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CQ@ IMS Infrasound Network

% International Monitoring
System (IMS)

Operational global network of
60 infrasound arrays

~70% operating stations

Already allows studies on a
global scale

& A “z00" of infrasound sources
(0.02-4 H2)
Ocean waves, explosions,

bolides, earthquakes,
volcanoes, hurricanes...

% An opportunity to calibrate the
network and promote civil and
scientific applications
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cpz From atmospheric nuclear tests to IMS

— infrasound era

2| The early days of Infrasound

1960-1970: studying signals from large explosions and
atmospheric nuclear tests (1945-1963)

(e.g. Benioff, 1939, Posey, 1971 Geophys. J. Roy. Astr. Soc., 1971
Flores, 1975)

1963: Limited Test Ban Treaty, infrasound research
slowed with a reduced number of reference events:
o explos ive Tests (e.g. AlPerovich, 1985; Whitaker, 1990)
= industrial accidents (e.g. Grover, 1974)
= large natural events (e.g. Donn, 1981)
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cpz From atmospheric nuclear tests to IMS

- infrasound era

> 1994-1996: Geneva Conference on Disarmament - CTBT opened for signature,
rapid advance in infrasound monitoring technology

= Highly sensitive sensors
= New developments in filtering systems (e.g. Christie, 2009 Walker, 2010)
= Advances in array designs and processing methods (e.g. Cansi, 1995, Olson, 2008)
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* Progressive Multi-Channel Correlation algorithm (PMCC) [Cansi, 1995] '. o

= Time-domain correlation in a sliding fime-window in narrow frequency bands

The Buncefield explosion
Dec. 11, 2005

w
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cpz From atmospheric nuclear tests to IMS

— infrasound era
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CZa QOutline

% Main challenges for infrasound interpretation
%  Evaluating the network performance
% Calibrating the network using reference events

% Potential benefit for civil and scientific applications

= Source studies: ocean-earth-atmosphere interface
= Geophysical hazard warning systems
= Better resolve upper atmospheric models
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CQQ Main challenge for infrasound interpretation

% Highly variable winds in strength and direction
= altitude

Sound speed (m/s)
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ce_a Main challenge for infrasound interpretation

% Highly variable winds in strength and direction
= altitude
= space and time

ECMWF
50 km altitude

% Need to refine propagation models Zonal (West-East)

Y Infrasound reference
events as calibration and
validation tools
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The Buncefield explosion

60°N

50°N |

e’ O 11-Dec-2005 06:01:32 (UTC)
51.78° N/ 0.43° W (source: BGS)

d Hemel Hempstead, 40 km north

40°N

% X3 B Yo of London
oEis ™y S . Q Vapor cloud blew up (~80,000 m?
Y e "~ and 1 to 7 m thick, ~300 1)
* ¢ ° !
- 0 Generated infrasound recorded
' : , ]- all over central Europe
10°wW 0° 10°E 20°E
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ceay Infrasound recordings at IS26: 1057 km

Duration: 644 seconds, number of phases: 6
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C@_a Acoustic wave propagation, CPSM
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%  Evaluating the network performance
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~p7 Results of multi-year
— operational processing
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oz Results of multi-year
— operational processing
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Towards more realistic attenuation relation

—  Full wave modeling

[dB]
-15m/s 0.9
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% Full-wave forward simulations (PE method, Lingevitch et al., 2002)
" V¢t ratio < 1+ signals strongly absorbed above 50 km
" Vttratic> 1+ stratospheric duct efficiently propagates acoustic energy
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Towards more realistic attenuation relation

Full wave modeling

F=08Hz [dB]
' = At large distance,
: . 20 downwind, the
............. T ee— P attenuation weakly

: St depends on wind
ne etrical -60 "
tic duct | conditions
80

10 20 50 100 200 500 1000 2000 = A "binary“-like pattern
Distance (km)

P P = R1 . 10@R¥20 + RB/(1+10G-R)V/0)

Near-field Far-field

r‘eceiver'/ source

= a (f) : air losses of direct waves (e.g., Beranek 1954)

" B(V, ¢t_ratio.T) + geometrical spreading of ducted waves

= §(cst) : width of shadow zone (ranges between 120 and 250 km)
= g(f) : std deviation of shadow zone's width

Cargese Workshop, April 22-27 Le Pichon et al., JGR, 2012



Towards more realistic attenuation relation

—  Full wave modeling
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% Calibrating the network using reference events

Cargese Workshop, April 22-27



cea Evaluating the network performance
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c22 Network calibration experiment

Source spectra of explosions

, Kinney and Graham (1985) Wref [K]
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cez Network calibration
——  Global detection of the Chelyabinsk fireball, 15/02/2013

= 20 IMS stations

= 30 arrivals

= Period: 20-80 s

= Duration: 10 min - 3 hours
= Max distance: 86,600 km

Cargese Workshop, April 22-27



Russian Fireball - 2013/02/15

Detection by IS53 (Fairbanks, Alaska)
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cez Network calibration

——  Global detection of the Chelyabinsk fireball, 15/02/2013

Equivalent diameter (m)

IS53 Alaska (Ig5, i IO 1uu
o ' I X - 102 3 b e 2 " At
s 3 . Br‘own eT al Na‘rure 2002
2 le:l»vw.WMwM*WMYM 0>,\ k4 ?
g Z§~m»«wwww.v.w 'g 101 3 ' od: 39 s
z :.j—-wmm-mwmmxw % ;?::. :_ j: ~45O k'l' Of TNT
& ué-wv-mo:.whwww.m Lﬁ 109 = &
s o ]
& 3 ettt e S ] 14 logiti-3.61
: e 1
® a2 e " F 101 3 echnical Center
R i DD : ¥ Chelyabinsk 2013
2 s et 2 1 ~400 1 .
R Ao S o2 ard associated
time g4t O 3 g
Io3 3 ] Tunguska 1908 @ i
9 g 10-2 3 ~10 Mt Xy,
R . 1 e satelite dat
. [0 e Satellite data
i 2 1 4 LINEARM
— 90F & qp44 w Spacewatch" “EAN &
€ = i = NEATY? .
=, £ : 19 '
® 5 ¥ Infrasoundfacoustic bolide flux N
g 60~ & | s Lunar cratering flux'® .
2 w 1051 ¢ LINEAR®
< l l' ({1} ‘Il‘” ”Ilh 3
30F ”” ’ Tr=r-rvrm Y T T T T=r=rTTT
IHn \n ‘“ nmi"‘”-m U][lm 102 101 100 10" 102 108 104 105
0 3 bl 35 Bolide energy (KT TNT equivalent)
Kange | ']

Cargese Workshop, April 22-27



Time after Event (min}

Global detection of the Chelyabinsk flreball
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CZa QOutline

& Potential benefit for civil and scientific applications

= Source studies: ocean-earth-atmosphere interface
= Geophysical hazard warning systems

Cargese Workshop, April 22-27



cea Deciphering the song of the sea

Monitoring microbaroms on a global scale (5-7 s) JaNuary  Observations
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= Infer source location and strength
® On going studies (Kedar et al., 2008)
= Better constrain source and atmospheric models
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~57 Observations of earthquake-

— generated infrasound

Radiated energy
—\ \
Coupling i *
) Alr-coupled seismic
Seismic Infrasound
Seismic | _ Waves | Epicenter Waves | Infrasound
Source A Land masses 4 Array
4 E A : A
- Source Topographic Instrument
arameters = Parameters : Response
Earth Atmospheric Donn and Posmentier, 1964
: : Young and Greene, 1982
VCIOCITY V€|OCITY Mutschlecner and Whitaker, 2005
Structure Structure Le Pichon et al.. 2009
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The COUP“HQ problem:

— From ground-motion to pressure fields

[ Simulation of the RMS of 3C broad band synthetic seismograms
(Bouchon, 1981)

Qd Far-field approximation of the Helmholtz-Huygens integral
formulation (seismograms + ETOPO30)

A Infrasound propagation using 3D ray-tracing through realistic
atmosphere (Virieux et al., 2004)
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coz M9.0 earthquake - East coast of Japan
I Mar'Ch 11; 2011 Fire in Ichihara oil refiner

IS30 - 385 km (0.05-2 Hz)
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oz M9.0 earthquake - East coast of Japan
—  March 11, 2011

Inverse seismo-acoustic location procedure
v' Seismic source: TO/ lat/ long/ depth, Vs

v' Infrasound measurements: arrival time, back-azimuth, celerity

55
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oz M9.0 earthquake - East coast of Japan

—  March 11, 2011
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oz M9.0 earthquake - East coast of Japan

- March 11, 2011

Acoustic peak Infrasound back projected

surface pressure from peak to the source region from array
acceleration (KNet network) I544 (Kamchatka)

Latitude
D
=

36°

136° 140"  144° 136° 140"  144°
Longitude Longitude

Hedlin et al., JGR, 2013
=> Source distribution in good agreement with areas of strong ground motions

<> Civil: improve procedures for rapid estimation of ShakeMaps



Telesonic infrasound from Eyjaf jallajokull
Island, April-May 2010

= Global detection of modest size eruption
= 15 detecting stations (1700-6000 km)
= Cross-bearing location at ~50 km North of the volcano

= Valuable signals for network calibration and atmospheric
studies

Cargese Workshop, April 22-27 Matoza et al., GRL, 2011



CQ_a Sarychev Peak eruption, Kuril Islands

" Large-scale eruption: 11-16 June 2009 P i % =t
o, - :
= Air traffic: unscheduled fuel stops, flight re-routes L g A ¥
" Seismic network sparse POt o T
" Monitored mostly by satellite data (SVERT, KVERT) |« P
v ; P Neal et al., 2009
I31KZ' : _ : ) v : Salinas, 2010
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Ce_a Sarychev Peak eruption, Kuril Islands

o AEK
" 6 IMS infrasound arrays + KIGAM stations (Korea) f@fj"‘“: ¥ Ff '
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e Sarychev Peak eruption, Kuril Islands
— Detailed explosion chronology

satellites* — @

iresond— ERININGEBONNIN1 1100000000 00 10 © [

" it 1110k mUl 11

163.2 163.4 163.6 163.8 164.2 164.4
Time of arrival — range/celerity [Julian Day 2009 UTC]

Infrasound
detections

" Infrasound data can provide detailed explosion chronology
" Higher temporal resolution than satellite data

*Satellites observations: Sakhalin Volcanic Eruptions Response Team (SVERT), Yuzhno-Sakhalinsk, Russia

Cargese Workshop, April 22-27 Matoza et al., GRL, 2011
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= Better resolve upper atmospheric models

Cargese Workshop, April 22-27



ARISE Atmospheric dynamics Research InfraStructure in Europe

A‘ " b
Y fl~ g . K ¢1
A .\-‘~ ‘;"6.1 -
_ D ’“
¥ 2 34 ., & 3 "
9 IS260 ¥ o
® -
= <
1S42 e
‘A ‘ 1 5
' ®is48 \
e ¥ e a

= Infrasound: CTBT and national networks
= Mesosphere: NDMC - Airglow layer
= Stratosphere: NDACC - Lidar

< Extreme event monitoring

<+ Better resolve upper atmospheric models

<+ Improve weather forecasting
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Department of Meteorology sss| University of

Reading

The Sudden Stratospheric Warmings of Winter 2012/13

Christopher FLee! | Pieter Smets®>3 | Andrew | Chardton-Perez' | RGiles Harrison' | Philippe Keckhut* | Carston Schmidt® | Sabine Wiist® | Michael Bittner® |
'Department of Meteorology, University of Reading, UK. ’KNMI, Netherlands.  3CTG, Delft University of Technology, Netherlands.  #LATMOS, IPSL, France.  ® DLR, Oberpfaffenhofen, Germany.

Major Sudden Stratospheric Warmings
(S5Ws) present a challenge for weather
forecasting. ARISE measurements can
provide valuable information on
atmospheric dynamics before and
during such events. Comparing ARISE
observations of the Winter 2012/13
SSWs with forecasts reveals:

* Cooling around the mesopause

proceeded both major SSWs. Vortex Dlspl,acemlent-
« Difficultly in forecasting vortex 17 Dec 2012 22 27 01 Jon 2013 06 | 1
positions after the vortex split. =of ¥ % ¥ i L o o % T & WA % b @ oW G b Y
+ Changes in polar vortex winds a 6 __ Temperature at 83-90km - { GRIPS Airglow)
substantial altered infrasound 3 0
propagation. 13
2 =70
PN TR VR SIS S R ||| (N S YRy || P S
ARISE Instruments N T -1 ¢
DLR’s GRIPS instrument measures //( Before Vortex Displacement h (After Vortex Displacement h
airglow - faint '”""“e,sce?ce of Forecast: +10 Day +5 +3 Analysis +10 Day +5 +3 Analysis
atmospheric gasses (in this case, OH) - to| BO[TT T T T O[T T A REE R AR R T T
infer temperatures between 83 and OHP Lidar |
90km above OHP. = — v
" E 1r 1 E sof F 1r . £
Rayleigh lidar measures temperature — = ~3 2
profiles between 30 and 90 km above 3 § 8
3 2 2
h g 1T 1 g sop g
Infrasound monitoring stations
measure microbaroms (ocean wave %
noise) from different regions as SSWs \\ 2 TR A T o
alter wind and temperature patterns in \ e P ] Temp. °C] et
the stratosphere. - Strong westerly winds of the Temperature profiles from Forecasts struggle to replicate / 2,
polar vortex carry | forecasts out to seven days are | the temperature profile atall 4
~ - microbaroms to most stations. consistent with OHP lidar | altitudes, and the upper
Fu rther |nf° rmatlon Temperature profiles over observations, and the analysis stratosphere is poorly
- . OHP. from later forecasts, are | replicates the temperature represented in the analysis
« Contact e-mail: ;.f.lﬁg@maﬂmz.aguk similar to lidar observations. structure at all altitudes. (atwributed to poor

forecasting of split-vortex
positions).

Weakening of vortex winds
again alters patterns of
microbarom detection.

| Changes in polar vortex winds
aiter microbarom propagation,
with only four stations |
measuring microbaroms.

« Poster 10079(Z183) has more details on
infrasound propagation during SWWs.

A Microbaromsz Detected
A No Microbaroms
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Quantifying uncertainties in

temperature profiles using LIDAR

NDACC LIDAR
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Haute-Provence,

O Small-scale perturbations filtered out
O Temperature largely underestimated above 60 km
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4

» Infrasound from volcanoes are very valuable for atmospheric studies

f \ > Such studies provide a powerful tool to validate propagation models

»

WM
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ce_a_ Calibrating the atmosphere using volcanoes

Microbarometer near Yasur (~200 m) . Upwind season

Time delay ~23 minutes
"’_.{ T T - N

—Yasur
—— 122FR*1000 |

Amplitude (Pa)
(=]

-50

. Downwind season
x ' —Yasur
—122FR*1000

Amplitude (Pa)
o

1

3

1 minute

= Time sequences in near and far field correlate
well during downwind season

= ~60 dB attenuation
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CR2  Atmospheric remote sensing methods

Atmospheric profiles: m
Sound speed (m/s)
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CR2  Atmospheric remote sensing methods

= Tnput parameters: arrival times, incidence angle, direction of arrival
= Objective function minimization (Tarantola, 2005)

= Conjugate gradient algorithms LSQR (Paige and Saunders, 1982)

= Assessment on synthetic dataset

Wind profiles
Synthetic data set 130 ; ' Meridional
. ; — - original
— frue
500 | —reconstructed
£ 100
X
— Zonal
= Q — - original
5 0 |:> -g — true
~ += 50 — reconstructed
o+
<<
=500+ Turning height (km) 1
E i ;
3 40 60 BO 100 120 140 D - =
-500 0 500 =100 =50 0 50
(km) Wind speed (m/s)
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~pz Atmospheric remote sensing methods

Reconstruction of upper-wind profiles

Wind speed
(m/s)

Altitude (km)

> Reconstruct short time-scale stochastic variations in the MLT
» Mesospheric zonal wind jets generally underestimated by ~20 m/s

» In agreement with recent wind measurements in the MLT which
indicate that HWM underestimates wind velocities by few 10-30 m/s

. Le Pichon et al.,, JGR, 2005
Cargese WOI"kShOp, Apr"l 22-27 Lalarl1de et al., JGI, 2012



oA Seismic network studies

of the atmosphere

UTTR 2007, 0.8-3.0 Hz (Hedlin et al., 2011)

100l Infrasound recordings
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Seismic network studies

of the atmosphere

UTTR 2007, O. 8 3.0 HZ (Hedlm et al., 2011)

100 'kfnfmsound / seismic / modelmg
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C22a Conclusion and Perspectives

& The IMS network provides a unique global coverage of infrasound
v' Far larger and much more sensitive than any previously operated network
v’ Reference events are more frequently observed
v Understand details of infrasound propagation

Y Infrasound has developed into a broad interdisciplinary field

v’ Civil applications: monitoring naturally occurring phenomena (severe
weather), geophysical hazard warning systems

v Scientific applications:
= Earth-ocean-atmosphere interactions

= Global and massive sensor networks available: 3D-t imaging (weather
forecasting...)

= Remote sensing methods: applicability of noise correlation technique

Cargese Workshop, April 22-27



