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The sounding of the ionosphere with GPS, Doppler sounder or Radar allows the detection of acoustic waves or gravity waves generated by quakes or tsunami at teleseismic distances, in addition to the acoustic waves generated by the seismic source near the epicenter. These waves are induced by the vertical displacement at the wave front of the Earth's surface. They propagate almost vertical, with an amplification with altitude associated to the exponential decay of the atmospheric density. For ground displacement of a few mm, acoustic waves amplitudes of a few tens to hundred meters are achieved at 250-300 km of altitude.

We review in this chapter the atmospheric coupling of these seismic waves, as well as the ionospheric/atmospheric coupling generating the ionospheric perturbations. We show that this coupling explains also the seismic signals generated by large atmospheric explosions. In both case, seismograms or ionograms can be modelled relatively accurately by normal modes summations techniques.

We finally discuss how the technological development in the last 10 years has lowered the detection threshold of ionospheric post-seismic signals and provides several perspectives that seem now to be possible by this new way of doing seismology without seismometers.

I. INTRODUCTION

Mikumo and Watada, in the previous chapter of this book, have presented in details the generation of acoustic-gravito waves by quakes and focused their discussion on the waves propagating mainly in the atmosphere, from the earthquake source to the atmospheric recording points. As noted in their section, if sound waves observations from local earthquakes are common, the observations of these waves by pressure sensors can be done worldwide only for magnitudes larger than 8

We focus in this chapter on the waves travelling mostly in the interior or liquid part of the Earth, but nevertheless with a smaller propagation path in the atmosphere. For atmospheric sources (e.g. atmospheric explosions), these waves propagate first in the atmosphere from up to downward, reach the ground and then propagate into the interior of the Earth. Alternatively, for solid earth sources (e.g. quakes), the waves propagate first in the solid earth, then reach the surface, and resume their propagation in the atmosphere, from the surface up to the ionospheric heights. In must cases, the propagation path in the atmosphere ranges from distances of 30km in the first case up to about 400-500 km in the second case, while the propagation in the interior of the Earth can be many thousands of km, the propagation being worldwide.

The other difference in our approach will be in the observational methods. While Mikomo and Watada are focusing on the observations in the atmosphere, we will concentrate our review on the observation of the waves at the end of their propagation path, and therefore on ionospheric observations, for waves generated by quakes, and on seismic observation, for waves generated by atmospheric sources.

Ionospheric observations, as we will see below, are especially interesting as they can be performed even for "small" magnitude quakes, as compared to the example of Mikumo and Watada in the range of Ms=8-9. The larger sensitivity of ionosphere as compared to the low atmosphere is attributed mainly to the exponential decay of the atmospheric density. The amplitudes of acoustic-gravity waves, when they propagate vertically, are indeed proportional to (z) u 2 , where  is the volumetric mass density and u the displacement of the atmospheric particles. When the frequency is lower than 10 mHz (or period larger than 100 sec), the atmospheric viscosity and heat conduction can be neglected up to altitudes of 120 km (Francis, 1973[START_REF] Artru | Normal modes modeling of post-seismic ionospheric oscillations[END_REF] and the amplitude is therefore increasing with altitude, inversely proportional to the square root of density. The resulting amplification can reach factors of about 10 4 at 120 km of altitude and up to 10 5 at the altitudes of maximum ionization (~300 km), and made observations possible at short epicentral distances for magnitudes as low as 6, and worldwide for magnitudes of about 7.

Many observations of these signals were reported after large quakes in Alaska or Japan in the 60th (Leonard and Bernes, 1965, Davis et Baker, 1965, Yuen et al.,1969[START_REF] Weaver | Acoustic coupling in the ionosphere from seismic waves of the earthquake at Kurile Islands on August 11[END_REF] with Doppler techniques sensitive to the vertical oscillations of the ionospheric layers. Much later, [START_REF] Calais | GPS detection of ionospheric perturbations following the January 17, 1994, Northridge earthquake[END_REF] reported ionospheric perturbations of the density of electrons by using another sounding method, based on data from Global Positioning System (GPS) receivers, and corresponding therefore to electron density perturbations. Since these works, the detection of the associated ionospheric perturbations has beneficiated from the recent developments in ionosphere remote sensing, in particular of techniques using GPS dense networks, Doppler HF sounder or even over-the-horizon radar. These tools provide unprecedented capabilities for monitoring the reaction of the ionosphere to seismic waves.

We present in this paper the state of the art in the modelling of these signals, with a review of the theory necessary to model the observations, and present and discuss the perspectives of this new seismological approach.

II. THEORETICAL MODELING OF THE SEISMIC WAVES IN THE

NEUTRAL AND IONIZED ATMOSPHERE

II. 1 SOLID EARTH-NEUTRAL ATMOSPHERE COUPLING

The modelling of waves with a propagation path splitted in the Earth's interior and atmosphere has to take into account the two different media, and two approaches are therefore possible. In the first approach, one considers the surface of the Earth as a simple interface: when waves reach this interface, part of their energy is reflected, while the remaining part is transmitted, either in the atmosphere for up going waves or in the solid earth for down going waves. The transmission (t) and reflection (r) coefficients from the Earth's interior to the atmosphere can be easily estimated for waves propagating vertically: while the energy transmission (T) and reflection (R) coefficients, which verify R+T=1, are These simplified expressions, as well as the similar expression for a downward propagation, provide the order of magnitude of the energy transfer between the two systems, by using typical values for air,int,cair and cint (e.g. respectively 1.2kg/m 3 , 2600 kg/m 3 , 330 m/s and 5800 m/s respectively). The energy transmitted by one transmission from the interior to the atmosphere or from the atmosphere to the interior is 4 times the acoustic impedance ratio between the air and interior, leading to about 10 -4 (Lognonné and Johnson, 2007). This will be typically the relative energy transferred by seismic body wave to the atmosphere or by an atmospheric source to the interior. Normal modes associated to seismic surface waves will transmit more energy, as they are stationary waves. The transmitted energy can however be estimated easily with this approach for the fundamental surface wave of angular order easily with this approach. As they have a horizontal wavelength of and bounce on the surface one time per cycle, with an amplitude decreasing each time by due to attenuation in the solid part, where Q is the quality factor of the mode, the total energy can be expressed as the sum of the term of a geometrical series . During these successive bounces, the portion of energy transmitted to the atmosphere will therefore be , where  is the partition ratio between the energy in vertical displacement and the total energy, the latter being typically of the order of 0.5. For a Q value of 100, we find typical values of nearly 10 -3 , showing that almost one per mille of the energy of surface waves is dissipated in the Earth's atmosphere, as shown on Figure 1.

A much more detailed and rigorous theory is necessary for the modelling of the observed phenomena, especially due to the fact that most observations are done for long period seismic waves, with periods of several 10s of seconds or even a few of 100s of seconds, for which the high frequency approach of propagating waves and rays is not valid anymore: both the surface and the troposphere are indeed within one wavelength for acoustic waves of 100sec (i.e. about 30 km of wavelength). The first theory was developed by Watada (1995) and [START_REF] Lognonné | Normal mode summation of seismograms and barograms in an spherical Earth with realistic atmosphere[END_REF]. This approach takes into account the coupling between the solid Earth, the ocean and the atmosphere. In the latter paper, the boundary conditions of the elasto-dynamic operator at the solid Earth -atmosphere interface is integrated in the normal modes theory. A radiative boundary condition simulates the escape of acoustic and gravity atmospheric waves in the upper ionosphere, where no refraction of waves is observed.

Either variational methods [START_REF] Lognonné | Normal mode summation of seismograms and barograms in an spherical Earth with realistic atmosphere[END_REF] or iterative methods [START_REF] Kobayashi | A new method to calculate normal modes[END_REF] can be used, leading to the computation of normal modes with both eigenfrequency and eigenmodes with complex values. The dissipation related to viscosity in the atmosphere can be easily incorporated, as shown by [START_REF] Artru | Normal modes modeling of post-seismic ionospheric oscillations[END_REF]. The integration of heat conductivity in a more exact way remains to be done in these simulations.

The results, for a typical atmospheric model (US standard atmospheric model, 1976) and the PREM model for the solid Earth [START_REF] Dziewonski | Preliminary reference Earth model[END_REF] are shown in Figure 1. The finite wavelength of the long period acoustic waves generates resonance effects observed at the frequencies associated with the fundamental and overtones of the atmospheric wave-guide. At these frequencies (about 3.7 mHz and 4.44 mHz), a much larger fraction of the seismic waves is transferred in the atmosphere, and this preferential transmission is the major explanation not only for the bichromatic signals observed after volcanic eruptions, but also for the large ionospheric waves detected between 3.5 and 5 mHz. The amplitude of the normal modes, either in the atmosphere for the Rayleigh fundamental normal modes, or in the solid Earth for the acoustic normal modes, can be found in [START_REF] Lognonné | Normal mode summation of seismograms and barograms in an spherical Earth with realistic atmosphere[END_REF], [START_REF] Lognonné | Chapter 10: Normal modes of the Earth and Planets[END_REF], Lognonné and Johnson (2007) and [START_REF] Kobayashi | A new method to calculate normal modes[END_REF]. Figure 1 also provides a comparison of the coupling between the Earth and other telluric planets.

This will be discussed briefly in section V.

The properties of the atmospheric channel in this vertical propagation is however significantly dependent on the position and local time, as the structure of the atmosphere changes with position and local time (Figure 2). Both the energy transfer and the amplitudes of the normal modes are therefore affected. As the atmosphere/interior coupling is a local effect (i.e. associated with an horizontal propagation much smaller at long period than the wavelength of the seismic waves), a first modelling of this variability can be done by using the 1D theory described above on all point of the Earth surface, using on each of these points an empirical 2D atmospheric model, such as the NRLMSIS-00 model (Picone et al., 2000).

The first feature observed is related to the crossing between the solid Earth fundamental Rayleigh modes (noted 0S) and the atmospheric fundamental acoustic modes (noted 0P). The latter is the main reason for the large energy transfer found around 3.7 mHz between the solid Earth and the atmosphere. Figure 3 shows that depending on the local time and location, this crossing can be either between the frequencies of 0S27-0S28 or 0S28-0S29. This is generating a dependence of the energetic coupling with local time and location, as shown in Figure 4a: the amount of energy in the atmosphere can vary by a factor of two for the fundamental modes and the first overtones at the resonances frequency and the amplitudes are found to be the IONOSPHERIC SEISMOLOGY: P.Lognonné et al.

largest during the night, when the acoustic impedance of the atmosphere is the highest (Figure 4b).

As a first step, spherically symmetric normal modes can be used to compute, with a summation technique, not only seismograms from atmospheric sources, but also atmospheric signals from quakes. We however have to keep in mind the effect of the atmospheric variability, which will require the computation of normal modes for a 3D time dependant atmosphere for more precise studies.

II.2 NEUTRAL ATMOSPHERE -IONOSPHERIC COUPLING

When atmospheric waves reach the ionosphere, they interact with the ionospheric plasma.

This interaction is done mainly through collision processes, which transfer the velocity of the neutral atmosphere, noted as w to the ions or electron. The electrons/ions are then interacting through electromagnetic forces in order to maintain the ionosphere neutrality and Electric field and Magnetic field are therefore perturbed. Both ions and electrons in addition interact with the magnetic and electric fields, and to the first order, the velocity of the charged particles is then significant only along the direction of the magnetic field [START_REF] Dautermann | GPS Detection, Modeling and Energy Estimation of the Ionospheric Wave caused by the 2003 Explosion of the Soufriere Hills Volcano, Montserrat[END_REF][START_REF] Ostrovsky | Ionospheric effects of ground motion: The roles of magnetic field and nonlinearity[END_REF][START_REF] Kherani | Fluctuations in ionosphere during seismic activity[END_REF]. More in details, the Fourier transform of the velocity of a given ionized species can be expressed as [START_REF] Kherani | Fluctuations in ionosphere during seismic activity[END_REF] where we use the Fourier transformed components of the velocity of a given species u and br,b and b are the direction cosines of the magnetic field along the r,  and  directions.

is the ratio between the gyropulsation of the ionized species and its collision frequency, is the ratio between the pulsation of the wave and the collision frequency and the final expression are given to the first order of 1/. q and m are the charge and mass of the species, while B is the local amplitude of the magnetic field and i is such that i 2 =-1. The typical values of the collision frequencies are given on Figure 5, while the gyrofrequency (2 time smaller than the pulsation) is about 1.4 MHz for electrons and a 50 000 nT magnetic field amplitude, typical of the Earth magnetic field over California or Japan. The gyrofrequency is 30 000 times smaller for the O+ ion and therefore about 45 Hz. This shows that for both ions and electrons,  is much larger than unity, and for the surface waves,  is smaller than unity, which justify these expressions valid to the first order in 1/. The ionospheric perturbation in velocity is therefore mainly parallel to the magnetic field and has a smaller component perpendicular to the magnetic field. The electron density variations are expressed by the conservation equation in the linearized case and when no perturbation in the production rate is assumed. Here is the background and steady state electron current, such as the Equatorial electro-jet. These effects are generating both latitudinal and azimuthal effects on the ionospheric signals.

Figure 6 shows the latitudinal effect, for typical amplitudes recorded in the ionosphere, for surface arbitrary vertical amplitude of one mm in displacement, at the frequency of 5 mHz.

We note the amplification with altitude of the neutral wave, as well as its latitude dependence related to change of the scale height between the equator and poles. Due to the magnetic field, the vertical charged velocity is cancelling at the magnetic equator while the maximum in the electron density perturbation is found at the equator, with a secondary maximum at mid-latitudes. Figure 6 also illustrates that the ionospheric perturbation cannot be recorded everywhere with the same efficiency and tools and that both Doppler sounder (sensitive to the velocities) and GPS sounders (sensitive to the electron density) are necessary to perform observations over a wide range of latitudes.

This azimuth dependence of electron density perturbation is illustrated in Figures 7a and7b, for an acoustic expanding wave, generated over Japan, where the magnetic inclination is about 50°. During its perturbation, the acoustic ray is bended due to the increase of the sound speed. When propagating southward, it reaches therefore a point where it is parallel to the magnetic field, while a perpendicular configuration is in contrary found for northward propagation path. This azimuth sensitivity, leading to an apparent directivity effect on the observations of ionospheric-seismic signals from quakes [START_REF] Ionospheric Seismology | Directivity and apparent velocity of the coseismic ionospheric disturbances observed with a dense GPS array[END_REF] or of ionospheric-acoustic signals from volcanic eruptions [START_REF] Heki | Explosion energy of the 2004 eruption of the Asama Volcano, central Japan, inferred from ionospheric disturbances[END_REF]) must be taken into account for any amplitudes modelling and interpretation.

III OBSERVATION AND INVERSIONS

Our review will focus on the observations performed relatively far from the source, when the contributions from the waves propagating in the atmosphere and excited at the source by the ground displacement can be separated from the seismic tele-seismic waves. We will therefore not cover the ionospheric observations of the direct acoustic waves, the latter being the high altitude counter part of the waves described in detail by Mikuma and Watada.

Theses waves have however been reported and in some cases modeled by many studies (e.g. [START_REF] Afraimovich | The shock-acoustic waves generated by the earthquakes[END_REF][START_REF] Ionospheric Seismology | Directivity and apparent velocity of the coseismic ionospheric disturbances observed with a dense GPS array[END_REF][START_REF] Kiryushkin | Determining the parameters of ionospheric perturbation caused by earthquakes using the quasi-optimum algorithm of spatiotemporal processing of TEC measurements[END_REF], Heki et al., 2006[START_REF] Astafyeva | Long-distance traveling ionospheric disturbances caused by the great Sumatra-Andaman earthquake on 26 December 2004[END_REF][START_REF] Shinagawa | A numerical simulation of ionospheric and atmospheric variations associated with the Sumatra earthquake on December 26, 2004[END_REF] and where probably the waves detected originally by [START_REF] Calais | GPS detection of ionospheric perturbations following the January 17, 1994, Northridge earthquake[END_REF]. We will also not review the possible atmospheric origin of the "hum" of Earth's free oscillation, as the oceanic waves are probably the major source of its excitation [START_REF] Webb | The Earth's 'hum' is driven by ocean waves over the continental shelves[END_REF]. See however [START_REF] Tanimoto | Interaction of Solid Earth, Atmosphere, and Ionosphere[END_REF] for a recent review on the possible atmospheric contribution to this "hum".

III.1 ATMOSPHERIC COUPLING AT THE SOURCE

The first illustration of the seismic/acoustic wave coupling can be found in signals atmosphere and the volcano [START_REF] Widmer | Bichromatic excitation of long-period Rayleigh and air waves by the mount Pinatubo and El Chichon volcanic eruptions[END_REF][START_REF] Zürn | World wide observation of bichromatic long-period Rayleigh-waves excited during the June 15, 1991 Eruption of Mt. Pinatubo[END_REF]. Others proposed the excitation of two atmospheric waves, the low frequency one being a gravity wave, and the other being acoustic [START_REF] Kanamori | Harmonic excitation of mantle Rayleigh waves by the 1991 eruption of mount Pinatubo, Philippines[END_REF][START_REF] Kanamori | Excitation of atmospheric oscillations by volcanic eruptions[END_REF]. It is now recognized that this bichromatic excitation is simply related to the fact that the Rayleigh waves with frequencies around 3.7 mHz and 4.44 mHz have more energy in the atmosphere and are therefore more excited than the others.

Such view can be consolidated by a waveform source inversion of the Pinatubo data, shown in Figure 8, where 18 stations of the Global Network (Geoscope and Iris) on the VLP channels corresponding to the full day of June, 15, 1991 are arranged. In such inversion, we have to compute the seismograms, by using the Rayleigh normal modes with their atmospheric extension, as shown in Figure 5. A standard normal mode summation technique (e.g. [START_REF] Lognonné | Normal modes and Seismograms of an anelastic rotative Earth[END_REF]) can be used. For an explosive force, the expression of the seismograms is given by [START_REF] Lognonné | Excitation of the Jovian seismic waves by the Shoemaker-Levy 9 cometary impact[END_REF]:

,

where rs and re are the receiver, explosion coordinates respectively, index k denotes a

given mode with quantum numbers , m, n, k and uk are the normal frequency and normal mode respectively associated to index k. The source term Mk(re, t) is given by the source integrated over the whole source volume and is expressed by Mk(t) = Vs p(t) div(uk) when the source is represented as an isotropic pressure glut p(t) in the source volume Vs. Note that in the source term, the divergence of the normal mode eigenfunction is taken at the source location re. The pressure glut is defined, following [START_REF] Lognonné | Excitation of the Jovian seismic waves by the Shoemaker-Levy 9 cometary impact[END_REF] as the difference between the true pressure and the Hooke pressure plus the Reynolds stresses.

Such an expression allows therefore to test the source altitude. Figure 9 shows the result of a least square inversion of the data with synthetics filtered in the frequency bandpass window from 1 mHz to 8 mHz, assuming that the seismic source is localized at a given altitude z (or depth -z), being isotropic in all direction and radiating during 10 hours starting after June, 14, 1991.

The inversion is performed by least square fitting of the vertical ground displacement after instrumental correction and by adding a correlation time to the moment tensor history, in order to stabilize the inversion. We therefore minimize with an exponential correlation function , in order to stabilize this inverse problem. Inversions for all altitudes from a few kilometers depth to about 60 km of altitude are then performed and compared. The best variance reduction (about 60 %) is found near the surface and at an altitude between 24 and 28 km (Figure 10a-b). In these two cases, the physical meaning of the seismic source is therefore different, with simple models of mass injection for the surface source and more complex models of shock waves for the altitude source. See for example [START_REF] Lognonné | Excitation of the Jovian seismic waves by the Shoemaker-Levy 9 cometary impact[END_REF] for a detailled analysis of the seismic radiation of shock waves generated by explosion. In order to assess the validity of a low altitude source with respect to a high altitude one, the amplitudes of the two different sources can be compared. The seismic moment minimum value is M0 = b ( -1 ) E [START_REF] Lognonné | Excitation of the Jovian seismic waves by the Shoemaker-Levy 9 cometary impact[END_REF],

where  is the adiabatic index of the atmosphere, b the duration of the blast and E the energy released. The maximum value is M0 = 2 b E, when all the energy E is released in kinetic energy, which might be the case for an eruption where most of the ejecta have a vertical velocity. As shown in Figure 10b reasonable amplitudes are found only for a source at 24-28 km of altitude, with most of the energy released at the time of the individual explosions.

These releases of seismic moment are found near the reported date of the individual eruptions. These eruptions are equivalent to yields of about 4000 MT.sec, corresponding to explosions releasing about 20 MT during blast times of about 200-500 sec, which corresponds to the order of magnitude of the Pinatubo eruption, whose energy is about 200

MT in several explosions. These results show that the seismic source of the Pinatubo eruption can be relatively well explained by a series of eruptions rather than the complex mechanisms proposed by the previous studies.

In a similar approach, Dautermann et al (2008a[START_REF] Dautermann | Lithosphere-Atmosphere-Ionosphere Coupling after the 2003 Explosive eruption of the Soufriere Hills Volcano, Montserrat[END_REF] have recently studied the 2003

Montserrat eruption associated with the explosive lava dome collapse of the Soufriere Hills volcano. Both signal in the ionosphere, associated to the acoustic wave and detected on the TEC GPS data, and signals in the ground, associated to the seismic waves and detected on strain sensors, have been recorded. As for the Pinatubo, best results in the waveform fitting are achieved for a source in the atmosphere. Note however that in these case, both the acoustic and seismic waves must be taken into account in the modelling, as the observations are to close for achieving a separation of the wavetrains, as it was the case for the remote seismic signals of the Pinatubo eruption.

III.2 IONOSPHERIC-ATMOSPHERIC COUPLING OF SEISMIC WAVES

Let us now consider the same coupling processes, but in the opposite propagating direction, i.e. from the Earth's interior toward the Earth's atmosphere. The classical example will here be a quake, generating seismic waves converted partially to atmospheric waves when the seismic wave front reaches the Earth's surface. In this process, only horizontal S waves, i.e. SH or Love waves, will not generate acoustic waves. All others will be converted and acoustic waves will therefore be launched into the atmosphere for incident SV and P body waves and also for the spheroidal surface waves, especially the fundamental Rayleigh ones.

The amplitudes of the acoustic waves are generally quite small at the Earth's surface (Their amplitude, for vertically incident waves, is twice the amplitude of the vertically incident seismic waves from the Earth's interior). The typical amplitude of the associated pressure waves in the atmosphere can be estimated, for a vertically incident body wave, to

for the typical values of the density and sound speed of the atmosphere at the ground level.

For travelling surface waves and for nearly-horizontally travelling body waves from shallow earthquakes, the pressure wave is twice smaller (e.g. Watada et al., 2006). This shows that even for 20 sec surface waves of 1 mm amplitude, corresponding to the typical surface waves from large (Ms > 8) quakes at teleseismic distance, the pressure fluctuation is a fraction of Pa.

The same is observed for body waves: one second body waves of 1 cm/s 2 , corresponding to the acceleration of a local and shallow M=3.5 quake or to a Mercalli scale of II, generates ground amplitudes of 250 m and a corresponding pressure fluctuation smaller than 0.25 Pa.

These amplitudes are one order of magnitude smaller than those of the records studied by Mikumo and Watada in the previous section, which correspond to large quakes (e.g. Ms> 8, such as the 2003 Tokachi-Oki earthquake studied by Watada et al., 2006). This shows the difficulties for observing signals for most of the quakes at the ground level and the importance of the amplification in the acoustic waves amplitudes observed when the latter propagate upward towards the ionospheric height, where they are amplified due to the atmospheric density decay.

During more than 4 decades, the detected signals described above were more or less considered as some "funny" or "exotic" observation in seismology, unable to provide new valuable informations, either on the source or on the internal structure of the Earth. However, we are now facing a rapid improvement, with the development of new technologies in ionospheric sounding, or with the progressive development of dense GPS networks. This puts a new light on these researches and starts to point out possible seismological interests and applications.

Following the pioneering works done with analogue Doppler sounder (Davis and Baker, 1965;[START_REF] Leonard | Observation of ionospheric disturbances following the Alaska earthquake[END_REF][START_REF] Row | Evidence of Long-Period Acoustic-Gravity Waves Launched into the F Region by the Alaskan Earthquake of March 28, 1964[END_REF][START_REF] Row | Acoustic-Gravity Waves in the Upper Atmosphere Due to a Nuclear Detonation and an Earthquake[END_REF][START_REF] Yuen | Continuous traveling coupling between seismic waves and the ionosphere evident in May 1968 Japan earthquake data[END_REF] observations IONOSPHERIC SEISMOLOGY: P.Lognonné et al.

have been continuously done with improved performances [START_REF] Namazov | Doppler frequency shift in ionospheric propagation of decametric radio waves[END_REF][START_REF] Najita | Long-period Rayleigh wave group velocity dispersion curve from HF doppler sounding of the ionosphere[END_REF][START_REF] Tanaka | HF-Doppler observation of acoustic waves excited by the Urakawa-Oki earthquake on 21 March 1982[END_REF][START_REF] Blanc | Observations in the upper atmosphere of infrasonic waves from natural or artificial sources: A summary[END_REF], Egorov et al, 1990[START_REF] Parrot | High-frequency seismo-electromagnetic effect[END_REF]. The new generations of sounders, such as the Doppler sounder operated by CEA/DASE in France can detect most of the earthquakes with Ms greater than 6.5 [START_REF] Artru | Acoustic waves generated from seismic surface waves: propagation properties determined from Doppler sounding observation and normal-modes modeling[END_REF]. They provide data very similar to seismograms in the sense that they measure directly the vertical motion of an ionospheric layer: both surface waves and body waves are detected in the ionosphere, including SV waves (see Fig 11). Many other Doppler sounder are in operation and have collected a large amount of data, especially after the large Sumatra quake with observations in Taiwan [START_REF] Liu | Giant ionospheric distrubances excited by the M9.3 Sumatra earthquake of 26 December 2004[END_REF], China [START_REF] Hao | Responses of the ionosphere to the Great Sumatra earthquake and volcanic eruption of Pinatubo[END_REF] in addition to those in France. A close analysis of these data however shows that the propagation of the signal at high altitudes is not well explained by acoustic propagation only and that the observed propagation velocities are much lower than the acoustic values [START_REF] Artru | Ionospheric detection of gravity waves induced by tsunamis[END_REF]. In Figure 11, this might be observed when we compare the 1 min delay between the waveforms at 186 km and 168km, with the theoretical delay of about 30 sec. The full understanding of these data will therefore need further works.

These Doppler instruments still remain limited to a small number of point measurements and cannot resolve the 3D structure of the perturbation. Recent studies have therefore used Over-The-Horizon radars, which might provide maps of the ionospheric vertical displacements [START_REF] Occhipinti | Observations multi-parametres et modélisation de la signature ionosphérique du grand séisme de Sumatra[END_REF], including the detection of the R2 phase of the Rayleigh waves generated by the Sumatra, March 28 Ms=8.7 earthquake (Occhipinti et al., 2008). Preliminary results show that the signal to noise ratio of these instruments is probably comparable to those obtained by Doppler sounders and that these instruments could therefore be a way to provide dense measurements of the seismic wavefront, with sampling as low as 1 measurement per 25 km 2 over Earth's surface of several 10 6 km 2 . Their use for scientific application remains however challenging.

Another approach is necessary. It can be based on electron density perturbation measurements performed by the GPS networks (see Manucci 1998 for details on the ionospheric sounding with GPS and [START_REF] Lognonné | Ground based GPS tomography of ionospheric post-seismic signal[END_REF] for a review on its seismic applications). The first seismic observations were performed by [START_REF] Calais | GPS detection of ionospheric perturbations following the January 17, 1994, Northridge earthquake[END_REF] after the 1994 Northridge earthquake (Ms=6.7), who detected perturbations in the ionospheric total electron. [START_REF] Afraimovich | The shock-acoustic waves generated by the earthquakes[END_REF] detected the acoustic shock waves associated with two earthquakes that occurred in Turkey in 1999. [START_REF] Ducic | Ionospheric remote sensing of the Denali Earthquake Rayleigh surface waves[END_REF] have then used data from the dense California GPS networks and detected the ionospheric Rayleigh waves. As Najita and [START_REF] Najita | Long-period Rayleigh wave group velocity dispersion curve from HF doppler sounding of the ionosphere[END_REF], they were able to use the ionospheric perturbations for the computation of the group velocity of the long period oceanic Rayleigh waves. The 3D structure of the Denali ionospheric signal was then characterized by Garcia et al. (2005) and with such approach, the comparison of signals from identical altitude can be performed. Figure 12 illustrates these 3D views of the ionospheric signal and confirms experimentally the maximum electron density altitude, as compared to Figure 6.

The dense and denser GPS networks available around the world, especially in Japan, California and USA and Europe, allow now numerous observations. Figure 12 shows one such example, following the shallow (depth = 27 km), Tokachi-Oki earthquake of September, 25, 2003 (Ms=8.3, latitude of 41.775°N and longitude of 143.904°E). We clearly see on this

profile the transition at an epicentral distance of about 200 km between the acoustic waves, propagating mainly in the atmosphere with an acoustic velocity smaller than 1000m/s, and the acoustic signature of the Rayleigh waves, with an apparent velocity corresponding to the seismic Rayleigh surface waves (3500 m/s).

Much more studies will probably be made in the near future on the seismological analysis of these data: in addition to the group velocity measurement already done by Najita and [START_REF] Najita | Long-period Rayleigh wave group velocity dispersion curve from HF doppler sounding of the ionosphere[END_REF] and [START_REF] Ducic | Ionospheric remote sensing of the Denali Earthquake Rayleigh surface waves[END_REF], we can in particular envisage new seismic source constrain, following the first studies done by [START_REF] Ionospheric Seismology | Directivity and apparent velocity of the coseismic ionospheric disturbances observed with a dense GPS array[END_REF], [START_REF] Kiryushkin | Determining the parameters of ionospheric perturbation caused by earthquakes using the quasi-optimum algorithm of spatiotemporal processing of TEC measurements[END_REF] for the 2003 Tokachi-Oki quake and and and [START_REF] Heki | Detection of ruptures of Andaman fault segments in the 2004 great Sumatra earthquake with coseismic ionospheric disturbances[END_REF] or [START_REF] Shinagawa | A numerical simulation of ionospheric and atmospheric variations associated with the Sumatra earthquake on December 26, 2004[END_REF] for the large 2004 Sumatra quake.

IV. IONOSPHERIC-ATMOSPHERIC COUPLING OF TSUNAMI WAVES

As for surface waves, early observations (Donn and Mc Guiness, 1960) and theoretical works [START_REF] Peltier | On the possible detection of tsunamis by a monitoring of the ionosphere[END_REF] predicted that atmospheric gravity waves are generated in the wake of a tsunami through resonant coupling between atmospheric and water gravity waves.

About 30 minutes are needed for the gravity wave to develop its first maximum perturbation in the ionosphere (versus ~10 minutes for seismic-acoustic waves). But after this delay the ionospheric perturbation follows the tsunami front and, as for the seismic waves, the atmospheric oscillations are amplified with altitude. It should also be noted that, due to their much shorter wavelength and period, the surface noise of ocean swell does not produce significant upward propagating waves into the atmosphere: the atmosphere acts as a filter, enhancing the long wavelength tsunami perturbation over other sources. Figure 14 shows the results of simulation, where the tsunami first generates an atmospheric gravity wave that is then generating, through collisions between neutral atmosphere and ions, perturbations in the electronic density.

The first ionospheric observation had however to wait almost 30 years. It was made after the Peru, June, 2001 tsunami [START_REF] Artru | Ionospheric detection of gravity waves induced by tsunamis[END_REF]. The tsunami arrival was observed on Japanese tide gauges between 20 and 22 hours after the earthquake, with wave amplitudes between 10 and 40 cm (open ocean amplitude were estimated to be of 1-2 cm) and dominant periods of 20 to 30 minutes. Shortly after, a large ionospheric perturbation was detected through a specific processing of data from the continuous GPS network in Japan (GEONET).

The arrival time, orientation, wavelength, velocity of the wave packet observed are consistent with what is expected for a tsunami-induced perturbation.

The gigantic and dramatic Sumatra tsunami of December, 2004 confirmed the possibilities of observing tsunami-induced ionospheric signals, which were actually detected on the Total Electronic Content (TEC) measurement on-board the TOPEX/Poseidon and JASON satellites. The modelling of the ionospheric signal shows that both the waveform and the amplitude observed by Jason and Topex can be reproduced [START_REF] Occhipinti | Observations multi-parametres et modélisation de la signature ionosphérique du grand séisme de Sumatra[END_REF].

Improved modeling have been done by taking into acount the magnetic field (Occhipinti et al., 2008), the dissipation/diffusion processes [START_REF] Mai | Modeling of Ionospheric Perturbation by 2004 Sumatra Tsunami[END_REF] and Coriolis and heigh dependent winds [START_REF] Hickey | Simulations of Tsunami Effects in the F-Region Ionosphere[END_REF]. Other observations were performed worldwide, either on GPS data in the India Ocean [START_REF] Lognonné | Ground based GPS tomography of ionospheric post-seismic signal[END_REF][START_REF] Dasgupta | Ionospheric perturbation Observed by the GPS following the December 26th, 2004 Sumatra-Andaman earthquake[END_REF][START_REF] Liu | Giant ionospheric distrubances excited by the M9.3 Sumatra earthquake of 26 December 2004[END_REF], Otsuka et al., 2006) or even at the Aricebo facility [START_REF] Lee | Did Tsunami-Launched Gravity Waves Trigger Ionospheric Turbulence over Arecibo?[END_REF]. All these signals can be associated with the ionospheric perturbation attributed to the propagating tsunami.

These results confirm the interest of a real-time monitoring of the ionosphere, which could be carried out either with active microwave radar or by optical systems for airglow detection.

They open new prospect for future tsunami warning techniques.

V. EXPORTING REMOTE SENSING SEISMOLOGY ON VENUS?

Although on the Earth the technique described above would never provide the same quality of seismic data as a seismic network, they can be a unique way to obtain seismic data on planets too hostile for the deployment of long-lived seismic stations. Venus is the best example [START_REF] Lognonné | Ground based GPS tomography of ionospheric post-seismic signal[END_REF]Johnson, 2007). In addition, the coupling strength is proportional to the acoustic impedance of the atmosphere, equal to c where  is the density and c the acoustic speed. As the atmospheric density at the surface of Venus is about 60 kg/m 3 and the acoustic velocity is slightly higher (410 m/s) than on the Earth, this leads to an acoustic impedance about 60 times greater than on the Earth, where the atmospheric density is 1.2 kg/m 3 .

Moreover, at an altitude of 50 km, where the Venus pressure is comparable to Earth ground pressure, the decrease by almost 2 order of magnitude of the density leads already to an amplification of 10 of the acoustic waves. Consequently, Venus quakes will generate atmospheric infrasonic waves with amplitudes much larger than on the Earth surface (Figure 16). This profitable effect gives a unique opportunity for a future detection of Venus quakes by a satellite sounding the Venus ionosphere.

VI. CONCLUSION

A significant coupling between the acoustic and seismic waves is observed. This coupling is is used for the Earth, whereas the models of [START_REF] Forget | Improved general circulation models of the Martian atmosphere from the surface to above 80 km[END_REF] and [START_REF] Hunten | Venus[END_REF] are used for Mars and Venus respectively (Reprinted from Lognonné and Johnson, 2007). shows the isotropic perturbations in electron density when no magnetic field is taken into account.

They reach a maximum at the maximum ionization altitude. The right figure shows the effect of the magnetic field, which focus the perturbation in the south, where the acoustic rays reach a configuration parallel to the magnetic field. Islands, occurring respectively at 0059TU and 0113TU) subtracted from the data after CMT inversion of both quakes achieved by a waveform fitting of coupled synthetics computed for the M84A aspherical model [START_REF] Woodhouse | Mapping the upper mantle: three dimensional modelling of earth structure by inversion of seismic waveform[END_REF]. All traces show the vertical velocity perturbation in the 1-50 mHz frequency band. An amplification of 4.10 4 is observed between the ground and the ionosphere. The ~ 8 minutes delay between the ground and the ionosphere at 168 km of altitude corresponds to the propagation time of the acoustic wave. About 28 sec are necessary from 168 km to 186 km.

Due to this delay, body waves are expected to arrive in the ionosphere at about 18h20, 18h26

for S and SS waves respectively, while surface waves arrive at about 18h39'30''. SV waves, due to SV-P conversion are therefore possibly detected. Comparison with synthetics obtained with normal modes can be found in [START_REF] Artru | Ionospheric detection of gravity waves induced by tsunamis[END_REF]. Adapted from Tanimoto and Artru 

  detected in an atmosphere-Earth's interior path, in which the Rayleigh waves (and theoretically body waves too) are excited at the source by powerful atmospheric sources. They then can propagate in the solid Earth over long distances. The typical sources for such signals are the volcanic explosions, like El Chichon in 1982, Pinatubo in 1991 and more recently Montserrat in 2003. The first clear observation was made after the Pinatubo eruption: by stacking 12 IDA stations records of 12 hours long, Zürn & Widmer (1996) have shown indeed that the recorded signals have a selective excitation of Rayleigh surface waves around frequencies of 3.7 mHz and 4.44 mHz for the two mains peaks. Many papers were published on the explanation of these unusual signals. Some have proposed a feedback regime between the
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 1 Figure 1: Fraction of energy of surface waves in the Venus, Earth and Mars atmospheres for Rayleigh surface Only the first peaks are due to atmospheric resonances. Note that the amplitudes on Mars and Earth are comparable at low frequency (2-3 mHz), due differences in the atmospheric resonance US standard atmospheric model (1976)
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 23 Figure 2 : Sound speed in the atmosphere for model NRLMSISE-00 on January 1 st , a 0h00 TU, as a function of altitude and longitude, at an altitude of 50 km. Variations are about 10% peak-to-peak
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  Figure 4a-b: (a) Left: Plot of the fraction of energy in atmosphere for the fundametal Rayleigh waves of angular order up to 50 for the first harmonics, for local time of the MSISE-00 atmospheric model. The interior model remains PREM for all cases. The resonances, while occurring for different angular orders, are found at the same frequencies. Right: plot of the amplitude of the vertical component of the fundamental Rayleigh waves near the resonance (angular order 29). The amplitudes, multiplied by the square root of density, are multiplied by 100 in the atmosphere. A minimum of coupling is found near 12h local time.
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 56 Figure 5: (left) Typical electron density as obtained from IRI(Bilitza et al., 1996) for a morning condition (5h local Right Figure shows the typical collision frequencies for ion-neutral and electron-neutral, as obtained from model SAMI2(Huba et al., 2001) 
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  Figure 7a-b: 3D simulation of an acoustic wave generated by a point source at the surface, over Hokkaido, Japan. X Y direction are along west east and south north respectively. The left figure

  IONOSPHERIC SEISMOLOGY: P.Lognonné et al.

Figure 8 :

 8 Figure 8 : Bandpass filtered vertical data recorded after the Pinatubo eruption by several station of the global network. Stations have increasing epicentral distance from top to bottom. The Two small quakes recorded on the data and originating from other sources as the Pinatubo region (A Ms=6.1 quake from Causasus and a Ms=6.3 quakes from South Sandwich

Figure 9 :

 9 Figure 9: Synthetics found in the inversion, explaining 60% of the variance of the data.The fundamental and the ten first overtones were taken in the normal modes summation and all the normal modes of these branch in the studied frequency window where taken. Note that the main characteristics of the waveforms are retrieved, as well as amplitudes.

Figure 10a :

 10a Figure 10a : variance for a series of inversion, for different values of altitude and weighting The best are found either at the ground level in the atmosphere or at an between 20-28 corresponding to the altitude reached by the eruptions.

Figure 10b :

 10b Figure 10b:Source history for a surface pressure glut versus Amplitude in 20 MT of equivalent TNT times one second. The source is at 28 km of altitude, and when compared to the source solution for shallow atmospheric source, the amplitude of the source is reduced by a 100 as well the complexity of the source. The obtained source function is closer from a series of explosion, each of them of about 20-40 MT and with burst times of the order of 200-500 sec. Vertical lines are associated to the reported eruption of the volcano and several fits with the burst found in the source function.

  IONOSPHERIC SEISMOLOGY: P.Lognonné et al.

Figure 11 :

 11 Figure 11: Seismic surface waves after the Mw = 7.6 Chi-Chi earthquake (Taiwan, September 20, 1999) as measured on a ground seismometer (bottom panel) at the Geoscope station SSB (Saint-Sauveur, France) and on CEA ionospheric sounding network (Francourville, France), corresponding to the vertical motion of ionospheric layers at altitudes 168 and 186 km. These two stations are located at 89.06 and 89.17° of epicentral distance.
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 1213 Figure 12: Acoustic and Rayleigh waves detected by the Japanese Geonet GPS network after the Tokachi-Oki earthquake of September, 25, 2003. Data are filtered in the bandpass 2.4-4 mHz, where the atmospheric coupling is the largest. The two grey arehodochrons for waves at 3.5 km/s and 1 km/s from the source. Amplitudes are in TEC units. Up to about 300 km of epicentral distance, acoustic waves, propagating mainly in the atmosphere, are detected, while Rayleigh waves appear clearly at distances larger than
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 1416 Figure14: Coupling between the neutral atmosphere gravity wave induced by ionosphere. The tsunami amplitude has a 0.5 meter amplitude and about 13min period, corresponding to the amplitude of the 2004 tsunami. From top to below are the normalised neutral wind, and the absolute and relative electron density. This shows that perturbations up to 10% are generated by such tsunamis. From Occipinti et al.[2008]