlike
tropical cyclones, however, the lifetime of the Medicanes is restricted to a few days, due to the limited extent of
the Mediterranean Sea, their main source of energy. They also only reach fully tropical characteristics for a short
period of time, while extratropical features prevail for most of their lifetime**. The horizontal extent is generally
confined to a few hundred km and the intensity rarely exceeds category 1 of the Saffir-Simpson hurricane wind
scale?. On average we observe only 1-2 events per year and usually, these cyclones are formed from September
to January. During this time interval the Mediterranean Sea reaches the maximum temperature (September),
and first cold upper-air troughs are observed. Another important parameter is the sea-air temperature gradient>
6 In particular, intense convective instability is triggered when polar jet stream brings cold air masses over the
relatively warmer Mediterranean Sea>°.
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Figure 1. Satellite image of the Mediterranean area with a selection of the broadband seismic stations available
in the ORFEUS and INGV databases and used in the spectral analysis and in the grid search method (a) and
selection of the broadband seismic stations available in the Etna area maintained by INGV-OE (b), used in the
array analysis. The four wavemeter buoys used in this study are shown with the green dots (base image source
©Earthstar Geographic).

Before Apollo, other Medicanes affected the Ionian Sea such as: Numa during November 20177, Zorbas in
late September 2018%-'% and Ianos in mid-September 2020'" 12,

The Medicane Apollo developed on 25 October 2021 near the Libyan coast as a depression vortex. During its
northward motion, the vortex became more intense thanks to the high temperature of the Mediterranean Sea,
and on 28 October took the features of a Medicane. The effects of the Medicane Apollo were observed particularly
near Catania, with a pluviometric-mean of about 200 mm/48 h and with a peak of 448 mm/48 h recorded by the
Sicilian Meteorological service (“Regione Siciliana—SIAS—Servizio Informativo Agrometeorologico Siciliano”)
near Linguaglossa, and in the area of Siracusa, where the SIAS measured >200 mm rain on 29 October. The
highest wind gusts were measured on the same date (104 km/h) and the minimum pressure was estimated to
be 999 hPa!. The sea wave activity also showed an intensification with significant wave heights exceeding 3 m as
recorded by the ISPRA buoy located at Crotone (Fig. 1a).

After the Medicane transition, the Sicilian regional government declared a state of emergency for 32 munici-
palities (in the provinces of Catania, Messina, Siracusa and Ragusa) mostly affected by Apollo. The damage caused
by Apollo is quantified about 2 millions of euro for what concerns the emergency interventions and about 50
million for agriculture, productive activity and infrastructure. As for the latter, damages were observed along
the Catania-Siracusa highway, as a result of the overflow of the Simeto river, and in the ports, as a consequence
of the violent wave motions".

The impact of the Medicane on the sea state and in particular the development of violent wave motions causes
an energy transfer from the sea waves to the solid Earth. This energy transfer generates the so-called microseism,
the most continuous and ubiquitous seismic signal on the Earth, caused by the interaction between the atmos-
phere, the hydrosphere, and the solid Earth'*!>. On the basis of both source mechanism and spectral content,
it is possible to divide this signal into primary microseism (PM), secondary microseism (SM), and short period
secondary microseism (SPSM)'¢. The PM shows the same spectral content as the oceanic waves with a period
between 13 and 20 s, that is associated with the energy transfer of oceanic waves breaking against the shoreline
and exhibits low amplitudes'> . The SM is generated by sea waves with the same frequency traveling in opposite
directions, and shows frequency about twice the frequency of the oceanic waves (corresponding with a period of
5-10 s) and amplitude higher than the PM'*17"'%, The SPSM is under 5 s period and is generated by the interac-
tion between local wave motions near the coastline®.

Several studies showed a correlation between microseism and the sea state?'~*, and more specifically between
microseism and cyclonic activity?”%*~*!. Bromirski** and Bromirski et al.?® highlighted the link between the SM,
SPSM and cyclonic activity. Other authors considered the relationship between SM, SPSM and hurricanes?,
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Figure 2. Spectrograms and RMS amplitude time series, for the SM band (0.1-0.2 Hz), of the seismic signal
recorded by the vertical component of 4 stations located along the Greek coastline (a, ¢), in central Italy (b) and
in the eastern part of Sicily (d) (see Fig. 1a for the station locations).

typhoons® and tropical cyclones®’. In particular, Gerstoft et al.?® tracked the position of hurricane Katrina by
using the microseism recorded by a large-scale array. More recently, Retailleau and Gualtieri* were able to track
the path of the typhoon Ioke in 2006 by using microseism, and Gualtieri et al.”” showed how its spectral amplitude
has a strong relationship with tropical cyclone intensity.

In addition, it is also possible to analyze extreme meteorological past events for which there are no directly
available meteorological data. In fact, Lecocq et al.** digitised old seismograms already proved their potential in
providing useful information about the microseismic signal associated with oceanic storms.

In spite of the extensive research on microseism and its relationship with cyclonic activity, the relationships
between SM, SPSM, and Medicanes have never been specifically investigated, nor the microseism signature of
such Mediterranean extreme meteorological events has ever been explored. For this reason, we approach the
study of the microseism recorded during the Medicane Apollo (25 October-5 November 2021) using two dif-
ferent methods, array analysis and amplitude-based grid search, to track the seismic position of Apollo during
its lifetime.

Results and discussion
The period taken into account in this study is 20 October-5 November 2021. This period was chosen to include
the development of the Medicane, its climax in terms of wind velocity, precipitation intensity and sea wave height,
which took place on 28-29 October 2021, and the subsequent loss of intensity.

We consider the spectrograms, the root mean square (RMS) amplitude time series and the space-time dis-
tributions of the microseism amplitude derived from our analysis.

Spectrograms and RMS amplitude time series were obtained by analysing the vertical components of the
seismic signals recorded by 4 stations installed along Greek coastal areas (Fig. 2a,c), in Central Italy (Fig. 2b) and
in the eastern part of Sicily (Fig. 2d). These spectrograms highlight that a large portion of the energy is focused
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in the band 0.1-1 Hz, that partly corresponds to the microseism. Furthermore, it is worth noting that EPOZ,
PFKS and FSK (three stations installed close to the Ionian Sea area) show the maximum energy during the
period of the Medicane Apollo (highlighted by the dashed vertical lines in Fig. 2), while CPOZ, installed close to
the Tyrrhenian coastline, shows a different behaviour with maximum amplitude during distinct time intervals.

In the RMS amplitude time series, we observe different characteristics for each station and microseism band
taken into account in our work. The highest values of RMS amplitude can be found in SM (Fig. 2) and SPSM
(Supplementary Fig. 1) bands, and the lowest values in the PM (Supplementary Fig. 2) band, showing that the
correlation between microseism and cyclonic activity is clear in the SM and SPSM bands while is absent in the
PM band, as already discussed in the literature*”>*-*!. Similarly to what we saw in the spectrograms, if we consider
each station individually, we can observe that EPOZ, the station nearest to the cyclone eye, shows the highest
values of RMS amplitude (Fig. 2d), and the stations PFKS and FSK, more distant than EPOZ but installed in the
Ionian area, show lower values of RMS amplitude with a similar pattern (Fig. 2a,c, respectively), while CPOZ
exhibits a different trend with minimum values during the Medicane (Fig. 2b).

To map the space-time distribution of the microseism amplitude we plotted the mean RMS amplitude com-
puted on 2-day-long moving windows for the three different frequency bands (PM and SPSM in Supplemen-
tary Figs. 3, 4, SM Fig. 3). Also in these figures, we can note that in the PM (Supplementary Fig. 3) band the
space-time distribution of the RMS amplitude is not related to Apollo, while in the SM (Fig. 3) and SPSM (Sup-
plementary Fig. 4) bands we observe a spatial and temporal relationship between RMS amplitude and Apollo
positions. In detail, in the map of the days 26-29 October (that represent the days when Apollo reached its
maximum intensity) we can see a cluster of high values of RMS amplitude in the stations installed in the Ionian
area (eastern Sicily, Sicily Channel and western Greece), highlighting a good match with the cyclone position.

If we compare our spectral analysis results with the results obtained in other works dealing with hurricanes,
typhoons and tropical cyclones we can observe some similar features and other different characteristics. In the
spectrograms shown in Lin et al.?%, a trend similar to that of our spectrograms can be observed. In particular, in
their study; it is possible to observe a rapid increase of the power spectral density in the SM and SPSM bands in
correspondence with the development of the typhoon Megi, similarly to what we have obtained in our analyses
(Fig. 2). Focusing on the intensity of the microseism signal, we can observe an increase in intensity in all the three
microseism bands in Lin et al.?, while in the case of the Medicane Apollo, the increase in intensity takes place
only in SM and SPSM bands. This difference could be due to the different sizes of Apollo and Megi, the diameter
of a tropical cyclones (typhoons are a particular tropical cyclones which develop in northern Pacific Ocean and
in Japan) is typically around 500 to 1000 km??, while a Medicane has a diameter on average of about 100-300
km?*. Furthermore, the typhoon Megi has made the landfall, leading to the generation of PM as a consequence
of the interaction between wave motions and ocean bottom in shallow waters, while Apollo always stays away
from the coast and in an area with sea depth greater than 2000 m. As already described in the literature®, large
water depths inhibit the generation of the PM as a consequence of the amplitude decay of pressure fluctuations
that generate the signal, as a function of the depth. Specifically, the generation of the PM occurs only for depths
less than % A (where X is the wavelength of the oceanic waves that generate the pressure fluctuations). Similar
results are shown in Zhang et al.*'. Also in this case the spectrograms show a rapid increase of the microseism
amplitude for the SM and SPSM bands simultaneously with the development of the Ioke typhoon.

To track the movement of the Medicane Apollo we use two different complementary methods : (i) a grid
search method based on seismic amplitude decay and (ii) array analysis. These methods are explained in the
“Data and Methods” section.

With regard to the grid search method, we obtained the localization of the source regions in agreement with
areas where significant wave heights greater than 3.5 m were observed (Figs. 4, 5¢). In particular, we can consider
two different time intervals: (i) 29-30 October 2021 (Figs. 4a-f, 6a) and ii) 2-3 November 2021 (Figs. 4g-h,
6b). We take into account only these two specific time intervals since only during these periods significant val-
ues of R? (R?>0.5) are reached. During the former, representing the days when Apollo reached his climax, we
obtained source locations in accord with the Medicane position in the Ionian Sea; in addition by performing one
localization every four hours we were able to track the movements of Apollo. In particular, we obtained the first
significant location on 29 October at 04:00. From this time we can follow the northward shift of Apollo until 29
October at 20:00 (Fig. 6a) while for the whole day of 30 October we are able to follow the southward motion of
the Medicane (Supplementary Fig. 5). The results obtained with this method are consistent with the real shift
of the Medicane. Indeed Apollo developed on 25 October near the Libyan coast, moving northward until 29
October and successively moving southeastward losing power. In the latter case, during 2-3 November 2021, we
focused on a two-day-long interval (2-3 November) characterised by sustained winds and consequently violent
sea wave motions in the Tyrrhenian area, near the Eolian Islands (Figs. 4g-h and 6b). Also in this case we were
able to identify the position of the source region of the microseism, which, in accordance with the aforemen-
tioned weather data, was located in the Eolian area, keeping a stable position. In Table 1, the main features of the
microseism source localised in these two specific time intervals are summarised. If we consider R? values (Sup-
plementary Fig. 6) we can observe that in the time interval 28-30 October 2021 we obtain the maximum values
of the entire period, suggesting the clear predominance of the microseism source related to Apollo compared to
the other sources. In particular the maximum R? value is 0.65, obtained for the localization of 29 October 2021
at 12:00 AM, and is concordant with the time when Apollo reaches his maximum intensity. The linear regression
of this localization is shown in the Supplementary Fig. 7.

Although on 2-3 November Apollo was still present, we can optimally localise the wind storm in the Tyr-
rhenian area since this storm showed greater intensity than Apollo during the beginning of November and for
this reason, it became the predominant source compared to the Medicane.

For these two specific time intervals, we also estimated the mean value of the exponent b (derived from the
geometrical spreading, microseism amplitude was considered proportional to %, where r is the source—station
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Figure 3. Spatial and temporal distribution of the RMS amplitude for the SM band. Each dot represents a
station while the colors represent the RMS amplitude as specified in the color bar. The blue, green and orange
contours line represent respectively significant wave heights of 2, 2.5 and 3 m obtained from the Copernicus
product MEDSEA_HINDCAST_WAV_006_012.

distance and the exponent b should be equal to 1 or 0.5 in the case of body or surface waves, respectively) and
we obtained a value close to 1. This result is apparently in contrast with the predominance of surface waves in
the microseism wavefield'®*>%. Not excluding a contribution of body waves in the microseism wavefield, it can
be explained also considering an “excessive” amplitude difference between the stations installed closer to the
Medicane Apollo and those further away which results in a greater inclination of the straight-line fitting seismic
amplitude versus source-station distance in the logarithmic graph. Indeed, it is likely that the stations, installed
onshore in the area closer to the Medicane Apollo, are influenced by local seismic sources such as wind or rain.
These local sources contribute to increase the amplitude recorded at these stations and lead to an overestimation
of the seismic amplitude.

It is worth noting that the locations of the microseism source, obtained in the interval 28-30 October, do
not match exactly with the cyclone eye but are located slightly southward. This could be due to the fact that the
generation of the SM depends on the interaction between two different wave trains with similar features but
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Figure 4. Hindcast maps showing the significant wave heights (SWH; in m) during the period under
investigation obtained from the Copernicus product MEDSEA_HINDCAST_WAV_006_012. In these
images, Apollo and the cyclone eye (red star) are clearly visible. The red dots show the locations of the four
oceanographic buoys used in this study.

travelling in opposite directions'* 7%, The coexistence of two wave trains in opposite directions is not likely to
occur in the cyclone’s eye but in the outermost regions of the cyclone. In particular, in these areas, there could be
wave trains generated from the cyclone that interact with “external” wave trains or with other waves previously
generated by the cyclone®.

Concerning the array analysis, the Mt. Etna seismic permanent network turned out to be a reliable array
to locate the microseism sources in the SM band (Fig. 7b). Indeed, during the days when maximum Apollo
intensity was observed, back azimuth values pointed toward the cyclone position with apparent velocity values
of ~ 1.0-3.0 km/s (Fig. 8a,b). When Apollo activity involves the Ionian coastlines (Fig. 4a—f), back azimuth values
indicate the Catania Gulf, pointing south-eastward (Fig. 8c). Alternatively, when the highest significant wave
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Figure 5. Significant wave heights (SWH; in m) time series, recorded by the four buoys used in this study. The
grey rectangles indicate a lack of data. The positions of the four buoys are shown in Fig. 1a.

heights are observed in the Tyrrhenian Sea (Fig. 4g,h), the back azimuth values rotate pointing north-westward
(Fig. 8e).

The results of array analysis are in agreement with some studies demonstrating that the back azimuth and
apparent velocity of microseism are well-correlated to ocean-wave heights® or hurricanes/cyclones®. In particu-
lar, the time series of back azimuth highlight a good match between SM source and Apollo positions (Fig. 8a,c,e),
as reported in other studies concerning the relationship between microseism sources and cyclonic activity*>
2931 These results are also compatible with Moschella et al.*, who explored the microseism recorded along the
coastline of Eastern Sicily. Although they focused on a different frequency band (SPSM), they showed through
array analysis how the SPSM sources are located in the shallow waters of the Catania Gulf and the Northern
Sicily coastlines during periods when the highest significant wave heights are observed in the Ionian Sea and the
Tyrrhenian Sea, respectively. Concerning the seismic apparent velocity estimated in the SM band (Fig. 8b,d,f),
the values of ~ 1.0-3.0 km/s are in agreement with the Rayleigh wave velocity calculated in Moschella et al.*%, as
well as with the wave velocity values retrieved by investigating the ambient seismic noise in the coastlines of the
northeast of the Netherlands®®, in the New Zealand® and in the Valley of Mexico®.

The two applied location methods (grid search method and array analysis) can be considered complementary

allowing us to compare the results obtained independently.

Conclusions

Several studies have explored the relationship between microseism and cyclonic activity focusing on the link
between secondary microseism (SM), short period secondary microseism (SPSM) bands and hurricanes, tropi-
cal cyclones and typhoons. In this work, we analysed the relationship between microseism, specifically in the
SM band, and MEDIterranean hurriCANES, or Medicanes, never analysed before. For this reason, we took into
account the Medicane Apollo, which occurred in the Ionian Sea between 25 October and 5 November 2021, and
we selected 93 seismic stations (78 used in spectral and amplitude analysis and in the grid search method and 15
in array analysis) to reconstruct the microseism signature of these extreme Mediterranean weather events and
to seismically track the position of Apollo during its lifetime.

From our spectral analyses, it is clear that the seismic signals, in the bands of SM and SPSM (0.1-0.2 and
0.2-0.4 Hz, respectively), are affected by the presence of Apollo, while the PM (0.05-0.07 Hz) band shows no
significant variation. The absence of a relationship between Apollo and the PM band could be due both to the
Apollo small-size, as well as to the fact that Apollo always remains away from the coastline, in areas where the
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Figure 6. Localization of the microseism source for the period 29 October 2021 20:00 (a) and 2 November
2021 04:00 (b). The blue five-point star indicates the centroid position of all the grid nodes whose R* values do
not differ by more than 1% from the maximum R? value. The red line represents the significant wave heights (in
m) obtained from the Copernicus product MEDSEA_HINDCAST WAV _006_012. In particular the dotted line
represents significant wave heights of 2 m, the dashed line represents significant wave heights of 2.5 m and the
solid line represents significant wave heights of 3 m.

depth (about 2000 m) is greater than %2\ (where X is the wavelength of the oceanic waves that generate the pres-
sure fluctuations). Indeed, as already described in the literature, high depths inhibit the generation of the PM as
a consequence of the amplitude decay of pressure fluctuations.

Focusing on spectrograms, RMS amplitude time series and space-time distribution, we observe that the
intensity of the microseism signals is greater in the time interval 25 October-5 November 2021. In addition, the
stations showing the highest microseism amplitude are located near the Ionian coastline (for example EPOZ,
FSK and PFKS), while the stations installed in the Tyrrhenian area show a different trend, probably caused by
other seismic sources.

We could identify and track the position of the Medicane by two different methods: i) grid search method
based on seismic amplitude decay and ii) array analysis. Indeed, the location results are in agreement with the
real position of the Medicane and allowed us to follow the movement of Apollo when it reached its climax (28-30
October 2021).

This work represents the first approach to studying and monitoring these extreme Mediterranean weather
events through the use of microseism. It shows how also the seismic data can play an important role in the
development of an innovative system of monitoring of sea state integrating different kinds of instruments such
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, @ km'1)

Date Hour | Longitude | Latitude | R?value
29/10/2021 04:00 | 14.1053 33.3274 0.5936
29/10/2021 08:00 | 15.3846 33.8800 0.6474
29/10/2021 12:00 | 16.1250 34.6300 0.6533
29/10/2021 16:00 | 16.2143 34.7371 0.6138
29/10/2021 20:00 | 16.1875 34.8800 0.5654
30/10/2021 00:00 | 16.2500 33.8800 0.5380
02/11/2021 08:00 | 13.5000 39.8800 0.5667
02/11/2021 12:00 | 13.5000 39.8800 0.5887
02/11/2021 16:00 | 14.2500 39.8800 0.5799
02/11/2021 20:00 | 14.500 39.8800 0.5589
03/11/2021 00:00 | 13.7500 39.0467 0.5028

Table 1. Main feature of the microseism source located in the two time intervals that show R? values greater
than 0.5.
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Figure 7. Array response functions of the fifteen stations composing the Mt. Etna seismic permanent network
(see Fig. 1b) for a unit amplitude incident wave with slowness of 0 s/km at frequency of PM (a), SM (b), and
SPSM (¢).

as wavemeter buoy, radar HE, geostationary satellite and seismometers. In particular, the latter could compensate
for the lack of data from the wavemeter buoys, more often affected by instrument breakage.

Finally, as seismometers are amongst the first geophysical instruments to be installed, microseism could allow
us to analyse past extreme weather events in a way to compare the intensity of these meteorological phenomena
in the climate change scenarios.

Data and methods

Seismic data. We selected 78 seismic stations (Fig. 1a) installed along Italian coastal areas (from Central
Italy southward), along Greece coastal areas and in the Sicilian Channel (Linosa, Pantelleria and Malta) (Sup-
plementary Table 1). In addition, to perform array analysis, 15 stations installed in the Etnean area (Fig. 1b) were
used (Supplementary Table 2). The selected seismic stations exhibit specific characteristics: they are (i) installed
in coastal areas and (ii) equipped with 3-component broadband seismic sensors.

Sea state data. To obtain information about the sea state, the “MEDSEA_HINDCAST_WAV_006_012"
product, produced by the Copernicus Marine Environment Monitoring Service, along with the significant wave
height measured by four oceanographic buoys were used (Fig. 1a).

Concerning the former, the product contains the hindcast maps of the Mediterranean Sea Waves forecasting
system and is based on the third-generation wave model WAM Cycle 4.5.4*". In particular, the hourly significant
wave height data was used to reconstruct the sea wave state during Apollo Medicane (Fig. 2).

As for the latter, Fig. 1 reports the locations of four directional wave buoys. Two directional wave buoys
(WMO code 68422 and 61277) are located along the Greek coastline, one buoy, Crotone®?, is located in southern
Italy and the last (Malta) lies in front of the northern part of Gozo Island.

For the analysed period, significant wave height data are shown in Fig. 5. Figure 5a, representing significant
wave height for the 68422 buoy, shows that the Medicane was not observed by this point, nor by the 61277 buoy
in terms of significant wave heights (Fig. 5b), although its temporal pattern is similar to the one of Crotone
buoy where the increase of significant wave heights due to the Medicane passage is clearly visible (Fig. 5¢). In
particular, at the Crotone Buoy, the significant wave height reached the value of 3 m at 18:30 of 29 October 2021
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Figure 8. Distribution of back azimuth and apparent velocity values computed by f-k analysis for the SM
frequency band. (a) Temporal histogram of back azimuth values, (b) Temporal histogram of apparent velocity
values, (c, d) Hindcast maps of the significant wave heights (SWH; in m) with rose diagrams, located at the
centre of the summit area of Mt. Etna (see Fig. 1b), showing the distribution of the back azimuth values on
29/10/2021 and 02/11/2021, respectively, (e, f) Histograms of apparent velocity values for 29/10/2021 and
02/11/2021, respectively.

with a SE mean direction, a peak period of 8.83 s, a mean period of 7.72 s and a value of barometric pressure
equal to 1016.2 hPa. Also the maltese-buoy shows an increase of the significant wave heights in correspondence
of the considered time interval (Fig. 5d). In particular, at the Malta Buoy the significant wave height reached
the value of 2.50 m at 09:00 of 28 October 2021 with a south-eastern mean direction, a peak period of 7 s and
amean period of 5.85s.

Spectral analysis. The seismic data were corrected for the instrument response and successively spectral
and amplitude analyses were performed. As for the former, hourly spectra of the seismic signal were calculated
by using Welch’s method** with windows of 81.92 s. All the hourly spectra were gathered and visualized as
spectrograms, with time on the x axis, frequency on the y axis and the log,, of the power spectral density (PSD)
indicated by a colour scale. Spectrograms obtained for the vertical component of four stations are shown in
Fig. 2 as examples. Concerning the amplitude, we calculated hourly RMS (root mean square) amplitude time
series for the following frequency bands: 0.2-0.4 Hz (SPSM, Supplementary Fig. 1), 0.1-0.2 Hz (SM, Fig. 2) and
0.05-0.07 Hz (PM, Supplementary Fig. 2).
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In order to show the spatial and temporal distribution of the RMS amplitude during the period under inves-
tigation, we plotted the mean RMS amplitude computed on 2-day-long moving windows for the three different
frequency bands (Fig. 3 and Supplementary Figs. 3, 4). Each dot represents a seismic station and the colour of
the dot relates to the corresponding RMS amplitude at that location, as specified in the color bar. Noteworthy,
each color bar shows a different range of RMS amplitude highlighting a different response of the three considered
microseism frequency bands (PM, SM and SPSM) to the cyclonic activity (Fig. 3 and Supplementary Figs. 3, 4).

Tracking Apollo position.  Since the microseism signal is continuous, it is impossible to apply the conven-
tional techniques based on the first phase arrivals used to localise the hypocenter of a seismic event. For this
reason, we applied two different methods: (i) grid search method, based on seismic amplitude-decay, and (ii)
array analysis.

Grid search method. We used the seismic signals recorded by the 78 aforementioned stations (Fig. 1a)
with the aim of tracking the position of the Medicane Apollo during its lifetime by using a grid search approach
(Fig. 6). This method, based on seismic amplitude decay, has already been used to track the source of the volcanic
tremor at Mt. Etna** “°. In this method, we make the assumption that the seismic waves are propagating inside a
homogeneous medium (for further details about the method see Cannata et al.*’). Furthermore, due to the geo-
metrical spreading, microseism amplitude was considered proportional to 7%, where r is the source—station dis-
tance and the exponent b should be equal to 1 or 0.5 in the case of body or surface waves, respectively. The latter
parameter was left unconstrained in the location procedure. To take into account also intrinsic attenuation, the
frequency-dependent absorption coefficient a was considered in the range 0-0.25x 107> km™%’. As the sources
of microseism are located on the solid Earth’s surface, the search was carried out on a planar 2D grid roughly
coinciding with the Earth’s surface. This is different from what is performed on volcanoes where a 3D grid search
is carried out to locate also deep seismic sources. Concerning the region where we executed the grid search, it
has an area of 1716 km x 1366 km (maximum longitude: 29°; minimum longitude: 9°; maximum latitude: 42.48°;
minimum latitude: 30.18°) with a spacing of 0.05°. As shown by Cannata et al.* and by other authors applying
similar grid-search-based methods (for example Battaglia et Aki*® used this method to localize eruption tremor
sources on the Piton de la Fournaise volcano, or Kumagai et al.*” applied this approach to localize the ascending
seismic source during an explosive eruption at Tungurahua volcano), the grid spacing is chosen as a compro-
mise between good spatial resolution and reasonable computation time. The microseism source is localized on
the basis of the goodness of the linear regression fit (hereafter referred to as R?) obtained for each node of the
bidimensional (2D) grid previously mentioned. Specifically, the source was located in the centroid position of
all the grid nodes whose R? values do not differ by more than 1% from the maximum R? value. In order to assess
the reliability of the location results, we applied a method to evaluate the statistical significance of the retrieved
maximum R? value. In particular, we performed 2142 runs by randomly shuffling the RMS amplitude values
among the stations. Then, we calculated the 99th percentile of the 2142 values of R? and obtained 0.49. Hence,
we only considered reliable the source locations with R? values greater than 0.49 (Supplementary Fig. 8).

The considered method shows various limits that in particular cases can significantly affect the source loca-
tions. In particular, the first limit concerns the existence of multiple sources that exhibit similar intensity within
the same frequency range. In that case, the constrained source location shifts toward a position in between the
real seismic source locations* and the R? dramatically decreases. In our case, we neglect localization that shows
R? values smaller than 0.49 in order to avoid such a problem. Another limit to take into account concerns the
fact that in this method we consider the microseism source as a point-like source, while the microseism, taken
into account in this case study, integrates over a wide area of the Mediterranean Sea. In this case the point-like
source is localized as the barycentric point of the extended source.

Array analysis. In order to track the location of Apollo Medicane, fifteen stations belonging to the Mt. Etna
seismic permanent network were used as a roughly circular array (Fig. 1b). The array analysis was carried out
to measure the apparent velocity and back azimuth of the arriving microseism signal®. Most of the array tech-
niques assume a planar propagation of the wavefront across the array on the basis of the relationship between
the sensor-source distances and the wavelength of the signal of interest>. The resolution of the array analysis
depends on the geometry/size of the array and the wavelength of the seismic signal®'. Three conditions have to
be met with respect to the array configuration: (i) the aperture of the array should be greater than a quarter of the
signal wavelength that we want to analyse® (ii) to avoid spatial aliasing, the wavelength of the signal should be
at least comparable with the array interspacing®; (iii) distances between array receivers and source of the signal
must be greater than one wavelength®'.

Array Response function (ARF) is a good tool to plan the array geometry required to investigate micro-
seism signals. The ARFs were computed for the PM, SM and SPSM frequency bands by using the Beam pattern
function® for a vertically incident plane wave (Fig. 7). Such ARFs exhibit that the roughly circular array has
a good response only for the SM case (Fig. 7b). In fact, considering a velocity of the S-waves (Vs) in the first
kilometres of the crust equal to ~ 2 km/s**, the wavelengths of SM (10-20 km) are comparable with the aperture
(~ 16 km) and interspacing of the array (~ 6 km), in accordance with the conditions (i) and (ii) mentioned in the
previous paragraph. In addition, supposing that the microseism sources are located at minimum distances of ~ 20
and 45 km from the centre of the array (distances from the Ionian Sea and the Tyrrhenian Sea, respectively),
the Etna circular array should be able to locate the microseism sources with a planar wavefront assumption
(condition (iii)).

In this work, we used the f-k (frequency-wavenumber) analysis on microseism signals®. This method consists
of a beamforming approach in the spectral domain, seeking in a grid search of slowness the back azimuth and
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apparent velocity values for which the amplitude of the sum of all the array traces is maximised. The result of
the f-k analysis is power spectral density as a function of slowness. To apply array analysis on microseism, the
following processing steps were carried out on the seismic signals: (i) demeaning and detrending; (ii) filtering
within a specific frequency band of microseism; (iii) subdivision in 60-s-long tapered windows; (iv) excluding
windows with seismo-volcanic amplitude transients (i.e. volcano-tectonic earthquakes, long-period events, very
long period events) detected by using STA/LTA technique®; (v) applying f-k analysis for each window by using a
slowness grid search (from — 1 to 1 s/km in the east and north components of the slowness vector) with a spacing
0f 0.05 s/km. An example of the results is shown in Fig. 8.

Data availability

The seismic data of the Italian, Greek and some Maltese stations used in this work are available on the Orfeus
website (http://www.orfeus-eu.org/). The data of the others Maltese seismic stations, not available on Orfeus
website, are available by contacting the Seismic Research Group within the Department of Geoscience of the
University of Malta (smru-web@um.edu.mt). The Greek buoys (WMO code 68422 and 61277) data are available
on the Copernicus European project website (https://www.copernicus.eu/en), the Italian buoy data (Crotone) on
the ISPRA website (http://dati.isprambiente.it/dataset/ron-rete-ondametrica-nazionale/) and the Maltese buoy
data on the website of the Physical Oceanography Research Group of the Malta university (http://ioi.research.
um.edu.mt/news-waves/). The hindcast data (‘“MEDSEA_HINDCAST_WAV_006_012" product) are available
on the Copernicus European project website (https://www.copernicus.eu/en).
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