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ABSTRACT

The catastrophic seismic events of the last decades push forward the necessity to explore new techniques for
source estimation, oceanic tsunami tracking, as well as tsunami warning systems. Early observations of the
Rayleigh wave signature in the ionosphere by Doppler sounder were able to measure lithospheric properties,
sounding the atmosphere at 200km of altitude. After the Sumatra event (26 December 2004), the successful
tsunami detection by altimeters validates the possibility of tsunami detection by ionospheric sounding. Today,
the catastrophic tsunamigenic earthquake in Tohoku (11 March 2011) strongly affirms the potential of iono-
spheric sounding to visualize the vertical displacement of the ground and ocean: the Japanese GPS network,
GEONET, imaged the source extent 8 min after the rupture; it also visualizes the radiation pattern and Rayleigh
waves over the entire Japan, including the oceanic region overlooking the rupture; in the far field, the airglow
camera located in Hawaii showed the internal gravity wave forced by the tsunami propagating in a zone of
180 x180 km? around the island. The ionospheric sounding potential of 2D visualization could extend the pre-
sent vision of seismology. This work highlights the actual capability and the potential improvement suggested
by ionospheric seismology.

9.1. ORIGINS 2000; Kobayashi et al.,2001]. Several observational works

show that the source of the hum is located mainly in the

In early history, Aristoteles [524] described his pneu-  ocean [Rhie and Romanowicz, 2004; Webb, 2007] and
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matic theory that the cause of earthquake is the pneuma,
and indirectly the atmosphere: indeed, the wind, heated
by the Sun, gets inside the Earth-cavities where it pro-
duces strong pressure variations resulting in the earth-
quake. The simplistic (and unrealistic) vision of
Aristoteles [524] contains the visionary idea about the
unicity of the Earth: solid Earth and the fluid parts of the
planet, nominally the ocean and the atmosphere/iono-
sphere, continuously exchange energy. Today, the contin-
uous excitation of normal modes, observed in the solid
Earth by seismometers and usually called the “hum,” is
the clear proof of this hypothesis [Nawa et al., 1998; Suda
et al., 1998; Tanimoto et al., 1998; Roult and Crawford,
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partially in the atmosphere [Nishida et al., 2000]. In par-
ticular, the atmospheric component of the hum seams to
excite normal modes (S,, and | S,..

An additional proof of the coupling between the solid
Earth and the atmosphere is the volcanic explosion of
Mount Pinatubo in 1991. The atmospheric explosion was
detected worldwide by the global network of seismometers
in the form of a bichromatic signal with energy mainly
located at 3.68 mHz and 4.40-4.65 mHz, corresponding to
normal modes (S, ., and S., .. [Kanamori and Mori, 1992;
Zurn and Widmer, 1996; Watada and Kanamori, 2010].

In essence, the atmospheric energy excited by the
volcanic explosion or by the atmospheric dynamics (hum-
source) is transferred inside the solid Earth where it
propagates at the surface as Rayleigh waves, detectable by
seismometers.
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Figure 9.1 Schematic view of the coupling mechanism (bottom) and the ionospheric sounding techniques (top).
Ground and oceanic displacement at the source produces AGW., that are observable in the ionosphere ~8 min
after the rupture and observable until ~1000km from the epicenter. The oceanic displacement initiates the

tsunami that, during its propagation, creates IGW,

suna

that reach ionosphere in ~1* hr and keeps a delay of ~8*
min compared to the tsunami at the sea surface. At teleseismic distance, the Rayleigh wave induces AW

Rayleigh

propagating vertically to the ionosphere in ~10 min. Times marked (*) are computed for a tsunami with a main
period of 10 min, see Occhipinti et al. [2013] for different periods. lonospheric sounding techniques (observable):
Doppler sounder and OTH radar (vertical ion velocity); Altimeter and GPS (perturbation of the TEC), airglow

(O* density perturbation).

Successive theoretical works [ Watada, 1995; Lognonné
et al., 1998] strongly support this coupling observations
and explain that the energy can be transferred in two
ways: from the solid Earth to the atmosphere and vice
versa. Normal modes computed for the Earth with ocean
and atmosphere [Lognonné et al., 1998] clearly show that
Rayleigh waves produce acoustic waves in the atmosphere
(see section 2); in the same way, tsunamis produce inter-
nal gravity waves in the overlying atmosphere (see sec-
tion 4). Here we indicate the first with AW, .. and the
second IGW,  (Figure9.1).

The first observational evidence of the coupling between
solid Earth and the fluid envelopes of the planet is an indi-
rect consequence of the Cold War: the continuous moni-
toring to detect nuclear explosions via their signature in
the atmosphere and in the solid Earth pushed scientists
and engineers to compare atmospheric/ionospheric obser-
vations (barometers, Doppler sounders, and backscattered
radars) with data from seismometers. This data matching
from different instruments revealed that acoustic-gravity
waves are generated not only after nuclear explosions but
also after seismic events [Row, 1967]. As a consequence of
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the rich spectrum of energy characterizing the seismic
rupture, the ground displacement at the epicenter
(Figure 9.1) generates, simultaneously, acoustic and grav-
ity waves in the atmosphere above the epicenter (AGW, ).

After the Alaska earthquake in 1964 (Mw 9.2), the
Berkeley barometer detected two unexpected signals: the
first was correlated with the arrival time of Rayleigh wave
(AW}, oi)- the second was essentially an acoustic-gravity
wave propagation from the epicenter AGW, ) [Bolt,
1964]. The atmospheric waves propagate through the low
neutral atmosphere [Donn and Posmentier, 1964] and up
to the ionosphere where they are detected by ionospheric
sounding [Davies and Baker, 1965; Leonard and Barnes,
1965; Row, 1966]. The 1964 Alaska earthquake opened
the era of ionospheric seismology.

9.2. IONOSPHERIC SEISMOMETERS

Many observations followed the 1964 Alaska event
and clearly showed that the signature of Rayleigh waves
was detectable by ionospheric monitoring, mainly using
Doppler sounders.
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AQ3 Figure 9.2 Spectral analysis of the AW, detected by Doppler sounder and OTH radar after the Sumatra event
yleig

(28 April 2005, M 8.1). In each triptych (three plots for each highlighted band-pass range): top, spectrum of the
Doppler sounder raw-data (black) and band pass filtered data (red dotted) in the frequency range showed in the
right corner. Middle, Doppler sounder filtered data (red) and modeling (black), showing clearly R1 and R2, and
sometimes a clear signature of R3. Bottom, OTH radar filtered data (blue) and modeling (black) showing only R2
(the timescale corresponds to the blue square in the middle plot). The R1 AW, in the Doppler sounder is still

Raylei
recognizable independent of the frequency range; the signature of R2 AW, ., that after 10 mHz.
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In essence, the vertical ground displacement at the
epicenter or at teleseismic distance (induced by Rayleigh
waves) generates, by dynamic coupling, an acoustic-
gravity wave that propagates in the neutral atmosphere.
During the wave upward propagation, the wave is strongly
amplified by the coupled effect of the conservation of

kinetic energy E, IE/JV2 and the exponential decrease

of the air density p. The perturbation v of the particle
velocity induced by wave propagation grows exponen-
tially with the altitude. Reaching the ionosphere, the gen-
erated acoustic-gravity wave strongly affects the plasma
density and plasma velocity becoming easily detectable
by ionospheric monitoring.

The remarkable work of Tanaka et al. [1984] focused
on the seismic event of Urakawa-Oki (21 March 1982,
Maw 7.1): authors compared the signal of seismometers
and Doppler sounders, both located in Japan. The spec-
tral analysis of the two kinds of instruments clearly
showed that the seismic signal with frequencies higher
that the Brunt Viisadilad frequency is transferred in
the atmosphere/ionosphere and detected by Doppler
sounders.

Similar Doppler sounder observations of the 1968
Tokachi-Oki event (Mw 7.5) and the 1969 Kurile Island
event (Mw 7.9) were presented by Najita and Yuen [1979].
Authors supported theoretically the hypothesis that
Rayleigh waves produce only acoustic waves in the overly-
ing atmosphere/ionosphere, and they reproduced the
dispersion curve of the Rayleigh wave [Olivier, 1962]
using Doppler sounder observations. This is the first time
that lithospheric properties are measured observing
ionosphere.

Today, AW e AT€ routinely detected by Doppler
sounders for events with a magnitude larger than 6.5
[Artru et al., 2004]. Additionally, Occhipinti et al. [2010]
clearly proved that over-the-horizon (OTH) radars also
are able to detect the ionospheric signature of Rayleigh
waves with the same sensitivity as Doppler sounders
(Figure 9.2).

9.3. THE GPS REVOLUTION: FROM POINT
MEASUREMENTS TO IMAGES

The advent of global positioning system (GPS) and
its ability to measure the total electron content (TEC)
[Manucci et al., 1993, 1998] introduced a new and revolu-
tionary tool to sound the ionosphere: the TEC is the ion-
ospheric electron density integrated along the ray-path
between receivers and satellites. As the density of the
ionospheric plasma is strongly peaked, the TEC measure-
ments are usually located at the altitude of maximum
electron density, that is, at around 300km. TEC is
expressed in TEC units (TECU); 1 TECU = 10'%¢™/m?.

A series of exploratory works found that the TEC
measured by GPS receivers was able to reveal ionospheric
perturbations induced by blast explosions [Calais et al.,
1998], shuttle launches [Calais and Minster, 1996], and,
of particular interest here, earthquakes [Calais and
Minster, 1995].

The following TEC measurements, performed with
dense GPS arrays, allow one to visualize the signature of
Rayleigh waves in the ionosphere. In essence, the plasma
perturbation detected previously in a single point by
Doppler sounders is now imaged in two dimensions.
Using the dense californian GPS array, Ducic et al. [2003]
imaged for the first time the propagation of AW, ..
generated by the Alaska earthquake (3 November 2002,
M 7.9). The estimation of the propagation speed of
Rayleigh waves from the ionospheric measurement
revealed a group velocity of 3.48km/s, in accord with
seismological studies [Larson and Ekstrom, 2001].

Similar observations were performed in Japan with the
world’s densest GPS array: GEONET [Heki and Ping,
2005]. Authors analyzed the TEC perturbations appear-
ing close to the epicenter after the Tokachi-Oki earth-
quake (25 September 2003, M 8.0) and after the
Southeast Off-Kii-Peninsula earthquake (5 September
2004, M 6.9). This last work highlighted for the first time
the difference between AGW, and AW, ... but authors
interpreted both as acoustic waves, neglecting the gravity
component of the AGW, . Additionally, Heki and Ping
[2005] observed for the first time the north/south hetero-
geneity induced by the magnetic field inclination. This
effect plays an important role in the coupling between the
neutral atmosphere and the ionospheric plasma. In
essence, the postseismic TEC perturbations are amplified
more when they propagate southward than when they
propagate northward. Later, the effect of the magnetic
field was clearly explained, matching together TEC
observations and normal-mode modeling, by Rolland
et al. [2011a] in the case of AW, .. generated by
the 12 May 2008 Wenchuan earthquake (M, 7.9) and
by the 25 September 2003 Tokachi-Oki earthquake
(M 8.3).

At the present time, the postseismic TEC perturbations
are routinely detected. Nevertheless, the integrated nature
of TEC limits the detection to events with magnitude
larger than 7.

9.4. THE GREAT SUMATRA TSUNAMI
IN THE IONOSPHERE

The indirect tsunami observation by ionospheric
sounding slowly followed the ionospheric detection of
Rayleigh waves, mainly because of observational difficul-
ties. The idea that tsunamis produce internal gravity
waves (IGW _ ) in the atmosphere, that are detectable

tsuna
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by ionospheric sounding, was theoretically anticipated by
Hines [1972] and Peltier and Hines [1976]. During the
upward propagation, the IGW,_ is strongly amplified by
the effect of the exponential decrease of the air density.
The interaction of the IGW,_, with the ionospheric
plasma environment produces strong variations in the
plasma velocity and plasma density observable by iono-
spheric sounding, exactly as AW Rapleich and AGW, i
described above (Figure 9.1).

The first observational work trying to detect the
IGW, by ionospheric sounding was presented by Artru
et al. [2005]. Authors measured TEC perturbations with
the Japanese dense GPS network GEONET. The observed
IGW,, ~was supposed to be related to the Peruvian tsu-
namigenic quake on 23 June 2001 (Mw 8.4).

In essence, Artru et al. [2005] showed ionospheric trave-
ling waves reaching the Japanese coast 22 hours after the
tsunami generation, with an azimuth and arrival time
consistent with tsunami propagation. Moreover, a period
between 22 and 33 min, consistent with the tsunami, was
identified in the observed TEC signals. The IGW,  was,
however, superimposed by other signals associated to
traveling ionospheric disturbances (TIDs) [Aframovich
et al., 2003; Balthazor and Moffett, 1997]. The iono-
spheric noise is large in the gravity domain [Garcia et al.,
2005], consequently, the identification of the tsunami
signature in the TEC was ambiguous.

The giant tsunami following the Sumatra-Andaman
seismic event (26 December 2004, M 9.3 [Lay et al.,
2005]), one order of magnitude larger than the Peruvian
tsunami, provided worldwide remote sensing observa-
tions in the ionosphere, and provided the opportunity to
explore ionospheric tsunami detection with a vast data-
set. In addition to seismic waves detected by global seis-
mic networks [Park et al., 2005], coseismic displacement
measured by GPS [Vigny et al., 2005], oceanic sea surface
variations measured by altimetry [Smith et al., 2005],
detection of magnetic anomaly [lyemori et al., 2005;
Balasis and Mandea, 2007] and acoustic-gravity waves [Le
Pichon et al., 2005], a series of ionospheric disturbances,
observed with different techniques, have been reported in
the literature [Liu et al., 2006a, b; DasGupta et al., 2006;
Occhipinti et al., 2006, 2008b, 2013].

Two ionospheric anomalies in the plasma velocities were
detected north of the epicenter by a Doppler sounding net-
work in Taiwan [Liu et al., 2006a]. The first was triggered
by the vertical displacement induced by Rayleigh waves
(AWRHyMg/I). The second, arriving one hour later with a
longer period, is interpreted by Liu et al. [2006a] as the
response of ionospheric plasma to the atmospheric gravity
waves generated at the epicenter (AGW, ).

A similar long-period perturbation, with an amplitude
of 4 TECU peak to peak, was observed by GPS stations
located on the coast of India [DasGupta et al., 2006].

173

Authors didn’t discriminate the origin of the observed
TEC perturbation, highlighting both possibilities: the
IGW,, and the AGW, . Comparable TEC observations
were done for 5 GPS stations (12 station-satellite pairs)
scattered in the Indian Ocean [Liu et al., 2006b]. The
observed amplitude was comparable to the TEC pertur-
bations observed by DasGupta et al. [2006], but the prop-
agation speed observed in the middle of the Indian Ocean
by Liu et al. [2006b] was clearly matched by the DART
measurements of the tsunami arrival time, showing that
the ionospheric perturbation and the tsunami were fol-
lowing each other. This result strongly supported the
IGW,, hypothesis.

Close to those observations, the Topex/Poseidon and
Jason-1 satellites acquired the key observations of the
Sumatra tsunami. The measured sea level displacement
observed by the two altimeters was well explained by
tsunami propagation models with realistic bathymetry,
and provided useful constraints on source mechanism
inversions [e.g., Song et al, 2005]. In addition, the
inferred TEC data, required to remove the ionospheric
effects from the altimetric measurements [Bilitza et al.,
1996], showed strong ionospheric anomalies [Occhipinti
et al., 2000].

In essence altimetric data from Topex/Poseidon and
Jason-1 showed at the same time the tsunami signature
on the sea surface and the supposed tsunami signature
in the ionosphere. Using a three-dimensional numerical
modeling, Occhipinti et al. [2006] computed the atmos-
pheric IGW,_  —generated by the Sumatra tsunami as
well as the interaction of the IGW, with the iono-
spheric plasma. The quantitative approach reproduced
the TEC observed by Topex/Poseidon and Jason-1 in
the Indian Ocean on 26 December 2004. Those observa-
tions, supported by modeling, clearly explained the
nature and the existence of the tsunami signature in the
ionosphere. Later, the results obtained by Occhipinti
et al. [2006] were reproduced by Mai and Kiang [2009].
Other theoretical works followed Occhipinti et al. [2006]
to calculate the effect of dissipation, nominally viscosity
and thermal conduction, on the IGW,  [Hickey et al.,
2009]. Additional works theoretically explored the
detection capability of IGW, by airglow monitoring
[Hickey et al.,2010] and over-the-horizon radar [Coisson
etal., 2011].

The method developed by Occhipinti et al. [2006] was
also used to estimate the role of the geomagnetic field in
the tsunami signature at the E-region and F-region
[Occhipinti et al., 2008a]. Nominally, the authors showed
that the amplification of the electron density perturba-
tion in the ionospheric plasma at the F-region is strongly
dependent on the geomagnetic field inclination. This
effect is explained by the Lorenz force term in the momen-
tum equation, characterizing the neutral plasma coupling

7/30/2015 1:06:11 AM
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(equation 8 in Occhipinti et al. [2008a]). Consequently,
the detection of tsunamigenic perturbation in the F-
region plasma is more easily observed at equatorial and
midlatitude than at the high latitude. The heterogeneous
amplification driven by the magnetic field is not observ-
able in the E- region, consequently, detection at low alti-
tude by HF sounding (i.e., Doppler sounding and OTH
radar) is not affected by the geographical location.

Recent studies have shown the ionospheric detection
of several tsunamis (Kuril, 2006, M® 8.3; Samoa, 2009,
Muw 8.1; Chile, 2010, Mw 8.8) in far field by GPS-derived
TEC [Rolland et al., 2010], generalizing the ionospheric
detection of IGW,  for events with lower magnitude
(Mw =~ 8) compared to the Sumatra event. The observed
tsunami-related ionospheric perturbations, detected by
the Hawaiian GPS network, appeared in the ionosphere
overlying the ocean, and followed the propagation of the
tsunamis at the sea level. Comparison with oceanic
DART data showed similarity in the waveform as well as
in the spectral signature of the ionospheric and oceanic
data. This result proved again that ionosphere is a sensi-
tive medium for tsunami propagation.

9.5. THE TOHOKU EARTHQUAKE AND TSUNAMI

9.5.1. In the Near Field

Particular attention has been paid recently to the
Tohoku-Oki event (11 March 2011, Mw 9.0 [Wei et al.,
2012]). Thanks to the really dense GPS network in Japan
(GEONET), the coseismic TEC perturbations observed
at the source gave a clear image of the ionospheric pertur-
bation in the near field [Tsugawa el al., 2011; Saito et al.,
2011; Rolland et al., 2011b], including the acoustic-grav-
ity wave AGw,) generated by the vertical displacement
of the source [Astafyeva et al., 2011, 2013], the acoustic
waves coupled with Rayleigh waves (4 W paieian)> 35 well as
the gravity wave induced by the tsunami propagation
uew,, )I[Liuet al.,2011; Galvan et al., 2012]. The analy-
sis of the first arrival in the TEC data in the epicentral
area also allowed the localization of the epicenter with a
discrepancy of less than 100km from the official USGS
location [Tsugawa el al., 2011; Tsai et al., 2011; Astafyeva
etal.,2011,2013].

The remarkable result of Astafyeva et al. [2011, 2013]
clearly showed that the ionospheric perturbation at the
epicenter (AGW,) appears only 8 min after the rupture
and shows the horizontal extension of the source. This
result clearly opens the potential application of iono-
spheric seismology for a tsunami warning system. Indeed,
the horizontal extent of the source is key information for
early estimation of the tsunami amplitude.

Additionally, qualitative perturbation was also
observed by four ionosondes [Liu and Sun, 2011] and by
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the Japanese SuperDARN Hokkaido radar [Nishitami
et al., 2011], which showed detection of the ionospheric
signature of the Rayleigh waves, already observed in the
past by the French OTH radar Nostradamus [Occhipinti
et al., 2010].

Notwithstanding the huge amount of GPS data and
the clear image of the TEC perturbations at the epicen-
tral area, discrimination between acoustic-gravity waves
(AGW,,) generated at the epicenter by the direct vertical
displacement of the source- rupture and the internal
gravity wave coupled with the tsunami (/GW,_ ) was still
difficult. The specific horizontal high speed of Rayleigh
waves (=3.5km/s) separates and makes really recognizable
the AW, .., in the ionosphere.

The recent work of Occhipinti et al. [2013] collects ion-
ospheric TEC data from several ground networks in
order to visualize and analyze the ionospheric perturba-
tions at the epicenter of the following events: Sumatra,
26 December 2004, Mw 9.1, and 12 September 2007, Mw
8.5; Chile, 14 November 2007, Mw 7.7; Samoa, 29
September 2009, Mw 8.1; and the catastrophic Tohoku-
Oki event, 11 March 2011, Mw 9.0 (Figure 9.3). The
work introduces some theoretical bases to interpret the
data and discriminate between AGW, and IGW,, .
Section 6 summarizes the physical properties of the dif-
ferent waves described.

9.5.2. In the Far Field

Far away from the epicentral area, the AGW, = gener-
ated by the direct vertical displacement of the ground and
directly linked to the rupture are strongly attenuated and
not detectable anymore by ionospheric sounding. In the
far field, the propagation of AW, .. and IGW,  is
completely separated as a consequence of the tremen-
dous difference of horizontal speed of Rayleigh waves
(=3.5km/s) and tsunamis (=200 m/s). This is the main rea-
son why, as described above, the AWR“}_MK,, and IGW,
have been already detected by ionospheric sounding by
different techniques. Notwithstanding that the AW, ..
and IGW, are today routinely detected in the far field,
the Tohoku event observations opened new perspectives
in ionospheric seismology.

First of all, the AW, .. and IGW, —were detected
initially in the neutral atmosphere instead of the iono-
sphere [Garcia et al., 2013, 2014]. The gravity mission
GOCE crossed the wave front of AW, .. [Garcia et al.,
2013]and IGW, , [Garcia et al., 2014] measuring the air-
speed variation and the air-density variation. Those
measurements represent a useful benchmark to validate
the propagation modelingof AW, . and IGW,  inthe
neutral atmosphere, and, combined with ionospheric
observations, additionally allow one to explore the phys-

ics of the neutral-plasma coupling.

7/30/2015 1:06:11 AM
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Second, the detection of IGW, by airglow, men-
tioned before, has been recently validated by observation
[Makela et al., 2011] and modeling [Occhipinti et al.,
2011] in the case of the Tohoku event (11 March 2011,
M 9.0). The airglow is measuring the photon emission at

630 nm, indirectly linked to the plasma density of O*

GPS Sat 09

GPS Sat 15

175

[Link and Cogger, 1988] and it is commonly used to detect
transient events in the ionosphere [Kelley et al., 2002;
Makela et al., 2009; Miller et al., 2009]. The modeling of
the IGW,  clearly reproduced the pattern of the airglow
measurement observed over Hawaii (Figure 9.4). The
comparison between the observation and the modeling
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Figure 9.3 Hodochrones (left) of the TEC perturbation observed by the Japanese GEONET network and by eight satellites
(indicated in the top) following the recent Tohoku-Oki tsunamigenic earthquake (2011, M: 9.0). We observe AW,
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Rayleigh Wlth a

speed of around 3.3km/s, ACW, ; moving with a speed of around 650 m/s. The ACW,  disappears after 500-1000km, and it is

replaced by IGW,

suna

with a speed of around 200 m/s. (Adapted from Occhipinti et al. [2013].) On the right, the data are

represented over Japan using all satellites. (Adapted from Rolland et al. [2011b].)
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Figure 9.4 Airglow perturbation of the IGW,
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tsunami (2011), and (b) the modeling of the IGW,

suna
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(a) observed by the camera located in Hawaii during the Tohoku
for the layer corresponding to the observation, and (c) the

entire structurein 3D. (Adapted from Occhipinti et al. [2011].)

allows one to recognize not only the evident Y shape, but
also the longer wavelength perturbation (indicated with
X in Figure 9.4) that arrives before the tsunami wavefront
by the effect of bathymetry [Occhipinti et al., 2011].
Approaching the Hawaiian archipelago, the tsunami
propagation is slowed down (reduction of the sea depth),
but, the IGW,_ . propagating in the atmosphere/iono-
sphere, conserves its speed.

An additional measurement following the Queen
Charlotte event (27 October 2012, M, 7.8) has been
recently detected, proving that the technique can be gen-
eralized for smaller events [Makela, 2012]. In order to
deeply explore the detection by airglow, four cameras
were recently installed in Chile, Hawaii, and Tahiti in
order to detect the signature of future tsunamis.

The potential echo of the detection of IGW,, by airglow,
using ground-based or on-board cameras, could change the
future of tsunami detection and warning systems.
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9.6. PHYSICAL PROPERTIES OF AW, ...
IGW,, , AND AGW,

tsuna” epi

The physical properties of the three components can be
summarized as follow: The AW pseirs clearly observed in
the far field, has a horizontal speed of ~3.5km/s imposed
by the forcing source, nominally the Rayleigh wave. The
AW e has two main frequencies of 3.68 mHz and 4.44
mHz, corresponding to the coupled normal modes S,
and S, , respectively. Consequently, as the propagating
wave is an acoustic wave, the vertical velocity of AW, ..
is close to the acoustic wave speed, and the corresponding
time to reach the ionospheric layers is on the order of
8-15 min (Figure 9.5). Additional frequencies around
those major peaks, with small amplitudes, have been
observed in the past by Najita and Yuen [1979] using
Doppler sounders and recently by Bourdillon et al. [2014]

using OTH radar. Additional spectral analysis of the
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35, is compared with the sound speed, and the

propagation time to reach 200mkm and 300 km of altitude is highlighted in red.

signal observed by Occhipinti et al. [2010] by Doppler
sounder and OTH radar is computed here (Figure 9.2),
and clearly shows that the Rayleigh wave signature is still
visible at higher frequency (until 50 mHz). Comparison
between data and modeling by normal mode summation
[Artru et al., 2004; Occhipinti et al., 2010] for a complete
stratified 1D Earth with solid and fluid (ocean and
atmosphere) parts, clearly proved that our description of
AW e is satisfying enough (Figure 9.2) for using iono-
spheric data for magnitude estimation, source locali-
zation, as well as moment tensor inversion. Indeed, as
showed by Figure 9.2, the amplitude of the main phase is
well described by the modeling. At the higher frequencies,
the effect of the lithospheric heterogeneity is not repro-
duced by the modeling showing the limit of the normal
mode summation for 1D Earth.

The IGW,, ., clearly observable in the far field, has
horizontal and vertical speeds that are clearly defined by
Occhipinti et al. [2013] and depending of the physical
properties of the tsunami:

KN (D-KD) kKN
Ve = 2 Ve =73
oD wD”

where k_and k, are the vertical and horizontal k—vectors,
w the frequency of the tsunami, N is the Brunt Véisadilad
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»\2
frequency, and D = kf + k,f + 12V7 . Please, note that the

vertical group velocity v; has angopposite sign compared
to the vertical phase velocity (w/k ). This is a typical prop-
agation characteristic of internal gravity waves: the atmos-
phere falls down by the effect of the gravity, and
consequently the vertical phase velocity is negative while
the vertical group velocity is positive, generating the
upward propagation of the IGW,_ . The vertical group
velocity v;allows to compute the propagation time delay
to reach the ionospheric layers (Figure 9.6).

The horizontal phase velocity of the IGW, is the

same as the tsunami (co/kh =V = \/g_H ) However, this
is no longer the case for the horizontal group velocity v,,
which is furthermore dispersive. In the case of tsunami,
the group and phase velocities are the same. The horizon-
tal group velocity of the generated IGW, is always
smaller than the horizontal phase velocity (Figure 9.6).
The horizontal group velocity vé’ does not play a role in
the vertical propagation delay but it is useful to estimate
the epicentral distance where the IGW, starts to interact
with the ionosphere, and it is also useful to estimate the
delay 6t between the tsunami propagating at the sea sur-
face and the /GW,_  propagating in the atmosphere at

1suna
the altitude z, (Figure 9.6). The period of a tsunami and

AQ9
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speed (v, =+/hg, where g is the gravity acceleration). Consequent vertical propagation delay (third from left);
epicentral distances covered by the tsunami (red) and the coupled IGW (gray scale) during the delay spent by the

ICW,

tsuna

the tsunami at sea level and the coupled IGW,
Occhipinti et al. [2013].)

(suna

the consequent IGW,  is generally between 10 min and
40 min. As the group velocity depends on w, the period
variation (10-40 min) introduces strong variation in the
vertical propagation delay (60-240 min to reach, e.g.,
200km of altitude), the epicentral distance (500-2500 km),
as well as the delay 67 (8-2 min) [Occhipinti et al., 2013].

The AGW, . is the more complex part of the signal
observed in the ionosphere. The rupture and the conse-
quent ground displacement at the source area has a rich
spectral signature: consequently, both acoustic and grav-
ity waves are simultaneously generated. The preliminary
work of Matsumura et al. [2011] partially reproduce, by a
2D numerical modeling, some of the observed AGW, .
Anyway, until now, no exhaustive modeling of the iono-
spheric perturbations at the epicentral area has been
performed. Based on the interesting theoretical work of
Watada [2009], about the acoustic-gravity wave properties
at the bottom boundary of the atmosphere, it is possible
to generalize the horizontal and vertical speed of the
AGW,, at the surface/atmosphere boundary:

2
o
l ; 2 2
boundary v, =——5——k, (w -N )
o' —k,N-c;
2
. o
boundary v; = ————— k.o’
o' —k,N-c;

where ¢, in addition to the notation described above, is
speed of the sound. Again, to avoid misunderstanding,
Watada [2009] describes a formalism in an isothermal
atmosphere to compute group speed of AGW .
Consequently, the v, is valid only at the surface/

boundary

to reach the altitude shown in the y-axis (fourth from left); last on the right: horizontal delay dt between
at fixed altitudes (time to cross the same zenith). (Adapted from

atmosphere boundary. In the A/T region describing
tsunamis, the values of , iy Ve 1€ consistent with the
values of v, computed at the surface/atmosphere bound-
ary (Figure 9.5). Figure 9.5 clearly shows the inversion of
vertical and horizontal group velocity for acoustic and
gravity waves. The AW st has a vertical speed slightly
slower than the sound speed, consequently it takes around
10-15 min to reach the ionosphere. Consistent with
the formalism described above [Occhipinti et al., 2013],
IGW,,  needs 1-2 hours to reach the ionosphere. The
AG Wepi, generated by the vertical ground displacement at
the epicenter, contains a more high-frequency component
(0.5-1 Hz) that is transferred to the atmosphere with the
sound speed c. Consequently, the high-frequency com-
ponent of AG W, appears in the ionosphere in around 8
min, as observed by Astafyeva et al. [2011, 2013].

I wish to highlight again that today no numerical
methods are able to fully describe the AGW, . Indeed, the
work of Matsumura et al. [2011] is limited to the 2D
neutral atmosphere and partially reproduces the observed
waves. The normal mode summation for a complete
planet [Lognonné et al., 1998] has been used only to
explain the AW gt and emphasized the limit of a 1D
model. As shown in Figure 9.2, the synthetics strictly sat-
isfy the data only for frequency under 10 mHz; higher
frequencies are more sensitive to the heterogeneities of
the upper crust and need 3D modeling. An appropriate
method could be the spectral element method (SEM)
usually applied for seismology with excellent results [e.g.,
Komatitsch and Tromp, 2002]. One quick test with SEM
clearly shows that the methodology can easily take into
account the propagation of acoustic waves (Figure 9.7),
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Rayleigh wave in the solid part is transferred quickly to the ocean, then into the atmosphere. We also see the
signature in the atmosphere of the P-waves, their amplitude becomes smaller when we are far away from the

source, compared to Rayleigh wave signature.

but the propagation of gravity waves and tsunamis is
not implemented yet in the SEM. In the other side, the
method developed by Occhipinti et al. [2006, 2008a, 2013],
even if it is totally 3D, propagates only gravity waves and
is able to reproduce only the IGW,_  plus the gravity
component of AG W,,. One of the objectives of this work
is to push forward the theoretical development of the
propagation of acoustic-gravity waves coupled with the
vertical displacement of the ground and ocean, in order
to completely reproduce the AG W, The full understand-
ing and the dense measurement of AGW, is a key step
for future tsunami warning systems.

9.7. CONCLUSION

The fact that humans don’t fly is the main reason why
seismology studied only solid Earth. If humans were
Hawk Men of the gravitating city of Mongo [Raymond,
1934], they would know from the beginning that earth-
quakes and tsunamis disturb the upper fluid envelope,
mainly atmosphere/ionosphere.

This work traces the evolution of the idea of the unique
planet, where the solid Earth, the ocean, as well as the
atmosphere/ionosphere continuously exchange energy,

0002577616.INDD 179

with particular emphasis during natural hazards like
earthquakes; volcanic or, more generally, atmospheric
explosions; and tsunamis.

On the basis of theoretical considerations and obser-
vational proofs, the natural hazard signatures in the
ionosphere are classified here following the source
and physical characteristic of the generated waves: the
AGW,, is the acoustic-gravity wave generated by rup-
ture and observable at the epicentral area within the
first 1000 km; the AW is the acoustic wave generated

Rayleigh
by propagation of Rayllélgh wave; and the IGW is
the internal gravity wave coupled and forced by the
tsunami propagation.

Starting from the early atmospheric/ionospheric detec-
tion related to seismic events and nuclear explosions
during the Cold War, this work highlights the role of
Doppler sounders and OTH radar as ionospheric seis-
mometers able to measure the 4 W e Jeih (and consequently
the lithospheric properties intrinsic in the Rayleigh wave
propagation) sounding ionosphere at 200km of altitude.
This work also highlights the capability of GPS, measur-
ing the total electron content (TEC), to image the propa-
gation of the atmospheric/ionospheric signature of the
AGW,, , the AW and the IGW

Rayleigh® tsuna’
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The recent Tohoku event in Japan generated a tremen-
dous earthquake and a consequent tsunami. The event gen-
erated catastrophic consequences, but the huge amount of
collected data strongly helps the earthquake science evolu-
tion. The ionosphere sounded by the world’s densest GPS
network GEONET showed a clear image of the rupture
extent observing the AGW,  propagating in the atmosphere/
ionosphere overlying Japan (including the epicentral area
and the oceanic regions). In the far field, the airglow cam-
era located in Hawaii showed without doubt the IGW,_
propagation over a region of 180x180km? in the iono-
sphere overlying the islands. Never before was a tsunami
measured off shore with such high spatial resolution.

Unfortunately, the estimation of the ground and sea sur-
face displacement via ionospheric sounding is still not a
direct measurement. Indeed, the ionospheric perturbation is
modulated by the magnetic field inclination, and, even if
this effect could be controlled by some a priori information,
the integrated nature of TEC measured by GPS imposes the
solution of an inverse problem to estimate the tsunami
amplitude at sea level. Consequently, the measurement, the
full understanding, and the accurate quantitative modeling
of AGWW AW g e and IGW,_  are necessary steps to
fruitfully use ionospheric monitoring to prevent disasters.

The monitoring by dense GPS networks of the iono-
sphere overlying the subduction zones could greatly help
the estimation of the source extent. Future satellites with
on-board airglow cameras could track tsunami propaga-
tion over entire oceans before they hit the coast.

With this work I wish to encourage the use of iono-
spheric seismology as a potential support for future
earthquake and tsunami warning systems.
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