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Exploring Earth & beyond

Balloon recording low
frequency sound

Infrasound array

Seismically-induced
acoustic waves

Microbaroms Seismic waves

Monitoring the stratosphere Exploring Venus interior with
and remote regions on Earth balloon networks




Seismoacoustics

Infrasound array
Epicentl:

infrasound

(

Microbaroms

Rayleigh wave
infrasound

Crust

Monitoring the stratosphere
and remote regions on Earth




Probing Earth's stratosphere

Model #1 Model #2

Infrasound array

Horizontal winds

Microbaroms




Probing Earth's stratosphere

Infrasound from regional/global sources
highly sensitive to stratospheric wind

Infrasound array

Ambition:
g — Assimilate infrasound into atmospheric & NWP models

— Enhance subseasonal / longer-range weather prediction

Need:

— Well-constrained source

Microbaroms

— Forward model
— Uncertainty quantification
— Inversion / assimilation procedure



Uncertainties?

— Recorded waves are footprints of source structure, interwoven with
atmospheric wind & temperature effects during propagation

— Underlying hypothesis: source & other modeling aspects better
constrained than the atmospheric properties we probe

— Uncertainty estimation as important as the data points



A well constrained source?

Infrasound array

Ocean sources
Large-scale & global
average probing

Transient surface explosions
Fine-scale & local
snapshot probing

Microbaroms

Ref. satellite-based spatially averaged measurements already in operational assimilation

AT PR .



Modeling at local to global distances

Infrasound array

“Small-size & high
iz, frequency” sources in
# 7 smoother models:
N\—7 ray tracing sometimes
sufficient

“Extended & low-
frequency” sources:
full-waveform more
appropriate Microbaroms




Making infrasound data relevant to atmospheric models

SERSIIVAGCINEIS Grid search in
— Good convergence reduced-order space
Infrasound array R — Full posterior

Geophysical Journal International

Geophys. J. Int. (2012) 190, 687-701

JOURNAL OF GEOPHYSICAL RESEARCH: ATMOSPHERES, VOL. 118, 10,707-10,724, doi:10.1002/jgrd. 50833, 2013

doi: 10.1111/j.1365-246X.2012.05518.x

Infrasound data inversion for atmospheric soundin NN I
P g The estimation of upper atmospheric wind model updates

J.-M. Lalande,'2 O. Sebe,! M. Landés,! Ph. Blanc-Benon,? R. S. Matoza,> A. Le Pichon' from infrasound data

and E. Blanc!

1. D. Assink,' R. Waxler,' W. G. Frazier,' and J. Lonzaga'
'CEA, DAM, F91 Arpajon, France. E-mail: jeanmar .

Rece 2 January 2( revised 9 August 2013 e Sej er 2013; published 1 October 2013
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Translating infrasound data into atmospheric models

Highlights from our proofs-of-concept

Physics-driven model. first (off-line) infrasound data assimilation demonstration

Received: 13 September 2019 Revised: 16 April 2020 Accepted: 20 April 2020 Published on: 12 May 2020

DOI: 10.1002/qj.3809

Quarterly Journal of the - RMets
Royal Meteorological Society Sl

RESEARCH ARTICLE

Assimilation of atmospheric infrasound data to constrain
tropospheric and stratospheric winds

Javier Amezcual® | Sven Peter Nisholm?® | Erik Marten Blixt? | Andrew J. Charlton-Perez?

Explosion infrasound; local profile; but
; still good baseline for further research [published 2020]



Translating infrasound data into atmospheric models

Highlights from our proofs-of-concept’

Physics-driven model.:
retrieving small-scale effective soundspeed vertical wavenumber spectra

JGR Atmospheres

RESEARCH ARTICLE ~ Probing Gravity Waves in the Middle
Infrasound From Explosions
Key Points: Ekaterina Vorobeva!? (2] Jelle Assink?® (2, Patrick Joseph Esp

e Ground-based infrasound recordings Ig or Chunchuzov® and Sven Peter Nisholm?6
of explosions are used to retrieve ’

~l
o

o
w

effective sound speed fluctuations in

'Department of Physics, Norwegian University of Science and Technology
JR&D Seismology and Ac s, Royal Netherl i
retrieved ions ; Institute of Atmospheric Physics, University of Rostoc

“universal” g /e saturati Physics, Moscow, Russia, °Department of Informatics, University of Oslo,
spectrum

)]
o

Infrasound from 49 explosions and
adar data show that te sensing of s . . .
Tadar Caa STOW L1AL reriofe sesing o Abstract This study uses low-frequency, inaudible acoustic w

the middle atmosphere is possible via ] . . K .
ground-based infrasound data temperature fluctuations associated with breaking gravity waves ((

—
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o
5
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Explosion infrasound; local profile;

11 [published 2023]
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Validation. Year 2019

From infrasound
From ERA5

i
o
1

o
1

U1inpa (M/S)

Cold season — \Warm season

Received: 17 July 2023 Revised: 11 January 2024 Accepted: 27 N

_50 -
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DOI: 10.1002/qj.4731

RESEARCH ARTICLE

Estimating stratospheric polar vortex strength using
ambient ocean-generated infrasound and stochastics-based
machine learning

Ekaterina Vorobeva'Z?® | Mari Dahl Eggen®>*® | Alise Danielle Midtfjord**® |
Fred Espen Benth®® | Patrick Hupe®® | Quentin Brissaud?® | Yvan Orsolinil®® |
Sven Peter Nisholm?’?

Microbarom sources; polar cap upper

stratospheric eastward wind; 5 years IMS training data;
[published two weeks abo]
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Translating infrasound data into atmospheric models

Highlights from our proofs-of-concept

Physics-driven: incorporating wave-propagation modeling into the assimilation
observation operator

Using satellite data assimilation techniques to combine infrasound

observations and a full ray-tracing model to constrain stratospheric

variables

Javier Amezcua® ® , Sven Peter Nisholm®¢ , Ismael Vera-Rodriguez®!

Explosion infrasound; local profile; Modulated Ensemble Transform Kalman Filter;

1 3[minor revision expected to soon be accepted in the AMS Monthly Weather Review, 2024]



WETES

Model #2

Model #1

Infrasound array

e, Validating low-altitude atmospheric models from
meteor impact infrasound

Microbaroms

14
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Marouchka Froment, Zongbo Xu, Philippe Lognonné, et al. Probing the Martian atmospheric boundary
layer using impact-generated seismo-acoustic signals. To appear in Geophysical Research Letters
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Venus

l
Infrasound array I
\

Microbaroms

Monitoring the stratosphere
and remote regions on Earth

16

e —

Balloon recording low
frequency sound

Exploring Venus interior with
balloon networks

Seismically-induced
acoustic waves




Venus

17

Seismically-induced
acoustic waves

gismic waves

— simple
atmospheric paths A 4

]
L ]
. .

7

Model #2 Model #1

Surface too hot & too much pressure — need alternative

Utilize dispersion of surface-wave induced infrasound
recorded at balloons



Venus

18

Seismically-induced
acoustic waves

gismic waves

— simple
atmospheric paths A 4

]
L ]
. .

7

Model #2 Model #1

... but how well can we invert for the subsurface?
Simultaneous source & subsurface inversion

— Partially addressed in synthetic study




Venus reciprocal ray simulation

Rays from a source at 50 km, with -90° and 90° azimuth.

Rays towards West «——— ———> Rays towards East

Balloon

Altitude / [km]

g
=
~
)
°
=}
=
=
<

-200 400 200 400

200 400 —400
Sound speed / [m/s]

Sound speed / [m/s] Distance / [km]

—-100 -80 —-60 -40
Amplitude / [dB]

Epicentral infrasound useful to constrain the source — especially location
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Venus synthetics

Distance to source 1711.9 km

—— extracted ¢,

—— mode 0
mode 1
—— mode 2

Seismically-induced
acoustic waves

Period (s)

eismic waves

Scaled seismic Green’s functions L
+ real Earth balloon noise. Time (&)
Crust-mantle subsurface

w
=
=
-
=
=
(¥}
o
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=
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=
£
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> .

20



Preliminary Venus synthetic study

— Output:
source location &
origin time, two-layer
subsurface velocities

— Input:
Frequency-dependent

S & RW infrasound
arrival time

— Sampling:
MCMC
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We have (a few) clear detections on Earth

Trajectory of Balloon TTL5

Latitude /[°]

Seismically-induced
acoustic waves

100°E
Longitude / [°]

C
Pressure / Pa (<) Seismic station MY.LDM, 458 km from balloon  Vz/[m/s]

N
T TN TN
N T T
2 @ @
1} N S
3 ~ ~
o a a
o 0 0
w a a

gismic waves

Pressure / [mPal

o® &

UTC time on 14-12-2021 UTC time on 14-12-2021

o NS
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Future?

Earth

— Must provide data / products with added value in context of all other probing technologies

— Forward-modeling verification —» Model diagnostics and inter-comparison ~ Inversion &
assimilation proof-of-concept — Operational near-realtime diagnostics & assimilation

— Machine-learning approaches start to tackle numerical weather prediction.
Will this replace end-to-end classical data assimilation,
or provide speedup & bias correction, or will we mostly see hybrid approaches?

Beyond Earth

— How to maximize the benefit of Earth balloon data for proof-of-concepts?
— How to provide synthetic results that can convince mission planners?

— How to maximize the information gained from surface-wave based inversion? Beamforming?
Highly efficient global modeling tools? Gradient informed MCMC sampling?



oul
ice & comments!

‘_-.. -

: a;

Happy to hear r ad

Funding from Research Council of Norway basic research programme FRIPRO:
— Airborne Inversion of Rayleigh Waves (grant 335904)
— Middle Atmosphere Dynamics: Exploiting Infrasound Using a Multidisciplinary Approach at High Latitudes (grant 274377)
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Venus

Sensitive to waves
coupled < 200 km
epicentral radius

— Opportunities also for
back-projection into
the solid

— Building a dispersion-
analysis based
subsurface inversion

framework
26
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Using satellite data assimilation techniques to combine infrasound

observations and a full ray-tracing model to constrain stratospheric

variables

Javier Amezcua® ®, Sven Peter Nisholm®¢ , Ismael Vera-Rodriguez®!
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Cold season ~ —— Warm season
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Current goal: Estimating detectability at a global scale

We want to address a first basic question: How likely would a temporary balloon mission
detect an event over a given magnitude?

Detection probability of any event

Balloon flight trajectory
at a given location

00175
00150

00125 =

00100

ngeqoid u

00075

i

00050

00025




Estimating detectability: What do we need?

Seismicity estimates

Time and spatial distribution of
.o venusquakes in different
tectonic regions

Wave simulator
Seismoacoustic simulations
with SPECFEM-DG

Detection probability model
Compute likelihood of
detecting any event over a

001003

given time period and at a

=4
0.0050

given location

00175




Constraining seismicity (from Van Zelst, 2023)

180° 120°W B0°W O° BO°E 120°E 180" 180" 120'W 60"W 0° B0°E 120°E 180

° I V. | - active - ||

. Collision . Transform / strike-slip ﬂ Oceanic intraplate

Global %] Corona  [] Ridge / mountainbelt ~ P] Rift  [] Intraplate = Global

. Subduction . Rift D Mid-oceanic ridge ﬂ Continental intraplate
Estimate | M, >30 | My,>40 | M,>50 | M, >6.0| M, >70 ;}i 107 :
Inactive Venus 826 - 2568 95 - 296 1134 14 0-0 S 104
| Active Venus - lower bound 10760 - 33460 | 1161 — 3609 | 126 — 391 14 — 42 2-5 — %
Active Venus - upper bound | 84263 - 262023 | 5715 — 17773 | 465 — 1446 | 44 — 136 4-15 2 10
£
Table 1. Number of venusquakes per year equal to or larger than a certain moment magnitude 3 107
for our three possible Venus scenarios. A range is provided based on the uncertainties in the cho- 10-2

1015 1076 1017 1012 1017 1020 1021 1022

sen scaling factor for the seismogenic thickness. Seismic Moment Mo (N m)



Simulating seismoacoustic signals: Strategy

Atmospheric model Seismic model
Extracted from Venus Climate Candidates for seismic models
Database based on Earth scaling

Wave simulator Focal mechanism model
Seismoacoustic simulations e— Compute waveforms for
with SPECFEM-DG fundamental moment tensors

M by Ml.‘ k-t‘m I/_M:,H

i ! W) ,

;5 adeh 6
Convolution with source time function

Accounting for source time function
dependence on magnitude

\b amp(distance) =
Extrapolation amplitudes to large distances a X distanceP

Curve fitting of amplitudes assuming asymptotic behaviour .
o 985 + ¢ X distanced



Simulating seismoacoustic signals: An atmos. model

The Venus Climate Database (VCD) provides hourly predictions of winds, temperatures, and
atmospheric compositions with altitude

wind_direction wind_strength
0 50 100 150
I | | | }

Winds at 50 km altitude




Simulating seismoacoustic signals: A seismic model

Very little constraints on the properties of the crust and mantle on Venus so we use a pressure
rescaled version of the Preliminary Reference Earth Model (PREM) as a starting point

— ____= 3‘7/__\_..
Crust
rho = 2.8 kg/m3 Crustal thickness:
Average vp = 6 kmis - Qp = 57823 1035 km
topographic | vs = 3.5 km/s - Qs = 600 !

height

Mantle

rho = 3.3 kg/m3
vp = 7.5 km/s - Qp = 57823
vs = 4.4 km/s - Qs = 600




Simulating seismoacoustic signals

Scattered body waves

Epicentral Infrasound
generated just above
the epicenter

Surface waves




Simulating seismoacoustic signals

Example of simulation outputs for a source with Mw 5 at 10 km depth and half duration 2 s

Seismic sensors

N 0.50 -
g 0.25
L
P
S , ' 87.5 km
P ‘
- : . ' 75.0 km
@ [ RWT. w/\\/\/\/\/\_’—fszj km
2
E_ ' W\/\IN/\A_/—\MSD'D km
<
Ya ~ 37.5 km
, J\' 25.0 km
Maximum: 1.72e-03 m/s
0 5 10 15 20 25 30 35 40

Depth [km]

10 1

Amplitude

— P
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5

S
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0.0
Time (s) since 202201ldTDD:DO:DD.D{JDOUDu

Balloon sensors at 60 km altitud

e
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75.0 km

62.5 km

50.0 km
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25.0 km

1 e

Maximum: 2.93e+01 Pa
T

180 185 190 195 200 205 210 215

Time (s) since 2022-01-14T00:00:00.000000Z

sn,s




Detection probability model

How likely is an event e to
occur at a given location
over a given time period

N Simulated waveforms
How likely is a balloon to
detect event e for a certain
noise level and at a given
location b

How likely is a balloon to
detect ANY event from a
given location

P(byn)ghea =1 — Hijk:ﬂi'n (1 —P(e;jrnr, ) L(ample;;kar, , Dgn,noise; j))



A global view of detectability
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A global view of detectability in an active Venus setting

Only little variations of detectability with location due to the very strong coupling between
the ground and the atmosphere (~100 times stronger than Earth)

Detection probability per day for a Mw 5.6 . B
ST T T S Detection probability per day for a Mw 6.4
---'-'u.lu"‘\ i "
o ey \\k\\%\\ i
,/f il \ ™, - 0.062 L 005075
r 'u’.'ﬁ/ # i e o \
/ﬁféﬂ i T R h | foosog 005070
TR SRR e R ] 7
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g 005055 =
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I Nncreasin g 7 L 0.05050
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<< 1% variations
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What if our sensors are moving?

We simulate balloon trajectory by assuming a constant flight altitude of 50 km and a balloon
drifting freely with the wind

Detection probabilities for My, = 7.2
wind direction

0 50 100 150
{_ 1 1 1 1 >
1.0 /
= 0.8 g
“Final probability: 84% B
0.6 S 2
g = Ma
0.4 ; g 40
= & an-z 45
0.2 g 10 5.6
— 54
0.0 — 7.2
| — BO
0 2 a ; ; 10
The strong Westward winds lead to balloons Time {days)

travelling mostly along latitude lines



Inactive Venus

Detection probability per day fora Mw 6.4
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Resolving elementary moment tensors

Hejrani, B., & Tkalci¢, H. (2020). Resolvability of the centroid-moment-tensors for shallow seismic sources and improvements from modeling
high-frequency waveforms. Journal of Geophysical Research: Solid Earth, 125(7), e2020JB019643. https://doi.org/10.1029/2020JB019643

G*Mm = elementary signal produced by numerical simulations [ 04+ 4 4
M= ax —as + ag —as
‘ | a —as a4 +as+ag
6 6
U= Z (G * M}’H ) am ——  Coefficients to build the full moment tensor M= z M,,a,,
m=1 | m=1
Elementary moment tensors
0 0] (0 0 1] i 0 -1 0 0 (0 0 O] 1 0 i
M= O[My=|0 0 0|M;= —1[My=| 0 0 O[Ms=|[0 —1 0 |[Mgc=]|O0
|0 0 (1 0 O i -1 0 | | 0 0 1 0 0 1] 0 0 i
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