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ABSTRACT:

The extreme conditions at the surface of Venus pose a challenge for monitoring the planet’s seismic activity using
long-duration landed probes. One alternative is using balloon-based sensors to detect venusquakes from the atmo-
sphere. This study aims to assess the efficiency with which seismic motion is coupled as atmospheric acoustic waves
across Venus’s surface. It is, therefore, restricted to the immediate neighborhood of the crust-atmosphere interface.
In order to account for supercritical conditions near the surface, the Peng-Robinson equation of state is used to obtain
the acoustic sound speed and attenuation coefficient in the lower atmosphere. The energy transported across the sur-
face from deep and shallow sources is shown to be a few orders of magnitude larger than on Earth, pointing to a bet-
ter seismo-acoustic coupling. For a more realistic scenario, simulations were made of the acoustic field generated in
the lower atmosphere by the ground motion arising from a vertical array of subsurface point-force sources. The
resulting transmission loss maps show a strong epicentral cone accompanied by contributions from leaky surface

waves. Results at 0.1 Hz and 1 Hz confirm that the width of the epicentral cone is larger at lower frequencies.
© 2023 Acoustical Society of America. https://doi.org/10.1121/10.0017428

(Received 15 July 2022; revised 31 December 2022; accepted 12 February 2023; published online 20 March 2023)

[Editor: Olga Umnova]

I. INTRODUCTION

Since the first successful attempts to measure Venus’s
electromagnetic reflectivity in the 1950s and 1960s
(Pettengill and Price, 1961; Smith, 1963; Victor and Stevens,
1961), radar observations—at first from ground stations, then
also from spacecraft—have been used to observe the
Venusian environment. It was not until the Magellan mission
(1989-1994) that Venus’s entire surface was mapped at a
higher resolution than any other missions or Earth-based
observations. From the Magellan data, Venus seems to have
various landscape regions that display large-scale compres-
sional and extensional deformation (Leftwich et al., 1999), as
well as evidence of possible faulting (Solomon et al., 1991).

Simulations suggest that Venus has a brittle upper crust
and upper mantle, similar to Earth (Byrne et al., 2021; Zuber,
1987). While Venus’s surface experiences extreme tempera-
tures, there is evidence of brittle deformation, as seen in areas
such as Lavinia Planitia (Byrne et al., 2021) and Hippolyta
Linea (Solomon et al., 1991). Furthermore, the presence of
volcanic materials and evidence of lava flows indicate volca-
nic events, which may be as frequent as 20 events in 60 days
(Byrne and Krishnamoorthy, 2022). These arguments support
the hypothesis that Venus is seismically active.

Analyzing Magellan radar data to investigate formations
near highly deformed areas (fesserae) as well as evidence of
stress accumulated around lowlands, the hypothesis has been
made that the Venusian surface may be fractured in small
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“blocks” in jostling motion somewhat similar to that of ice
floes (Byme et al., 2017; Byme et al., 2018; Byme et al.,
2021). Nevertheless, given the sparse direct measurements,
Venus’s internal structure and its dynamics continue to be an
open question. Seismic data from the planet can aid in the
advancement of this knowledge. Venus has a harsh surface
environment with extreme temperature and pressure, making
it challenging to develop landing probes. One viable alterna-
tive is using high-altitude balloon-based sensors to detect the
infrasound signals generated by seismic activity. The sensors
can be microbarometers that measure pressure fluctuations
(Bowman et al., 2022; Krishnamoorthy et al., 2019) or tem-
perature sensors that could record the temperature fluctuations
accompanying acoustic propagation (Garcia et al., 2005).
Experiments to detect earthquakes using high-altitude balloons
have been successfully completed by Brissaud et al. (2021).

Measurements from the Venera 7-14, VeGa-2, and
Pioneer Venus Multiprobe landers and descent probes pro-
vided the first in situ measurements of Venus’s atmosphere.
The pressure at the surface of Venus is ~90bar, and the
temperature is ~730K, which is well above the critical val-
ues for CO, and N, (the main atmospheric constituents).
Therefore, the first few kilometers of the Venusian atmo-
sphere are probably in a supercritical state.

The VeGa-2 lander obtained the only reliable informa-
tion on the atmospheric structure below 12km. Recently,
Lebonnois and Schubert (2017) revisited the VeGa-2 temper-
ature profile, noting that it may defy established paradigms
by the apparent lack of a well-mixed layer of constant poten-
tial temperature. Specifically, using the VeGa-2 descent mea-
surements of temperature and pressure, combined with CO,
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and N, concentration profiles, the potential temperature pro-
file was obtained; it has a pronounced negative gradient over
the first 7km from the surface, indicating a rather large con-
vective (unstable) layer, followed by a stable layer of increas-
ing potential temperature up to about 17 km. This structure is
atypical for a planetary boundary layer because it lacks a
dominant well-mixed region.

Lebonnois and Schubert (2017) hypothesize that the den-
sity difference between N, and CO, could lead to a separa-
tion of the two species near the surface, possibly by density-
driven convection or molecular diffusion; the N, mole frac-
tion from ~3.5% at 7km to ~0% at the surface produces a
fairly constant potential temperature over the first 7 km, indic-
ative of convective instability. However, recent numerical
simulations of turbulent mixing in Venus’s lower atmosphere
indicate that chemical species separation is unlikely
(Morellina and Bellan, 2022). Nevertheless, whether density-
driven separation occurs or not, the atmospheric specification
in the supercritical layer needs to be addressed in more detail.
For example, the potential temperature profile should be
obtained by calculating enthalpy changes with a real-gas
equation of state such as the Peng-Robinson equation of state
(P-R EoS) instead of the usual ideal-gas framework.

The ability to detect venusquakes from aerial platforms
and study its subsurface relies on the efficiency with which
ground motion couples to the planet’s deep atmosphere
through acoustic waves. This article aims to assess the
seismo-acoustic coupling strength at the surface of Venus. Its
scope, therefore, is limited to the planet’s lowermost atmo-
sphere, which is believed to be in a supercritical state. The
results presented here are a necessary stepping stone for future
studies investigating infrasonic arrivals from venusquakes to
high-altitude balloon-borne sensors. In Sec. II, we present the
vertical profiles of the sound speed and attenuation coefficient
at 1 Hz in the Venusian lower atmosphere. They are obtained
using the P-R EoS, appropriate for supercritical conditions.
Section III describes the transfer of acoustic energy from deep
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and shallow sources across the surface. Plane-wave reflection
and transmission coefficients are calculated and compared to
their Earth counterparts, as well as the apparent enhancement
of power flow from shallow sources (i.e., within a wavelength
from the interface). Section IV shows seismo-acoustic simula-
tion results of acoustic propagation from underground sources;
the simulations are done in the frequency-wavenumber space,
with underground sources placed at various depths. The
Appendixes contain details on implementing the P-R EoS in
the Venus wavenumber model, as well as the calculations of
plane wave reflection and transmission coefficients and
spherical-wave power flux from a shallow source. Finally, in
Sec. V, we summarize the principal aspects of the paper and
lay out the framework for future studies of the seismo-
acoustic coupling mechanisms on Venus.

Il. DEEP-ATMOSPHERE SOUND SPEED
AND ATTENUATION

In a previous study of the acoustic characteristics of
Venus’s atmosphere, Petculescu (2016) obtained the attenu-
ation coefficient and acoustic phase speed as functions of
altitude and frequency based on the Van der Waals equation
of state (VAW EoS). The VAW EoS had been tested success-
fully a few years before on sound speed data obtained during
the Huygens probe’s descent on Titan (Petculescu and Achi,
2012). Here, we modify the Venus wavenumber model to
accommodate the P-R EoS, which is more appropriate than
the VAW EoS for the supercritical conditions of the planet’s
deep atmosphere. The implementation of the P-R EoS into the
Venus wavenumber model is described in the Appendixes.
Figure 1 compares both models, i.e., P-R and VAW EoSs; one
can see that the difference between the acoustic wavenumbers
obtained with the two equations of state becomes smaller with
increasing altitude as the atmosphere becomes less dense.
Specifically, the difference between the implementation of the
two equations of state is that the near-surface sound speed and
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FIG. 1. Vertical profiles of the sound speed and attenuation coefficient at 1 Hz: Van der Waals vs Peng-Robinson EoS predictions. Inset on the right: zoom-

in on the attenuation coefficients over the first 2 km.
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TABLE 1. Elastic and acoustic properties. pg is the atmosphere’s density
(gas), p; is the crustal density (solid), and A and p are the Lamé parameters
of the crust. ¢q is the speed of sound in the near-surface atmosphere, and ¢;,
and cr correspond to P- and SV-wave velocities, respectively.

Earth Venus
po (kg/m®) 1.00 68.7
p1 (kg/m®) 2700 2900
/. (GPa) 45.7 56.4
1t (GPa) 36.5 35.8
co (m/s) 330 42217
¢ (m/s) 6629.5 6643.6
cr (m/s) 3676.8 3513.5

attenuation coefficient obtained with the P-R EoS are ~3.6%
larger and ~4% smaller, respectively, than those obtained
using the Van der Waals EoS. In addition, the sound speed
profile calculated here with the P-R EoS agrees with that pub-
lished independently by Morellina et al. (2020), who did not
address sound absorption. The difference between the acoustic
wavenumbers obtained with the two equations of state
becomes smaller with increasing altitude as the atmosphere
becomes less dense.

lll. TRANSMISSION FROM DEEP AND SHALLOW
SOURCES

For simplicity, Venus’s crust and near-surface atmo-
sphere are considered homogeneous solid and gaseous
media, respectively. Table I gives the atmospheric and mean
crustal parameters used as inputs to calculate the energy
transmission across the interface in this section.

The Venusian atmospheric density po and speed of
sound ¢y were computed using the Venus acoustic wave-
number model described in Sec. II. The longitudinal (c;)
and transverse (c7) velocities are the mean values of the

Lamé parameters and mean crustal density estimated by
Yoder (1995) and Yang et al. (2016). These values, recently
suggested by Xiao et al. (2021), are for a basaltic crust (Taylor
and McLennan, 2008) and will be considered homogeneous.
We first consider a deep source in a homogeneous semi-
infinite solid medium (i.e., many wavelengths below the inter-
face). Therefore, the wavefronts reaching the solid-gas inter-
face are assumed to be plane. The wave polarization can be
longitudinal (P waves) or transverse (S-waves). For the latter,
we only consider the vertically polarized ones (SV waves)
since horizontal polarization cannot be coupled acoustically to
the gas. The two wave types are indexed by subscripts L and
T, and their incidence angles are denoted 6; and 0. For either
incident wave type, the reflected field contains both P and SV
waves, while the transmitted field (in the gas) only contains P
waves. The seismo-acoustic transfer of energy from the crust
into the atmosphere is expressed through the intensity reflec-
tion and transmission coefficients, R and T, respectively.
Details about their calculation are given in the Appendixes.
Figures 2 and 3 show, respectively, the reflection and
transmission coefficients for plane waves at Venus’s surface
compared to their Earth counterparts. Solid lines indicate
mode preservation (Ryz, Ryr, Trr), while dashed lines indi-
cate mode conversion (R;r, Ryz, Trp); the first index repre-
sents the incident mode while the second index shows the
transformed mode. Even though the objective of this study
is acoustic energy transmission in the atmosphere, showing
both the reflection and transmission coefficients is useful
because they illustrate energy conservation across the inter-
face through R;; +Ryr + Tz = 1 (for incident P waves)
and Ry + Ryp 4+ Ty, = 1 (for incident SV waves). Both P
and SV waves incident from the crust undergo reflection at
the interface into both modes. Figure 2 shows a relatively
small difference between the calculated reflected values for
Earth and Venus; this is because the amount of reflected

FIG. 2. (Color online) Intensity reflection coefficients for waves incident from the crust into the atmosphere. Top: incident P wave reflected into P wave
(Ry., solid) and into SV wave (R, 7, dashed). Bottom: incident SV wave reflected into SV wave (R, solid) and into P wave (Ry;, dashed).
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FIG. 3. (Color online) Intensity transmission coefficients for waves incident from the crust into the atmosphere. Top: incident P wave refracted into P wave
(Tyz). Bottom: incident SV wave refracted into P wave (T7z; no shear modes in the atmosphere).

energy does not depend on the gas-solid density ratio
(although containing the gas density). However, the trans-
mitted energy is proportional to the atmospheric density (see
the Appendixes), which leads to considerably stronger trans-
mission on Venus than on Earth, as can be seen in Fig. 3.

Upon refraction, P waves are coupled into the atmo-
sphere without mode conversion (solid lines), while SV
waves suffer mode conversion into P waves (dashed lines).
Over the entire range of the incident angle 0, the energy
transmission coefficient for Venus is two orders of magni-
tude larger than on Earth; this lies at the heart of the argu-
ment that supports Venus’s good seismo-acoustic coupling
efficiency. For incident SV waves, the critical angle is
OCTrit ~ 32° for Venus and 33° for Earth. Below O;m, most
SV-wave energy is reflected, predominantly without mode
conversion for 0 < 07 < 15° and 0 > 9?“, and predomi-
nantly with mode conversion for 15° < 0 < 05, Beyond
the critical angle, the fraction of energy transmitted into
Venus’s atmosphere goes through a maximum of ~1% at
07 ~ 37° after which it is ~0.75% up to 70°, still several
orders of magnitude larger than for Earth.

A seismic source is considered shallow when its distance
from the interface is comparable to or smaller than the acous-
tic wavelength. Then, it can be shown that the power trans-
ferred across the interface can be enhanced to the point that it
can exceed the power emitted in free space (Godin, 2011;
McDonald and Calvo, 2007). The time-averaged acoustic
energy per unit time and unit area (acoustic Poynting vector)
transferred from the crust into the atmosphere is Say,
=1Re(p*v) = (2wp,) 'Im(p*Vp), where v is the particle
velocity. Here, the crust-atmosphere interface is defined by
z=0 in the xy plane; z <0 below the interface, z > 0 above
the interface. We consider, for simplicity, a monopole source
of P waves in the crust, placed at depth z = —z,. This choice
of source, although not necessarily realistic for a quantitative
study, is used here because it illustrates the effect of the inter-
face in a simple yet compelling manner.

J. Acoust. Soc. Am. 153 (3), March 2023

The acoustic power coupled into the atmosphere
through the interface is found by integrating the Poynting
vector in the vertical direction over the infinite surface area
at z=0, ie., Iym = If(::o)savg -zZdA. Here, z is the unit
vector normal to the surface. Normalizing to the total P-
wave power Ien = 27(porg)?/p ¢, emitted in an infinite
homogeneous solid, with pg, r( a reference pressure and dis-
tance, respectively (McDonald and Calvo, 2007), one has
(see the Appendixes)
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where m = p,/p, is the gas/solid density ratio, 7, (g) is
the Fourier component of the plane wave displacement-
amplitude transmission coefficient, ¢ is the horizontal wave-
number, v, = (k7 — qz)l/ ? is the vertical wavenumber, and
vy =TIm(vp).

For a more realistic picture, we account for lossy P and
SV waves in the crust via the respective quality factors, O,
and Or = gQL. In the literature, these vary greatly depend-
ing on the type of wave, the material, experimental condi-
tions, etc. Here, we adopt the values Q; =125 and Q7 =56
for both planets, based on Johnston et al. (1979), and the
wavenumbers are k;, = wc; (1 +i/20;) and kr = wey'(1
+1i/207), respectively.

The normalized power coupled into the atmosphere by
a shallow omnidirectional P-wave source is shown in Fig. 4
as a function of source depth divided by the wavelength in
the source medium (i.e., dimensionless source depth). For
deep sources (z;/4; > 107"), the coupled acoustic power
agrees with the plane wave transmission coefficients in Fig.
3 predicting two orders of magnitude higher amplitudes on
Venus than on Earth. For decreasing source depths, the
acoustic power coupled into the atmosphere at the surface
increases to the point where it can exceed the emitted power
by more than 30 dB. Furthermore, since the acoustic energy
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FIG. 4. Normalized power transmitted across the interface from a simple P-
wave source in the crust, as a function of dimensionless source depth.

flux through the interface is proportional to the atmospheric
density, the effect is amplified on Venus by ~15 dB, indicat-
ing a more efficient seismo-acoustic coupling. Once gener-
ated, the waves will travel in the vertically stratified
atmosphere while undergoing losses characterized by the
attenuation coefficient such as that shown in Fig. 1.
Nevertheless, absorption in the Venusian atmosphere is con-
sistently smaller than in Earth’s for frequencies below
100 Hz (Petculescu and Lueptow, 2007).

IV. SEISMO-ACOUSTIC SIMULATIONS

In order to simulate infrasound propagation in Venus’s
lower atmosphere from an underground source, the seismo-
acoustic fast field program is used (Averbuch et al., 2020a;
Jensen et al., 2011). It is a frequency-wavenumber (f-k)
solver that provides an exact solution for propagation in lay-
ered media. The method is based on dividing the medium
into piecewise, homogeneous layers while the exact solution
of the wave equation describes the wavefield within each
layer; imposing the continuity of stress and displacement at
the layer boundaries allows the waves to propagate across
layers. The specific treatment of the boundary conditions
enables propagation through the discontinuous density and
velocity profiles of Venus’s subsurface and atmosphere.

On Earth, long-range infrasound propagation is facili-
tated by atmospheric waveguides arising from temperature
inversions and wind profiles (Evers and Haak, 2010), which
allow efficient propagation of trapped modes over hundreds
to thousands of kilometers (Arrowsmith er al.,, 2021;
Averbuch et al., 2020b; Shani-Kadmiel et al., 2021; Waxler
et al., 2017). Venus has strong high-altitude zonal winds,
with speeds reaching 100m/s, which may contribute to
energy transport radially away from the epicenter. However,
based on the current speed of sound profiles, these high-
altitude winds may not be strong enough to refract acoustic
waves back to the ground. Moreover, for propagation above
20 km, the attenuation of clouds should be considered. Due
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to these reasons, propagation to higher altitudes will not be
addressed in this study.

For the seismo-acoustic simulation, we use the density
and velocity profiles based on the values in Table I and Fig.
1. Due to the uncertainties of Venus’s seismicity, vertical
lines of 0.1 and 1 Hz point force sources are placed in depths
ranging from 1 to 10 km. Unlike a monopole, a point force
has both longitudinal and transverse components; hence it
generates both P and S waves (Ewing, 1957; Madariaga,
2015). Thus, placing a vertical line of point forces leads to a
better approximation of a seismic wavefield.

The resulting transmission loss (TL) is shown in Fig. 5
up to an altitude of 20 km. As a function of horizontal range,
the relatively high TL values from 0 km downrange to 50 or
100km (for 1 or 0.1Hz sources, respectively) can be
explained by the efficient coupling of P and SV waves above
the source (Fig. 3). The subsequent steady decrease in TL is
associated with radiation from the leaky Rayleigh mode. As
expected, pressure amplitudes from the 0.1 Hz vertical
forces line are several orders of magnitude higher than from
the 1 Hz sources. The excess transmitted power compared to
Fig. 4 is ascribed to the transverse waves component of the
source (Godin, 2011) that was not taken into account in Sec.
III. In terms of absolute pressure, these results suggest the
following, (1) for the 1Hz source, the expected pressure
above the source (z=20) at » < 100km is 100 times larger
than at 7 =500 km; (2) the amplitude ratio at » =500 km and
z=1km is twice as at z =20 km.

The simulation results show that most of the acoustic
energy in the lower atmosphere is constrained to a (rela-
tively) narrow cone above the epicenter, the rest being con-
veyed laterally as radiation from decaying surface waves.
The cone’s width and the coupled waves’ amplitudes are
inversely proportional to the frequency, i.e., a lower source
frequency leads to a broader cone and higher coupled pres-
sure amplitudes. As can be observed from the difference
between the TL vs range plots, the width of the epicentral
radiation cone becomes narrower at higher frequencies, as
expected. The supercritical state of the Venusian deep atmo-
sphere plays an important role in determining the initial
amplitudes of the generated sound field.

V. CONCLUSIONS

The goal of this study is to investigate the seismic-to-
acoustic transfer of energy into Venus’s deep atmosphere in
windless conditions well below the main cloud level. The
ability of seismic events to generate acoustic disturbances in
the atmosphere is governed by the acoustic impedance ratio
between the crust (assumed a homogeneous solid) and the
atmosphere. Venus’s lower atmospheric conditions create
an “acoustically friendly” environment, whose acoustic
impedance is almost two orders of magnitude greater than
Earth’s, into which seismic ground motion can be coupled
more efficiently. The deep atmosphere of Venus is modeled
as a real gas via the P-R EoS in order to account for the
supercritical conditions of its first few kilometers.
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FIG. 5. (Color online) FFP simulation results. (a) Venus effective speed of sound profile; (b) narrowband simulation results at 1 Hz for vertical point-force
source array; (c¢) TL vs range at an altitude of 20 km from a 0.1 and 1 Hz vertical point-force source array.

Characterizing deep sources, plane wave energy transmis-
sion across the crust-atmosphere interface is several orders of
magnitude stronger than on Earth, over many incidence
angles, because of Venus’s ~70 times lower crust-atmosphere
impedance contrast. A seismic source is considered shallow if
situated within an acoustic wavelength from the interface.
Here, we exemplify with a monopole source of longitudinal
waves, placed at depth z beneath the surface such that
z/ A < 1, where /; is the P-wave wavelength. A considerable
amount of acoustic power is transmitted through the interface,
in excess of 30 dB compared to deep sources. Moreover, more
than 15 dB excess is expected compared to Earth.

Propagation simulations in the lower atmosphere show
that the acoustic energy is likely to be concentrated in a
relatively narrow cone centered on the epicenter, with
some energy leakage from surface waves. The width of the
cone, its amplitude, and the leaky surface-wave amplitudes
are frequency- and depth-dependent. Furthermore, this
study uses a homogeneous elastic half-space; therefore,
only one surface wave mode exists. In a more realistic sce-
nario where the subsurface will consist of layered media,
more surface wave modes will be exited depending on the
source depth and frequency spectrum; the coupling effi-
ciency will change depending on the layers’ thickness and
elastic properties. Measuring their acoustic manifestation
will allow inverting for Venus’s sub-surface. The effects of
clouds on the acoustic wavenumber [of which preliminary
results were reported by Trahan and Petculescu (2020)] as
well as the possible emergence of atmospheric waveguides
from the interplay between the strong high-altitude
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winds and the hot surface are to be addressed in future
endeavors.

In the context of the block-tectonics hypothesis, the
crust may be fragmented into adjacent blocks held together
by frictional stresses. Therefore, the contribution to Venus
seismo-acoustic coupling would arise from the dynamics of
the blocks. As a starting point, one could assume that the
blocks have no topographic features. The complex block
displacement can then be considered a superposition of sim-
ple eigen-motions such as piston-like vertical oscillations,
rocking, tilting, buckling, sliding, and rotation.

For example, a vertical movement of the entire block
can be modeled as a baffled piston. A starting assumption is
that the block size is much larger than the emitted acoustic
wavelength; hence, the sound energy will be directed
upward. Dynamic buckling of the blocks can result in the
formation of transient cusps with a dominant vertical com-
ponent, which can produce acoustic perturbations. Tilting
motion will generate a complex wavefield due to the vertical
displacement of different block parts [e.g., Shani-Kadmiel
et al. (2021)]. Motion in the horizontal plane, such as sliding
or rotation, will not generate sound vertically; it could, how-
ever, couple into surface modes radiating acoustic energy
into the atmosphere. In addition, stress relief at the blocks’
boundaries can excite surface wave modes, which will be
coupled to acoustic motion in the gas.

Another factor that might affect the sound field in the
lower atmosphere of Venus is the overall near-surface ther-
mal structure. Thus, boundary layer turbulence, local convec-
tive stability, potential temperature profiles, and degree of
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mixedness of the deep atmosphere could each play a role, to
varying degrees, in the first stages of the acoustic perturba-
tion. Therefore, in future work, the accuracy of the coupling
predictions could benefit from estimates and measurements
of the thermal heterogeneity of the near-surface atmosphere.

ACKNOWLEDGMENTS

This study has been funded by the Louisiana Space
Grant Consortium (LaSPACE). We would like to thank
Stephen Arrowsmith for constructive discussions, and the
reviewers for their much-appreciated comments.

APPENDIX A: IMPLEMENTING THE P-R EOS
IN THE ATMOSPHERIC WAVENUMBER MODEL

The adiabatic sound speed ¢ and attenuation coefficient
o are obtained from the real and, respectively, imaginary
part of the effective (complex-valued and frequency-
dependent) wavenumber k. The have a frequency depen-
dence arising from both classical (thermo-viscous) and
non-classical (mostly vibrational) processes. The effective
wavenumber is

(). (AD)

v = Mp~! is the molar volume and M the molecular weight.
The tilde denotes complex quantities. j = ¢,/¢, is the iso-
baric-to- isochoric ratio of effective molar heat capacities
Cp() = C5 ( ) T Zncy "l — iwr,,)_ where ¢, are associated
with the external (1 e., translational) degrees of freedom
while ci;“ and 7, represent the heat capacity and relaxation
time, respectively, of the n-th internal (mostly vibrational)
molecular degree of freedom (Herzfeld and Litovitz, 1959).
The speed of sound and attenuation coefficient are obtained
from Eq. (A1),

o v Bp) 217]
oo =i (), ik #
.~ M {[9p) |1 —-Rej
a(w) = Imk = o 3 (81))T 6 (A3)

The external heat capacities for a real gas are calculated
as corrections to their ideal-gas counterparts as

@)

ext ' 321?)

a) J <ﬁ v (ad)
ED

2

ext CX‘ T v
= AS
v ( 8p> ; (AS)
31) T
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where cg is the ideal-gas isobaric molar heat capacity. The
P-R EoS can be written as

RT  ©O(T)

P = Glurh)

(A6)

or as a cubic equation in the compressibility Z = pv/RoT,

73+ (B-1)72?
— (AB — B?

+(A—-2B—-3B"Z
—-B¥) =0. (A7)
Ry = 8.314JK'mol~! is the universal gas constant and b
the exclusion volume. The functions in the second term on the
right-hand side are G(v;b) = v* + 2bv — b* and O(T) = a1
+f(@) (1 =T,)]> where f(w)=0.37464 + 1.54226w
—0.2699w? contains the dependence on the acentric factor @.
In Eq. (A7), A = p©®/R3T? and B = b p/R,T. Equation (A6)
yields the partial derivatives for the heat capacities in Eq.
(A4):

op\  Ro af(w)[1+f(w) (1-VT,)]
(aT)vv—of ATGwh 0 B
), =
/e (0—b)’
2v+b)a[l +f(o) (1 = VT,)]’
G2(v; b) » (89)
(a_2p> _ af(m)
ar?),  2G(v;b)TT,
% f(w>+1+f(w)¢(%_ W")], (A10)
v (0p _ af(w)
TJOC <W> L’dU o TL‘ ](U’ b)
. 1+f(w) (1 - VT;)
X [j(w)+ T ,
(A1)

where  1(v,b) = [ G(v,b)'dv = [2b/(2)] ' {In[v + b(1

—V2)] —In[v +b(1 + \/_)]} Equation (A7) yields three
solutions for Z of which the smallest corresponds to the lig-
uid phase density and the largest to the gas-phase density pg
(of interest here).

APPENDIX B: PLANE-WAVE REFLECTION AND
TRANSMISSION COEFFICIENTS

The incidence and reflection angles in the solid are 6,
and 0r, respectively, for longitudinal and transverse waves;
the transmission angle of longitudinal waves in the gas is 0.
It is assumed that only longitudinal modes propagate in
the atmosphere. The plane wave intensity coefficients for
solid-to-gas energy transfer are obtained as follows (Ergin,
1952):
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¢ cosbr 2
Ry =|Rul”s Rur=— IRerl”
cr cosOp
2 cr cos O 2
Rrr = |Rer|”, Ry =— IRl
¢y, cos 0
—1
Pocy cosly 2
Ty =—2 [Tl
pycy' cosl
Pocy  cosly 2
T = 21 |77 (B
picpt cosl

The phase speeds and angles of incidence, reflection, and
transmission are related via Snell’s second law ¢/ sin 0y
=c¢p/sin0, =cr/sinOr or, equivalently, kg sin0y
= ky sin 0 = kg sin 07, where k; (i = 0,L,T) are the wave-
numbers. The quantities Ry, Rir, Rrr, Rrr, T, and
T represent the amplitude reflection and transmission
coefficients, obtained as ratios of displacement potentials /.
and Y, defined such that the P- and S-wave displacements
are, respectively, uy, = Vi, and ur =V X ;. The reflec-
tion and transmission coefficients for the displacement
potentials 1y at the crust-atmosphere interface are given
below, based on Chap. 4 of Brekhovskikh and Godin
(1998),

B rLeﬂ _Zo+Zr sin® 207 — Z; cos? 207

Rip == ’
H T e T 705 Zy sin® 207 + 7 cos? 207
Ry e ~2(1 = Ryp)eot O sin® 07
e e cos 207 ’
refl 7 7 2 20 — 7. 2 20
Ry = VT _ 20 + Z; cos” 201 — Zr sin” 207
Ty Zy + Z; cos? 207 + Zr sin® 20
(1 + Ryr) tan 0 cos 207
R =5 = Yo :
T sin” Or
T, = L (1 =Ryy)tan O cot 0
o ine cos?2 Or ’
tran l R t 0
Ty =L = (1+ TTZ) an’o (B2)
?C 2sin“0r

The first subscript indicates the incident mode; the second
subscript denotes the reflected or transmitted mode. The
coefficients are expressed in terms of the angle-dependent
characteristic acoustic impedances of the atmosphere (Z)
and the crust (Z; and Z; for longitudinal and transverse
waves, respectively). For plane waves, these are Zy = pyco/
cos by, Z;, = pycr/ cos 8 and Zr = p,cr/ cos Or.

APPENDIX C: POWER TRANSMITTED ACROSS A
SOLID-GAS INTERFACE FROM AN
OMNIDIRECTIONAL P-WAVE SOURCE

A monopole source located at z = —z; produces spheri-
cal waves at r. Since this field will be incident on a planar
interface at z=0, it is useful to decompose it in elementary
plane waves via a Weyl integral (Williams, 1999),
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p(r) _ exp (ik|r + z:z|)
Dolo |r + z:2]
i [t +00 () eik_,\erzs\
=L dk | dk R E T
2n Jfoo ’ Jfoo ’ ¢ kZ ( )

where po, ro are arbitrary reference values. In the presence
of the interface at z=0, in order to find the acoustic field
coupled from a P-wave generated in the solid (z <0) into a
P-wave in the gas (z>0), Eq. (C1) must be modified to
account for sound transmitted across the interface. Since the
pressure in a plane harmonic wave can be expressed as
p = pw*y, then the transmission coefficient for the pressure
amplitude is T<LPL) =mT, where m=p,/p, and the
displacement-amplitude coefficient 7,,(g) is calculated
from Eqs. (B2). Introducing the horizontal wave-vector

q = (ky,ky,0) and the vertical wavenumber v = k., one
obtains (Godin, 2011; McDonald and Calvo, 2007)
plr) _ m. j J d*qF(q,z) """ (€2)
poro  2m? ' ’

where F(q, 22 = in[Ti(q)/vi(q)] @@ and oy
= (ki — qz)l/ and vy = (k% — q2)1/2 are the vertical wave-
numbers in the crust and atmosphere, respectively, with
ko = w/co. The acoustic power transmitted into the atmo-
sphere is obtained by integrating the z component of the
Poynting vector (intensity) over the infinite interface in the
xy plane and using plane wave orthonormality, i.e.,

[ [drexplilg —q) 1] = (2n)* 5(q' — q):

! Jm Jﬂolm{p*(r)ag(zr)} dx dy

2000 ) o ) x 2=0

2
2 m . QF] )
= _— I _
(por()) anpow JJ m|: aZ z:Od 1

2 w/co OF
m J gIm [F* —] dg.  (C3)
TPo®@ Jo dz].—o

Hatm - JJ San ° 2 dA
-~0)

= (poro)’

The arbitrariness associated with the reference pressure
po and location ry is eliminated by normalizing to the
total power of P waves emitted in an unbounded solid,

Hem = 27(poro)’/pycy, yielding Eq. (1).
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