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*Earthquakes generate seismic waves that
induce atmospheric perturbations

*These perturbations propagate upward as
acoustic and gravity waves

*Energy transfer through thermosphere—
ionosphere coupling modifies electron

density ‘f i * * Atmospheric
. .. Acoustic f N ' Gravity Wave
*Co-seismic ionospheric disturbances Wave — —— e g
(CSIDs) _/ AR
Detected using GNSS-derived TEC and f Epicenter 7} i
Digisonde-derived electron density (Ne) 1 o —

*Appear within ~10—15 min after the event
*Propagation characteristics:

*Acoustic waves — fast (~1 km/s), near-

field

*Gravity waves — slower, far-field, delayed

signatures

Tsunami Source




Co-seismic signature mechanisms
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*Tsunamigenic earthquakes generate
atmospheric gravity waves

*These waves propagate upward and perturb the
ionospheric plasma

*Co-seismic Travelling ionospheric
disturbances (CTIDs)
*Detected in GNSS-TEC as coherent
wavefronts
*Horizontal propagation: 150-300 m/s
(tsunami-consistent)

*Key characteristics:
-Large-scale spatial propagation
*Strong coupling with ocean wave dynamics
«Amplitude growth with altitude enables
detection.

Sea Surface height (m)

UT Time: 11-Mar-2011 06:47:45
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The 2011 Tohoku earthquake and
tsunami confirmed both ground- and
space-based detection

Change in VTEC (TEC Units)



Low-cost receivers->Dense networks — Tohoku earthquake of 9 Richter ma

Tohoku earthquake and tsunami in ionosphere on 11 March 2011

GEONET GNSS Japanese network
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Simulating the effect of acoustic waves on ionograms

(a) cusp

a) Synthesized ionogram traces
from undisturbed (green) and
modulated (orange)
ionospheric plasma layer

Height (km)

b) corresponding undisturbed
(green) and modulated

190 (orange) electron density

ol profiles
E — Cc) quasi-sinusoidal signal yielding
E the density modulation shown
2 120 in (b)

100—™ E layer

3 4 5 Density
Frequency (MHz) perturbation Maruyama et al., 2012 JGR Space Physics



Introduction: Objectives

*Analyze ionospheric disturbances associated with:
*6 February 2023 Turkey earthquake
«28 March 2025 Myanmar earthquake
29 July 2025 Kuril-Kamchatka earthquake and tsunami

*Quantify propagation characteristics of the disturbances, including
timing, velocity, spatial extent, and wave type (acoustic vs. gravity)

Differentiate earthquake-induced ionospheric signatures (CSIDs)
from tsunami-driven disturbances (CTIDs) through comparative
analysis



lonospheric Observations

lonosondes (Digisonde):
« Data: Global lonosphere Radio Observatory (https://giro.uml.edu/didbase/), Space Weather
Services (https://www.sws.bom.gov.au/)
» Detection of:
* Multiple-cusp signatures (MCS) — CSIDs
* Multiple-reflected echoes (MREs) / fork traces — CTIDs
* Frequency—height range: 2—7 MHz (130-200 km)
» lonospheric tilt derived from drift data: https://giro.uml.edu/drift-data.html

GNSS (sTEC):

« Data: International GNSS Service
(https://cddis.nasa.gov/archive/gnss/data/daily),
EarthScope Consortium
(https://www.unavco.org/data/gps-gnss/)

« sTEC estimation (dual-frequency phase):

_ R
40.3(f2 — f7)

1s sampling; detrended (moving average)
Band-pass filtering (2-6 min) to isolate
acoustic-wave signatures

Extraction of CSIDs and CTIDs.

STEC (L]_A.l - Lzlz)



Total Electron Content

Total Electron Content (TEC)

the numbers of electrons contained in a column of
unitary base along the satellite ray

TEC with 1 sec resolution

ground
GNSS

station



LEO Satellites:
« COSMIC-2 (Data: https://www.cosmic.ucar.edu/what-we-do/cosmic-2/data)
— Vertical electron density profiles (Ne) (elec/cc)
« Swarm (Data: https://vires.services/)
— In situ Ne (topside ionosphere, ~465-520 km)

Non-lonospheric Observations

Seismic Data (Earthquake):

 Data: United States Geological Survey

« Wave types analyzed:

 Body waves (P, S)

« Surface waves (Rayleigh, Love)

* Focus on Rayleigh waves:

« Efficient coupling with atmosphere

« |dentification of multiple global passages

Water-Level Data (Tsunami):
« Data: NOAA Center for Operational Oceanographic Products and Services (https://tidesandcurrents.noaa.gov/)
* 1-minute water-level measurements (NWLON stations)
» Tidal residuals:

Nres = NMobs ~ Mtide
*Isolates tsunami signal from tidal background
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*Two major earthquakes (Mw 7.8 at
01:17 UT and Mw 7.7 at 10:24 UT)
occurred on 6 February 2023 along
the East Anatolian Fault.

*Epicenters located at 37.20°N,
37.13°E and 38.05°N, 37.25°E,
separated by ~95 km, both at ~10 km
depth.

*Sequence characterized by closely
spaced large-magnitude events
followed by numerous aftershocks
(Mw < 7).

*Represents a complex rupture
system within a major continental
strike-slip fault zone



European network of digital ionospheric stations (Digisondes) used
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Cyprus lonograms on 6 February 2023 around 10:40 UT

Height (km)

[
(=]
(=]
¥

Height (km)

380

320 B

N
[ea)
o

+10:30 UT

5
Frequency (MHz)

e - 10:35 UT

w
N
(=]

260

Height (km)

200 §
140

80

5
Frequency (MHz)

8- 10:45 UT

Height (km)

5
Frequency (MHz)

Height (km)

200 |8
140 |8

80



lonograms on 6 February 2023 around 10:40 UT
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MCS and TTD on 6 February 2023 after 10:00 UT

Travel-Time Diagram for lonosondes and Seismic Stations
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Observation: CASE STUDY 2: 2025 Myanmar Earthguake (Mw 7.7

Earthquake intensity and station map
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Figure: Earthquake (EQ) location

‘Mw 7.7 earthquake, Mandalay (28 March 2025)
*Seismic stations:KKN (1333 km), KBU (3253 km)
*Rayleigh wave velocities:

*South: 4.22 km/s

*SE: 3.73 km/s

*‘NW: ~2.9-3.0 km/s
*Non-isotropic propagation — rupture-controlled
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Figure: Seismic and geomagnetic indices analysis for the EQ




(a) Bandpass Filtered Time Series ASTEC; Dhaka-E02
—.— Detrended ASTEC
0.8 1 Filtered ASTEC (period:2-6 min)
064 - EQ
H |
044 1
=3 : } f
S 0.2 1 ] ] )
= i !
= ¥ . -
= i - ! h"“—v—"'\-
5 0.0 : - \ \‘,./ L
]
i 4 1
0.2 : \ 1
1
044} ‘
'
—0.6 {1
[}
L T T T T
06:20:00 06:25:00 06:30:00 06:35:00 06:40:00 06:45:00
Time (UT)
( ) Bandpass Filtered Time Series ASTEC; CUSV-E34
0.4 '— Detrended ASTEC
Filtered ASTEC (period:2-6 min)
031 ——- EQ
i
0.2 4
a ]
-:c_’ 1
2 0141
= ] f
=] 1 \ J
< 0.0t} - —Y—1 . P
-0.1 ' !
1
I
i \
1
0.2 -
L T T T T
06:20:00 06:25:00 06:30:00 06:35:00 06:40:00 06:45:00
Time (UT)

Figure: GNSS sTEC CSID signatures

«dTEC peaks:
*DHAK: 06:34:06 UT (~1.6 TECU)
*CUSV: 06:37:20 UT (~0.5 TECU)
«Characteristics:
*N-shaped waveform
*Dominant period: 2—6 min
*Shock acoustic waves

Frequency (MHz)

Figure: Digisonde MCS CSID signatures

*MCS detected in ionograms (2-7 MHz; 130-200 km) at
stations such as DHAK shortly after the mainshock,
indicating upward-propagating disturbances from the epicentral
region

*Appearance ~10-15 min after the event (from seismic—
ionosonde collocation) confirms origin from shock acoustic
waves / Rayleigh-wave coupling
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IPP tracks; 06:20-06:50 UT
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Figure: SBAS based velocity estimation

95

Travel Time Diagrams (TTDs): Enable tracking
of CSID wavefront propagation across
multiple directions
*GNSS-based velocity estimation :
» Derived from:
- Peak detection of
filtered dTEC (2—6 min)
» Corresponding IPP coordinates
» Estimated velocities:
* North-West: 1.74 — 3.02 km/s
» South-East: ~1.6 — 2.8 km/s
« South: ~2.5 km/s (~2880 km)
* Indicates increase in apparent velocity
with distance

band-pass

SBAS analysis:
* Fixed IPP geometry — improved spatial
consistency
» Velocity derived using cross-correlation
of dTEC signals
» Estimated range:
» ~0.86 km/s (near-field)
« 2.3-3.6 km/s (far-field)



COSMIC-2 observation
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Figure: COSMIC-2 RO topside response
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*COSMIC-2 RO profiles:
Altitude: 150-530 km
*R05: ~10° el/cm?3

*R04: ~2x10* el/cm?®

*Period: 3—10 s
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60°W

‘Mw 8.8 earthquake, 29 July 2025,
23:24:52 UT.

eLocation: east of
Kamchatsky.
*Multi-instrument dataset:

*Seismic, GNSS (sTEC), lonosonde,
TTD.

Petropavlovsk-

*Analysis across 5 azimuthal sector

*Present study deals with the two
prominent directions (Southwest and
Northeast)



lonospheric response over Southwest (Japan) Azimuth sector
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Figure: Earthquake-ionosphere coupling over Southwest azimuth section

*First MCS:

« 23:45 UT (Wakkanai, Kokubuniji)
*Rayleigh arrivals:

« ERM: 23:36:12 UT

« MAJO: 23:39:35 UT
*Delay: ~9—-10 min

*Rayleigh velocity: ~3.71 km/s
*CSID velocity: ~3.13 km/s
-Offset: ~500 s — ~350 m/s vertical speed



lonospheric response over Northeast (Alaskan) Azimuth sector
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« MCS:

Eielson: 23:52 UT
Poker Flat: ~00:00 UT (30 July)

« GNSS:

~0.6 TECU
Velocity: ~3.91 km/s (maximum)

« Strong near-field response
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« CSIDs:

« STK2:23:40-23:50 UT (~0.35 TECU)
« AYRA: ~23:50 UT

* \Velocities:

« 3.28-3.59 km/s

« Matches seismic + ionosonde
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2025 Kuril Kamchitka Tsunami
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Figure: Pacific-wide observations related to the 29 July 2025 Kamchatka tsunami. (a) Maximum tsunami amplitude
from the NOAA model. (b) Subionospheric coordinates at the event time. (c, f) Tide gauge records from the Marshall
Islands and Samoa. (d, g) Bandpass-filtered dSTEC for MAJU and SAMO. (e, h) Corresponding wavelet power
spectra.

Tsunami Analysis
Basin-wide propagation

Majuro:

= CTID: ~05:43 UT, 10—12 min
Pago Pago:

= CTID: ~09:29 UT, 12—14 min
Ocean—ionosphere temporal
agreement
GNSS sTEC-driven CTIDs

Kiribati:

~06:10 UT, ~1 TECU

Hawaii:

~05:40 UT, 0.3-0.4 TECU

Pohnpei:

~05:10 UT, <0.2 TECU (multi-
band)



Tsunami effects on lonosondes
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Figure:Digisonde observations at Lualualei, Hawaii, during the 30 July 2025 tsunami passage. (a) Quiet-time ionogram representation over Lualualei. (b—
d) Red boxes indicate the main disturbance interval associated with tsunami-generated atmospheric gravity waves. (e—f) Panels display east—west and
north—south ionospheric tilt time series between 05:30 and 06:15 UT.

‘MREs over Hawaii:

« 05:37-06:37 UT
*Tilt: 15—20°N-S and E-W, 10—-20 min periods
-Confirms gravity-wave-driven CTIDs



Travel time analysis
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Near—Mid Field (<5000 km)
*Tide gauges: ~298 m/s
*Digisonde (Lualualei): ~293 m/s
*Example:
» Atka: 02:47 UT (~1700 km)
» Hawaii: ~05:20-05:30 UT
(tsunami), ~05:40 UT
(ionosphere)

Basin Scale (<7500 km)
*Multiple branches:
« ~234 m/s (fast)
« ~172 m/s (intermediate)
« ~165 m/s (slow)
*GNSS examples:
» Hawaii: ~229 m/s
* Majuro: ~162 m/s

Figure: Distance—time (hodochron) plots of tsunami signature propagation in the ocean and ionosphere. (a) Near- to mid-field (< 5000 km), showing Digisonde detections (red circles) and NOAA tide gauges (green diamonds); the inset
displays the Amchitka tide-gauge waveform. (b) Basin-scale (< 7500 km), illustrating multiple propagation branches, with GNSS-TEC detections clustering along corresponding groups and demonstrating consistent tsunami—ionosphere

coupling across the Pacific.



« Seismic forcing generates consistent ionospheric responses across all events (Myanmar, Turkey,
Kamchatka), with CSIDs propagating at ~1—4 km/s, closely matching Rayleigh-wave-driven acoustic
coupling, with additional shock acoustic wave sighatures in the near-field (Turkey case).

» \Vertical coupling is robustly resolved, with ionosonde MCS and GNSS delays (~8-18 min) indicating
upward propagation of ~350-880 m/s from the surface to F-region heights, with ionogram observations
enabling detection beyond TEC sensitivity.

» Propagation is inherently anisotropic, reflecting source rupture characteristics and geometry,
consistently observed across Myanmar, Turkey, and Kamchatka, with two-mode TID splitting (~500-
600 km) evident in the Turkey event.

» Tsunami-driven disturbances exhibit a distinct regime, with CTIDs propagating at:
« ~293-298 m/s (mid-field, tsunami phase speed)
+ ~165-235 m/s (basin-scale, dispersive branches)

« Travel-time analysis demonstrates direct coupling between ocean and ionosphere, with ionospheric
signatures tracking tsunami wavefronts across the Pacific.
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