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Presentation of the subject: Thanks to technological advances in the last decade, ionosphere has become a sensitive medium to various geophysical phenomena as Earthquakes and Tsunamis (Figure 1), revealing new possibilities to estimate the uplift at the source (by GNSS-TEC in 8min) and the offshore oceanic displacement (by GNSS-TEC, GNSS-RO-TEC after 40min), both key measurements to improve the estimation of the tsunami risk, and the confirmation of the tsunami amplitude during its propagation off-shore. This PhD contributes to support, with innovative techniques, tsunami warning systems to mitigate of damages and loss of lives. 
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	Figure 1: Illustrations describing the different atmospheric/ionospheric waves generated by earthquakes and tsunamis (left), and various ionospheric sounding techniques to detect them (right). Figure from Occhipinti, 2015.


The giant tsunami following the Sumatra-Andaman seismic event (26 December 2004, M 9.3, 285000 fatalities), provided worldwide remote sensing observations in the ionosphere, and provided the opportunity to explore ionospheric tsunami detection (Occhipinti, 2015, and references therein). 
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	Figure 2: GNSS-TEC observed during the Tohoku event by GEONET. From left: at the earthquake time; at the first arrival in the ionosphere of the AGWepi at 8 min, and one minute later; at the 27 min, after the event, we observe the signature of the AWRayleig and, last column, at the 56 min after the event we observe the clear evidence of the IGWtsuna. Adapted from a video related to Rolland et al., 2011. 


The following catastrophic tsunamigenic earthquake in Tohoku (11 March 2011, M: 9.0, 16000 fatalities and major radioactive emergencies) strongly affirms, again, the potential advantage of ionospheric sounding to visualize the vertical displacement of the ground and the ocean: the Japanese GNSS network, GEONET, measuring the TEC, imaged the source extent about 8 min after the rupture (e.g., Astafyeva et al., 2011, 2013); it also visualizes the source propagation pattern (AGWepi) and Rayleigh waves (AWRayleigh) over the entire Japan (e.g., Occhipinti et al., 2013), including the oceanic region overlooking the rupture (Figure 2). The IGWtsuna was also detected for the first time by GNSS radio occultation (RO) measuring the TEC (Coisson et al., 2015).

Our recent work (Manta et al., 2020) clearly shows that ionospheric measurements of the AGWepi by GNSS-TEC are able to discriminate, at 8 min, the tsunamigenic nature of tsunami events and estimate the maximum volume of the displaced water: e.g., the Banyaks and Mentawai events in 2010 are both magnitude 7.8 in the Sumatra megathrust, and both trigged tsunami alerts, yet later canceled; unfortunately, the Mentawai event resulted in generating a tsunami with causing serious damages and 400 fatalities. The signature in the ionosphere of the AGWepi highlights the important displacement at the source resulting in the Mentawai tsunami (Figure 3). Our empirical approach is able to estimate the tsunami risk from the GNSS-TEC measurement close to the source and in 8 min after the rupture (Figure 3). This information could be directly transferred to the tsunami warning centers if computed in real-time. 
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	Figure 3: Power density spectrum of the TEC signal observed for Banyaks (left, down) and Mentawai (right, down) events using the SUGAR network in Sumatra (left, top). The perturbations are 5% (right) and 15% (left) stronger than the mean background level. On right, top, the correlation between the maximum volume of displaced water and TEC amplitude/TECI.


Today, the proposed PhD contributes to explore all the events presented in Figure 3 and an additional new database of 10 years of TEC analysis of the GEONET GNSS network in Japan (computed in collaboration with Airbus Defence & Space) to explore the potential estimation of the source parameters from ionospheric GNSS monitoring.

The PhD also contribute to the objective to test the operational scenario using the GNSS real-time networks of the IPGP Caribbean Observatories and Mayotte to create the first pilot ionospheric tsunami warning system.

In summary, coupling the innovative and unique observations in the ionosphere by GNSS-TEC we wish to explore a new innovative way to estimate the uplift at the source and the offshore oceanic displacement to support future tsunami warning systems to mitigate damages and loss of life.
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