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A
Infrasound and Gravity Waves - MSGWaM-3D

Infrasound is used to monitor compliance with the Comprehensive
Nuclear Test-Ban Treaty (CTBT).

- 3D parameterization provides more realistic background
atmospheric fields (e.g. wind, temperature etc.) through GW
breaking.

- Global GW spectral parameters allow for estimation of the GW
perturbations, which cause partial reflections of acoustic waves

« 3D transient (MSGWAM-3D) — GW energy Iis transported 3-
dimensionally through the atmosphere.

« This 3D GW transport allows for more realistically parameterized
GWs.

« Objective: improve infrasound atmospheric specifications

with respect to the impact of GWSs. Voelker, G. S et al. (2024)
https://doi.org/10.5194/equsphere-
equ24-18795.
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UA-ICON with MSGWaM Lidar comparison

Simulated GW perturbations using the
MSGWaM-3D model
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Validation of simulations with high-resolution Lidar
measurements
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Conclusions

Infrasound propagation is highly dependent on atmospheric conditions (temperature, wind etc.) in the middle
atmosphere.

- Currently at CEA, operational (IFS) model is used with a climatology for the Mesosphere and Lower
Thermosphere (MLT).

« UA-ICON provides these atmospheric parameters up to the MLT.

- MSGWaM GW parameterizations provide improved background temperature profiles compared to default
GW parameterizations (C*).

 Lidar comparisons during the summer of 2023 show good agreement with MSGWaM

- The Hukkakero reference event further demonstrates the importance of correct MLT model predictions
- With GW perturbations, the stratospheric and mesospheric arrivals are better represented.

- GW perturbations can have a significant impact on the source location, and therefore need to be properly
accounted for.

- Further Lidar comparisons at different locations and during different seasons are necessary to further verify
MSGWaM GW parameterisations.

- Validate MSGWaM vertical GW spectra using Lidar and radiosonde observations.
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Infrasound Background

Sources of Infrasound

« Infrasound are pressure e
] eteors = Satellite and
waves, at frequencies below Supersonic aircraft other Space debris

human hearing range / k reentry

- Large international 1S network
to monitor atmospheric IS
sources (e.g. explosions,

earthquakes, volcanoes etc.) Rockels ‘
launching ﬁ‘Severe Storms
Low- Broadband-Seismic High- N/ K
frequency > frequency Y
Microbaroms Nuclear and

- T - Explosive * Chemical Explosions

T
I ' . : !/
Gravity waves IH Acoustic waves i Ultra-sound Earthquakes \E/Ok:at,mc Sy
Infrasound " caudible) | (epicenters and FUPHONS - apgmmnge,
| 20Hz 16kHz ground-coupled S h 3 :
— (20kHz) waies) . . s
Acoustic waves Avalanches ~ jgitiies :
[Cut—off frequency J S y-airffjow N
:adabatic ratio(1.4 about . o o L
i _I_E ;:normal-gravit(y ) s https://www.ctbto.org/our-work/monitoring-technologies/infrasound-monitoring

27 2¢ c:accoustic velocity

Takahiko Murayama et al., Infrasound array observations in the

Litzow-Holm Bay region, East Antarctica, Polar Science,
EGU 2025 Volume 9, Issue 1, 2015, 02/05/2025 8
https://doi.org/10.1016/j.polar.2014.07.005.



Infrasound propagation

- Temperature and wind conditions in the middle
atmosphere play an important role in infrasound
propagation.

° Ceff = )/RdT'I‘ﬂ 7

- Due to atmospheric temperature inversions and
semi-annual oscillations, acoustic wave-guides
can form greatly changing infrasound
observations.

- Accurate atmospheric profiles up to the
thermosphere are necessary to predict
infrasound trajectories.

« UA-ICON provides a means to predict these
middle atmospheric wind and temperature
profiles.

@ EGU 2025
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Atmospheric models (IFS and UA-ICON)]

Integrated Forecast System (IFS)

« 6-hourly forecast

« 80 km model top/137 levels

«  ~9 km resolution

- CEA has access to degraded version (~50
km resolution), once per day.

|ICOsahedral Non-hydrostatic (ICON)

« 6-hourly forecast

« 75 km model top/120 levels

« ~13 km resolution

« Non-hydrostatic model

Upper Atmosphere (UA) — ICON
« 150 km model top/120 levels
- Sponge layer above 110 km

« UA-ICON provides much better resolution of
waves (e.g. GWs) through use of the non-
hydrostatic atmosphere, and higher model
top.

@ EGU 2025

(a) UA-ICON, January
| - | -

150 ———L

280=040

60°S 30°S 0
Latitude

30°N 60° N

Borchert, S. et al. (2019)
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UA-ICON Lidar comparison

using default GW parameterization

« ICON and IFS and UA-
ICON with C*=1 (default)
overestimate
summertime mesopause
temperature.

« UA-ICON with increased
C* better matches T.

« In general, not significant
differences in the winds
are shown here.
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MSGWaM-3D

« 1D (commonly used parameterizations) — GW energy and
momentum is instantly transported for each.

- 1D transient — there is a finite time for energy to be transported
throughout the entire column.

- 3D transient (MSGWAM-3D) — GW energy is transported 3-
dimensionally through the atmosphere.

« This 3D GW transport allows for more realistically parameterized
GWs.

- Infrasound context:

- 3D parameterization provides more realistic background
atmospheric fields (e.g. wind, temperature etc.)

« Global GW spectral parameters allow for estimation of the GW

. Voelker, G. S et al. (2024)
amplitudes. https://doi.org/10.5194/equsphere-

equ24-18795.
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Estimation of GW spectra

We start with the assumption that the spectrum follows a modified
Desaubies spectrum:

_2m< u'? > (TZL*)Z
- s (m)s

u

m*
Where
ez o KE |
T<u =—;N==—a
p 5sin (2
| Sll‘l(STII)
2
<m?>=-"
m A

Where A is the wave action and
A2 =[d3km?N

Where N is the phase-space wave-action density

Finally, m* is approximated by

m* =< m?>
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Gravity wave spectrum
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Map of A <m?> and
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example profile
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Map of m* and example profile
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Estimation of GW perturbations

From the GW spectra, we estimated the GW perturbations Gaussian Windows

1 150
F.(2) = |E,(2)]2 (sin ¢ + j cos ¢y)

M2
1 2m < u'? > (m*)

nm* m\°
1+ (m*)
100

Where ¢, is a randomly chosen reference phase. £

1 . kv

/ —— | F —j2nft —
() = 5= | Ru@e > df : |

This procedure is performed for several altitude bands, and T "\E“‘-—————___
averaged

2108 log 1.3015 (z—zp)?

u' = z uy (z) e ARZ
J/8log1.3015 2m

Z

Where Ah is chosen to be 10 km

0 0.2 0.4 0.6 0.8 1
Weight
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GW perturbation profile (wind and T)

Gravity Wave Perturbations - 45.5N 180E
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Wind and T profile with/without GW

Zonal Wind Profile with GW

with GW
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Lidar Atmospheric profiles

- Rayleigh/Mie/Raman Lidars
measure wind and
temperature profiles in the
middle atmosphere (30-100
km).

- High vertical resolution allows
for model validation, and
resolution of atmospheric
gravity waves.

- These three locations provide
mid-latitude, and tropical
comparisons. _

https://www.iap-
kborn.de/en/research/department-optical-
soundings-and-sounding-
rockets/instruments-and-models/alomar-rmr-
lidar/
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UA-ICON with MSGWaM Lidar comparison

U \ Temperature
90 90 90
- UA-ICON with MSGWaM 80] 80 80
temperatures match closely 70l 70 70l
with mid-latitude summer - = z
mesosphere. 2% 7% 2%
. 50 50 1 50
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Infrasound measurements - Hukkakero, Finlan

715N

|
— g
| |

- At Hukkakero Finland munitions are
destroyed every August.

o

H0RN & Ara

-t B

- These ground-truth events provide an
excellent reference for infrasound
calibration.

« 1S37 (69.1N 18.6E) is located
approximately 320 km from this site.

A |
i~ Kiruna__

- Signal and arrival time predictions were
made using several different
atmospheric model configurations e L | 4545 e i
(notably UA-ICON). - A

«  UA-ICON run with MSGWaM-3D to
compare improved parameterization with
operational results.

Blixt et al. 2019 https://doi.org/10.1121/1.5120183
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Waveform from parabolic equations

IFS Attenuation at I37NO, Source: 67.93 N 25.83 E, f=0.498076 Hz; 08/18/23 12h

- NCPAProp calculates attenuation for a 140
range dependent atmosphere as a function 120
of frequency. (Waxler et al., 2020, 100
10.5281/zen0do.4477089) 80
« Complex gain can be determined at station jz
for all the frequencies of interest. .
- Waveform is created by convolving the 0

| | o
H N
o o
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[
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|
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=

-100
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chosen. . /\ WW\ IW I , (U ’\ / { I
: 0.000
% —0.002
§—0.004- N
—0.0061 —— Real
56w — Imaginary | | | | |
0.0 0.1 0.2 0.3 0.4 0.5

Frequency (Hz)

@ EGU 2025 02/05/2025 26



Waveform estimation

* |FS — short stratospheric return, and slightly late thermospheric return
« MSGWaM - elongated (double peaked) stratospheric return, mesospheric and thermospheric returns
« MSGWaM provides much more realistic waveform estimations.
 Inclusion of gravity wave perturbations is essential for proper waveform reproduction.

Hukkakero-atl37NQ - IFS 08/18423 12h Ratio of Effective Speed of Sound Hukkakerg at I37NO - MSGWAM _08/18/23 12h  Ratio of Effective Speed of Sound
1.24 — IFS 1.75 17— Mediar :
—— Raw 40 A1 0 |1 T 95th/5th percentile 140
+1— Raw
1.04 1.50
120 120
1.25 3
0.8 100 1001/
5 = =) 1 z
e =2 i L
% £ o %1.00 } £ NS
= 0.6 = 5 =
v Ry n H i =2
o ¢ 2 0.75 - : g
& T 60 &£ A T 60
0.4+ ‘5 3 ‘
40 0.50 1 40
0.2 if; § ‘
20 0.25 o Wb 20
A W SEFANC A
| i i Y A \ O
0.0 Klinttiodasldoniotd 0 0.00 S RS 0
A0 oAl AR A a0 oM | ) |22 0b A9, 0, 25, <0, 1 1 o o Ml 4 3 O 15 @O, 15, O
N2 N AL AL AL AL L NI N Q' AT LT DAL A A A A g M 2 A Nk o) 0_’\ QY 1% %
A8 A>T @ 40> 42T A>T > Aol e . Ratio o™ @ oW ¥ W \’%\’L b M g @\,’L © \C \Ex >
erf Ratio
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3D infrasound ray tracing

Infrasound Ray Tracing Arrivals
7501 ~ ARC
- 3D ray tracing can be used to predict the s _
infrasound trajectory in time and space. N o LTI
- 1537 Sl el T
-« Source location can be determined using Lo A
. . . . 70.01
predicted trajectories of observations from 2 or
more stations. B "
67.5 1 g £
- - - - .‘r;.
- Bayesian inference is used to determine the fi
probability of a source location. g 0 j" T
P(Obs|S)P(S) -
P(SlObS) = 62.5 -
[ P(0Obs|S)P(S)dS
- Use of 3D ray tracing allows for cross-wind 9 é
azimuthal deviations of the infrasound trajectory =
to be taken into account. 7] =
55.0 =
10 15 20 25 30 35 40 45
Lon (deg)
@ EGU 2025

02/05/2025 28




Source localization

IFS

Source Localization - Ray Tracing
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Source Localization - Ray Tracing
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Effects of GW on infrasound localization

10 different GW fields were estimated from the
MSGWaM spectral outputs

Each provides a source location and time
estimate.

Source locations and times (with errorbars
representing 95% confidence intervals) with
MSGWaM are generally in agreement with the
ground truth.

The gravity wave fields can have a substantial
impact on the source location estimates (this
was also observed with the waveforms).

This demonstrates the importance of including a

statistically robust estimate of the GW fields for
infrasound propagation.
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Conclusions

Infrasound propagation is highly dependent on atmospheric conditions (temperature, wind etc.) in the middle
atmosphere.

- Currently at CEA, operational (IFS) model is used with a climatology for the Mesosphere and Lower
Thermosphere (MLT).

« UA-ICON provides these atmospheric parameters up to the MLT.

- MSGWaM GW parameterizations provide improved background temperature profiles compared to default
GW parameterizations (C*).

 Lidar comparisons during the summer of 2023 show good agreement with MSGWaM

- The Hukkakero reference event further demonstrates the importance of correct MLT model predictions
- With GW perturbations, the stratospheric and mesospheric arrivals are better represented.

- GW perturbations can have a significant impact on the source location, and therefore need to be properly
accounted for.

- Further Lidar comparisons at different locations and during different seasons are necessary to further verify
MSGWaM GW parameterisations.

- Validate MSGWaM vertical GW spectra using Lidar and radiosonde observations.

@ EGU 2025 02/05/2025 31



32

ion

02/05/2025

izat

Bonus Slides
m Source Local

/4

EGU 2025




WW

Non-Shadow Zone Stations

Hukkakero - Effects of shadow zone

Shadow Zone Stations
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South Atlantic Fireba
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Beirut - Atmosphere Sensitivity

IFS WACCM
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