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Infrasound is one of the technologies of the International Monitoring System (IMS) supporting the verification regime
of the Comprehensive Nuclear-Test-Ban Treaty (CTBT). In the frequency band of interest to detect atmospheric
explosions, ambient noise may affect detection and particularly ocean noise referred to as microbaroms. Ocean wave
interactions generate acoustic noise almost continuously which can obscure signals of interest in their frequency range.
The detectability of such noise strongly depends on atmospheric conditions along the propagation paths. Using ocean
wave action model developed by IFREMER and considering the effects of general middle-atmospheric products
delivered by ECMWEF in long-range propagation, microbarom amplitudes and direction of arrivals derived from various
propagation models are compared with the observations. With this study, it is expected to enhance the characterization
of the ocean-atmosphere coupling. In return, a better knowledge of microbarom sources would allow to better
characterize explosive atmospheric events hidden in the ambient noise.

INTRODUCTION

Within the framework of the Comprehensive Test
Ban Treaty (CTBT), the infrasound stations of the Inter-
national Monitoring System (IMS) detect a continuous
noise of ocean origin between 0.1 and 0.5 Hz. The ampli-
tude of this noise, referred to as microbaroms, can be
quite important and hide signals of interest for the
CTBTO monitoring purpose [1]. It has been shown that
microbaroms are generated by the ocean and particularly
by severe storms over the ocean [2]; [3]. Due to this lo-
calization and their frequency they were early compared
with microseisms — noise in seismic signals , assuming a
common source phenomenon for both microbaroms and
microseisms [3, 4]. Longuet-Higgins first developed in
1950 a theory about microseisms generation. Whereas
first order interactions between ocean and atmosphere
only generate evanescent pressure terms, second order
interactions generate propagating pressure waves, that
transfer energy through the ocean bottom and propagate
into the crust [5]. Hasselmann extended this second order
interaction theory for broad band spectrum [6] and gener-
alized it in the framework of wave-wave interactions [7].
Applying the revisited Longuet-Higgins-Hasselmann’s
theory to wave-action models, a microseism source mod-
el has been developed [8] and distributed by IFREMER.
This source model has been used and validated with mi-
croseismic observations [9, 10].

The generation of microbaroms was investigated the-
oretically on the basis of the microseisms theory [11-13].
Although these theories have in common the Hassel-
mann’s integral: [ E(f,0)E(f,0 + m)d6, which corre-
sponds to the coupling terms between two opposing
waves, where E(f,8) is the wave height spectrum over
the direction 6, they differ quantitatively. Furthermore, to
explain microbarom observations, the effects of long-
range propagation through a realistic atmosphere should

be modeled as these effects can be sources of uncertain-
ties. Thus, studies that have been carried out comparing
models and observations remain mainly qualitative [14].

To propagate infrasound signals, a suite of full wave
propagation models - such as ray-tracing, parabolic equa-
tion, modal mode expansion methods - was developed by
many researchers [15]. They require relatively low com-
puting time when assuming range independent atmos-
phere along the propagation path. Full-wave equation
model was not considered in this study for computational
reasons. The propagation of infrasound is strongly affect-
ed by the velocity structure of the middle-atmosphere;
leading to the necessity of using realistic atmospheric
specifications The European Centre for Medium-Range
Weather Forecasts (ECMWF) develops atmospheric
models. Although these models have been improving
significantly in recent years with data assimilation and
reanalysis, they are known to be inaccurate above ~40 km
altitude where very few in-situ measurements can be real-
ized [16]. Unfortunately, the middle atmosphere (30—
90 km altitude) is of importance for infrasound propaga-
tion due to the fact that acoustic ducts can occur at these
altitudes. Studies have shown how infrasound detection
from identified and calibrated natural sources can provide
additional useful constraints of unresolved atmospheric
structures in range of altitude where routine observations
are lacking [17]. Microbaroms being a continuous source
of infrasound, it is expected that their global monitoring
could contribute to an improved description of dynamical
properties of the atmosphere. It is thus essential to deter-
mine a reliable source and propagation model, to estimate
errors. In this study, the methodological aspect is ad-
dressed, using a simplified approach, and considering
separately the impact of both source and propagation
models to predict microbarom observations.

144



CHARACTERIZING AND MODELLING OCEAN AMBIENT NOISE
USING INFRASOUND NETWORK AND MIDDLE ATMOSPHERIC MODELS

METHODS AND DATA

Studied area and dates

Two years of infrasound recordings at the Norwe-
gian IMS station 1S37 are investigated. This station,
located 69.075°N and 18.6°E continuously receive sig-
nals originating both from the Atlantic Ocean and the
Sea of Barents. Amplitude of these sources of micro-
baroms is much higher in winter than in summer and
these seasonal variations are presented in Figure 1 along
with the location of the station. 1S37 consists of 10 mi-
crobarometers, with an aperture of 2 km. The time-
signals are processed with processing multi-channel
correlation (PMCC) algorithm [18] which uses correla-
tion time delays between sensors and sub-networks to
estimate wavefront parameters, such as back-azimuth,
root-mean-square amplitude and frequency, of coherent
planar waves. To do so, the algorithm searches for co-
herent signals in advancing time windows over a set of
15 log-spaced frequency bands between 0.01 and 5 Hz.
Frequency bands are defined here with Chebyshev fil-
ters of order 2 and the use of log-spaced frequency
bands enhance signal discrimination [19].

Data sources

For the simulation, we use the WaveWatch3 (WW3)
wave action model developed by NOAA (National Oce-
anic and Atmospheric Administration) and distributed
by IFREMER (ftp:/ftp.ifremer.fr/ifremer/ww3), with a
spatial-resolution of 0.5° and a temporal resolution of
3 h. Ardhuin et al, 2011 [8] implemented the micro-
seism source as a composite from WW3 results, accord-
ing to the formula:

— T wsz 2 2
P2L = —=pw"9fs E*(DI()
w
where f; = % =2 f is the frequency of microbaroms

(Hz), f being the sea state frequency (Hz), a,, is the

sound speed in water (m's %), p,, is the water density
(kgm®), g the gravitational acceleration (m-s™?) and
E2()I(f)is the wave interaction term such as
E*(H)I(f) = [ E(f,0)E(f,6 + m)df. Source term
P2L isin Pa’m’s ™.

It is known that the amplitude of microbarom source
is different from the one of microseism source. Howev-
er, microbarom source is supposed to be proportional to
microseism, thus for a qualitative work, microseism
source can be used as it is already calculated. This
source is named ‘P2L’ in IFREMER database, and cor-
responds to the acoustic spectral density.

To account for propagation, the infrasound propaga-
tion losses formula presented in [19] is used. The for-
mula was based on numerous Parabolic Equations
simulations of infrasound through simple range-
independent atmosphere models, varying frequency and
ratios of effective sound speed. The attenuation coeffi-
cient (dimensionless) from a point situated 1 km from
the source is given by:

10a(2f0)R RB(vaeff—ratio)

R + 1+ 106-R)/a(f)

where a (in km™1), 8,8 (in km), o (in km) are param-
eters tabulated in [19], Vrr_rqtio IS the dimensionless
ratio of the effective sound speed within stratosphere to
that at ground level, f is the signal frequency (in Hz)
and R is the distance from the source (in km). So the
pressure amplitude is:  A(f, R, Verf—ratio) = A1gm *
Att. As this formula was developed for a range-
independent atmosphere, a strong assumption is made
by choosing a uniform Vess_,q¢i0. The wind at the sta-
tion location being the most relevant choice to charac-
terize whether the station will receive a signal, it is then
the value used for Vs s _rqtio-

Att =

Green triangle is the location of the IS37 station

Figure 1. Source of microbaroms in Pa? m?s™* (WW3) averaged over January (left) and July (right)
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Atmospheric data at the station have been obtained
from the operational ECMWF high-resolution (HRES)
atmospheric model with temporal resolution of 6 hours.
The wind is averaged between 40 and 60 km of altitude
in order to integrate altitudes of interest.

Simulation

In order to sample correctly the grid for the simula-
tions, 360 paths are drawn from the station —with con-
stant azimuth direction along the path — creating an
azimuthal grid of 1° resolution. For each path, intersect-
ed source cells are selected, and the attenuation given
both by the distance between the cell and the station and
by the wind projected along the azimuth is computed.
After applying the attenuation to the source, all attenu-
ated sources are summed along the path to obtain the
directional pressure density spectrum.

In this study, three simulations are carried out : (i)
the first one focuses on wind effect assuming a constant
source all over the ocean (p2!l = 1), (ii) the second one
includes p2l model, but does not consider wind effect
(Vess—ratio =1) to address source effect, and (iii) the
last one combines wind and source effects.

As a result of simulation A(f, 8) is obtained for each
time step (i.e. every 6 hours) where A is the amplitude
(in Pa) and 6 is the azimuth. For comparisons with the
observations, it is assumed that signals with the largest
amplitude are most likely to be detected. So for each
time step: Apq(At) = max sy A(f,6) and 8(t) = 6,
with 6,, is such as A(fy, 6,,) = max(sg) A(f,6). The
same process is applied to observations whenever there
is more than one detection in the time step: A,s(At) =
max; ear A(t) and the azimuth is the azimuth corre-
sponding to this particular amplitude.

RESULTS

From January 2016 to the end of March 2018,
76 035 detections are obtained at 1S37, with time gaps
between two detections quite heterogeneous varying
from 2.3 s to some days, when the signals are too noisy.
Figure 2 shows the number of detections per modelling
time step, which varies greatly between few detections
to some tens of detections per 6 hours.

Wind effect

In Figure 3, the results of the first simulation — wind
effect only — are presented in blue and the observations
in orange. The upper graph corresponds to the azimuth
as seen at the station and the lower one corresponds to
the amplitude. A higher dispersion in the observed azi-
muth is noticed in summer — from —90° to 90° — com-
pared to winter — around 90°, which coincides with
lower amplitude of the observed signal, whereas in
summer the model predicts a very precise azimuth
around 45°. However, this precision is only an artefact
of the simulation due to the large range of azimuths —
from 20° to 45° (not shown here) — with the same am-
plitude in summer. During winter, azimuthal compari-
son between simulations and observations yields better
results. For the amplitude, seasonal variations result
from both wind effect and source size effects. Indeed as
the contributions are summed and the source is set to
constant all over the ocean, the longer the ocean in one
direction, the higher the cumulated amplitude. This
simulation points out the impact of wind variations: in
winter eastward winds allow 1S37 to detect source in
North Atlantic (—90°) whereas in summer, westward
winds hide the North Atlantic source allowing 1S37 to
detect source from the Barents Sea (between 0 and 45°).
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Figure 2. Number of detections per time step (6 hours)
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Figure 3. Comparisons between modeled (blue) and observed (orange) azimuth and amplitude.
Source term is set uniformly to 1
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Figure 4. Comparisons between modeled (blue) and observed (orange) azimuth and amplitude.
Effective wind ratio is set to 1

Source effect

Second simulation — about source effect, without
wind — is presented in Figure 4. Concerning the azi-
muth, a preferential direction around -90° — correspond-
ing to the Atlantic Ocean — may be seen both for
simulations and observations, with some azimuthal dis-
persion up to 45°. Difference between observations and
simulation results occurs mostly in winter, when the
azimuthal dispersion is much smaller in the observa-
tions: azimuth varies around —90° in the observations,
whereas it varies from —110° to 45° for the simulation
results. Concerning the amplitude, although there is a
systematical offset of around 80 dB between both cases,
there are seasonal variations with lower amplitudes in
summer and higher ones in winter. It can be noted that

the amplitude of the seasonal variations is of 30 dB for
the observations whereas only about 15 dB for the simu-
lation.

Complete simulation: wind and source effect

Figure 5 presents the same results for the third simu-
lation including both atmospheric and source effects. It
shows a really good agreement between simulation re-
sults and observations: dominant azimuth is —90°, with
high azimuthal dispersion (from —90° to 45°) from May
to September, and quite a narrow dispersion from Octo-
ber to April. Simulations reproduce well the amplitude
seasonal variations — for both observation and simula-
tion the amplitude of seasonal variations is ~30 dB —
along with some second order amplitude variations.
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Figure 5. Comparisons between modeled (blue) and observed (orange) azimuth and amplitude.
Both atmospheric model and source model are used
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Figure 1. Zoom - Comparison for azimuth and amplitude between observations (orange) and simulation 3 (blue).
Both atmospheric model and source model are used

Some conclusions can be drawn from the compari-
son of the three simulations:

— During summer, the source is clearly the domi-
nant factor of the detected signal, as there is no signifi-
cant change between simulation (ii) and (iii), wind only
enhances the attenuation of the signal.

— In the contrary, during winter sources are more
spatially scattered, and wind becomes more important
by discriminating the sources.

— The higher dispersion of sources in winter might
be due to an increase of the number of storms during
this season; storms being one of the main factor generat-
ing opposing waves [8].

At first order, simulation with modeled source and
uniform wind equal to the wind at the station fits well

with the observations. Some second order features can
also be seen as similar: Figure 6 focuses on the period
between January 2018 and March 2018. In January
there is a different offset between observed and simulat-
ed amplitude — 90 dB — but trends are similar. Then,
good agreement in azimuth and amplitude trends can be
seen. However, for some specific days — between Feb-
ruary 10" and 20" — the simulation presents a higher
azimuth deviation — simulated azimuth is around 20 to
45° whereas observed one is between —20° and 20°. In
addition, this azimuth deviation lasts longer than the one
of the observations — from two to four days, while ob-
served azimuth deviation is around 12 hours. Around
March 10", a discrepancy in amplitude is also noted.
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Figure 7. Wind conditions for February 17" 2018 at 12:00, with path at 10° and -90° azimuth — black lines.
Left panel: Microbarom source term (in dB) Right panel: intensity of winds in m.s™

An explanation to these differences could be addi-
tional atmosphere effects along the path which are not
here considered. The atmosphere characteristics during
this period, presented on Figure 7, seem to support this
suggestion. Indeed, wind at the station is directed to-
wards North-West, and it is less favorable to the North
Atlantic source compare to the Barents Sea source.
However, considering the path from source to station,
there are strong opposing winds from the Barents Sea
source, whereas from North Atlantic source, opposing
winds are rather weak.

DiScuUsSION AND CONCLUSIONS

The atmospheric and source effects on microbaroms
detection were investigated by comparing simulations
with observations at IMS Norwegian station 1S37. It
was found that the source effect is the most important
one to explain the main observed features of the azi-
muth (dominant azimuth) and amplitude (seasonal var-
iations). However, it was shown that atmospheric
effects should also be considered, particularly in winter,
when winds are stronger and sources are more numer-
ous and scattered. Indeed, wind allows discriminating
between sources, and modulating the amplitude, yield-
ing to comparable seasonal variations of ~30 dB be-
tween winter and summer.

Results at first order correlate well the observations,
which is quite encouraging due to the simplicity of the
atmospheric model used. Some second order features
are also coherent with the observations which support
the choice of atmospheric specifications given at the
station. However, some discrepancies appear during
particular atmospheric events — mid-February 2018 —
such as Sudden Stratospheric Warming (SSW). A SSW
consists in a warming of the stratosphere, modifying
atmospheric characteristics such as winds and they have
a cooling impact on the lower layers of the atmosphere,
generating what we know as cold wave. Usually during
winter, wind vortex is well established towards the East,
however, during these phenomenons, the vortex is dis-

turbed and can be broken, modifying the duct for infra-
sound propagation [20]. These discrepancies may be
explained by additional atmospheric effects that were
not accounted for.

IS37 is an interesting station due to its location close
to the Barents Sea where sources generated are weaker
than in the Atlantic Ocean. Then, unlike other IMS sta-
tions, 1S37 has the capability of detecting signal from
both sources, in the same frequency-band. When the
two sources are in competition, this could be problemat-
ic for PMCC processing as it is designed to detect the
most coherent signals in a given time and frequency
window. Hence, signal processing issues are another
possible explanation of the discrepancies seen during
2018 SSW.

The propagation was simulated by a simple range-
independent attenuation relation that accounted for the
capability of the station to receive the signal. Further
studies should be pursued to integrate range-dependent
atmospheric characteristics to take into account varia-
tions along the path that could strengthen or weaken the
attenuation of the source, leading to a possible change
of the dominant received signal. Other propagation
models, accounting for azimuth deviation, could also be
investigated to enhance second order fitting of simula-
tions and observations.

Methodology should also be addressed in future
work by exploring other processing methods (e.g. FK
analysis, MUSIC) in addition to PMCC, in order to val-
idate the comparisons between simulations and observa-
tions data. Indeed, having comparable data and formats
of data could allow us to define a metric of error and
correlation between observations and simulations.
Moreover, quantifying the source is another methodolo-
gy issue to be addressed, so to do quantitative compari-
sons: acoustic impedance might be added to P2L term,
at least. Bathymetric effects in regards to directionality
of the acoustic waves should also be investigated for
source quantification.
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XaJblKapaiblK MOHUTOPHHT JXyheci (XMJK) arMmocgepalblk skapblabicTap MEH TOpi3lli OKHFajap/Abl aliKbIHAAybIHA
naianaHpIa bl 3epTTeNnyieri KUUTKTEp JKOJarblHOa Iy asichl TaObUIFaH OKHWFAChIHA 9CEPiH THTi3y MYMKIiH,
epeKIIelNirinae, MUKpodapomaap peTiHai Oenrinai 0oJaaTelH MYXWTTIH INYJIbI asgchl. MYXUTTarbl TOJKBIHIAP/ABIH ©3apa
OpEKEeTTECTITT aKyCTHUKAIBIK LIYABI TYPAKTBl OHIIPIN Typazpl, Oy KBI3BIKTHIPATHIH CHTHAJAAPIABI JKACBIPY MYMKIiH.
CoHpail myaelH BIKOANBI O Tapally Tpaccachl OOWBIHAAFBI aTMOCQepanblK xarnainapeiaa OainansicTel. IFREMER
OKeaHOTPaPHAIBIK HHCTUTYTHIMEH (D paHITus) 93ipJIeHTeH MYXHT TOJIKBIHIAPBIHBIH 63apa dpPEKeTTECTIrT MOICTIH XKoHe,
ECMWF (Ayanbl opramep3imuaik Oojpkay eypomajblK OpTaiblFbl) Oepim TypartbiH, XahauIelK aTtMocdepaibik
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MOJIETIBJICPAIH dCEpIIEPiH ecellke ajia OTHIPHII, aBTOpJIap OaKbUIAYABIH dp TYPJl MOJENbAEPIHAEC MUKPOOApOMAAPIbIH
aMIUTMTYyajlapbl MEH a3MMYTTapblH caibICThIpanbl. byn 3eprrey atmocdepa MEH MYXHTTIH ©3apa OpeKeTTEeCTIiriHIH
CHUTaTTaMaJIapblH JKaKcapTaabl AET KyTiryae. ©3 Ke3eriHae, MEUKpoOapoMIap Ke3lepi Typaibl OiTiMaepi apTTHIPYhI
aTMoc(epabIK )KapbUTbIC OKUFAIAPIBl OJ1aH JKaKChl CHITaTTaybIHA MYMKIHIILTIK Oepeti.

ONNCAHHUE U MOJAEJIMPOBAHHUE HTYMOBOI'O ®OHA OKEAHA
C IOMOIIBIO HH®PA3BYKOBOM CETA U MOJIEJEN BETPA

L2 Je Kapuio M., Y Jle Muuon A, 3 ApnyuH A., Y Hamoam C.I1.

b Komuccapuam no amomnoii snepzuu (CEA/DAM/DIF), Apnasxcon, @panyun
2 Yuueepcumem 3anaonoii bpemanu (UBO), bpecm, @panyun
%) Dpanyysckuii nayuno-ucced08amenbeKuli UHCIMUMYM 1O IKCHAYAMARUU MOPA
(IFREMER, LPO/CNRS), ®panyus
“) NORSAR, Kvennep, Hopeeausn

WndpassykoBast cerb MexayHaponHoi cucteMbl MoHuTopuira (MCM) paspaboraHa aiist BBIBICHHST aTMOC(HEPHBIX
B3pBIBOB 10 BceMy Mupy. OHaKo, B ©3y4aeMOM YacTOTHOM JHana3oHe, IIyMOBOH ()OH MOJKET BIUSTH Ha BBISBICHUS U,
B YaCTHOCTH, Ha IIyM OKeaHa, U3BECTHBIH Kak MUKpOOapoM, Kak ObUIO MMOKa3aHO ITyTEeM OMNMCAaHUs IIyMOBOTO (oHa
yepe3 00pabOTKY IIMPOKOMONIOCHOH Tpymmnbl Ha 3amucsx MCM. JlelicTBUTENbHO, B3aUMOCHUCTBUS BOJH OKeaHa
MIPOM3BOMAT aKyCTHYECKHH IIyM MOYTH HMOCTOSHHO, YTO MOXXET CKPBITh MHTEpPECHBbIC CHTHaNbl. Ero xapakrepucThka
Ba)kKHa, M MBI HCIIOJIb3YEM MOJEIH JICHCTBHS BOJIH /ISl MOAEIMPOBAHUS NCTOYHUKOB MUKpoOapoM. BuaumocTs Takoro
IIyMa OTPEENCHHON CTAaHIIMM JOIDKHA CHIIBHO 3aBHUCETh OT aTMOC(EPHBIX YCIOBUI M BO3MYLIEHUH. 11 TOTO, YTOOBI
y4uTHIBaTh JaHHBIN 3¢dekt, Mpr Brmoumnn crerudukannun Betpa ECCIIIT (EBponelickuii EHTp CpeIHECPOTHOTO
MIPOTHO3UPOBAHMUS TIOTOJBI) B CBOM MOJENHM pacmpocTpaHeHHs. VICTonp3ys NPOAYKLIHUIO OKEaHHYECKUX BOJH
JIBYMEPHOTO CHEKTpa, MBI CPAaBHUBAEM AMIUIUTYIBl MHKpOOapoMa W a3MMYTHI, IOJICUUTAHHBIE M3 Pa3HBIX MOAEIEH
pacrpocTpaHeHusi ¢ HaOmrofeHWsMH. JlaHHOe HcciIeoBaHWE IOMOXET PpaCUIMPHUTh OIHMCAHWE B3aWMOJACHCTBUS
aTtMocdepbl U OKeaHa, a Takxke pa3nenuTh 3)(EKThl pacmpoCTpaHCHUs OT MOJEICH HMCTOYHUKOB. B CBOIO oyepens,
yJIy4lICHHbIE 3HaHMS 00 MCTOYHMKAX MHKPOOapoma TO3BOJISIOT JIY4YIle XapaKTephU30BaTh COOBITUS aTMOCHEPHBIX
B3pPBIBOB U MPEAOCTAaBIIAITH MHPOPMAIMIO O JWHAMHUKE M BO3MYIICHHAX CpelHeld aTMoc(epbl, YTO MOXET OBITh
HCIIOJIb30BAaHO KaK OrPaHMYCHHUS] MOJICITH.
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