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Motivation & Outline
DLR

Animation of the scaled temperature perturbations for the Tohoku-Oki simulation on an altitude-latitude slice

Scaled Temperature perturbations (°K) along meridional slice at 11-Mar-2011 05:46:29 UT
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Motivation & Outline

» Natural hazards produce atmospheric waves in the
neutral & ionized atmosphere

= What is the status of the identification of such
signals at heights of 80+ km?

» How should an early warning system look like?

» What are the common challenges in the neutral & ionized
atmosphere?

» How should an OH-airglow instrument be designed?
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Waves = oscillating air parcels
Neutral atmosphere: pressure gradient, gravity & Coriolis force,

lonosphere: add electromagnetic forces DLR
Above dynamo layer: electrons & ions magnetized
= motion mainly restricted along the magnetic field (b) Gyro- and Collisional Frequencies in the
—> different magnetic field configurations can lead to Ionospheric Dynamo Region
variations in effectiveness of coupling between neutral !
atmosphere and ionospheric waves 140
O
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Below dynamo layer: collision frequencies > gyro- 60
frequencies for electrons & ions
—> charges cannot complete one gyration around 10! 10° 105 107
magnetic field before colliding with neutral particle Frequency

- ions & electrons move with neutral atmosphere,

regardless of magnetic field direction Wist et al. (submitted)




Different kinds of atmospheric waves
Only acoustic or acoustic gravity waves are fast enough for early warning DLR

Dispersion relation for acoustic gravity waves
Horizontal wavelength [km]
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TIDs (travelling ionospheric disturbances)

* Medium-scale TIDs (horizontal wavelengths of a few hundreds of kilometres, 300 T 0.0209 10
typical periods from approximately 10 to 60 min) usually thought to be related 0.0002  0.0004 0.0006 0.0008 0.0010
to gravity waves associated with lower atmospheric sources Horizontal wave number [1/m]

» Large-scale TIDs (horizontal wavelengths of a few thousand kilometres &
typical periods from one to several hours) primarily associated with auroral Wiist et al. (submitted)
heating during periods of intense geomagnetic activity
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Coupling between neutral & ionized atmosphere
DLR

= Focus of this talk: 80+ km height

lonosphere - F Layer = Neutral atmosphere & ionized atmosphere cannot be clearly separated,
they co-exist
» Lowest ionospheric layer is in the mesosphere (D-layer: 60—90 km height)

= Up to low earth orbit (about 500 km), neutral density typically several orders of
magnitude higher than ion density

Thermosphere ) .
= Height of 80+ km: measurements of neutral atmosphere & ionosphere

Suitable
» Neutral atmosphere: Hydroxyl (OH) airglow measurements
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» Jonosphere: GNSS, Doppler & ionosonde measurements
lonosphere - E Layer

lonosphere - D Layer
~. Mesosphere

& Troposphere
Regions of the ionosphere, showing the D, E, and F layers
UCAR/Randy Russell

Sabine Wiist




Natural hazards & atmospheric waves: some history

Neutral atmosphere
= The 1970s:

» |dea that natural hazards (e.g. tsunamis) produce
atmospheric waves & their propagation to heights of 80+ km
discussed (e.g., Hines (1972), Najita (1976))

= Waves with frequencies close to N already published in
Krassovsky (1972) (OH* intensity and temperature)

Automated instruments
Computer progress
= The 2000s:

= First statistical analyses (2.5-10 min): 40 months of ground-
based OH* temperature measurements at four different
European sites, found more than 13,000 significant
fluctuations (Pilger et al., 2013a)

= Case studies (measured & modelled data), e.qg:

= Le D0 et al. (2020): spatial signature with a period
significantly smaller than the Brunt-Vaisala period and
propagating at sound speed in OH* airglow imager
measurements

=  Snively (2013), Inchin et al. (2020b), Inchin et al.

(2022a), and Inchin et al. (2022b): modelling of AGW
propagation
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The 1990s:

DLR

lonosphere

The 1960s:

= First detection of co-seismic ionospheric disturbances
(CSIDs) was by Davies and Baker (1965) (Doppler sounder)

= Same event in ionosondes (Leonard and Barnes Jr., 1965)

1970s: Start of GNSS

» First satellite-based CSID study (Calais and Minster, 1995)
based on TEC

» Fundamental differences between TEC & HF Doppler
observations (Doppler: info on wave amplitude & phase at
specific heights, TEC: integrated information)

= Currently:

=  Tens of thousands of GNSS receivers worldwide, or even
billions when considering smartphones

Image source: https://blog.novatel.com/orbiting-satellites/intro-to-gnss-satellites/,

Download: 18th June 2025



lonospheric studies
DLR

[ Earthquakes & tsunamis: Co-seismic & co-tsunamic ionospheric disturbances

» Detection of co-seismic ionospheric disturbances in the q A

vicinity of an earthquake's epicentre but also up to 6,000—

lonosphere

8,000 km away from it (Astafyeva, 2019) - ¥ + <N 0.2

» Provision of earthquake’s focal mechanism (deformation in B = -
the source region), fault rupture propagation, and MM
tsunamigenicgpoténtial posiible ?As?af?/eva, 2019) JV JV

. Some. studies: linear reIation;hip betwleen. earthquake T A~ T A~ + \
magnitude & strength of the ionospheric signature (Astafyeva Ug
et al., 2013b, Cahyadi and Heki, 2015) Ve i N e ——

Figure 4. Scheme showing the dynamic coupling between coseismic crustal
motion, Rayleigh surface waves, tsunami propagation, and the ionosphere.
The acoustic waves (Ua) generated by an earthquake and by Rayleigh sur-
face waves propagate upward and reach the ionosphere in ~8 min. Tsunamis
generate gravity waves (Ug) that propagate obliquely and reach the iono-
sphere in ~45-60 min. Both acoustic and gravity waves are amplified with
the altitude because of the exponential decrease of the atmospheric density
with height.

Sabine Wiist Astafyeva (2019)



lonospheric studies

» Earthquakes & tsunamis.

» Detection of co-seismic ionospheric disturbances in the
vicinity of an earthquake's epicentre but also up to 6,000—
8,000 km away from it (Astafyeva, 2019)

» Provision of earthquake’s focal mechanism (deformation in
the source region), fault rupture propagation, and
tsunamigenic potential possible (Astafyeva, 2019)

= Some studies: linear relationship between earthquake
magnitude & strength of the ionospheric signature (Astafyeva
et al., 2013b, Cahyadi and Heki, 2015)

= \olcanic eruptions:
» Heki (2006): first who detected CVID in the ionospheric TEC

» Excluding Hunga-Tonga: few reports on detection of CVID -
generation, and evolution not yet sufficient
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Figure 11. Scheme showing the generation of ionospheric disturbances by a
volcanic eruption. First, shock-acoustic waves may be generated, they arrive
in the ionosphere at starting from ~8=9 min after the beginning of an erup-
tion. Second, with eruption and sudden changes in the local pressure (dp)
and density (dp), gravito-acoustic waves are generated. The latter waves
usually reach the ionospheric altitudes ~45 min after the eruption.

Astafyeva (2019)



Early warning system (EWS): main challenges

Tsunamis & volcanic eruption

“‘NRT” data

Autonomous identification of fast
atmospheric waves and/or TIDs

Determination of onset time
& source location

)\ 4

Determination of
source parameters

Sabine Wiist
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More advanced in ionosphere than in neutral part of UMLT

NASA-JPL GUARDIAN system only one designed to provide NRT for
early warning purposes

Common challenges:

« Correct differentiation of atmospheric signals induced by natural
hazards from those of other sources, and

» Influence of the background atmosphere on propagation and
observed wave parameters

- Currently only post-processing, not implemented in real-time
systems



How should an (nadir looking) OH-airglow instrument be

designed? DLR
1 Wast et al. (2017) Infrasound Infrasound
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= Measurements averaged over OH airglow layer
» IS with periods of 30- s hard to see (variation, e.g. due to season possible) - consequence for temporal resolution

Sabine Wiist




How should an (nadir looking) OH-airglow instrument be
designed? DLR

Acoustic gravity waves
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» IS with periods of 30- s hard to see (variation, e.g. due to season possible) - consequence for temporal resolution
« AGW: horizontal wavelengths are a few kilometres only - consequence for horizontal resolution, FoV & choice of analysis methods
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How should an (nadir looking) OH-airglow instrument be

Infrasound Acoustic gravity waves
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= Measurements averaged over OH airglow layer
» IS with periods of 30- s hard to see (variation, e.g. due to season possible) - consequence for temporal resolution
« AGW: horizontal wavelengths are a few kilometres only - consequence for horizontal resolution, FoV & choice of analysis methods
* Intensity measurements better suited than temperature measurements (Swenson & Gardner, 1998)

= OH dayglow layer too broad (including double-peak structure) - limb measurements or other dayglow species
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Summary & conclusions
DLR

Horizontal wavelength [km]

= Natural hazards produce IS and GW, only a very small amount of GW T o2 0 00052

useful for early warning purposes
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= |onospheric studies took large advantage of GNSS measurements,
focus on EQ
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= Early warning:
=  Most suitable for tsunamis & volcanoes
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= Common challenges:

= Correct differentiation of atmospheric signals induced by natural hazards 600 1
from those of other sources,

Frequency [1/s]

0.0099
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500 - 34

» Influence of the background atmosphere on propagation and observed 0,015
wave parameters '

400 - 18

300 0.0209 1.0

= OH* airglow studies: Improvement of data basis (suitable 00002 0.0004 0.0006 0.0008 0.0010
measurements in terms of horizontal and temporal resolution as well as Horizontal wave number [1/m]
choice of appropriate analysis techniques) Wiist et al. (submitted)

» Satellites would be helpful but only in a constellation

Further infos:
« SOVA-S: Friday 27" June, 08:30 — 10:00, room 1.85/1.86
Sabine Wiist * Manuscript under review

WVertical phase velocity [m/s]
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