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Ionospheric response to natural hazards

Earthquakes, tsunamis, and 
volcanic eruptions generate 
atmospheric acoustic-gravity 
waves that propagate upward and 
disturb the ionosphere.

These disturbances can be 
remotely detected using GNSS 
observations.

Astafyeva (2019)
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Ionospheric response to natural hazards

Volcanic eruptions can produce strong co-volcanic ionospheric 
disturbances through the generation of acoustic and gravity 
waves.

Acoustic and gravity waves are distinguished by characteristic 
frequency and period ranges.

Astafyeva (2019)
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Ionospheric response to natural hazards

But what is the ionosphere?

The ionosphere is a partially ionized region of the 
upper atmosphere located mainly within the upper 
mesosphere and thermosphere.

It contains free electrons and ions that affect radio 
wave propagation and GNSS signals..
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Total Electron Content (TEC)

Kenpankho (2006)

GNSS dual-frequency observations allow the estimation of ionospheric TEC variations.

TEC variations can be used to monitor ionospheric disturbances generated by natural hazards.
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GNSS-TEC Detection Methodology

GNSS observations

Detection of ionospheric 
disturbances

TEC estimation

Detrending / Filtering

RINEX files from IGS (International), CSN (Chile), RAMSAC (Argentine), 
RBMC (Brazil), LISN (Peru)

Gopi Seemala method (Seemala and Valladares, 2011)

10th-order polynomial fit and band-pass filtering between 0.5 and 5 mHz.
(Artru et al., 2005; Rolland et al., 2010; Galvan et al., 2011)

Hodochrones analysis 
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Results: Observed Traveling 
Ionospheric Disturbances (TIDs)



Events in South America between 2010 and 
2020 were selected considering only 
earthquakes with Mw ≥ 6.7 and volcanic 
eruptions with VEI ≥ 2, resulting in a database 
of 63 earthquakes and 20 eruptions.

Filled symbols indicate events for which 
Traveling Ionospheric Disturbances (TIDs) were 
detected, corresponding to 10 earthquakes and 
2 volcanic eruptions.

Results: Observed Traveling Ionospheric 
Disturbances (TIDs)
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Results: Observed Traveling Ionospheric 
Disturbances (TIDs)

a) A fast perturbation (~2400 m/s), possibly 
associated with Rayleigh surface waves, together 
with the characteristic acoustic-wave signature 
(~1000 m/s). The vertical red line indicates the 
earthquake origin time.

b) Resonant ionospheric disturbance associated 
with the 2015 Calbuco Volcano eruption.

c) Acoustic- and gravity-wave-like ionospheric 
disturbances, the latter possibly associated with a 
tsunami. Artifacts related to the Seemala method are 
also visible due to the UT day transition.

d) Weak ionospheric signature associated with the 
2014 Easter Island earthquake event, likely due to 
sparse nearby GNSS coverage.

Bravo et al. (2022)



Results: Observed Traveling Ionospheric 
Disturbances (TIDs)

(a) and (b) show the same ionospheric 
disturbance observed to the north and 
south, respectively, revealing a 
predominant northward propagation in 
the Southern Hemisphere (related to 
upward propagation along geomagnetic 
field lines).

(c) and (d) show another event where no 
clear disturbance is observed to the 
east, while a weak signature is detected 
to the west (possibly associated with the 
Andes Mountains?).

Bravo et al. (2022)



Results: Spectral characteristics of ionospheric 
disturbances (wavelet analysis)

(a) The 2015 Calbuco Volcano 
eruption shows resonant oscillations 
with dominant periodicities centered 
around ~200 s.

(b) Earthquake-induced TIDs exhibit 
dominant periodicities centered 
around ~300 s, consistent with 
acoustic-gravity wave dynamics.

Bravo et al. (2022)



Results: Regression analysis of ionospheric 
disturbance parameters

(a) Depth vs magnitude shows that TEC 
disturbances are mainly observed for 
events with Mw ≥ 7, while affected events 
are generally shallower than ~40 km.

(b) Latitude vs magnitude shows that 
events associated with TEC disturbances 
are located north of ~45°S.

Bravo et al. (2022)



Results: Regression analysis of ionospheric 
disturbance parameters

(c) TID amplitude vs magnitude shows an 
approximately linear relationship for the 
acoustic-wave component, while the 
gravity-wave trend is less certain due to 
the limited number of points

(d) TID amplitude vs depth shows no 
clear relationship between disturbance 
amplitude and event depth.

Bravo et al. (2022)



Results: Regression analysis of ionospheric 
disturbance parameters

(d) TID amplitude vs propagation range 
suggests that larger-amplitude 
disturbances tend to propagate over 
greater distances.

(e) Latitude vs magnetic inclination shows 
no clear association with TID occurrence 
or amplitude.

Bravo et al. (2022)

Castillo-Rivera et al. (2025)



Perturbations of vertical distribution of electronic concentration derived from ionosonde observations. (a) Jicamarca's (12.0°S; 76.8°W) 
cusp ionogram sequence after 25 September 2013 Peru (15.8°S; 74.5°W) earthquake. (b) Tucuman's (26.9°S; 65.4°W) F3 layer 
ionogram sequence after 16 September 2015 Illapel (31.6°S; 71.7°W) earthquake.



GNSS-derived TEC observations successfully detect ionospheric disturbances associated with earthquakes, 
tsunamis, and volcanic eruptions in South America.

Detected Traveling Ionospheric Disturbances (TIDs) exhibit propagation patterns consistent with atmospheric 
acoustic and gravity wave dynamics, with characteristic spectral periodicities (~200–300 s).

A magnitude threshold (Mw ≳ 7) and a focal depth constraint (typically shallower than ~40 km) are generally 
required for clear ionospheric detectability.

However, some events exceeding Mw ≥ 7 do not produce detectable TIDs when occurring at larger depths, 
highlighting the strong control of focal depth on lithosphere–atmosphere–ionosphere coupling.

Conclusions



Among the events satisfying both Mw ≥ 7 and depth < 40 km, 
most correspond to strike-slip faulting and are predominantly 
located in the Scotia Plate region, suggesting a possible 
tectonic control on ionospheric coupling efficiency.

TID amplitude shows a clear linear relationship with earthquake 
magnitude and increases with propagation range, indicating a 
systematic scaling of ionospheric response with event energy 
and spatial extent.

Five of the ten earthquake-associated TID cases identified in 
this study have been previously reported, and both volcanic 
eruption cases are consistent with earlier documented 
ionospheric responses, supporting the robustness of the 
results.

Conclusions



Thank you!!!
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