Theory and observation of acoustic coupling between the solid Earth and its atmospherePhilippe Lognonn�1, Juliette Artru1, IPGP, Saint Maur des Foss�s,FranceElisabeth Blanc2 and Thomas Farges2, CEA, Bruyeres le Chatel, France(1) D�partement de G�ophysique Spatiale et Plan�taire, Institut de Physique du Globe de Paris4 Avenue de Neptune, 94107 Saint Maur des Foss�s , Francelognonne@ipgp.jussieu.fr, artu@ipgp.jussieu.fr(2) Laboratoire de D�tection et de G�ophysique, Commissariat � l�Energie AtomiqueBP12, 91680 Bruy�res le Chatel, Franceblanc@ldg.bruyeres.cea.fr,farges@ldg.bruyeres.cea.frIntroduction: The atmosphere of theEarth is generally considered decoupledfrom the solid Earth. Earth’s solid surface isthen considered either as a free surface, byseismologists, or a rigid surface byatmosphericists. However, it has beenrecognized that solid earth sources, such asearthquakes, can excite the atmosphere, andvice-versa; atmospheric sources, such asnuclear, meteoritic or volcano explosions oreven continuous turbulence near the surfacecan excite the solid Earth. We describe herethe mean features of a theory able to takeinto account these coupling effect by anexplicit calculation of the normal modes ofEarth model with realistic atmosphericmodel. We then applied this theory with twoexamples: the first one is the analysis of thePinatubo eruption, which can be foreseen asan example of excitation of the solid earthwith source in the atmosphere. The secondone is the recording of surface waves in theionosphere, and therefore the excitation ofatmosphere by seismic sources in the solidearth.Theory: The theory is described in details inLognonn� et al., 1998. The atmosphere ofthe Earth (or other planets) changes theboundary conditions of the elastodynamicoperator. The atmosphere is indeed such thatno specific boundary can be defined, due tothe exponential decay of the density.However, acoustic waves are not reflectedwhen propagating upward at high altitude,and loose their energy due to viscosity andnon-linear effects. These effects can bemodeled by using a radiative boundarycondition instead of the usual free surfaceboundary condition.Normal modes for such boundarycondition are computed with a variationalmethod, which uses a basis of test functionsfound by mapping the normal modes withfree surface toward functions verifyingexplicitly the radiative boundary conditions.All normal modes of the Solid Earth-Ocean-Atmosphere coupled system are then found(Spheroidal Solid Earth Normal modes,Acoustic, Gravity and Lamb atmosphericmodes, Gravity-Tsunami gravity modes).The main perturbation, for thespheroidal normal modes are found in the amplitude of normal modes rather than in thefrequency or quality coefficientperturbations, which appears to small to bedetected. Two regimes for the fundamentalspheroidal modes are found: below 3.68mHz (the exact frequency depending on themodel), the atmospheric part of the mode istrapped and decay exponentially withaltitude. At higher frequency in contrary, theenergy propagates upward [Figure 1].

Trapped modes(f £ 3.68 mHz)

PropagativemodesSolid modes n=0, l=2-300Figure 1: Amplitude of the Solid spheroidal normalmodes in the upper mantle and atmosphere.Seismic signals from atmospheric sources:the pinatubo eruption: Strong unusualseismic signals were reported following the1991 volcanic eruption of Pinatubo[Kanamori and Mori, 1992; Z�rn et al., 1996Kanamori et al., 1984] and El Chichon, 1982eruption [Z�rn et al., 1996]. The 1991eruption of Mount Pinatubo excitedharmonic fundamental-mode Rayleighwaves with periods of about 230 and 270 sec,which were believed to be caused byacoustic coupling of the solid Earth and theatmosphere. A very detailed study of thisdata set is given by Watada [1995].We present the results of a source inversion,where we invert for the pressure glut historywith a source located either in the solid earthor in the atmosphere. Despite the relativelylow signal to noise ration, good results invariance reduction are found and we matchwell the main feature of the waveform. Acomparison between our source history andthe eruption history and amplitude is given.Figure 2: Top, bandpass filtered data recorded afterthe Pinatubo eruption by several station of the globalnetwork. Bottom: synthetics found in the studyAtmospheric signals from seismic sources:We finally presents data of ionosphericoscillations recorded in France by anionospheric sounder developed by CEA.This instrument performs the measurementof the Doppler shift between a HF EM wave

emitted from the ground and its counterpartreflected by ionospheric F layer and providesa direct measurement of the vertical velocityof the ionosphere. 3 receivers are located 50-100 km apart from the emitter, located inFrancourville, France.The network has been working continuouslysince August 1999, most of M>6.5earthquakes have been observed. Date Ms Prof Df Altitude (km) Tmax 1 7 / 0 8 / 9 9 00:01 Turquie 7.8 1 0 0.5 2 4 01 0 02 0 / 0 8 / 9 9 10:02 Costa Rica 6.7 3 3 0.4 170?4 02 0 / 0 9 / 9 9 17:47 Taiwan 7.6 1 0 0.3 1 8 07 03 0 / 0 9 / 9 9 16:31 Mexique 7.5 3 3 0.15 170?1 0 01 6 / 1 0 / 9 9 09:46 Californie 7.3 1 0

* * * 2 8 / 0 1 / 0 0 14:21 Iles Kouriles 6.8 3 3 0.15 ? 4 02 5 / 0 2 / 0 0 01:43 Iles Vanuatu 7.1 3 3 * * * 2 8 / 0 3 / 0 0 11:00 Japon 7.7 1 1 6 0.8 ? 5 04 / 0 5 / 0 0 04:21 Minahassa 7.3 3 3 0.3 ? 1 0 01 2 / 0 5 / 0 0 18:43 Chili

1 0 0.7 ? 5 01 8 / 0 6 / 0 0 14:44 Ocean Indien 7.5 1 0 1.05 ? * DOPPLER SEISMOGRAM

Table 1: List of the events recorded during the firstyear of operation. Amplitude of the doppler signalsare given, as well as the altitude of the reflection forall recorded events.We present the comparison of syntheticswith these data [Figure 3]. Significantdifferences in amplitude are found. Even ifnon-linear effects are not taken into accounthere, they should represent about 10% of thesignal at 150km and can be neglected in firstapproximation. In contrary, we found thatattenuation due to viscosity is importantabove 100 km height and stronglyconstraints the attenuation of waves: our datacan therefore be used to constrain therelatively poorly known profiles of theatmospheric viscosity. Future works willalso combine this method with the modelingof the interaction of the wave withionospheric plasma, together with thermaleffects.Doppler sounding atFrancourville(CEA, France)Altitude ~ 150 km

SeismogramSaint-Sauveur(Geoscope, France)Ground~ 0,08 Hz

Izmit earthquake, 1999Figure 3˚: Observation of ionograms at Francourvilleand seismograms at the nearby Geoscope SSB station,with their synthetics for the PREM model with USstandart atmospheric model.References˚:¥ Artru J., P. Lognonn� et E. Blanc, Normal modesmodeling of post-seismic ionospheric oscillations,Geophysical Research Letters, , in press, 2000.¥ Lognonn�, P., C. Cl�v�d� and H. Kanamori, Normalmode summation of seismograms and barograms inan spherical Earth with realistic atmosphere, Geophys.J. Int., Geophys. J. Int., 135, 388-406, 1998.¥ Watada, S., Part I: Near-source acoustic couplingbetween the atmosphere and the solid Earh duringvolcanic eruptions, PhD Thesis, California Institute ofTechnology, June, 1995.¥ Z�rn, W. and R. Widmer, World wide observationof bichromatic long-period Rayleigh-waves excitedduring the June 15, 1991 Eruption of Mt. Pinatubo, inFire and Mud, Eruptions of Mount Pinatubo,Philippines, Editors C. Newhall, R. Punongbayan J.,Philippine Institute of Volcanology and Seismology,Quezo City and University of Washington Press,pp615-624, 1996.¥ Kanamori, H., J. Mori and D.G. Harkrider,Excitation of atmospheric oscillations by volcaniceruptions, J. Geophys. Res., 22, 21947-21961, 1994.¥ Kanamori, H. and Mori, J., 1992. Harmonicexcitation of mantle Rayleigh waves by the 1991eruption of mount Pinatubo, Philippines, Geophys.Res. Lett., 19, 721-724.