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Infrasound: acoustic waves below hearing frequency
threshold (< 20 Hz)

Acoustic
(infrasound)

Seismic

Courtesy of R. 5. Matoza
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Infrasound: acoustic waves below hearing frequency

threshold (< 20 Hz)

:

Other sources:
» Natural: microbaroms, ocean

_Acoustic surf, mountains, meteorites,

(infrasound) .

auroras, earthquakes, big

waterfalls, etc.

» Anthropogenic: wind turbines,

Seismic S dams, airplanes, chemical

explosions, etc.
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Very low frequency
acoustic waves detected in
barographs multiple times

Krakatau erupting on May i
27 1883 worldwide

Figures from [Symons, 1888]
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1 Vergoz. . Hup, . Lisowsti e al. Earthand PanetaryScence Leters 591 (2022) 117639
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[theoretical backazimuth - observed backazimuth! ()

atora et a, Seence S77, 957100 (022) 1y 2022 ° ” B * ﬂme:ﬁ)smcefg—JanQO;ZMIS:;OAUTC * o = e
Seismic, hydroacustic, satellite and Infrasound waves circunavigating the Earth
infrasound characterization of January 2022 (up to 16 passes)

Hunga eruption, Tonga
Figure from [Matoza et al., 2022]. Figure from [Vergoz et al., 2022].
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£ CTBTO

International Monitoring System

The Comprehensive
Nucear Test-ban-Treaty
Organization (CTBTO).

Seimic, hydroacustic,
radionuclide, and
infrasound.

(map from
www.ctbto.org/map)
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N
“,oas O

M Certified IMS station -— Ridge
[0 Non-certified IMS station = Trench
A Holocene-active volcano -  Transform
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Infrasound-based monitoring methodology (and tool) for remote detection of
volcanic eruptions.
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Infrasound-based monitoring methodology (and tool) for remote detection of
volcanic eruptions.
Why?

» Eruptions with a Volcanic Explosivity Index (VEI) >3 create large ash plumes

[Newhall and Self, 1982].

> This is expected to happen yearly (papate and Marzocehi, 20193, but only a fraction are
monitored in real-time [Webley and Mastin, 2009, Pallister and McNutt, 2015, Ripepe et al., 2018].

» The ash plume poses a great risk to commercial planes (webiey and mastin, 2009.
» There is a global infrasound network!
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Volcano azimuth filter Pressure filter Infrasound parameter filter
Detections tao P,
-A A ps < 500 Pa _ taet Pa
Stations at less than * @1 €[00 = 10, G0+ Ad) Ps P WX )0 x i
2740 km of stations keep signals within + A6 (3) keep signals smaller than 500 Pa keep signals with an IP value above 100
of the real source back-azimuth () at 1 km from source (Marchetti et al.,2019)
Propagation effects correction Persistency filter VIS notification
et pe Start time (adjusted), Code,
Ap U Vest-raio) ——> ps = pa/Ap T > 0.33
Mean Amplitude at 1 km (Pa),
Attenuation pressure at 1 km keep signals with more than 33% Level
(Le Pichon et al., 2012) from source of persistency in time window W EVELL..

Non-crediited figures and results are preliminary, please do not reproduce
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» Explosive phase
starts on June 4,
18:45 UTC

> VEI 4

» Sustained plume
10-12 km height
several days

» Ash plume affected
large areas

(1) NASA image on 13 of June 2011. (2) Ash fall effects on
Villa la Angostura, Bariloche, and Paso Samoré (Argentina).

Figures modified from [Elissondo et al., 2016]

Sep 9, 2025 rodrigo.denegri@uca.fr Non-credited figures and results are preliminary, please do not reproduce 10


mailto:rodrigo.denegri@uca.fr

SnT 2025 Fie. Step 1 - Detections

(CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

05.1-448

Volcano azimuth filter Pressure filter Infrasound parameter filter
Detections . tae a
Stations at less than @i € oo =~ B, g + 0] s <500 Pa P = Idl‘ x 100 ’pr
2740 km of stations keep signals within + Ag (3) keep signals smaller than 500 Pa keep signals with an IP value above 100
of the real source back-azimuth () at 1 km from source (Marchetti et al.,2019)
Propagation effects correction Persistency filter VIS notification
. , L e Start time (adjusted), Code,
Ap (f, Vast—eario) —— Ps = Pa/Ap et > 0.33
. ) Mean Amplitude at 1 km (Pa),
Attenuation pressure at 1 km keep signals with more than 33% Level
(Le Pichon et al., 2012) ~ from source of persistency in time window W -

Modified from Poster presented at AGU 2024

Sep 9, 2025 rodrigo.denegri@uca.fr Non-credited figures and results are preliminary, please do not reproduce 11


mailto:rodrigo.denegri@uca.fr

SnT 2025 = Step 1 - Detections

(CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

05.1-448
102AR (1596.0 km, 345.1°) | =~ o 17" @T9™ "
1004 ¢ ] [ ] .‘ « p
#10880 . 3 N (R 2
‘ o1 T I S R IS S 1

/ ‘.q‘ r A ‘e ¢ i & ¢
| 100 % < p Ay ST e m
27242 km _"141PY . ’L*‘ﬁ".' v 3 < o Le R By I
! | | !

2089.7 km -

[/ < 108BO (77242 ki, 1867 Vopdheiad - 1% OLIg % il ¥
Cordén——4& ] , e o) =
Caulle “Cé oD § s %3 l‘ ‘d £ it TFo:‘..-?f ;Ff‘.’ fvﬁu b o 2.5 >
1596.0 km = 04 2 {_,rg..dp..';'a_uoﬁr h o » s 2.0 S
e g —1004 ¢ o ﬁ g.~¥.~" ‘...'_ ‘. o o, ,!‘. D 1.5 g

. : ‘t : {
FBa
fqé.' ' i-nq-«u‘-biw

&

» Open access (OA)
data from A
[Hupe et al., 2022]. <~ 3 ¥

» “High-frequency” (1-3
Hz), sampled every 5
minutes.

»
%
/o,—

v
s >
5 D

Problem: too many detections, i.e., clutter.

To get the data, go to https://geoportal.bgr.de and download from “Geophysics”— “High frequency
data products”
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Volcano azimuth filter

» i € [do — Do, do + L)

keep signals within + Ag (3)
of the real source back-azimuth (¢0)

¥

Step 2 - Back-azimuth filter

Pressure filter
P < 500 Pa

keep signals smaller than 500 Pa
at 1 km from source

Infrasound parameter filter
Laer Pa

100 x =—
w00
keep signals with an IP value above 100
(Marchetti et al.,2019)

1P =

¥

¥

Propagation effects correction
Ap (f, Vettoraria) —— Ps = Pa/Ap

Attenuation pressure at 1 km
(Le Pichon et al., 2012) ~ from source

Persistency filter
e > 0.33

keep signals with more than 33%
of persistency in time window W

VIS notification
Start time (adjusted), Code,

Mean Amplitude at 1 km (Pa),
Level, ...

rodrigo.denegri@uca.fr
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: Problem: Most detections don’t fall within +3° of true
back-azimuth

back-azimuth...
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. Average winds per month around ~40 km altitude.
2724.2km’ "141PY FA AP a [T Y = AlJance 7 - 1
. S S ﬂi;';_'d -
e m e t—
1596.0 km | ‘J‘ . —‘/_J'//"
*102AR
[Oct S %) Dect 7 =
= :Zf | - z -3
oA L.
We f b h There are strong seasonal winds at stratospheric (~40
e forgot about the km) altitudes, i.e., zonal winds.

winds!

Sep 9, 2025 rodrigo.denegri@uca.fr Non-credited figures and results are preliminary, please do not reproduce 16


mailto:rodrigo.denegri@uca.fr

Step 2 - Back-azimuth filter

05.1-448

*108BO
m M ] I3
ez No wind 1 Wind —» 2
2089.7 kl’!
COrdénffJ/
Caulle
1596.0 km
Offset
*102AR True source

Apparent
source

The winds deviate the
trayectory of the
infrasound waves.

Figure modified from [De Negri and Matoza, 2023]
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Stations at less than

2740 km of stations
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Volcano azimuth filter
i € [do — Do, o + L6

keep signals within + Ag (3)
of the real source back-azimuth ()

Pressure filter
Pps < 500 Pa
keep signals smaller than 500 Pa
at 1 km from source

¥

Step 3 & 4 - Propagation effects and pressure filter

Infrasound parameter filter
%100 x o
Ap

keep signals with an IP value above 100
(Marchetti et al.,2019)
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¥

VIS notification
Start time (adjusted), Code,

¥

Propagation effects correction
Ap (. Vai—xaria) —— Ps = Pa/Ap

pressure at 1 km

Attenuation
(Le Pichon et al., 2012)  from source

rodrigo.denegri@uca.fr

Persistency filter
Yot > 0.33

keep signals with more than 33%

of persistency in time window W

Mean Amplitude at 1 km (Pa),

Level, ...

Non-credited figures and results are preliminary, please do not reproduce
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*uego Whole year (2011)
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Caulle \
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7 102AR (1596.0 km, 345.1°)
et
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Back-azimuth ()
= NN
muowm

Frequency [Hz]

Use only detections with
“corrected” amplitude
<500 Pa

[Le Pichon et al., 2012,

Marchetti et al., 2019].
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[Le Pichon et al., 2012,
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Marchetti et al., 2019].
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2740 km of stations

Sep 9, 2025

Step 5 to 7 - Persistency, IP, and VIS results
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Pressure filter
P < 500 Pa

Volcano azimuth filter
&i € [do — Do, o+ D)

keep signals within + Ag (3)
of the real source back-azimuth (¢0)

keep signals smaller than 500 Pa
at 1 km from source

¥

¥

Propagation effects correction

Ap (f, Vettoraria) —— Ps = Pa/Ap

pressure at 1 km

Attenuation
(Le Pichon et al., 2012) ~ from source

rodrigo.denegri@uca.fr

Persistency filter
e > 0.33

keep signals with more than 33%
of persistency in time window W

Infrasound parameter filter
Laer Pa
1P = 1 -
WX 00 x ir
keep signals with an IP value above 100

(Marchetti et al.,2019)

¥

VIS notification
Start time (adjusted), Code,
Mean Amplitude at 1 km (Pa),

Level, ...

22
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June 2011 Cordon Caulle VIS results
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Time (UTC) Duration A. [Pa] I

w
=3
=]

Jun 04 18:03 | 2d 3h15m 337
Jun 07 09:13 | 2d 20h50m 90
Jun 10 19:08 8h30m 16
Jun 12 14:38 20h05m 56 ]
Jun 13 19:18 | 1d 4h50m 61 — —

Jun 15 18:03 2h50m 29 ol B ‘ L . | 1

N
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&

-
o
o

Max. amplitude [Pa]

OO~ WN = H

0,
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g > 2 $
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Problem: time delays are about 1h per 1000 km...
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1. Atmospheric variability (winds, temperatures, chaotic events, etc.) v/
2. Clutter infrasound (non-volcanic sources) v/

3. Data availability

4. Volcanic complexity & methodological shortcomings
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» IMS infrasound network
» near-real-time data available for
research with delay of three
months
> derived Open Access data from
BGR could be used instead
[Hupe et al., 2022]

» Local arrays

» near-real-time data could be
available (e.g., AMIATA, Firenze,

|ta|y) MW Certified IMS station [ Non-certified IMS station

@ ARISE (2016) A Holocene-active volcano
» ARISE-like stable network of
arrays?
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» Infrasound: surface (syn-eruptive)

» Prior/Syn/Post eruptive
characterization: multi-technology

. ‘
!
. . . S
el : -
mEEe- -‘ i # of anrays.
‘
| .
.
‘
i 1

Matoza et al., Seience 377, 95-100 (2022) 1 July 2022
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Past/Current/Future work
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» 28-29 August 2025 — VIS Workshop at Deparment of Earth Sciences,
University of Firenze, Firenze, ltaly (https://www.geo-inquire.eu/
dissemination/workshops/volcanic-information-system).

» Open source project: will be released soon (check github.com/rodrum for
“openVIS”)

> Near-real time tests, plume height, reliability & web interface
[Perttu et al., 2020, Gheri et al., 2023, Gheri et al., 2025]
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Interested?

Contact me at rodrigo.denegri@uca.fr!

Check github. com/rodrum!

Thanks :)!

Sep 9, 2025 rodrigo.denegri@uca.fr Non-credited figures and results are preliminary, please do not reproduce

30

05.1-448


rodrigo.denegri@uca.fr
github.com/rodrum
mailto:rodrigo.denegri@uca.fr

References |

(CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

05.1-448

[3 cansi, Y. (1995).
An automatic seismic event processing for detection and location: The P.M.C.C. ethod.
Geophysical Research Letters, 22(9):1021-1024.
DOI:10.1029/95GL00468.

@ De Negri, R. and Matoza, R. S. (2023).
Rapid location of remote volcanic infrasound using 3d ray tracing and empirical climatologies:
Application to the 2011 cordé6n caulle and 2015 calbuco eruptions, chile.
Journal of Geophysical Research: Solid Earth, 128(3).
DOI:10.1029/2022JB025735.

@ De Negri, R. S., Rose, K. M., Matoza, R. S., Hupe, P, and Ceranna, L. (2022).
Long-range multi-year infrasonic detection of eruptive activity at mount michael volcano, south
sandwich islands.
Geophysical Research Letters, 49(7).
DOI:10.1029/2021GL096061.

Sep 9, 2025 rodrigo.denegri@uca.fr Non-crediited figures and results are preliminary, please do not reproduce 1


mailto:rodrigo.denegri@uca.fr

References Il

(CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

05.1-448
@ De Negri, R. S., Matoza, R. S., Hupe, P, Le Pichon, A., Rose, K. M., Cevuard, S., and Niroa,

J. J. (2025).

Evaluating the temporal capability of empirical climatologies for rapid long-range volcanic

infrasound propagation estimates using a multidecadal data set of persistent vanuatu volcanic

eruptions.

Geophysical Journal International, 241(1):268—290.

DOI:10.1093/gji/ggaf027.

@ Edwards, M. J., Pioli, L., Andronico, D., Scollo, S., Ferrari, F., and Cristaldi, A. (2018).
Shallow factors controlling the explosivity of basaltic magmas: The 17—25 may 2016 eruption of
etna volcano (italy).
Journal of Volcanology and Geothermal Research, 357:425—436.
DOI:10.1016/j.jvolgeores.2018.05.015.

@ Elissondo, M., Bauman, V., Pistolesi, M., Cioni, R., Bertagnini, A., Biass, S., Herrero, J., and
Gonzalez, R. (2016).
Chronology and impact of the 2011 cordén caulle eruption, chile.
Natural Hazards and Earth System Sciences, (16):675—-704.
DOI:10.5194/nhess-16-675-2016.

Sep 9, 2025 rodrigo.denegri@uca.fr Non-crediited figures and results are preliminary, please do not reproduce 2


mailto:rodrigo.denegri@uca.fr

References lli

(CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

05.1-448

@ Engwell, S., Mastin, L., Tupper, A., Kibler, J., Acethorp, P, Lord, G., and Filgueira, R. (2021).
Near-real-time volcanic cloud monitoring: insights into global explosive volcanic eruptive activity
through analysis of volcanic ash advisories.

Bulletin of Vlolcanology, 83(2):9.
DOI:10.1007/s00445-020-01419-y.

[d Evers, L. and Haak, H. (2005).
The detectability of infrasound in the netherlands from the italian volcano mt. etna.
Journal of Atmospheric and Solar-Terrestrial Physics, 67(3):259—268.
DOI:10.1016/j.jastp.2004.09.002.

[d Evers, L. G. and Haak, H. W. (2009).
The characteristics of infrasound, its propagation and some early history.
In Le Pichon, A., Blanc, E., and Hauchecorne, A., editors, Infrasound Monitoring for
Atmospheric Studies, pages 3—27. Springer Netherlands.
DOI:10.1007/978-1-4020-9508-5 1.

Sep 9, 2025 rodrigo.denegri@uca.fr Non-crediited figures and results are preliminary, please do not reproduce 3


mailto:rodrigo.denegri@uca.fr

References IV

(CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

@ Gheri, D., Marchetti, E., Belli, G., Le Pichon, A., Boulenger, V., Hupe, P, Ceranna, L., Mialle, P., 051448
and Hereil, P. (2023).
Monitoring of Indonesian volcanoes with the IS06 infrasound array.
Journal of Volcanology and Geothermal Research, 434:107753.
DOI:10.1016/j.jvolgeores.2023.107753.

@ Gheri, D., Marchetti, E., De Negri, R., Hupe, P, Belli, G., Le Pichon, A., Nasholm, S. P., and
Mialle, P. (2025).
Detecting explosive volcanism using global long-range infrasound data.
Journal of Volcanology and Geothermal Research, 462:108320.
DOI:10.1016/j.jvolgeores.2025.108320.

@ Global Volcanism Program (2017).
Report on etna (italy) (crafford, a.e., and venzke, e., eds.).
Bulletin of the Global Volcanism Network, 9(42).

@ Gouhier, M., Deslandes, M., Guéhenneux, Y., Hereil, P., Cacault, P., and Josse, B. (2020).
Operational response to volcanic ash risks using HOTVOLC satellite-based system and
MOCAGE-accident model at the toulouse VAAC.

Atmosphere, 11(8):864.
DOI:10.3390/atmos11080864.

Sep 9, 2025 rodrigo.denegri@uca.fr Non-crediited figures and results are preliminary, please do not reproduce 4


mailto:rodrigo.denegri@uca.fr

References V

(CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

@ Hupe, P., Ceranna, L., Le Pichon, A., Matoza, R. S., and Mialle, P. (2022). 05.1-448
International monitoring system infrasound data products for atmospheric studies and civilian
applications.

Earth System Science Data, 2022(14):4201—4230.
DOI:10.5194/essd-2021-441.

@ Le Pichon, A., Ceranna, L., and Vergoz, J. (2012).
Incorporating numerical modeling into estimates of the detection capability of the IMS
infrasound network.
Journal of Geophysical Research: Atmospheres, 117:n/a—n/a.
DOI:10.1029/2011JD016670.

@ Le Pichon, A., Matoza, R. S., Brachet, N., and Cansi, Y. (2010).
Recent enhancements of the PMCC infrasound signal detector.
InfraMatics, (26):1-8.

@ Marchetti, E., Ripepe, M., Campus, P, Le Pichon, A., Vergoz, J., Lacanna, G., Mialle, P., Héreil,
P., and Husson, P. (2019).
Long range infrasound monitoring of Etna volcano.
Scientific reports, 9(1):18015.
DOI:10.1038/s41598-019-54468-5.

Sep 9, 2025 rodrigo.denegri@uca.fr Non-crediited figures and results are preliminary, please do not reproduce 5


mailto:rodrigo.denegri@uca.fr

References VI

(CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

05.1-448
[3 Marty, J. (2019).

The IMS infrasound network: Current status and technological developments.

In Le Pichon, A., Blanc, E., and Hauchecorne, A., editors, Infrasound Monitoring for
Atmospheric Studies: Challenges in Middle Atmosphere Dynamics and Societal Benefits,
pages 3—62. Springer International Publishing.

DOI:10.1007/978-3-319-75140-5_1.

@ Matoza, R. S., Fee, D., Assink, J. D., lezzi, A. M., Green, D. N., Kim, K., Toney, L., Lecocq, T.,
Krishnamoorthy, S., Lalande, J.-M., Nishida, K., Gee, K. L., Haney, M. M., Ortiz, H. D.,
Brissaud, Q., Martire, L., Rolland, L., Vergados, P, Nippress, A., Park, J., Shani-Kadmiel, S.,
Witsil, A., Arrowsmith, S., Caudron, C., Watada, S., Perttu, A. B., Taisne, B., Mialle, P.,

Le Pichon, A., Vergoz, J., Hupe, P, Blom, P. S., Waxler, R., De Angelis, S., Snively, J. B.,
Ringler, A. T., Anthony, R. E., Jolly, A. D., Kilgour, G., Averbuch, G., Ripepe, M., Ichihara, M.,
Arciniega-Ceballos, A., Astafyeva, E., Ceranna, L., Cevuard, S., Che, I.-Y., De Negri, R.,
Ebeling, C. W., Evers, L. G., Franco-Marin, L. E., Gabrielson, T. B., Hafner, K., Harrison, R. G.,
Komijathy, A., Lacanna, G., Lyons, J., Macpherson, K. A., Marchetti, E., McKee, K. F., Mellors,
R. J., Mendo-Pérez, G., Mikesell, T. D., Munaibari, E., Oyola-Merced, M., Park, I., Pilger, C.,
Ramos, C., Ruiz, M. C., Sabatini, R., Schwaiger, H. F., Tailpied, D., Talmadge, C., Vidot, J.,
Webster, J., and Wilson, D. C. (2022).

Sep 9, 2025 rodrigo.denegri@uca.fr Non-crediited figures and results are preliminary, please do not reproduce 6


mailto:rodrigo.denegri@uca.fr

References VII

(CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

Atmospheric waves and global seismoacoustic observations of the January 2022 Hunga 05:1-448
eruption, Tonga.

Science, 377(6601):95—-100.

DOI:10.1126/science.abo7063.

[d Newhall, C. G. and Self, S. (1982).
The volcanic explosivity index (VEI) an estimate of explosive magnitude for historical volcanism.

Journal of Geophysical Research, 87(C2):1231.
DOI:10.1029/JC087iC02p01231.

[4 Pallister, J. and McNutt, S. R. (2015).
Chapter 66 - Synthesis of Volcano Monitoring.
In Sigurdsson, H., editor, The Encyclopedia of Volcanoes (Second Edition), pages 1151-1171.
Academic Press, Amsterdam.
DOI:10.1016/B978-0-12-385938-9.00066-3.
[d Papale, P. and Marzocchi, W. (2019).
Volcanic threats to global society.
Science, 363(6433):1275—-1276.
DOI: 10.1126/science.aaw7201.

Sep 9, 2025 rodrigo.denegri@uca.fr Non-crediited figures and results are preliminary, please do not reproduce 7


mailto:rodrigo.denegri@uca.fr

References VIl

(CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

05.1-448

@ Perttu, A., Taisne, B., De Angelis, S., Assink, J. D., Tailpied, D., and Williams, R. A. (2020).
Estimates of plume height from infrasound for regional volcano monitoring.
Journal of Volcanology and Geothermal Research, 402:106997.
DOI:10.1016/j.jvolgeores.2020.106997.

El Ripepe, M., Marchetti, E., Delle Donne, D., Genco, R., Innocenti, L., Lacanna, G., and Valade,
S. (2018).
Infrasonic Early Warning System for Explosive Eruptions.
Journal of Geophysical Research: Solid Earth, 123(11):9570-9585.
DOI:10.1029/2018JB015561.

@ Symons, G. (1888).
The Eruption of Krakatoa and Subsequent Phenomena: Reports of the Krakatau Committee of
the Royal Society.
Royal Society.

Sep 9, 2025 rodrigo.denegri@uca.fr Non-crediited figures and results are preliminary, please do not reproduce 8


mailto:rodrigo.denegri@uca.fr

References IX

(CTBT: SCIENCE AND TECHNOLOGY CONFERENCE

05.1-448

@ Vergoz, J., Hupe, P., Listowski, C., Le Pichon, A., Garcés, M., Marchetti, E., Labazuy, P,,
Ceranna, L., Pilger, C., Gaebler, P., Nasholm, S., Brissaud, Q., Poli, P, Shapiro, N., De Negri,
R., and Mialle, P. (2022).
IMS observations of infrasound and acoustic-gravity waves produced by the january 2022
volcanic eruption of hunga, tonga: A global analysis.
Earth and Planetary Science Letters, 591:117639.
DOI:10.1016/j.epsl.2022.117639.

[1 Webley, P. and Mastin, L. (2009).
Improved prediction and tracking of volcanic ash clouds.
Journal of Volcanology and Geothermal Research, 186(1-2):1-9.
DOI:10.1016/j.jvolgeores.2008.10.022.

Sep 9, 2025 rodrigo.denegri@uca.fr Non-crediited figures and results are preliminary, please do not reproduce 9


mailto:rodrigo.denegri@uca.fr

	Volcanoes and infrasound
	The Volcanic Information System
	Challenges
	Past/Current/Future work
	Appendix
	References


