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Acoustic coupling between solid Earth and atmosphere has been observed since the 1960s, first

from ground-based seismic, pressure, and ionospheric sensors and since 20 years with various satel-

lite measurements, including with global positioning system (GPS) satellites. This coupling leads to

the excitation of the Rayleigh surface waves by local atmospheric sources such as large natural

explosions from volcanoes, meteor atmospheric air-bursts, or artificial explosions. It contributes

also in the continuous excitation of Rayleigh waves and associated normal modes by atmospheric

winds and pressure fluctuations. The same coupling allows the observation of Rayleigh waves in

the thermosphere most of the time through ionospheric monitoring with Doppler sounders or GPS.

The authors review briefly in this paper observations made on Earth and describe the general frame

of the theory enabling the computation of Rayleigh waves for models of telluric planets with atmo-

sphere. The authors then focus on Mars and Venus and give in both cases the atmospheric proper-

ties of the Rayleigh normal modes and associated surface waves compared to Earth. The authors

then conclude on the observation perspectives especially for Rayleigh waves excited by atmo-

spheric sources on Mars and for remote ionospheric observations of Rayleigh waves excited by

quakes on Venus. VC 2016 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4960788]

[AGP] Pages: 1447–1468

I. INTRODUCTION

Rayleigh surface waves correspond to the largest ampli-

tudes recorded on long period seismograms. They propagate

in the vicinity of the Earth surface with maximum amplitude

at a depth of about one-third of their wavelength. Like all

seismic waves, they can be either represented as wave solu-

tions of the gravity-elastodynamic equation, fitting the sur-

face boundary condition, or as seismic rays bouncing the

surface several times along their propagation; see Aki and

Richards (1980). Even if most of the seismology textbooks

ignore the atmosphere and consider that all the wave energy

is reflected at the Earth free surface, Rayleigh surface waves

generate therefore vertical oscillations of the Earth surface

acting like a piston on the surrounding atmosphere and trans-

fer a small fraction of their energy to the atmosphere.

The dynamic ground coupling between the interior of

the Earth and the atmosphere is however quite simple. It is

only related to the continuity on both sides of the Earth’s

surface of the pressure and vertical displacement. As a

consequence, all surface vertical displacement and pressure

changes induced by atmospheric gravity and acoustic waves

will generate seismic waves inside the solid Earth and/or tsu-

namis or acoustic waves in the ocean while on the other side,

all seismic waves (for the solid part) or tsunami and acoustic

waves (for the ocean) exciting the atmosphere with surface

pressure changes or vertical surface displacements will lead

to atmospheric gravity or acoustic waves. Several observa-

tions have illustrated this coupling mechanism since the

development of seismology by the end of the 19th century.

The first one consists in the observation of seismic sig-

nals associated to strong atmospheric sources. Among the

first were the records performed at Irkutsk, in Russia, follow-

ing the atmospheric explosion of a meteor or comet in

Siberia on June 30, 1908 (Ben-Menahem, 1975). Similar sig-

nals were also recorded following the major nuclear explo-

sions performed by the United States and the Soviet Union

in the atmosphere, between 1945 and their limited interdic-

tion in 1963. Apart many reports and studies concerning

atmospheric waves, see the early papers of Yamamoto

(1956, 1957), Hunt et al. (1960), Press and Harkrider (1962),

Donn and Ewing (1962a,b), and Harkrider (1964) for more

specific Rayleigh wave observations. Very recently, seismic
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signals were recorded following a large meteor atmospheric

explosion over Chelyabinsk and are illustrated by Tauzin

et al. (2013) among others. See Edward (2008) and Edwards

et al. (2008) for general reviews on the seismic detection of

meteors.

Other powerful atmospheric sources are the volcano

explosions, and the most famous observations remain those

following the Pinatubo eruption in 1991. By stacking 12

IDA stations during 12 h, Z€urn and Widmer (1996) have

shown that the signals recorded following the Pinatubo erup-

tion showed selective excitation of Rayleigh surface waves

around frequencies of 3.7 mHz, 4.44 mHz for the two main

peaks and 5.2, 6.1, and 7.2 mHz, where mHz denotes 0.001

Hz. Many papers were published on the explanation of these

unusual signals. Some have proposed a feedback regime

between the atmosphere and the volcano (Widmer and Z€urn,

1992; Z€urn and Widmer, 1996). Others proposed the excita-

tion of two atmospheric waves corresponding to gravity and

acoustic waves, respectively (Kanamori and Mori, 1992;

Kanamori et al., 1994). Lognonn�e et al. (1998), Lognonn�e
(2009), and Watada and Kanamori (2010) finally demon-

strated that these signals can be explained through the reso-

nance of the Rayleigh waves with the atmospheric

tropospheric and mesospheric wave guide, resulting in a

large Rayleigh wave atmospheric sensitivity at the observed

selective frequencies.

The discovery of the continuous excitation of normal

modes (Suda et al., 1998; Kobayashi and Nishida, 1998a,b;

Tanimoto et al., 1998) has originally suggested a second

example of coupling between the solid Earth and its atmo-

sphere (Nishida and Kobayashi, 1999; Tanimoto and Um,

1999; Fukao et al., 2002). The first interpretations proposed

that the excitation is produced by the turbulences of the

Earth’s atmospheric boundary layer. The seasonal variations

of the continuous excitation (Nishida et al., 2000) were also

supporting an atmospheric origin and a simplified theory

was proposed by Tanimoto (1999). The most recent studies

show however that the major part of the source of continuous

excitation is located over the oceans (Tanimoto, 2005; Rhie

and Romanowicz, 2004, 2006) and that infragravity waves

over the continental shelves are much more efficient seismic

sources for this process (Webb, 2007). The excitation by

atmospheric sources remains however significant below

5 mHz (Nishida, 2013) and its signature is strongly sup-

ported by the larger excitation of the Rayleigh modes at 3.7

and 4.4 mHz known to have a relative energy 5 times larger

than the other modes in the atmosphere (Lognonn�e et al.,
1998). This larger excitation cannot be explained by pressure

sources at the bottom of the ocean (Nishida, 2014).

The third example of coupling is related to ionospheric

perturbations after earthquakes, for which many observations

were reported in the 1960s after large quakes in Alaska or

Japan (Yuen et al., 1969; Weaver et al., 1970; Leonard and

Barnes, 1965; Davis and Baker, 1965). Two propagating

paths can be considered. The first is mostly an acoustic

atmospheric propagation of signals excited locally by the

seismic source and propagating therefore mostly in the atmo-

sphere up to a few thousand kilometers (Astafyeva et al.,
2009). The second on which we focus here is associated to

seismic propagating waves finishing their path by an upward

propagation in the atmosphere. Such signals can either be

observed near a seismic source or at teleseismic distances.

Only the seismic waves with frequencies larger than the

acoustic cutoff frequency of about 3.7 mHz can however

propagate upward and can reach the ionosphere, while those

below the acoustic cutoff are damped rapidly with altitude.

Due to the conservation of the momentum flux, these waves

have their amplitude growing with altitude as the inverse of

the square root of the density, before being affected by vis-

cous and other attenuation processes and vanishing. Signals

have been widely observed either through Doppler sounders

or global positioning system (GPS) signals. For Doppler

observations, Artru et al. (2001) have shown that the ground

amplitude might be amplified by a factor of 50 000 when it

reaches an altitude of 200 km. Typically, the detection

threshold for atmospheric perturbations is about 10 m/s at

200 km (which generated, for example, a Doppler effect on

the order of 3� 10�8). Such signal can therefore be detected

for ground velocities down to about 0.2 mm/s, which allows

to detect the surface waves of very large quakes at very large

distances: 9000 km for Tohoku recorded with a Doppler

sounder in Czech republic by Chum et al. (2012) and more

than 14 000 km for a quake in New Ireland recorded in

France by Artru et al. (2004). New generation high fre-

quency (HF) sounders are now able to monitor such signals

for quakes larger than 6.5 in moment magnitude (Artru

et al., 2004) and signals have also been observed by over-

the-horizon systems, including for the R2 Rayleigh wave of

the Ms¼ 8.6 Sumatra Earthquake in 2005, which reached

France after about 30 000 km of distance (Occhipinti et al.,
2010). On both systems, Rayleigh wave signatures have fur-

thermore been observed up to 20 s periods (Bourdillon et al.,
2014; Occhipinti, 2015).

GPS observations started with the pioneering work of

Calais and Minster (1995). They have now reached maturity

through the development of dense permanent high-rate GPS

networks, enabling multiple observations and even wave-

front imaging. See, among others, Ducic et al. (2003) and

Rolland et al. (2011a). Last but not least, the very large

Rayleigh waves generated by the Tohoku-Oki Mw ¼ 9:1
earthquake of March, 2011 were of course observed not only

by GPS (Maruyama et al., 2012; Rolland et al., 2011a) but

also through their drag effect on the GOCE satellite, the lat-

ter orbiting at about 225 km of altitude (Garcia et al., 2013).

The main goal of this paper is to present atmospheric

Rayleigh waves in a comparative approach between Earth,

Mars, and Venus and to discuss the perspective of atmo-

spheric coupling of Rayleigh waves on other planets than

Earth. We therefore first recall the theory able to take into

account these coupling effects by an explicit calculation of

the normal modes of the solid part of any planet model with

a realistic atmospheric model, following the theory devel-

oped by Lognonn�e et al. (1998). This is first done for Earth

and then for Mars and Venus, in the latter case taking into

account the specific attenuation processes in the atmosphere

of these planets associated to their CO2 atmosphere. We then

show several applications of this theory for the modeling of

observed signals on Earth, or predicted signals on Mars and
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the Moon: the first one, for Earth is the analysis of the

Pinatubo eruption and of the recent Chelyabinsk explosion,

which can be foreseen as examples of excitation of the solid

Earth with sources in the atmosphere. The second is for

Venus with the prediction of the amplitude of surface waves

in the ionosphere. We conclude by a discussion on the per-

spective to detect from Venus orbit these signals for future

orbital missions and to detect on Mars Rayleigh waves gen-

erated by atmospheric sources.

II. NORMAL MODE THEORY: BRIEF DESCRIPTION

Seismology is most of the time assuming that the sur-

face of the Earth or planets with atmosphere is a free surface

where the pressure forces are set to zero. This assumption is

therefore used most of the time in the computation of the

Rayleigh modes, which are the normal modes corresponding

to the fundamental branch of surface waves. The latter is

done by finding the fundamental eigen-solutions of the line-

arized elastodynamic equation, which in the non-rotating

case can be written in a general Eulerian form and in the fre-

quency domain as

x2u ¼ A uð Þ ¼ � 1

q
r � Telastic � u � rT0ð Þð

�div quð Þg� qrUE1

�
; (1)

where x is the angular frequency, u is the displacement vec-

tor, r is the spatial derivative operator, q is the unperturbed

density, and Telastic is the stress departure from equilibrium.

g is the gravity and UE1
is the mass redistribution potential

and where the equilibrium stress T0 is the solution of

r � T0 þ qg ¼ 0 : (2)

Relation (1) defines the gravito-elastic operator AðuÞ. This rela-

tion applies to either the liquid, solid part of the planet or the

gaseous part of its atmosphere. The only difference is found in

the constitutive relation of the elastic stress Telastic. In the solid

parts, a symmetric stiffness tensor is generally used, which gives

T
ij
elasticðr; tÞ ¼ CijklDkulðr; tÞ : (3)

In the fluid parts (either liquid or gaseous) and for adiabatic

perturbations, we have Cijkl ¼ jgijgkl, where j is the adia-

batic bulk modulus and gij is the metric tensor, equivalent to

the Kronecker symbol in Cartesian coordinates (gij is non

zero and equal to 1 for i¼ j only). In addition, solutions of

the equation must also fit all continuity relations related to

the continuity of stress and displacement on all solid/solid

discontinuities, and of stress and vertical displacement on all

solid/fluid or fluid/fluid discontinuities.

Normal modes u with associated normal frequency x
are the solution of these equations which in addition fit the

upper boundary condition. For an upper liquid/solid inter-

face, these lead to continuity of the vertical displacement

and of the radial component of the stress, the latter vanishing

at a free surface. See Takeuchi and Sa€ıto (1972) and

Woodhouse and Dahlen (1978) for more details on the

background, and Lognonn�e et al. (1998) and Lognonn�e and

Cl�ev�ed�e (2002) for specific details in the whole Earth case,

i.e., with a solid and atmospheric part.

Resolution of these equations with Earth models with

atmosphere having on their top a free surface can be done

with the freely available MINEOS software (Master et al.,
2014), even if the latter software was originally not made for

that purpose. Figure 1 shows typical results in terms of nor-

mal mode’s frequencies for the PREM model (Dziewonski

and Anderson, 1981) and a typical Earth atmosphere model,

here the MSISE atmospheric model (Picone al., 2002). While

this approach solves correctly the continuity of vertical dis-

placement and pressure at the Earth’s surface, it is however

far to be satisfactory due to the upper top free surface bound-

ary condition and produces an artificial trapping of the waves

between the Earth’s surface and the top of the atmosphere.

The atmosphere is indeed such that no specific boundary

can be defined, due to the exponential decay of the density.

In addition vertically propagating waves or normal modes

with frequency above the atmospheric acoustic cutoff are not

reflected when propagating upward at high altitude and loose

at these height their energy due to viscosity and other attenu-

ation or non-linear effects. Above the acoustic cutoff, non-

vertical acoustic waves can nevertheless be reflected in the

stratosphere or thermosphere, especially when interacting

with wind, leading to long distance propagating infrasounds.

In order to take into account these effects, it is first nec-

essary to use a radiative boundary condition instead of the

usual free surface boundary condition. Following Unno et al.
(1989) and Watada (1995), this is made by assuming a local

dependence of the modes at the top of the atmosphere as rk,

where r is the planetary radius. As shown by Lognonn�e et al.
(1998), each eigenfrequency x determines two values for k,

respectively, associated to modes with upward and down-

ward propagating energy. As proposed by Lognonn�e et al.
(1998), the eigen-frequencies and associated eigen-modes

can then be solved with a variational method which uses a

basis of test functions, found by mapping the normal modes

with free surface toward functions verifying explicitly the

radiative boundary condition. Other techniques for the com-

putation of the normal modes, based on propagators, have

also been developed (Kobayashi, 2007; Watada and

Kanamori, 2010).

Due to the decreasing density (and associated bulk mod-

ulus), it is also necessary to take, at higher altitude, above

100 km, viscous and possibly other attenuation effects. The

typical frequency domain of the Rayleigh waves associated

to atmospheric perturbations is from 1 to 50 mHz. In this

range, viscous dissipation is expected to be important above

100 km height (Pitteway and Hines, 1963). The viscous

stress tensor can be expressed by

T0ij ¼ ixlvis

@ui

@xj
þ @uj

@xi
� 2

3
dij r � uð Þ

� �
: (4)

Here, ui is the ith component of displacement and l the

dynamic viscosity. This is a second order, frequency-

dependent term that can be introduced in the variational pro-

cess described, as described by Artru et al. (2001). Other
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effects, such as molecular relaxation and heat transfer can be

incorporated in the expression of the bulk modulus which

then is not only imaginary but also frequency dependent.

This will be particularly important for Mars and Venus.

Figures 2–5 show the results of Rayleigh normal modes

computation for the Earth. These modes will be used later

for computing seismograms recorded for the Chelyabinsk

atmospheric meteor. Models with an ocean, such as those

obtained from the PREM model, can be found in Lognonn�e
and Cl�ev�ed�e (2001). In both cases, the main perturbations,

for the spheroidal normal modes are found in the amplitude

of normal modes rather than in the frequency or quality fac-

tor (whose perturbations are very small). Two regimes for

the fundamental spheroidal modes are found: below the

atmospheric cutoff, of about 3.70 mHz, the modes are

trapped near the surface with an exponential decay of their

amplitude with altitude. Above this frequency, modes propa-

gate upwards.

Figure 2 shows the fraction of the energy of Rayleigh

modes in the atmosphere. We have three resonances corre-

sponding to those of the Rayleigh modes with the frequencies

closes from the fundamental (3.70 mHz), first (4.30 mHz), and

FIG. 1. Earth normal mode frequencies obtained for the Normal modes of Earth with PREM and the MSISE atmospheric model. These eigenfrequencies, com-

puted with an atmosphere of 400 km of altitude with a free surface at the top of the atmosphere correspond to the basis of test functions used for the computa-

tion of normal modes with attenuation and radiation boundary condition (Lognonn�e et al., 1998). Although the top boundary limit is not realistic, the

frequencies of the trapped atmospheric normal modes are relatively well estimated, especially for the fundamental and first overtone of the acoustic and gravity

modes and for the Lamb modes trapped on the Earth’s solid/atmosphere surface. It also shows the different types of modes in a complex Earth or telluric

planet: spheroidal modes, including the Rayleigh fundamental branch, atmospheric acoustic and gravity modes and for Earth, and tsunami gravity modes for

3 km depth ocean. The resonances of the Rayleigh waves are typically found at the frequencies corresponding to the fundamental and two first overtones. See

another example in Lognonn�e & Cl�ev�ed�e (2002) with a different atmospheric model.

FIG. 2. Relative fraction of the energy

of the Rayleigh normal modes and first

spheroidal normal modes in the atmo-

sphere. The three resonances have fre-

quencies closest from the fundamental

(3.70 mHz), first (4.30 mHz), and second

(5.0 mHz) acoustic overtones and corre-

spond to the crossing of the Rayleigh dis-

persion branch with these acoustic

branches. The Rayleigh modes are those

corresponding to the continental model

beneath Chelyabinsk, with the MSISE

atmosphere model at the local time and

location of the meteor explosion.
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second (5.03 mHz) acoustic overtones. These modes are

the most sensitive to the atmospheric coupling and have

0.1%–0.2% of their energy in the atmosphere. The exact

frequency and shape of the resonance depends on the atmo-

spheric model. Note also that the first resonance is wider

than the fundamental one and the second wider than the

first one. For such frequencies and angular orders, the cor-

responding acoustic first and second overtones are indeed

less efficiently trapped in the stratospheric wave guide (see

Fig. 10) and have decreasing quality factors: slightly more

than 100 for the fundamental acoustic but only about 20

and 5 for the first and second acoustic harmonics, as shown

by Lognonn�e et al. (1998) who also provides the ampli-

tudes of these acoustic modes with altitude. The harmonics

indeed escape this waveguide through a tunneling effect

and then loose progressively their energy by upward radia-

tion (Francis, 1973). Rayleigh waves due to their much

larger horizontal phase velocity are obviously much less

trapped. Their upward propagative character is found in

Fig. 4 for all Rayleigh waves above the atmospheric cutoff

of 3.70 mHz which are all characterized by real and

imaginary amplitudes in quadrature above the strato-

sphere. We finally show the fraction of the energy in the

atmosphere for the first spheroidal overtone. It also has

resonances at the same frequencies, but the coupling with

the atmosphere is weaker, with 5 times less energy in the

atmosphere.

The other figures show the normal mode amplitudes, as a

function of depth or altitude. Below the atmospheric cutoff fre-

quency (about 3.68–3.70 mHz as the exact frequency depends

on the atmospheric model and therefore on the local time, lati-

tude, and season), the atmospheric part of the mode is trapped

and decreases exponentially with altitude. At higher frequencies

in contrary, the energy propagates upward. This leads to beating

amplitudes, with the real part and the imaginary part in quadra-

ture. Figure 2 provides the real part and Fig. 4 the imaginary

part. Note on Fig. 3, showing the horizontal amplitude of the

Rayleigh modes, the large amplitude at the 3.68 mHz resonance

and at 4.40 mHz, corresponding to the resonance of the

Rayleigh modes when the dispersion branch cuts the fundamen-

tal acoustic and first overtone. For more details see Lognonn�e
et al. (1998) and Watada and Kanamori (2010). Figure 5 shows

comparable results for the first overtone of the spheroidal

modes. All modes can be computed with this approach. But the

higher order overtones show a much weaker coupling with the

atmosphere as compared to the Rayleigh waves.

III. SEISMIC SOURCES AND SEISMOGRAMS: THEORY

As shown in Sec. II, normal modes can be computed for a

complete Earth or planet model. The normal mode summation

techniques can then be also applied for the computation of

seismograms, wherever is the source (i.e., in the atmosphere or

in the solid Earth) and wherever is the observation (i.e., on

FIG. 3. Real part of the vertical ampli-

tude of the solid spheroidal fundamen-

tal normal modes in the upper mantle

and atmosphere. Modes are up to angu-

lar order 100. The amplitudes shown

are multiplied by
ffiffiffi
q
p

, where q is the

density and multiplied by 100 in the

atmosphere. Note that modes with

angular orders lower than ‘¼ 29 have

a frequency lower than the atmo-

spheric cutoff and have an exponen-

tially decreasing amplitude with

altitude. Modes with angular orders

above ‘¼ 29 have contrary oscillating

amplitudes in the atmosphere. The res-

onances shown in Fig. 2 appear with

larger amplitudes in the stratosphere.
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the solid surface with a seismometer or from the atmosphere

or ionosphere with remote techniques).

For a source in the solid Earth, it can as usual be

expressed with a Moment tensor and we refer to Lognonn�e
and Cl�ev�ed�e (2001) for the complete expression. For a source

in the atmosphere, Lognonn�e et al. (1994) have shown that

the generalization of the concept of stress glut can be done.

We recall here the demonstration. Let us consider the non-

linear equation of momentum conservation, written in the

form

@tðq _uÞ ¼ �rptrue �r � ðq _u _uÞ þ qg; (5)

FIG. 4. Imaginary part of the vertical

amplitude of the solid spheroidal fun-

damental normal modes in the upper

mantle and atmosphere. Modes are up

to angular order ‘¼ 100. The ampli-

tudes shown are multiplied by
ffiffiffi
q
p

,

where q is the density and multiplied

by 10 in the solid part. Note the much

larger amplitude of the Normal modes

in the atmosphere as compared to the

solid part. Amplitudes of the normal

modes in the atmosphere are in quadra-

ture with respect to their real parts,

indicating the upward outgoing energy

associated to the leaky characters of

the normal modes.

FIG. 5. Real part of the vertical ampli-

tude of the solid spheroidal first over-

tone normal modes in the upper mantle

and atmosphere. Modes up to angular

order ‘¼ 100. The amplitudes shown

are multiplied by
ffiffiffi
q
p

, where q is the

density and multiplied by 100 in the

atmosphere. The same features as the

fundamental are found for the expo-

nentially decay with altitude below the

atmospheric cutoff and the oscillating

character above, as well as the reso-

nances for frequencies indicated in

Fig. 2.
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where q is the density, u is the displacement with respect to

the equilibrium position, _u ¼ @tu is the velocity, ptrue is the

pressure, and where g is the gravity, given by the additional

equation

r � g ¼ �4pGq: (6)

This expression is the one valid in the atmosphere. On the

other hand, let us take the equation governing linearized

seismology with self-gravitation

@tðq _uÞ ¼ �rpHooke þ f; (7)

where the atmospheric force is f, the model of Hooke pres-

sure is defined as pHooke ¼ �jr � u, and where j ¼ cp is the

bulk modulus of the fluid. The difference between the two

equations allows us to express the excitation force, which is

given by

f ¼ �r �P; (8)

where the momentum flux-glut tensor P is the difference

between the model momentum tensor, based upon Hooke’s

law and the true incremental momentum tensor. Here P is

given by

Pij ¼ ðptrue � pHookeÞdij þ q _ui _uj; (9)

where dij is the Kronecker symbol. The normal mode summa-

tion techniques (Lognonn�e, 1991) can now be used. Note that

the theory must take into account anelasticity, both related to

the attenuation in the solid Earth and to the energy escape

related to the radiative boundary condition. We finally obtain

u t; rsð Þ ¼
X
k>0

<e
1

irk

ðt

0

dt0Mk t0ð Þeirk t�t0ð Þ
uk rsð Þ

� �
;

(10)

where rs is the receiver/station location, index k denotes a

given mode with quantum numbers ‘, m, n, rk, and uk are the

normal frequency and normal mode, respectively, associated

to the index k and where the source term Mkðt0Þ is given by

the source integrated over the whole source volume and is

expressed by

MkðtÞ ¼
ð

dV PijðtÞrivj
k; (11)

where vk is the dual normal mode. Depending on the integra-

tion volume, this expression can be used either for global

scale atmospheric sources, such as those related to the con-

tinuous excitation of normal modes or for local, explosive

sources, as illustrated by Lognonn�e et al. (1994) for the

Shoemaker-Levy 9 impact on Jupiter.

IV. SEISMIC SOURCES AND SEISMOGRAMS:
APPLICATION ON EARTH

No data have yet been collected for telluric planets other

than Earth. Before providing the perspectives for Mars and

Venus, we will therefore illustrate the theory described

above with two examples, respectively, associated to ground

observations of atmospheric sources and to atmospheric/ion-

ospheric observations of quakes.

A. Atmospheric seismic source and ground
observations

The importance of the atmospheric properties of

Rayleigh waves excitation by atmospheric processes was

mostly illustrated with the analysis of the Pinatubo seismic

data, as this eruption was strong enough to excite the lowest

frequency normal modes, below 5 mHz. As noted by Z€urn

and Widmer (1996), large low-frequency seismic signals

were indeed detected by the World-wide Seismic Network

after the eruption of the Pinatubo volcano, on June 15, 1991.

The spectrum of these signals was characterized by 2 peaks,

at 3.68 and 4.44 mHz. Figure 6 shows these signals at several

of the Global Network (Geoscope and Iris) in both time and

frequency domains. The resonance frequencies correspond

to the trapped waves in the atmospheric waveguide, i.e., the

two first horizontal branches of acoustic modes appearing on

Fig. 1 and generating the large Rayleigh wave coupling reso-

nance with atmosphere seen in Fig. 2. This selective excita-

tion of a few Rayleigh normal modes close from

atmospheric resonances is the key signature of an atmo-

spheric source compared to internal ones, such as quake or

explosion at depth, which excite all the Rayleigh normal

modes up to the source cutoff frequency.

The sensitivity of the Rayleigh waves to the atmospheric

coupling must be integrated for such atmospheric explosion

in the attempt to inverse the seismic source. As shown by

Lognonn�e (2009), reasonable and simple source 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 and release of seismic moment are found near the

reported date of the individual eruptions. These eruptions are

associated to yields of about 4000 MT sec, corresponding to

explosion releasing about 20 MT during blast times of about

200–500 s, which corresponds to the order of magnitude of

the Pinatubo eruption, which released about 200 MT of

energy in several explosions. In contrary, a complex mecha-

nism at the source level is requested when the Rayleigh

wave atmospheric coupling is not taken into account, as the

source mimics then the specific excitation coefficients of the

Rayleigh waves associated to resonances in the atmospheric

structure.

Meteor disruption and their associated airburst are other

possible atmospheric sources of Rayleigh waves, but are

generally, due to their smaller energy, not exciting strongly

the resonant normal modes. We illustrate here the results

with the more recent Chelyabinsk event. On February 15,

2013, at 09:20:26 local time (UTCþ6) a meteorite exploded

in the atmosphere above the urban region of Chelyabinsk,

Russia. With a surface wave magnitude of Ms¼ 3.7, calcu-

lated by the amplitude of Rayleigh wave displacement on

the vertical component (Tauzin et al., 2013), Chelyabinsk

was the most important meteor event of the modern seismol-

ogy era after the 1908 Tunguska event. However, given the

quantity of available recordings at the stations of the Global
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Seismographic Network, as well as optical observations,

the Chelyabinsk event offers unique data for modeling the

signals with the air-coupled Rayleigh waves described

above, which was not accounted for by Tauzin et al.
(2013).

When a meteor enters the atmosphere of a planet, two

kinds of shock waves are generated. The first is due to the

friction of the impactor with the ambient atmosphere and

generate a supersonic cylindrical blast, with the shape of a

Mach cone of an angle of about 1�. The second is a spherical

shock wave, generated by the fragmentation of the meteor,

when the friction between the ambient atmosphere and the

impactor is larger than the cohesive forces of the body. See

more in ReVelle (1974). Therefore, a meteor can be modeled

as a line atmospheric source followed by an explosion. The

reconstruction of this mechanism will provide very impor-

tant constraints on the strength of these seismic sources and

serves as an important tool for calibrating these processes

for planetary seismology and the estimation of the seismic

source associated with airburst associated to Martian or

Venusian impacts.

In order to understand the characteristics of Chelyabinsk

atmospheric source, we used therefore the same methodol-

ogy as above, but limited the moment release at a given alti-

tude, assuming furthermore a constant value during a release

time s. Authors’s future work will generalize this approach

with an additional line source, where we will consider a

sequence of point sources in the atmosphere, along the tra-

jectory of Chelyabinsk super-bolide, provided, for exam-

ple, by Borovička et al. (2013).

Like for Pinatubo, seismograms were again computed

through a normal mode summation technique, but that time

with a model corresponding to the a priori interior and atmo-

spheric structure of the Chelyabinsk region. Normal modes

were therefore calculated for a model of a complete Earth

consisted by: (a) PREM (Dziewonski and Anderson, 1981)

for Core and Lower Mantle, (b) a local Chelyabinsk model,

provided by RSTT (Myers et al., 2010) for upper mantle and

crust, and (c) an atmospheric local Chelyabinsk model from

the NRLMSISE-00 model with the corresponding location,

local time, and Sun index F10.7.

Figure 7 illustrates the results on the inversion for a set

of seismic stations located relatively close from the event.

The obtained Moment is such that M � s ¼ 3� 1016 Nms

for an altitude of 17.5 km., which correspond to Moment

magnitude given by Mw ¼ 5� 2=3� log10ðsÞ. Further anal-

ysis will allow to constrain both the duration of the blast and

the complexity of the atmospheric source, in a way compara-

ble to the source function history shown for the Pinatubo

eruption. The fit between observation and synthetic data for

such a simple source is however already very satisfactory,

and provides a second example of the validity of the air-

coupled Rayleigh waves.

B. Quake seismic source and ionospheric Rayleigh
waves observations

If our two first examples were on the excitation of

Rayleigh waves by atmospheric sources, we illustrate here the

detection, in the atmosphere, of Rayleigh waves generated by

FIG. 6. Left, 1–8 mHz bandpassed data recorded after the Pinatubo eruption by several stations of the global network. Note two small quakes recorded on the

data and originating from other sources as the Pinatubo region (an Ms¼ 6.1 quake from Causasus and a Ms¼ 6.3 quake from South Sandwich Islands, occur-

ring, respectively, at 0059TU and 0113TU). Right, 12 h spectrum of the corresponding data, showing the 2 peaks of resonance.
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quakes. Figure 8 illustrates several observations made at dif-

ferent altitudes, from ground up to the ionosphere, at 300 km

of altitude. As discussed in Sec. I, the vertical neutral wind

generated by the Rayleigh wave is amplified as a function of

altitude, and the largest amplitudes are therefore found in the

ionosphere.

Before the maximum of ionization and at height from

150 to 200 km, Doppler sounders provide very precise meas-

urements of the vertical ionospheric velocity and are there-

fore instruments enabling broad frequency measurements, as

illustrated by Artru et al. (2004) and Chum et al. (2012). The

typical threshold for observation varies between Moment

magnitude 6.5 to 7, and larger quakes provide high quality

data, as illustrated by Maruyama et al. (2012) in ionograms

recorded after earthquakes with seismic magnitude of 8.0 or

greater and after the 2011 Tohoku-Oki earthquake, in partic-

ular, Maruyama and Shinagawa (2014).

But Doppler sounders remain complex systems and GPS

systems have completely changed our view by providing

access to very dense measurement systems, enabling the mea-

surement of the Rayleigh waves in the range of 250 to 350 km

of altitude. To correct the delay introduced by the ionosphere,

GPS satellites use two frequencies (1.2 and 1.5 GHz). The

derived ionospheric correction term is proportional to the

amount of electrons on the GPS satellite to GPS receiver ray

path, namely, the total electron content (TEC). See Lognonn�e
et al. (2006) for a general description of the techniques and

Occhipinti et al. (2013) and Ochipinti (2015) for recent

reviews of TEC observations. Taking advantage of the dense

GPS permanent network in California, Ducic et al. (2003)

have monitored the first two-dimensional images of

ionospheric perturbations related to the Rayleigh waves gen-

erated by an earthquake. The ionospheric fluctuations were

observed about 10 min after the arrival, on the ground, of tele-

seismic Rayleigh surface waves generated by the 2002

Mw¼ 7.9 Denali earthquake (Alaska). This corresponds to

the time needed by the atmospheric pressure wave forced by

the piston-like effect of the ground vertical vibrations to prop-

agate at sound speed up to the ionospheric sounding height, at

about 300 km of altitude. As GPS satellites provide TEC

measurements down to 10� of elevation, this experiment intro-

duced a novel technique for mapping the Rayleigh waves

group velocity above the ocean, offshore California. A three-

dimensional image was even developed by Garcia et al.
(2005), enabling the imaging of the Rayleigh waves between

200 and 500 km of altitude. A more recent example was fol-

lowing the Mw¼ 7.9 Gorkha earthquake in Nepal in 2015.

Reddy and Seemala (2015) have performed measurements of

Rayleigh wave local group velocities from their ionospheric

counterparts over different places of the Indian subcontinent

and have shown that these measurements are coherent with

the values estimated by seismic tomography. These two

examples show that the ionospheric observations of Rayleigh

waves cannot only be used to detect waves and therefore

quakes, but can also be used for measuring the speed of these

waves and therefore providing structural information on the

upper mantle of the planet. This of course will be of particular

interest if applied to other planets than Earth.

If the phase or group velocity of the Rayleigh waves

detection in the ionosphere is the same as those detected by

seismometers at the surface, the amplitude of these ionospheric

signals does depend on the atmospheric and ionospheric

FIG. 7. (Color online) Observation and fit of the Rayleigh waves generated by the atmospheric source of the Chelyabinsk meteor. The obtained Moment is

such that M � s ¼ 3� 1016 Nms for an altitude of 17.5 km, which correspond to a Moment magnitude given by Mw ¼ 5� 2=3� log10ðsÞ. Inversion of the

moment has been done following the method used by Lognonn�e (2009) for the Pinatubo eruption.
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structure. Rolland et al. (2011b) have developed the solid

Earth-atmosphere coupling scheme described and have added

the ionospheric coupling and therefore the transfer of momen-

tum from neutral atmospheric Rayleigh waves into electron

density perturbations. This theory allows the reconstruction of

the TEC fluctuations induced by Rayleigh waves. The cou-

pling effects between the neutral and ionized atmosphere can

then be modeled accurately by taking into account the a priori
ionosphere structure and local geomagnetic field. The com-

plete coupling appears to depend significantly on the local

time and location, due to the conjugate effects of the atmo-

sphere and ionosphere variabilities and on the magnetic field.

Figure 9 shows the dependence of the coupling strength

between Earth and atmosphere for the first resonant spheroidal

modes on variable environmental parameters such as local

time, season, latitude, and solar flux. We remark that the solar

heating increases the coupling efficiency. More details on

these observations, as well as on the observations of Rayleigh

waves by TEC for other quakes can be found in Astafyeva

and Heki (2009), Astafyeva et al. (2009), and Rolland et al.
(2011b), among others.

V. MARS AND VENUS

Very few publications have been done on the strength of

acoustic coupling between the Mars or Venus interior with

their atmosphere. Kobayashi and Nishida (1998a,b) made

the first estimation of the amplitude of the Mars and Venus

continuous oscillations through a parametric comparison

between Earth, Mars, and Venus. Garcia et al. (2005) made

FIG. 8. (Color online) (a) Summary of atmospheric/ionospheric observations of seismic waves made at different altitudes and with different tools, from ground

up to about 300 km of altitude. Pressure and seismometer observations made in Mongolia, for an Mw¼ 7.7 quake in India from the CEA monitoring station.

The seismometer signal is shown in displacement, with 20 s Rayleigh surface waves peak amplitude of about 2 mm in amplitude, leading to pressure fluctua-

tions of about 0.20 Pa. (b) Doppler sounder signals of the Chichi Taiwan earthquake, Mw¼ 7.6, recorded in France at altitude ranging from 165 to 185 km.

These signals correspond to maximum vertical oscillations of the ionosphere of about 4 m/s. Adapted from Artru et al. (2004). (c) Drag observation generated

by the Rayleigh waves of the Tohoku, 2011, Mw¼ 9 earthquake recorded at the altitude of the GOCE satellite. The amplitudes are about 15% of relative neu-

tral density of the atmosphere. Adapted from Garcia et al. (2013). (d) Observed Slant TEC time series at far field of the Wenchuan earthquake (Mw¼ 7.9).

The GPS GEONET stations are located in Japan, about 1500–2000 km east from the epicenter. The time series are filtered between 4 and 10 mHz, and the epi-

central distance is indicated at the left of the figure. The 0.5 TEC amplitude corresponds to 1%–2% of the typical daily variation of the TEC and are associated

to ionospheric velocity amplitudes of about 30 m/s of peak amplitude at 300 km altitude, generating local electron density variations of a few 1010 e=m3.

Adapted from Rolland et al. (2011b). In (b), (c), and (d), data are compared to synthetics computed through normal modes, the latter being, respectively, in

black color for (c) and red for (b) and (d).
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the first estimations on Venus for body wave amplitudes

above the epicenter of quakes, while Lognonn�e (2005) and

Lognonn�e and Johnson (2007) made those of remotely

detected surface waves without considering attenuation

processes.

We will extend below these precursor papers by a more

careful modeling of the Rayleigh normal modes, accounting

previously neglected attenuation effects and will precise the

perspectives for future observations, with a special focus on

the Venus remote detection in the ionosphere. We will also

discuss in Sec. VI the perspective to detect, on Mars,

Rayleigh waves excited by air-busts.

Although the physics of coupling remains the same, sev-

eral major differences are found between Earth and Mars

and Venus. Obviously, the first are the surface pressure and

density, and therefore the acoustic jump between solid and

atmosphere. With a density of about 2� 10�2 kg=m3, Mars

will have a much weaker, by a factor of 1/50 coupling than

Earth while Venus, with its density of about 70 kg/m3 will

have on the opposite a much larger coupling, by a factor of

about 50 as compared to the Earth.

The second difference will be related to the atmospheric

trapping of the modes and the associated frequency cutoff: the

two planets do not have the Earth tropospheric-mesospheric

acoustic channel. Consequently and in the absence of wind, the

acoustic infrasounds are only trapped by the exponential decay

of the atmospheric density. This effect is shown in Fig. 10, for

the first 175 km of altitude for Earth, Venus, and Mars. The

Earth atmospheric model is based on MSISE-00 (Picone et al.,
2002), the Mars model on Mars Climate Database atmospheric

models (Forget et al., 1999), and the Venus model on Venus

GRAM model (https://software.nasa.gov/software/MFS-

32314-1). For all three models, local time, seasonal, and latitu-

dinal variations are expected. Wind of course will be important

for the propagation of Mars and Venus infrasound over large

distances as they can generate an acoustic waveguide not exist-

ing for a non-windy atmosphere. See, for the Earth,

Mutschlechner and Whitaker (2009) for a review and Brissaud

et al. (2016) for a recent modeling example. The wind effect is

however much less important for the atmospheric part of

Rayleigh waves, as they generate an almost vertical acoustic

propagation in the atmosphere due to their very large horizon-

tal phase velocity (’3 km s�1). Wind is therefore neglected in

this analysis, including in the above described confrontation

with Earth data.

The last major difference will be associated to the CO2

nature of the atmosphere, with differences in the acoustic

velocities but more important in the attenuation processes.

As this feature is unique for Mars and Venus compared to

the Earth, we first describe it more in detail in Sec. V A.

A. Attenuation on Mars and Venus

As already described by Bass and Chamber (2001) and

Williams (2001), molecular relaxation for Mars and Venus

FIG. 9. (Color online) Variability of the Earths solid/atmosphere coupling as a function of local time, season (day of year), latitude, and solar flux F10.7. The

part of the energy injected in the atmosphere is shown for the first resonating modes 0S28; 0S29; 0S37, and 1S18. Each vertical line corresponds to the reference

model computed at the time and location of the 2003 Tokachi-Oki earthquake derived from the NRLMSISE-00 model. See more in Rolland et al. (2011b).
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FIG. 10. (Color online) Comparison of the models used for Earth, Mars, and Venus. All solid models are based in some way of PREM, for better comparisons

of the impact of atmosphere. Note the lack of an atmospheric low velocity zone as compared to Earth for both Mars and Venus, where the velocity mainly

decreases with altitude. Rayleigh normal modes have their maximum sensitivity at one-third of their wavelength and will therefore have on Mars lower veloci-

ties than on Earth and Venus, mainly due to the reduced increase of pressure (and therefore seismic velocities) with depth.

FIG. 11. Top left, attenuation factor per cycle and bottom left attenuation factor per kilometer for the Martian surface. The LMD Martian atmospheric model

is used, providing a pressure of 8 mbar and temperature of 189 K at the surface. On the left panel, the attenuation factors are shown for the viscosity and con-

duction only (dotted line), the rotational relaxation only (dotted-dashed line), for the vibration only (thin continuous line), and for all attenuation (thick contin-

uous line). On the right are the attenuation factors depicted for altitudes of 0, 10, 20, and 30 km with increasing line thickness.
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is the largest source of attenuation for infrasounds contrary

to Earth where this attenuation source is neglected.

Molecular relaxation can be modeled in normal modes

and acoustic propagation processes by complex and fre-

quency dependent heat capacity coefficients, which gener-

ates complex and frequency dependent bulk modulus or a

complex adiabatic index. The complex bulk modulus must

then be used in the resolution of the normal mode Eq. (3) for

the expression of the stress tensor or need to be used as such

in the acoustic equations. As normal modes are computed in

the frequency domain, these sources of attenuation are how-

ever straightforward.

The quantification of the attenuation effect however can

be more easily understood with the attenuation factor k,

which expresses the exponential decay of a plane wave in a

homogeneous media, written as

uðs; tÞ ¼ u0 e�kseixðt�s=cÞ; (12)

where c is the sound velocity, s and t are the propagation dis-

tance and time, respectively, and u0 is the initial amplitude. The

inverse of k is therefore the distance for which the amplitude of

the wave decreases by e and its kinetic energy flux decreases

by 1/e2¼ 0.135, about 1 order of magnitude. This attenuation

factor is shown for the Martian condition in Fig. 11.

This attenuation is catastrophic on Mars in the audible

bandwidth and for frequencies larger than a few tens of

hertz, leading to a very large attenuation after a few kilo-

meters of propagation as already noted by Bass and

Chambers (2001) and Williams (2001). At long periods how-

ever, and especially in the range of Rayleigh waves (below

0.1 Hz), this attenuation is still relatively weak, with attenua-

tion factors smaller or much smaller than 0.01 km�1, which

practically means small effects in the first 100 km of altitude

on Mars and obviously much less on Venus for larger pres-

sure and therefore density. Typically, we can expect there-

fore small effects from the atmospheric source to the ground

in excitation processes or from the wave front to the iono-

sphere for observation. Our modeling approach is neverthe-

less fully accounting for the viscosity and molecular

relaxation, and results for Mars and Venus are shown below.

B. Atmospheric coupling of Rayleigh modes and
surface waves on Mars

We modeled Mars Rayleigh normal modes by using

the MARS AR model (Okal and Anderson, 1978) an inter-

nal Mars model based on PREM. The atmospheric model

used is derived from the LMD model. Both interior and

atmospheric models are shown in Fig. 10 and the atmosphere

was extended up to 200 km of altitude. Extension to a larger

FIG. 12. Effect of the viscosity and of the molecular relaxation on the Martian Rayleigh normal mode with angular order 500, corresponding to periods of

13.7 s and therefore of regional surface waves. The two top figures are those providing the vertical displacement normalized with the density, while the two

bottoms are for the horizontal density normalized displacement. Density normalization is made by multiplying the amplitude by qðrÞ as for Fig. 3 which cor-

rects the increase with altitude with respect to the scale height. The slight amplitude with radius above the Mars solid surface (for radius larger than 3383 km)

is related to the decrease of the sound speed with altitude, as seen in Fig. 10. The left figures compare in gray the amplitudes without viscosity to those, in

black, with viscosity. In both cases, the modes are computed with radiation boundary condition. Viscosity effects remain small until about 100 km of altitude

in the atmosphere (3483 km radius) and lead to almost complete absorption of the waves in less than 20 km above these threshold heights.
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altitude has been also made, and no significant differences

on the mode amplitudes have been found in comparison.

Due to both the low surface density and CO2 attenuation

effects, Mars is the telluric planet where Rayleigh waves have

their atmospheric amplitude vanishing at the smallest altitude,

almost in the range of 150–200 km altitude, depending on the

frequency. These attenuation effects are shown in Fig. 12 for

a Rayleigh mode with angular order ‘ ¼ 500 corresponding to

a period of 13.7 s. Note that in all these figures, the amplitude

is scaled by the square root of the density. We note an almost

complete attenuation of the mode at 120 km of altitude and

significant effects of the molecular relaxation at altitudes of

about 25 km, leading to about 20% amplitude reduction at

100 km altitude. The extension of the mode amplitude up to

about 100 km seems nevertheless surprising as compared to

Earth, as we start to see on Earth attenuation effects at about

the same altitude, but much less severe above. In fact, and as

a consequence of the larger scale height of Mars (about

11 km) than on Earth (8.5 km), the density ratio between

Earth and Mars at 115 km altitude is only a factor of 4 and is

therefore much smaller than on ground, where it is about 15

times larger. On Earth, however, amplitudes remains signifi-

cant above 120 km, especially due to both the increase of the

scale height in the thermosphere and to the larger sound speed

which leads to a much less catastrophic attenuation above

100 km of altitude as the one observed on Mars and illustrated

in Fig. 12. We see especially that this attenuation is compara-

ble for all modes, including those with a frequency just above

the acoustic cutoff.

An interesting feature, shown in Fig. 13 and found only

on Mars, seems to be related to the large attenuation for alti-

tudes larger than 100 km. Even if the molecular relaxation is

large at the surface compared to viscosity, this is not the case

anymore at these altitudes. As the density is decreasing with

a height scale of about 8 km at 100 km, an increase by 10 of

the viscosity occurs in about 20 km. For waves in the range

of a few megahertz, such viscosity increase is made on a

small fraction of the wavelength (with a sound speed of

200 m/s, 2 mHz waves will have a 100 km wavelength).

Consequently, the large increase of viscous stresses may act

as a reflecting boundary in the normal mode Eqs. (1)–(4).

The Mars atmosphere is such that the atmospheric cutoff

frequency (about 2.2 mHz) is very close from those of waves

with a wavelength of 100 km. This can be seen in Fig. 14, for the

first oscillatory mode in the atmosphere with ‘ ¼ 10 and which

shows one full wavelength before hitting the high dynamic vis-

cous zone above 100 km altitude. Both this oscillatory mode and

the mode just below the atmospheric cutoff (‘ ¼ 9) are therefore

in a resonance configuration with respect to the waveguide

delimited by the interior-atmosphere boundary and the 100 km

altitude transition to large dynamic viscosity. By examining

the imaginary part of these modes, we furthermore see that

the mode ‘ ¼ 9 is a non-propagating mode with a small

imaginary part below 100 km while mode ‘ ¼ 10 has an

onset of propagation with its imaginary part half away from

quadrature, the latter being achieved for the mode with ‘ ¼
11 which is therefore fully propagating upward. This reso-

nance effect can be also seen when comparing the Rayleigh

FIG. 13. (Color online) Right: Comparison of the vertical and horizontal amplitudes of the Rayleigh mode at resonance, corresponding to 0S9, with about

2.14 mHz. Two are without any attenuation and with radiation boundary (cyan curve) and with viscosity and radiation boundary condition (green). The two others

are with relaxation and viscosity but with different boundary conditions: free surface boundary for the red curve and radiation boundary for the dotted black curve.

The vertical axis is the planetary radius, with surface at 3383 km. Left: distribution of the relative atmospheric energy of the normal modes, as a function of fre-

quency in the atmosphere, with the same color codes. Note that the two curves with relaxation almost superimpose on the left and have a small difference on the

right, as most of the normal modes amplitude is canceled by the relaxation processes before reaching the boundary.
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modes for models with different boundary conditions and

with or without viscosity and relaxation. Although being

model dependent and specific to the model used, we retrieve

indeed these large resonances in amplitude when viscosity

and molecular relaxation are added to the model. The reso-

nance for these two modes generates also an increase of the

amplitude, which is larger than the effect of attenuation sig-

nificant only above 100 km of altitude. Further studies will

be requested to confirm this counter-intuitive resonance

effect and to check if the neglected terms in the wave equa-

tion are not affecting its strength.

C. Atmospheric coupling of Rayleigh modes and
surface waves on Venus

Due to the much larger density of the atmosphere, Venus

atmospheric coupling is exacerbated as compared to Earth.

Venus appears to be the Planet where seismic waves cannot

only lead to large atmospheric signals, as on Earth, but where

in return the atmosphere is significantly affecting the propaga-

tion properties of surface waves in the solid planet.

We modeled Rayleigh normal modes and acoustic nor-

mal modes by using an internal Venus model based on

PREM, assuming the same velocities and density profile as

on Earth, as a function of pressure. The atmospheric model

used was the Venus-GRAM model. Both interior and atmo-

spheric models are shown in Fig. 10 and the atmosphere was

extended up to 250 km of altitude.

Contrary to the previous modeling shown in Lognonn�e and

Johnson (2007), Rayleigh normal modes have been computed

by adding to these models the viscosity and molecular relaxation

computed from the atmospheric pressure and temperature of the

Venus-GRAM model with expression of Bass and Chambers

(2001). This assumes pure CO2 and is described at the beginning

of Sec. V. Acoustic modes have also been computed to better

understand and illustrate acoustic resonances.

As for the Earth, we retrieve indeed large peaks of reso-

nances, for the Rayleigh modes located at the crossing of the

Rayleigh branch with fundamental and overtones acoustic

branches (Fig. 15). Only the fundamental and the first two

overtones, with frequencies smaller than about 4.5 mHz, are

trapped in the atmosphere and have Q larger than 100 for the

second overtone and 1000 for the fundamental and first over-

tone. Only these three resonances are therefore associated to

large atmospheric amplitudes for the Rayleigh waves at fre-

quencies of about 3.1, 4.15, and 4.7 mHz, the latter being of

course model dependent, with likely significant variations

with local time and latitude. These three Rayleigh modes

have almost equi-partition of the energy in the atmosphere,

with 40%–47% of the energy in the atmosphere. An interest-

ing feature is found in the quality factor of the fundamental

and first resonances, at 3.1 and 4.15 mHz. In both cases, as

shown in Fig. 15, the quality factors of the normal modes

increase, from about 210 to 325 for the 3.1 mHz resonance

and from 170 to 280 for the 4.15 mHz one, indicating that the

FIG. 14. Amplitudes of the vertical

displacement of Rayleigh normal

modes on Mars from ‘ ¼ 0 to ‘ ¼ 100,

corresponding therefore to a frequency

up to about 20 mHz. Note the first

large resonance, for ‘ ¼ 9. As for Fig.

3, modes amplitude are multiplied byffiffiffi
q
p

.
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propagation in the atmosphere of the Rayleigh normal

modes is less attenuated than in the solid part of the planet.

The quality factors used here for the solid part were those

of PREM, with about 600 in the crust and ranging from 80

to about 150 in the upper mantle. At 4.7 mHz, we observe

the inverse feature, with a smaller Q at the resonance, indi-

cating this time that the lack of trapping in the atmosphere

is providing a source of attenuation larger than those in the

solid planet.

At larger frequencies, a weaker and last resonance is

found at 5.20 mHz with about 6% of energy in the atmosphere.

When comparing the amplitude of this resonance amplitude

with the one modeled previously by Lognonn�e and Johnson

(2007) without attenuation processes, we note a smaller ampli-

tude, as a consequence of the atmospheric attenuation which

reduces the energy fraction of the mode in the atmosphere and

keep it closer from the continuum value, which range between

2.5% and 3.5% and is found for larger frequencies. The normal

modes are shown in Figs. 16 and 17 for the real and imaginary

part of the vertical amplitudes of the Rayleigh Normal modes.

We retrieve the same feature as for Earth and Mars, but with-

out that time amplification in the atmosphere and with the four

resonances discussed above. Together with the horizontal

amplitudes, these amplitudes can be used to compute seismo-

grams, which will be performed in Sec. V D.

D. Observation perspectives on Venus

Today, atmospheric observations of seismic waves are

done routinely on Earth, originating from the impulsive forc-

ing above the rupture area or for surface waves at remote dis-

tances. See Lognonn�e (2009), Occhipinti et al. (2013), and

Occhipinti (2015) for reviews. The most common observation

techniques are GPS or Doppler as described in Sec. IV B, but

red 630 nm airglow observations have been recently per-

formed also for tsunami waves following the large, Ms¼ 9

Tohoku earthquake in 2011 (Makela et al., 2011; Occhipinti

et al., 2011). But so far, no airglow observations of Rayleigh

waves on Earth have been made, mainly due to the shorter

period of the latter as compared to tsunamis, incompatible

with the large exposure time of the airglow observations.

For Venus, only modeling have been made sofar unfor-

tunately. Garcia et al. (2005) have estimated the amplitudes

of temperature variations above quakes, simulating the

Venus equivalent of the thermospheric heating observation

made on Earth (e.g. Kelley et al., 1985). Lognonn�e and

Johnson (2007) have made a first estimation at teleseismic

distances for the vertical velocities, providing a first thresh-

old value for detection by infrared imaging and Doppler

techniques, respectively. We focus here on the potential of

airglow measurements.

FIG. 15. Top left are the dispersion curves of fundamental Rayleigh modes (black line), together with acoustic branches (light gray) and other spheroidal solid

part normal modes (dark gray). Top right shows the quality factor of both the Rayleigh modes (black line) and the acoustic modes (light gray circles). Note the

large quality factor of the fundamental and first overtone, with values larger than 104 for the fundamental and 103 for the first overtone. Smaller values are

found for the acoustic modes closest from the crossing with the spheroidal branch, indicating significant coupling with the solid part, especially the crust,

where shear quality factors are about 600. The second and especially the third acoustic overtones are not trapped anymore and have their Q decreasing strongly

from about 100 for the second to 10 or less for the third. The two bottom curves are providing the energy of the normal modes in both the solid part (bottom

left) and in the atmosphere (bottom right). The bottom right shows large resonances, with almost equi-partition of the energy of the resonance modes between

the atmosphere and the solid part.
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1. Airglow estimation: Theoretical expression

Among the different airglows observed on Venus, the

O2 airglow at 1.27 lm, first detected by Connes et al.
(1979), is among the strongest one and is larger than the

visible airglows by 2 orders of magnitude. It is known as the

best tracer of transport of atomic oxygen (Krasnopolsky, 2011)

and can therefore be targeted as a candidate for detecting the

flux of atomic oxygen carried by seismic waves. Moreover,

FIG. 16. Real part of the vertical ampli-

tude of the solid spheroidal normal

modes in the upper mantle and atmo-

sphere. Fundamental modes for Venus.

Same normalization as for Fig. 3.

FIG. 17. Imaginary part of the vertical

amplitude of the solid spheroidal normal

modes in the upper mantle and atmo-

sphere. Fundamental modes for Venus.

Same normalization as for Fig. 3.

J. Acoust. Soc. Am. 140 (2), August 2016 Lognonn�e et al. 1463



and in contrary to other nightglow [such as Herzberg I&II and

Chamberlain (Krasnopolsky, 2011)], the 4460 s radiative life-

time of the 1270 lm nightglow is large and much larger than

the period of the seismic waves, enabling a priori a nice win-

dow for the detection of time variations associated to the

Rayleigh waves in the bandwidth 10–100 s.

Following the airglow theory described by G�erard et al.
(2013) and Krasnopolsky (2011), let us consider a recombi-

nation process with a third body M

Oþ OþM! Oi
2 þM; (13)

where M is either CO2 or O, and i denotes the excitation state

of oxygen (namely, a1D for the Infra-Red (IR) atmospheric

system). The local number density of exited oxygen is given

by the following equations:

@ Oi
2

� �
@t
¼ P� L�r � Oi

2

� �
v

� �
; (14)

P ¼ �iK½O�2½M�; (15)

L ¼ Oi
2

� � 1

si
þ ki

CO2
CO2½ � þ ki

O O½ �
� �

; (16)

where [M] is the total number density, [O] and [CO2] the

local numbers densities of O and CO2; �i is the net yield of

the i state of O2, si is the radiative lifetime of the i state, and

K is total rate coefficient of processes. ki
CO2

and ki
O are the

quenching coefficients of the i state by CO2 and O, respec-

tively. The volume emission rate (VER) is given by

VER ¼ Ai½Oi
2� : (17)

In the steady state with no transport, P¼ L and we get the

classical VER production rate expression

VER ¼ �iK O½ �2 M½ � Ai

1

si
þ ki

CO2
CO2½ � þ ki

O O½ �
: (18)

In the case of atmospheric perturbation by seismic waves,

we will rewrite the local number of densities by adding a

perturbation associated to this wave, as follows:

½Oi
2� ¼ ½Oi

2�eq þ d½Oi
2�;

½O2� ¼ ½O2�eq þ d½O2�;
½O� ¼ ½O�eq þ d½O�; (19)

where the index eq denotes the concentration at equilibrium,

while those with d are the perturbation generated by the

waves. All non-excited or neutral species have their density

verifying the conservation equation, and for a perturbation

with an angular frequency of x, we therefore have to first

order the conservation equation

@ M½ �
@t
þr � M½ �vð Þ ¼ 0; (20)

which can be rewritten, for normal modes, as

d M½ � ¼ �r � M½ �vð Þ
ix

; (21)

where x is the normal mode frequency. The set of equations

providing the local number density of excited oxygen,

always to first order and for comparable perturbation gives

ixd½Oi
2� ¼ dP� dL�r � ð½Oi

2�vÞ; (22)

dP

P
¼ 2

d O½ �
O½ �
þ d M½ �

M½ � ;

dL

L
¼ d Oi

2

� �
Oi

2

� � þ Oi
2

� � ki
CO2

d CO2½ � þ ki
Od O½ �

1

si
þ ki

CO2
CO2½ � þ ki

O O½ �
: (23)

This can be used to compute the linear perturbation of any air-

glow and requests the chemical compositions. For the particular

IR atmospheric system nightglow, the quenching coefficients

have values of about 10�20cm3 s�1 and 2� 10�16cm3 s�1,

while the local number densities are 1015 cm�3 and 1011 cm�3,

respectively, and 1=s ¼ 2� 10�4 s�1. We can therefore

assume, for a simplified expression of the VER perturbation,

that ð1=siÞ þ ki
CO2
½CO2� þ ki

O½O� ¼ 1=si and divide then

expression (25) by P ¼ L ’ si½Oi
2�. We then get

1þ sixð Þ d Oi
2

� �
Oi

2

� � ’ 2
d O½ �

O½ �
þ d M½ �

M½ �
� si
r � Oi

2

� �
v

� �
Oi

2

� � ;

’ � 1

ix
2
r � O½ �v½ �

O½ �
þ r � M½ �v½ �

M½ �

 !

�si
r � Oi

2

� �
v

� �
Oi

2

� � ; (24)

which can be further simplified for 10–100 s surface waves,

as ð1=xÞ � si. This finally gives a simple estimation of the

VER associated to wave perturbations

d VER½ � ¼ Aid Oi
2

� �
¼ � Aisi

1þ six
r � Oi

2

� �
v

� �
¼ � si

1þ six
r: VER½ �v½ �: (25)

The perturbation of VER appears therefore to be the trans-

ported VER by the wind generated by the Rayleigh waves

multiplied by a low pass filter with time constant si.

2. Airglow estimation: Modeling for quakes

Based on the observed O2 VER fluxes observed with

VIRTIS (G�erard et al., 2013), we performed the modeling

of the signal associated to a 6.5 Venus Quake. Simulation

has been done by a full modeling of the Rayleigh seismic

waves for a Venus-GRAM atmospheric model taking into

account all dissipation effects, including molecular relaxation,

as described in Sec. V A. With that respect, we have com-

puted the time variations of the VER generated by Rayleigh

waves from Eq. (25). The vertical profile of the VER used in
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Eq. (25) is the one proposed by Krasnopolsky (2011). It corre-

sponds to the O2 nightglow at 1.27 lm with quenching by

CO2 and CO [Profile (2) of Fig. 3 from Krasnopolsky (2011)].

We refer the reader to this paper for more details on the differ-

ent terms, compositions, and parameters enabling the compu-

tation of this VER profile. The Rayleigh wave generated

atmospheric winds are obtained from the Venus Rayleigh nor-

mal modes summation and are computed for all altitudes. The

VER perturbation has then been vertically integrated in order

to observe the full emission of the atmospheric column of the

atmospheric area expected to be observed and is expressed in

Rayleigh. Normal modes frequencies allows to compute

exactly Eq. (25) for each individual Normal mode contribu-

tion, but as the time constant s is much larger than the periods

of the most energetic normal modes, the low pass filter can

practically be assumed to be a perfect integrator and the per-

turbation can then be obtained directly from the atmospheric

displacement of the atmosphere computed by the normal

modes summation.

These simulations provide the atmospheric emission

potentially observed from a satellite in Medium Venus Orbit

(e.g., relatively far from the planet and at several 10 000 km).

This demonstrates that a magnitude 6.5 (with strike, dip, and

rake all equal 45� and depth of 30 km) can be observed by

existing infrared remote sensing instruments. One possibility

might be the instrument onboard VERITAS, a Discovery pro-

posal selected recently by NASA for STEP1 (Smrekar et al.,
2014), if of course the latter has a dedicated airglow filter at

1.27 lm. Signals up to 60� of epicentral distance with a signal-

to-noise ratio (SNR) greater than 2 at the pixel level, large

enough for all further processing necessary for the measure-

ment of the phase or group velocity of the seismic waves can

be expected, as seen in Fig. 18.

VI. DISCUSSION AND CONCLUSION

In the last 15 yrs, observations and modeling of Rayleigh

surface waves in the Earth atmosphere have reached maturity.

Comparable observations of course remain to be done on

other planets, but we can however expect this to be the case in

the next decade. On Mars, the NASA InSight mission will

indeed deploy by 2018 a seismometer and an infrasonic pres-

sure sensor, enabling the monitoring of air-coupled seismic

waves. Much remains to be done for fully estimating their

amplitude, but we can likely consider that Rayleigh waves

generated by the airburst from impacts might be detected, as

rates estimated to about five seismic events per year

(Lognonn�e and Kawamura, 2015). This will be developed fur-

thermore in future works.

The deployment of a long duration geophysical station

on Venus will however be much more challenging, due to

both the high pressure and temperature at the surface. But as

shown in Sec. V, the remote detection of seismic waves

through airglow observation might be envisaged from orbit.

Some estimates of the Venus activity were done for the past

Venus Internal Structure Mission NASA Discovery proposal

(Stofan et al., 1993). The range of seismicity is pretty wide,

depending on the source of strain accumulation and on the

thickness assumed for the seismogenic layer. By assuming a

layer thickness of 30 km, based on heat flow estimates and a

strain rate of 10�19 s�1, an activity of 25 quakes per year

with moment magnitude larger than 6 and 125 quakes per

year with moment larger than 5 was proposed. This will be

enough to achieve the detection of a few quakes per year up

to 60� of epicentral distance for remote sensing instrument

with a 1600 Rayleigh threshold, and much more if future

instruments can be developed with a smaller detection

threshold.
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