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Abstract :

The Central and Eastern European Infrasound Network (CEEIN) detects significant irregularities in
microbarom arrivals between 15 and October 18, 2017. The processes driving the irregular microbarom
arrivals are searched in the microbarom source region in the North Atlantic and in the stratospheric
waveguide. Generation of microbaroms is simulated using ocean WAVEWATCHIII wave-action model
and an updated source theory which combines the effects of both finite depth ocean and source directivity.
Signal propagation in a uniform range independent atmosphere is considered. In the studied time interval,
a dominant moving microbarom source occurs at the tail of the post-tropical storm Ophelia.

The storm Ophelia provides an opportunity to study the development of an intense microbarom source
on the open ocean and patrticularly in coastal waters. Discrepancies between observations and modelling
results are identified and discussed. This study shows that the state-of-the-art wave-action models are
underestimated in coastal areas during storms which can pose a problem for civil security in coastal areas.
The capability of the CEEIN stations to monitor microbaroms is proved. Measurement biases and
uncertainties associated with the configurations of the CEEIN stations and current limitations of the
processing method are discussed and improvements are suggested.
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Highlights

» Unusual microbarom arrivals in central and eastern Europe on 15-18 October 2017. » Back-azimuths
were shifted by 20—40° from regular directions. » Increase of signal amplitude was observed at the same
time. » Microbarom source and propagation was modelled. » The storm Ophelia generated a moving
dominant source of microbaroms.

Keywords : Microbaroms, Post-tropical storm, Microbarom source modelling, Microbarom propagation
modelling



1 Introduction

Sound is defined as a longitudinal wave motionnrekastic environment. It occupies
a wide frequency range. The range between the acaus-off and the lower limit of human
hearing is called infrasound. In the lower atmosehi corresponds to frequencies
approximately from 0.0033 to 20 Hz. Between 0.d @6 Hz, worldwide infrasound signals
are dominated by microbaroms, a coherent noisénatigg from ocean regions (Bowman et
al., 2019; Campus and Christie, 2010; Willis et2004). Microbaroms are generated by the
non-linear interaction of ocean waves. They showraplitude peak around 0.2 Hz,
corresponding to twice the frequency of the oceames. A prerequisite for microbarom

radiation is the existence of waves with simil&gmencies travelling in an almost opposite
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direction. This was first demonstrated for micreses - analogous to microbaroms for the
seismic signal - by Longuet-Higgins (1950) and le&aaann (1963). Then, a similar
development was proposed for microbaroms by Brekikbwet al. (1973) and Waxler and
Gilbert (2006)More recently, a two-dimensional energy spectrusaocvave model
accounting for bathymetry and source directivitieetf has been proposed by De Carlo et al.
(2020), extending the source model developed bktgreskikh et al. (1973).

Around 0.2 Hz, a powerful source of microbarom®detd at European infrasound
stations is located in the North Atlantic, soutiGaeenland (Hupe et al., 2018). The detection
capability of microbaroms from the North Atlantgfurther reinforced from October to
March when the source becomes stronger due to gtwgather above the ocean and the
downwind signal propagation occurs (Landés, 20A8nather microbarom source of higher
dominant frequency (0.2-0.6 Hz) was identifiedhe eastern Mediterranean by Assink et al.
(2014).

Maritime storms are recognized as a powerful soafericrobaroms (e.g. Garces et
al., 2010; Willis et al., 2004). The microbarom smuregions do not overlap with the storm
centre where the highest wind speeds and ocearsveacer. For the open ocean, Hetzer et
al. (2008, 2010) proposed that the microbarom soregions emerge at the periphery of the
cyclone where storm-generated radial waves intevdbtthe directional background swell.
Stopa et al. (2011, 2012) proved that microbaronwgnated from the wave interaction at the
front and rear of the tropical cyclone as well s interaction of the cyclone-generated
waves with the background ocean swell. Thus, séw@@obarom source regions can exist
around tropical cyclones, depending on the direstiaf the background ocean swell.

Microbarom recordings at an infrasound array exlatstrong variability of signal
amplitudes and back-azimuths essentially contrddiethe global seasonal circulation of the
stratospheric winds, by the amplitude and frequeridgteracting ocean waves, and by the
propagation range (Ceranna et al., 2019; Garcals, @004; Le Pichon et al., 2009; Willis et
al., 2004).

Between 15 and 18 October 2017, infrasound statiooentral and eastern Europe
recorded significant variations in the detectiorapaeters of microbaroms. Variations in
azimuth of signal arrivals and fluctuations of #maplitudes had a synchronized course over
the extensive area from the centre of Europe t&tmpathian region; hence local influences
at measuring sites cannot explain the observatidms present study aims to identify the
cause of the observed variability of microbaronivais. We model the microbarom sources

in the North Atlantic and we analyse conditionssmnal propagation between the source
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region and receiving infrasound stations in ordezxplain the observed event. The
infrasound network and data processing methodrasepted in Section 2. The main
characteristics of the recorded signals and meellts are analysed and discussed in

Sections 3 and 4, respectively.

2 Data and methods

2.1 Data

2.1.1 The Central and Eastern European Infrasound Networ k

The Central and Eastern European Infrasound Net(@HBEIN) was established in
2018 by an agreement between the operators ofnahiitfrasound stations in Austria,
Czechia, Hungary, and Romania. In 2019, the netwak extended to the East as two
Ukrainian stations joined the CEEIN. The main pggof the CEEIN is to improve
knowledge about infrasound in central and easteroge. It focuses on the identification of
local infrasound sources, such as industry and snaewell as detectability of sonic booms
and microbaroms.

Main characteristics of the CEEIN stations thateneroperation in October 2017 are
summarized in Table 1. Fig. 1 presents the locaifdhe stations, Fig. 2 their configurations
and array responses to a planar wave at 0.1 Had{enablumn) and at 0.6 Hz (right column)
(Evers, 2008 and references therein).

An optimal array for monitoring microbaroms shohkve an aperture smaller than the
microbarom wavelength (~1.5 km) to maximize coheydretween array elements. The
requirement of inter-element signal coherency rsi@aarly important for detections of
guasi-monochromatic signals like microbaroms. Impsiwith high signal-to noise ratio can
successfully be detected also with a large apeltecause their arrivals at the respective
array elements can be identified unambiguouslytHéumore, signal coherency decreases
under noisy conditions. Therefore, the locatiothef station in a wind protected surrounding
is preferred; additionally the station should baipged with an efficient wind noise filtering
system (Christie and Campus, 2010; Marty, 2019).

The element distribution at BURARI is close to timal array layout for monitoring
microbaroms. The inter-element distances at the W@y are 4-10 km; the array
configuration allows building two nearly equilatetidangles of an aperture of about 4 km.

The array aperture is more than twice larger thenstavelength of microbaroms and signal
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coherency between the elements is lost. Therefi@albility of WBCI to record microbaroms
is limited only to events with a high signal-to-seiratio at the station. Due to the smaller
array aperture of PVCI and PSZI, the resolutiobafk-azimuths and apparent velocities is
worse near 0.1 Hz; whereas the maximum energy afofmaroms is expected around 0.2 Hz
(e.g. Campus and Christie, 2010). The CEEIN statiercluding WBCI, are thus eligible for
monitoring microbaroms.

The CEEIN stations are equipped with microbaronsadesigned by various
manufacturers. The response of the differentiassenat PVCI is flat in the 0.02-4 Hz band.
Broadband sensors are installed at PSZI (nominadwalth of 0.01-27 Hz), BURARI, and
IPLOR (flat response in the 0.1-200 Hz band at Istdlions). The microbarometers at WBCI
measure absolute pressure in the range of 6204iR@0The manufacturer guarantees high
performance of the sensors between 0.001-10 Hz0TIhk6.6 Hz band analysed in the present
study falls into the optimum performance rangellofypes of sensors installed at the CEEIN
stations.

At PSZI, the 32 air-inlets wind noise reducing syst(WNRS) is composed of 4
branches of flexible hoses divided into 8 branawpspped with crepine, with a 18-metre
wingspan. The WNRS was designed by CEA (Commidsafiganergie atomique et aux
énergies alternatives, France). The PSZI sitevsreal with a temperate mixed forest with
relatively dense undergrowth that helps to furtieeluce environmental noise. At BURAR!I,
the wind noise reduction systems consist of fouops hoses of 15 m length connected to
each of the microbarometers. The station is loceteddeforested mountain area at altitudes
about 1000 m a.s.l. Thus, the observations can béhtgher extent disturbed by wind noise.
At IPLOR, wind noise reduction system consistedogktte pipe arrays in October 2017. The
sensors are protected from wind noise also byuh®wsnding forest. At PVCI and at WBCI,
the sensors are placed in closed boxes. PVCI seasedistributed on a grassy plot of the
observatory. This makes PVCI sensitive to wind @oisdeed, under usual conditions
microbaroms are only detected at wind speeds @mis™.

2.1.2 Infrasound detectionswith PMCC
We analyse infrasound data measured by CEEIN staffom 1 to 31 October 2017 in
the frequency range of 0.1-0.6 Hz (Sindel& et al., 2020). This band covers the frequency
range in which microbarom detections are mostlprggl (see Section 1). The data are
processed using the Progressive Multi-Channel Gdioe (PMCC) detection algorithm
(Brachet et al., 2010; Cansi, 1995; Cansi and tld?, 2008; Le Pichon and Cansi, 2003).
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Guidelines on the time and frequency scalingsfimgound detection algorithms, applicable
also for PMCC, can be found in Garces (2013).

As can be noticed in Table 1 and in Fig. 2, the DE&Trays are of different apertures
and of different numbers of elements. Thus, dabagssing requires a specific setting of
PMCC configuration optimized for each of the artajlse PMCC configurations used for
routine data processing (Table 2) are suitablenfonitoring microbaroms (except WBCI, see
explanation in Sect. 2.1.1).

The frequency bands for detections are logarithityi scaled; the length of detection
windows is tailored to the frequency range of ado@®arces, 2013). Detection is only
accepted below the consistency threshold giveralnlel2 (Brachet et al., 2010). The overlap
of the adjacent detection windows is given in petcd the window length. The azimuth
resolution to aggregate pixels into detection (fgdepends on the array aperture (Szuberla
et al., 2004). Larger azimuth tolerance resultsiare smoothed detections in terms of back-
azimuths variability and enables easier trackintaafe-scale back-azimuth changes. On the
other hand, small scale fluctuations can be lost.

From the resulting detection bulletins, familielfifg into the 0.1-0.6 Hz band and the

back-azimuth range of 210-360° were considereth®ianalysis of the Ophelia event.

2.1.3. Tracking of the storm Ophelia

The location of the storm Ophelia is obtained fritve revised Atlantic hurricane
database HURDAT?2 (Landsea and Franklin, 2013).affadysis of the event is adopted from
the hurricane Ophelia report elaborated by the NOvwgdional Hurricane Center (Stewart,
2018). Ophelia tracking is shown in Fig. 1 andig. B. Table 3 sums up the information
about Ophelia and back-azimuth and distance franCiBEIN stations to the storm centre.

Processes leading to the later formation of thgided storm Ophelia were reported
above the subtropical North Atlantic already atlleginning of October 2017. On 3 October,
a broad surface low pressure system formed wekeaforth-western Azores (Stewart,
2018). On 9 October 2017, the tropical storm Ophfeiimed in the Central Atlantic (around
30°N, 40°W). It became a hurricane on 11 Octob&B8z00 UTC. The hurricane Ophelia
moved north-east towards Europe on 12 October.nuts peak phase on 14 October,
Ophelia reached an intensity of a category 3 hamneowvith a central pressure of 959 hPa.
Between 15 October, 00:00 UTC and 16 October, 00DO, Ophelia underwent a transition
from a tropical cyclone to an extratropical onee ost-tropical cyclone Ophelia steadily

weakened as it travelled to the north and northedasiy the western coast of Europe at a
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forward speed of around 15s1. The radius of maximum wind velocity was relativemall,
ranging between 74 and 83 km (Stewart, 2018). Ggh&hde its first landfall at the coast of
the British Isles on 16 October around 11:00 UTdptved by further landfalls on the British
Isles through 16:45 UTC and at 23:45 UTC. On 1700et, Ophelia left British Islands and
headed towards south-west Norway where it madenatslandfall at 17:30 UTC. The storm
dissipated over southern Norway on 18 October at@®00 UTC. Wind speeds reported on
the British Isles reached up to 46sth a wind gust of 53 ra*was recorded on 16 October at
10:30 UTC. Maximum wave heights of 18-26 m wereorggd along the south-eastern,

southern, and south-western coastal areas of tr€Btewart, 2018).
2.2 Microbarom modelling method

2.2.1 Source modelling
Microbaroms are generated by almost opposing oseae interactions (Posmentier,
1967; Brekhovskikh et al., 1973; Waxler et Gilb@@06; De Carlo et al., 2020). These

interactions can be represented by the Hasselnmaetgral:H(f) = fOZHE(f, O)E(f,0 +

m)d6O , whereE (f, 0) is the directional spectrum of wave energy, BGfl, 8 + ) the
directional spectrum in the opposite direction.
Following De Carlo et al. (2020), microbarom pressspectrunt,, (f;, ) integrated for all

elevation angles, at the surface generation gives
2m?ptg? 90 .
Fpa(fo, ®2) = =5 233 H(f) [, sin6, cos 0, |Ra|*d0, (1)

wheref,, p., a4, 9, fs are respectively the elevation angle in the atrnesy the air density,
the sound speed in the air, the gravity constantt the frequency of the microbaroms signal
(twice the frequency of ocean wavg€s The factorR, is defined in equation (41) of De Carlo
et al. (2020) and corresponds to the velocity pgats ratio between ocean and atmosphere.
The Hasselmann integral used for source modelirgptained from the second order
equivalent surface pressure due to ocean wavedtien as presented in Ardhuin et al.
(2011). This equivalent surface pressure is contpliyethe Institut Francais de Recherche
pour I'Exploitation de la MER (IFREMER) from ocearave-action model outputs using the
WAVEWATCHIII ® code (The WAVEWATCHIIP Development Group, 2016) with the
parametrization described in Rascle and Ardhuid82@nd stored in ‘p2lI’ files. These files
are available for 22 frequency bands betwge®.04 Hz and’= 0.3 Hz, with a three-hour
time step and a grid resolution of 0.5° both iitdae and longitude. Therefore, the
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microbarom model used shows the same spatial amgbt@l resolutions and ranges frgips
0.08 Hz tof,= 0.6 Hz.

2.2.2 Propagation

To obtain a modelled signal comparable with theeoletions at CEEIN stations, the
infrasound propagation has to be taken into acc@ustraight-forward way to do so is to use
the semi-empirical attenuation law given by Le Bitlet al. (2012) derived from parabolic
equation simulations, assuming uniform atmosph=arditions along the propagation path.
This attenuation law accounts for the frequenaoy,distance between the source and the
station and the effective sound speed ratio irptbpagation direction. The effective sound
speed ratiw,s¢_ . is the ratio between the stratospheric sound spggd, plus the along-

path windug,-q:0 N the propagation directionand the sound speed at ground leyel

__ Cstrato TUstrato -X
veffratio - Co (2)

As this attenuation law considers a horizontallifarm atmosphere, the profile used to
computev,sr_ . is chosen to be representative of the atmospheng éhe propagation.
Two main profiles are identified. First, the ondla respective grid point represents the
propagation conditions at the potential sourcegcatthg if the acoustic energy can propagate
towards the receivers through a stratospheric wadegSecond, the profile at the station
indicates if the propagation conditions allow tleedtion of the signal far off the source. In
this study, the atmospheric conditions are quiteeexe at the source, and thus they might not
be representative of the propagation path. Thezetbe profiles at the stations are extracted
from the ECMWEF (European Centre for Medium-Rangeatier Forecasts) ERAS reanalysis
product distributed by Copernicus Climate ChangwiSe (C3S) Climate Data Store (CDS)

(https://cds.climate.copernicus. eu/cdsapp#!/home).

2.2.3 Directional spectrum at the station and quantities of interest

In order to compare model results with the obs@yaat the modelled directional
pressure spectrum is computed at the station. Tsodfor each cellof the source model, the
directional pressure spectrufy, ; (f;, ®,) at the source is multiplied by the square of the
propagation attenuation factart;(f;)? between the ceiland the station, and by the area of
the cell pointdS;. Then, the resulting values are summed by azimuih all cells
intersecting with the azimuthal band (of 1p are summed — and the modelled directional

pressure spectrum at the statiBgy_.., (¢, f;) finally writes:
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Fpo—sta(®, fs) = Zijpi=¢ Fp2,i (fs» P2) * Att;(f)? * dS;  (3)
From this directional pressure spectrum, two qtiastof interest are obtained at each station:
the amplitude maximum and its corresponding azinsatbulated for each frequency band
and time step. Therefore, for each time step, taere2 amplitudes and dominant azimuths
corresponding to the frequency bands; all thesgegalvere kept in order to account for all
frequency bands similarly to PMCC processing. Theleliled amplitude corresponds to the
square root of the maximum — along the azimuth £gt ., (¢, f;). To compare observed
and modelled amplitudes, both are normalized biy thean background value before and
after the event, i.e. the amplitudes are dividedhieyaverage of the background amplitude.
All ocean cells being considered in the model,ntfuelelled microbarom amplitude
corresponds to the background microbarom ambieserduring calm period. Therefore, the
background amplitude is here taken as the amplivfidlee calmer period from 1 to 10
October and from 20 to 31 October.

3 Resaults

3.1 Microbarom detections by CEEIN

Microbarom arrivals at CEEIN stations in Octobefl 2@re shown in Fig. 3. From 1
to 15 October, the stations mostly record microberérom the back-azimuths of 290° to
330°. The back-azimuths are consistent with dioastifrom the North Atlantic recorded by
the CEEIN stations in winter (Bondar et al., 20G®jca et al., 2019; Sindeétiva et al.,
2016). On 7 October, the stations PSZI and BURA&idiently record microbaroms from the
south-west. The back-azimuths of 230-260° at P&d1210-240° at BURARI point towards
subtropical North Atlantic regions where the cy@dddphelia is forming (Stewart, 2018).

Between 15 and 16 October, microbarom back-azimshlisby 20-40° from north-
west to west. The event can be observed simultaheatiPVCI, PSZI, and BURARI and a
similar change in back-azimuth (in the order o thhift) is also indicated at the other stations
despite temporarily missing data. Around 06:00 WCL6 October, microbaroms arrive
from 265-290°. From 16 to17 October, microbaronivats gradually return to the usual
north-west directions.

The changes of back-azimuths are accompaniedfiwituations of signal
amplitudes. Maximum microbarom amplitudes of Octd#L7 can be recognized at all
CEEIN stations on 16 and 17 October. At PVCI, amaplitude peaks of 0.07 Pa and 0.05 Pa



are observed on 16 October at 17:40 UTC and onci@b@r at 18:00 UTC, respectively. The
decrease of the amplitude below 0.03 Pa on 17 @ctodtween 09:40 and 14:50 UTC is
accompanied with signal arrivals from a wide azimatnge of 40°. For comparison, the
azimuth extent was less than 15° on 16 October:@01UTC.

At the large aperture array WBCI, microbarom detexst intermit on 17 October at
08:30 UTC. The likely reason is a decreasing simatoise ratio at WBCI (see Sect. 2.1.1);
the microbarom amplitude at the closest array Pd&Creases at the same time.

3.2 Signal propagation in the stratospheric waveguide

We examine whether the observed back-azimuth ciftoe explained by influences
along the signal propagation path. The signalsggafe downwind in the stratospheric
waveguide (Ceranna et al., 2019), along a propawgadinge of 2000 km. The propagation
path may be affected by transversal wind effeanftbe ground to the stratopause region. We
apply the method developed by Blixt et al. (20IP¢stimate the average velocity of cross-
winds that would cause the observed back-azimuttatiens. The average velocity of cross-
winds along the signal propagation pathis estimated as:

W = —vtan(§) , 4)
wherev is the signal celerity andlis the azimuth deviation. We assume a celerity easfg
stratospheric arrivals of 260-310gn (Blixt et al., 2019 and references therein). Adiog to
Eq.4, back-azimuth deviation of 40° would be causgdn increase of mean cross-wind
speed up to unrealistic values of ~25@m

The stratospheric wind and temperature fields eéerivom ERAS5 do not show major
changes in their dynamics from 15 to 18 Octoberrwmauld influence signal propagation in
the stratospheric waveguide in the way that woeidlIto the observed variability in azimuths
of signal arrivals. Wind speed in the altitude rad the stratospheric waveguide does not
exceed 80 rs™ above the eastern North Atlantic and above Eufipe 15 to18 October;
maxima occur at the altitude of the polar jet stre@ihus, the observed change of the back-

azimuths cannot be explained by propagation effauigs

3.3 Modelling of the microbarom source region and comparison of the
observations with the model predictions

From 15 to 17 October, the post tropical cyclon&&a is travelling to the north and
north-east along the western coast of Europe (T&bl&ccording to Hetzer et al. (2008,
2010) and Stopa et al. (2011, 2012), microbaromcesudevelop at the periphery of a
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cyclone rather than at its centre. The used mazelGarlo et al., 2020) predicts the formation
of a large intense microbarom source at the tathefOphelia storm. This source dominates
in the North Atlantic, particularly after 03:00 UTah 16 October (Fig.4).

Along with locating the microbarom source regiomshe ocean, the model provides
predictions of signal back-azimuths and amplituates station after its propagation in a
stratified range-independent atmosphere (see 3&¢t.In order to investigate whether the
observed variability in microbarom arrivals origi@s from the transient source related to the
storm Ophelia we compare the observed microbaronvads with model predictions of signal
arrivals at the stations BURARI, PVCI, and PSZI.

Standard conditions occur in the North Atlantichwét quite large and steady
microbarom source before 15 October; the obsemsoe consistent with the model
predictions.

On 15 October in the first half of day, the modgbects microbarom arrivals from
multiple sources (Fig.5). Apart from the usuallysetved back-azimuths around 315°, a new
source emerges with bearings of 260-270°. The mamcs is related to the storm Ophelia.
The CEEIN stations record arrivals from the nortisstwsource on 15 October; Ophelia as a
source of microbaroms dominates the observatiamX6 to 17 October until it dissipates
over southern Norway. The observed microbarom leaakiuths correspond to the predicted
arrivals from the Ophelia-generated microbarom sewith accuracy better than 10° from 16
October, 06:00 UTC to 18 October, 00:00 UTC. A kighariability of the predicted back-
azimuths on 17 October occurs in the time intemfan the modelled Ophelia-generated
microbarom source weakens and disappears duringgdh@ passage over the British Isles
(an explanation is discussed in Section 4). Ldter 45:00 UTC, a large source starts to
develop in the North Sea, generated by the storhrel@p The source extends from the north
of the British Isles to the south of Scandinavia.aAconsequence, microbarom arrivals from a
wide azimuth range of 300-320° are expected aCEEIN stations on 17 October from
15:00 to 22:00 UTC.

A discrepancy between the modelled and observekld&Emuths occurs on 15
October. The model predicts a sudden change didblke azimuth from 315° to 270°, while
the CEEIN stations observe a smooth transitiomefiack-azimuth from 15 October, 21:00
UTC to 16 October, 06:00 UTC.

The observed and modelled microbarom amplitudeshettthe beginning of the
Ophelia event on 15 October and on 16 October abtut 12:00 UTC. A significant

discrepancy between the modelled and observed ued develops from the noon of 16
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October; the modelled amplitude starts to decraaddn contrast the observed microbarom
amplitude increases rapidly. The modelled amplgusigroximate the observed values again
at the end of the day on 18 October after Opheédents final landfall and dissipated above
Norway (Fig. 5).

4 Discussion

As mentioned in Section 3.3, large discrepanciésdEn the modelled and observed
microbarom amplitudes occur from 16 to 17 Octofgrhelia approaches the west coast of
Ireland on 16 October, where it makes a seriearaffblls between 11:00 and 16:45 UTC
(Stewart, 2018). Another landfall is reported frdma north-west coast of Scotland at 23:45
UTC. The maximum radius of 26-st winds is over 200 km on 16 October. Wind speed of
18 ms’is reported at the maximum radius of about 45Qlkandsea and Franklin, 2013).
Thus, the tail of the storm moves, at least patigve coastal waters. By that time, maximum
amplitudes of microbaroms are observed at the CEENons. In contrast, the modelled
signal amplitudes decrease. It can be seen fromdRigat the modelled Ophelia-generated
microbarom source weakens and disappears from fdb&¢ 15:00 UTC to 17 October,
12:00 UTC. The complex bathymetry near coasts lemdsdecreased performance of the
WAVEWATCHIII ® model; moreover the model tends to underestinmasignificant wave
height under severe weather conditions (Mentaddili,c2015). As a conseqguence, the
microbarom model fails to retrieve the amplitudeatzon of the infrasound signal. Based on
these comparisons, one could consider using miooabdetections from extreme events to
enhance the wave model in coastal regions. Whaatlihors are not optimistic in such a
perspective per se - in average, only 1.6% ofdked microbarom flux is emitted in coastal
regions - they believe a synergy with other rensetesing methods such as satellite imageries
or microseisms detections can help improve the tnzag®city in term of directional
spectrum near the coast.

The decrease of the observed signal amplitudeidereton 17 October between 09:40
and 14:50 UTC, particularly at PVCI. At the sammedj spread of microbarom back-azimuths
occurs at the station. It leads to an assumptianttie dominant microbarom source fades out.
The travel time needed for the signal propagatiomfthe anticipated source near the British
Isles to PVCI in the stratospheric wave guide i€980min. Taking into account the
approximate position of the storm centre at 08:9®Q UTC (Table 3) and the radius of 18
m-s*winds (450 km) (Landsea and Franklin, 2013), weimssthat the Ophelia-generated

microbarom source disappears as the tail of thenstaoves over Scotland.
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Another discrepancy between the model and the waisens occurs in azimuths of
microbarom arrivals between 15 October, 21:00 URE B October, 06:00 UTC. The model
predicts microbarom arrivals from multiple souréafowed by a sudden change of the back-
azimuth, whereas the PMCC detection bulletins@QEEIN stations show a smooth
transition of microbarom back-azimuths from nortesivto west. The smooth back-azimuth
transition is a data processing artefact. The piateessing includes detecting the dominant
source in a given time-frequency window (obtainendetection pixel) and gathering
detection pixels in families. The existence ofrayi# dominant source in a given time-
frequency window is presumed. When multiple souofesmilar amplitudes are in
competition, PMCC struggles to separate them. Apglpigh-resolution beamforming
technique would allow distinguishing the signatsnfirmultiple active source regions (e.g. den
Ouden et al., 2020).

The consideration of a horizontally homogenous afrhere for signal propagation
modelling is a strong assumption. However in thislg, the stratospheric conditions and the
strength of the source during the investigatedogefsee Fig. 4) justify it. Furthermore, the
results are accurate enough for the purposesoéthdy. For analyses where further
propagation accuracy is required — with more peedistections or lesser sources — one could
recommend modifying the attenuation law using &f) (I Tailpied (2016) in order to
consider a range-dependent atmosphere. It shouldted that this increases the calculation
time significantly.

Another drawback of the considered attenuationriglates to its associated
uncertainty that generates amplitude offset astagon after the source summation.
Therefore, the normalization by the backgroundex@secessary in this study. Further
refinements in propagation and amplitude attennataht enable to compare observed and
modelled amplitudes without normalisation, whichulgballow focusing on possible
amplitude offsets in source modelling.

The CEEIN stations are able to efficiently moniaicrobaroms. However,
modifications of the array layouts can still impeabhe detection capability of the CEEIN.
The modifications can be recommended particuldrthe@ stations PSZI and PVCI. Inter-
element distances should be slightly increasedisare a good resolution of the estimated
arrival parameters also near 0.1 Hz. The array etsnshould be distributed homogenously
in terms of inter-element distances and azimuthar(yy 2019). Moreover, number of array
elements should be increased at PVCI to comply thghinternational Monitoring System of

the Comprehensive Nuclear-Test-Ban Treaty OrganisétMS) requirement of at least four
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elements in an array (Marty, 2019) and an upgrédleedWNRS at the station is advisable as
well. The station WBCI is primarily intended for mtoring of low frequency infrasound

near the acoustic cut-off (~0.0033 Hz) and for narmg of gravity waves, therefore the
array is built with large inter-element distandesw inter-element signal coherency is
expected at very large aperture arrays comparttetevavelength of the signal of interest and
classical detection algorithms based on searcheotbdherent signals over the array elements
are limited (Green, 2015). Application of otheretegion techniques can be recommended for
such arrays. Power based detection techniques ¢G#hHi2008) or estimation of the signal
parameters using the inversion of arrival timesqghye, 1969) can provide more robust

results.

5 Conclusions

Significant variations in back-azimuths and amplés of microbarom arrivals are
observed in central and eastern Europe betweend 2&October 2017. The anomalous
microbarom arrivals are relatéo the post-tropical storm Ophelia that passed atbag
western coast of Europe from 15 to 17 October.mbdelling of microbarom sources in the
North Atlantic reveals a dominant microbarom sowtthe tail of the storm. The analysis of
signal propagation in a stratified range indepehdénosphere proves that the CEEIN
stations observe microbaroms from the Ophelia-gd¢edrsource.

Ophelia is one of the rare major hurricanes titahk eastern North Atlantic and - at
the extra-tropical storm stage — the west of Eur@uhelia track passes over the British Isles.
The event thus provides, besides observationsratabarom source related to a maritime
storm an opportunity to study an intense microbarom@®ur coastal waters. The
observations at the CEEIN stations imply that clasaters can transiently be an efficient
source of microbaroms. The modelled microbaemnplitudes are significantly
underestimated when the dominant microbarom s@appeoaches the coast. The
underestimation of the modelled microbarom ampétutbliows from the underestimation of
waves - in particular, opposing waves in coastgiores - by the sea state model. Thus, we
advise to increase the performance of sea statelsmoucoastal regions. A good performance
of the sea state models in coastal areas underesereather conditions can be of interest e.g.
for civil security applications and can gain eveorenimportance in the future in the context
of predicted increasing ocean level due to clinchtEnge (e.g. https://climate.nasa.gov/vital-

signs/sea-level/ and https://sealevel.nasa.gov/).
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The CEEIN stations in their current layouts andedi&bn algorithm settings are able
to efficiently monitor microbaroms, as proved bg firesent study. At a distance of the order
of thousands of kilometres, the CEEIN can conteldotmonitoring of severe weather above
eastern parts of the North Atlantic and it is @bleapture standard conditions in the
microbarom source region in the Northern Atlangangell. Thanks to their ubiquity,
microbaroms are regarded a promising phenomenagoréting the middle atmosphere in the
future (Blanc et al., 2018). For monitoring purpgise dense coverage of regional infrasound
stations such as the CEEIN network supporting thleay IMS network is essential to
improve detection capability in the eastern Europegion. Optimization of the CEEIN array
layouts and integration of alternative data proicgstechniques are proposed to improve the
CEEIN performance for those purposes.
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Figure captions

Fig. 1. Geography of the CEEIN network (triangles) and €jattracking (after Stewart,
2018). The position of the storm centre in 6-hontsrvals is shown from 15 October 2017
00:00 UTC to 17 October 2017 18:00 UTC. On 15 OetpBphelia was a tropical cyclone of
hurricane intensity (diamonds). On 16 October b)OQTC, the transition to an
extratropical cyclone was completed (circles). eyssquares stand for the approximate

location of the reported landfalls.

Fig. 2. Layouts of the CEEIN stations (left column), arragponses to a planar wave at 0.1
Hz (middle column), and array responses to a plama&e at 0.6 Hz (right column). Px and
Py are the x and y component of the slowness vetla cyan circle marks the apparent

velocity of 340 s™ (after Evers, 2008). A colour figure is availablgine.

Fig. 3. The detections in the microbarom frequency ran@ed.6 Hz at the CEEIN stations
from 1 to 31 October 2017. The amplitude of tlgmal is colour coded. The life-time of the
Ophelia event is indicated by the green shadedmgtg. Missing data are defined as time
intervals longer than 60 s and with data avail&tadm less than three sensors; indicated by
grey rectangles. The data are smoothed by appymgving time window of 60-minute
length and with 90 % overlap; the error bars regmethe standard deviations from the mean

back-azimuth. A colour figure is available online.

Fig. 4. Snapshots of the microbarom source from 15 Octdd&7, 18:00 UTC to 17 October
2017, 18:00 UTC at 6-hour intervals. The geomdtat@nuation relative to the barycentre of
the CEEIN stations is considered. The trianglpsasent the CEEIN stations. The station
PSZIl is close to the barycentre and thereforergpsesented by a different marker. The track
of Ophelia is shown. The diamonds represent mosaf Ophelia at the hurricane stage;
circles represent position of the post-tropicafrstolhe arrows represent stratospheric winds

at 1hPa (48 km of altitude). A colour figure isadable online.

Fig. 5. Comparison of the observations (blue circles onlgney circles in the printed version)
with the modelling results for each frequency béndgenta diamods online, black diamonds
in the printed version) at CEEIN stations BURARY®, and PSZI from 15 to 18 October
2017. Left: observed and modelled back-azimutlessike of the diamonds codes the
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corresponding amplitude in the respective frequdranyds; right: observed and modelled
signal amplitudes. The amplitudes are normalizethby mean background value before and
after the event. The units of the normalized aragt are dimensionless. A colour figure is

available online.

Supplementary figures

S.1. Detail of detections in the microbarom frequenayge0.1-0.6 Hz at PVCI from 15 to 18

October 2017. Data are unsmoothed.

S.2. Detail of detections in the microbarom frequenayge0.1-0.6 Hz at WBCI from 15 to
18 October 2017. Data are unsmoothed.

S.3. Detail of detections in the microbarom frequenayge0.1-0.6 Hz at PSZI from 15 to 18
October 2017. Data are unsmoothed. The grey rdetamdjcates time interval with missing

data.

S.4. Detail of detections in the microbarom frequenayge0.1-0.6 Hz at BURARI from 15
to 18 October 2017. Data are unsmoothed.

S.5. Detail of detections in the microbarom frequenayge0.1-0.6 Hz at IPLOR from 15 to
18 October 2017. Data are unsmoothed.

S.6. Snapshots of the microbarom source from 15 Oct®d&7, 03:00 UTC to 18 October
2017, 00:00 UTC at 3-hour intervals. The geomdtat@nuation relative to the barycentre of
the CEEIN stations is considered. The trianglpsasent the CEEIN stations. The station
PSZIl is close to the barycentre and thereforergpsesented by a different marker. The track
of Ophelia is shown. The diamonds represent posdf Ophelia at the hurricane stage;
circles represent position of the post-tropicafrstolThe arrows represent stratospheric winds
at 1hPa (48 km of altitude).
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Tables

Stations PVCI WBCI PSzI BURARI IPLOR
Location Central Czechia Western Czechia Northern Hungary | Northern Romania | Central Romania
Latitude 50.53°N 50.25°N 47.92°N 47.62°N 45.85°N
Longitude 14.57°E 12.44°E 19.89°E 25.22°E 26.65°E
Nb of sensors 3 4 4 4 6
Type of sensor The Scientific and | Paroscientific SeismoWave Chaparral Physics | Chaparral Physics
Technical Centre 6000-16B-1S MB3d Model 21 Model 25
“Geophysical
Measurements”
ISGMO03
Array aperture 200 m 4-10km 250m 1200m 2400m
Array bandwidth 0.14-3.4 Hz 0.0028-0.068 Hz 0.11-2.72 Hz 0.02-0.57 Hz 0.01-0.28 Hz
Date of installation | 2014/05/01 2016/09/28 2017/05/25 2016/07/27 2009/05-2012/08

Table1l. Main characteristics of the CEEIN arrays. Thagbandwidths were estimated

according to Garces (2013).
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Stations PVCI WBCI PSzI BURARI IPLOR
Detection range 0.05-4 Hz 0.0033-0.4 Hz 0.09-7.1 Hz 0.09-7.08 Hz 0.09-7.08 Hz
Window length 60-10 s 2555-118 s 60-12.35s 410-17s 253-23 s
Window overlap 90 % 90 % 95 % 95 % 95 %
Consistency 0.1s 3s 0.2s 0.2s 0.2s

Filter Chebyshev Chebyshev Chebyshev Chebyshev Chebyshev
Azimuth tolerance 10° 3° 3° 3° 3°

for families forming

Family size 10-50 pixels 15-50 pixels 100-2000 pixels 40-2000 pixels 40-2000 pixels

Table 2. Main parameters of PMCC configurations.
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Ophelia position PVCI WBCI PSZI BURARI IPLOR
uTC Latitude |Longitude |Azimuth |Distance |Azimuth Distance |Azimuth [Distance |Azimuth [Distance |Azimuth [Distance

[°N] [°El [°] [km] [°] [km] [°] [km] [°] [km] [] [km]
2017/10/15 #43.1 -14.3 260 2329 259 2175 271 2694 275 3094 280 3228
18:00
2017/10/16 ©7.6 -13.4 272 2051 271 1901 282 2469 284 2865 288 3025
00:00
2017/10/16 50 F12.1 279 1886 279 1742 288 2329 290 2717 293 2891
06:00
2017/10/16 52.3 -10 286 1707 287 1571 294 2170 295 2546 299 2732
12:00
2017/10/16 [55.3 -8.3 298 1614 1300 1497 304 2094 303 2446 1306 2647
18:00
2017/10/17 [p7.3 6.1 307 1540 1310 1442 311 2023 309 2351 312 2561
00:00
2017/10/17 [68.7 -2.9 316 1439 1320 1360 317 1915 314 2218 317 2434
06:00
2017/10/17 [59.3 1.5 1325 1280 1330 1224 323 1742 319 2019 321 2239
12:00
2017/10/17 [60.1 5.3 335 1213 1340 1184 331 1648 325 1891 1326 2115
18:00

Table 3. Track of the storm Ophelia (Landsea and Franki21,3). Distances and back-

azimuths of the storm centre from the CEEIN statiare stated.
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Unusual microbarom arrivals in central and easinmope on 15-18 October 2017
Back-azimuths were shifted by 20-40° from regdiiaections

Increase of signal amplitude was observed at timee dame

Microbarom source and propagation was modelled

The storm Ophelia generated a moving dominant soofrenicrobaroms
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