
HAL Id: insu-04833979
https://insu.hal.science/insu-04833979v1

Submitted on 12 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Geographical, Seasonal and Diurnal Variations of
Acoustic Attenuation, and Sound Speed in the

Near-Surface Martian Atmosphere
Martin Gillier, Andi Petculescu, Naomi Murdoch, Alexander E. Stott, Solène

Gerier, Sylvestre Maurice, David Mimoun

To cite this version:
Martin Gillier, Andi Petculescu, Naomi Murdoch, Alexander E. Stott, Solène Gerier, et al.. Geograph-
ical, Seasonal and Diurnal Variations of Acoustic Attenuation, and Sound Speed in the Near-Surface
Martian Atmosphere. Journal of Geophysical Research: Planets, 2024, 129, �10.1029/2023JE008257�.
�insu-04833979�

https://insu.hal.science/insu-04833979v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Geographical, Seasonal and Diurnal Variations of Acoustic
Attenuation, and Sound Speed in the Near‐Surface Martian
Atmosphere
Martin Gillier1 , Andi Petculescu2 , Naomi Murdoch1 , Alexander E. Stott1 ,
Solène Gerier1 , Sylvestre Maurice3 , and David Mimoun1

1Institut Supérieur de l’Aéronautique et de l’Espace (ISAE‐SUPAERO), Université de Toulouse, Toulouse, France,
2Department of Physics, University of Louisiana at Lafayette, Lafayette, LA, USA, 3CNRS, CNES, Institut de Recherche
en Astrophysique et Planétologie (IRAP), Université de Toulouse 3 Paul Sabatier, Toulouse, France

Abstract This work introduces a comprehensive model of sound attenuation and speed on Mars, in light of
the recent operation of several microphones on the surface of Mars. The proposed acoustic model calculates the
sound speed and attenuation throughout the near‐surface Martian atmosphere based on first‐principles. We
evaluate the effects of the seasonal and diurnal cycle of air temperature, pressure and CO2, as well as the
concentration of airborne dust on the sound attenuation. The attenuation and speed of sound are most sensitive to
the air temperature and, therefore, they vary with the diurnal temperature cycle and to a lesser degree with the
seasonal changes in temperature. The speed of sound also varies with the seasonal variations of the
concentration of CO2. The main outcome of this work is an acoustic model capable of computing the sound
speed and attenuation for any location at the Martian surface at any time of year and any time of day.

Plain Language Summary Sound offers new means of investigating the Martian environment. To
study the properties of sound sources onMars, or to derive atmospheric properties from the way sound travels in
the Martian atmosphere, a model of the sound attenuation and speed on Mars is needed. In this paper, we
propose such a model that allows the sound attenuation and speed at the Martian surface to be computed at any
point and time. We investigate how these two properties change with air temperature, pressure, the chemical
composition of the Martian atmosphere, the concentration of airborne dust, and with time of day and season.
This paints the picture of Mars as a very contrasting planet acoustically, with a very wide range of attenuation
and speed of sound compared to Earth because of the daily variations of temperature and the yearly variations of
pressure and chemical composition.

1. Introduction
Acoustics has become a reliable tool for investigating atmospheric properties, owing to the intrinsic coupling
between sound and its propagation medium. Based on many decades of successful application of acoustic
techniques to study Earth's atmosphere, the scientific community has now deployed acoustic sensors to other
planetary atmospheres. Earlier studies have highlighted the interest of acoustics for planetary exploration
(Leighton & Petculescu, 2008) with application ranging from sonar (Ainslie & Leighton, 2016) to probing of
outer planet atmospheres vertical structure (R. D. Lorenz, 1998). Microphones have recorded wind‐induced noise
on the surface of Venus during the Soviet missions Venera 13 and 14 (Ksanfomaliti et al., 1982). The Huygens
probe that landed on Titan carried several acoustic instruments, including a sonar (Towner et al., 2006) and a
speed of sound sensor (Hagermann et al., 2007). Mars Polar Lander (1999) and Phoenix (2008) both carried
microphones that were either lost along with the probes or not turned on due to instrument safety concerns. More
recently, several microphones have landed and operated onMars, namely the Entry, Descent, and Landing and the
SuperCam microphones on the NASA Perseverance rover (Maurice et al., 2022; Mimoun et al., 2023) and the
Chinese National Space Administration Zhurong rover microphone (Zou et al., 2021). These microphones have
already yielded results on the acoustic properties of the Martian atmosphere, either by listening to artificial sound
sources such as the Ingenuity helicopter (R. D. Lorenz et al., 2023) and the laser‐induced breakdown spectroscopy
(LIBS) experiment (Chide et al., 2022), or by recording the signals induced by the Martian environment such as
the wind (Stott et al., 2023) and a dust devil (Murdoch et al., 2022).

RESEARCH ARTICLE
10.1029/2023JE008257

Key Points:
• Attenuation and speed of sound are

modeled at every point of the Martian
surface

• Sound attenuation and speed are most
affected by the variation of pressure
and temperature associated with the
diurnal and seasonal cycles

• The variations of sound attenuation and
speed during a given day are very
strong compared to Earth

Correspondence to:
M. Gillier,
martin.gillier@isae-supaero.fr

Citation:
Gillier, M., Petculescu, A., Murdoch, N.,
Stott, A. E., Gerier, S., Maurice, S., &
Mimoun, D. (2024). Geographical,
seasonal and diurnal variations of acoustic
attenuation, and sound speed in the near‐
surface Martian atmosphere. Journal of
Geophysical Research: Planets, 129,
e2023JE008257. https://doi.org/10.1029/
2023JE008257

Received 18 DEC 2023
Accepted 22 APR 2024

© 2024. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

GILLIER ET AL. 1 of 28

https://orcid.org/0000-0002-0127-1617
https://orcid.org/0000-0003-2263-7785
https://orcid.org/0000-0002-9701-4075
https://orcid.org/0000-0001-6121-705X
https://orcid.org/0000-0002-0857-4696
https://orcid.org/0000-0001-5702-8002
https://orcid.org/0000-0002-3427-2974
mailto:martin.gillier@isae-supaero.fr
https://doi.org/10.1029/2023JE008257
https://doi.org/10.1029/2023JE008257
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JE008257&domain=pdf&date_stamp=2024-05-07


In this context, a model of sound propagation at the Martian surface is needed. Indeed, to know the acoustic
properties of a sound source from the received signal, one needs to account for the effects of sound propagation in
the atmosphere. Conversely, if the source is known, the received signal can be used to study the properties of the
propagation medium. In both cases, the knowledge of the link between the atmosphere's properties and the way an
acoustic wave travels through it is required. A sound propagation model can also be used to define the re-
quirements of future acoustic instruments and experiments based on the characteristics of the sound source it is
intended to record.

The design of the SuperCam microphone (Mimoun et al., 2023) was based on the use of existing models of the
propagation of sound in the Martian atmosphere in H. E. Bass and Chambers (2001), Williams (2001) and
Petculescu and Lueptow (2007). These models allowed an attenuation coefficient and a speed of sound to be
computed for a general Martian atmosphere or for a profile from the surface to the top of the atmosphere.

In this work, we propose a model to quantify the attenuation coefficient and the speed of sound at a given time and
location on the Martian surface as a first step to a more complete acoustic propagation model. The discussion is
focused on the near‐surface, that is, the first 20 m of the Martian atmosphere, as the goal is to understand the
acoustic environment in which landers, rovers, drones and any future human exploration would operate. The
method we use, described in Section 2, consists first in taking outputs of the Martian Climate Database (MCD, see
Forget et al. (1999) and Millour et al. (2018)) to get all the relevant properties of the Martian atmosphere at the
place and time of interest (Section 2.1). A physics‐based acoustic model (PBAM) (Dain & Lueptow, 2001;
Petculescu & Lueptow, 2007) is then used to determine the attenuation coefficient and the speed of sound for a dry
atmosphere at each point of the propagation space from the MCD output (Section 2.4). A model of suspension
acoustics is used to take into account the presence of airborne dust (Section 2.5). This is the first time that
attenuation and speed of sound at the Martian surface are computed with such a fine spatio‐temporal granularity.
Based on this model, we are able to investigate the effects of airborne dust concentration (Section 3.1), in addition
to the temperature, pressure and chemical composition of the air (Section 3.3). This model allows us to study the
influence of longitude and latitude (Section 3.4), season (Section 3.5), time of day (Section 3.6) and altitude
(Section 3.7) on the sound attenuation and speed.

2. Method
The method presented here allows for the computation of the acoustic attenuation coefficient and the speed of
sound at any point of the Martian surface at any time. First, the pressure, temperature, and chemical composition
of the location and time of interest are retrieved from the MCD. Then the attenuation coefficient α is computed as
the sum of the classical attenuation coefficient (αclass, see Section 2.3) and the non‐classical attenuation coef-
ficient (αnon‐class, see Section 2.4). If needed, αdust (Section 2.5) can be added to α to represent the case of a dust‐
loaded atmosphere. The speed of sound is derived from the real part of the effective wavenumber (see
Section 2.4).

2.1. Martian Atmospheric Parameterization: The Martian Climate Database

We study the propagation of sound under different Martian atmospheric conditions. We focus only on the first
tens of meters of the atmosphere, as this is the place where most of the relevant sound detectors (embedded on
landers, rovers, and drones) would be operated.

To obtain mean values for all atmospheric parameters, we used the MCD (see Forget et al. (1999) and Millour
et al. (2018)). The MCD is a database of meteorological fields derived from numerical simulations of the Martian
atmosphere and validated using available observational data. It consists of a 3D grid of 5.625° of longitude and
3.75° of latitude, which corresponds to 330 × 450 km at the surface. There are 73 vertical levels (defined in
intervals of pressure), the first one corresponding to 5 m above the surface. Data are available at 12 local times of
day for each of the 12 Martian months.

Pressure, temperature, wind velocity, chemical composition and other variables can be determined at any given
latitude, longitude, altitude, time of year (expressed as a solar longitude, Ls) and time of day (expressed as a Local
True Solar Time, LTST) by interpolating between theMCD database values. The horizontal wind velocity and the
temperature under the lowest layer (i.e., below 5 m) are computed using the Monin‐Obukhov similarity theory.

Journal of Geophysical Research: Planets 10.1029/2023JE008257

GILLIER ET AL. 2 of 28

 21699100, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JE

008257 by C
ochrane France, W

iley O
nline L

ibrary on [12/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



In this work, when a time and location are specified, atmospheric data from
the MCD are used. If time and location are not specified, pressure and tem-
perature are specified and the composition of the Martian atmosphere used is
the standard one described in Table 1. Note that only dry atmospheres are
considered, so in any case the molar fraction of H2O is equal to zero (see
Section 4.2 for a discussion on this choice).

2.2. Sound Waves and Acoustic Attenuation

This section describes the pressure fluctuations that constitute a sound wave,
the attenuation of sound with distance, and introduces the different ways of
computing this attenuation. In a spherical harmonic wave of angular fre-
quency ω, the sound pressure fluctuations p are described by Pierce (2019):

p(r,t) =
A0

r
exp[i(kr − ωt)] (1)

where k is the wavenumber, A0 is a calibration constant expressed in terms of the pressure received at a reference
distance and r is the distance to the source. They exhibit spherical (or geometrical) spreading, decaying with
distance even in the absence of intrinsic loss mechanisms. This geometrical spreading is expressed by the 1

r factor.

In general, acoustic propagation is accompanied by intrinsic energy losses. It is customary to express the sound
speed and the attenuation through the real and imaginary parts of the complex wavenumber that is, k = k0 + iα,
where k0 ≡ ω/c, ω = 2πf is the angular frequency, c the speed of sound, and α the attenuation coefficient.

The attenuation coefficient is usually expressed in m− 1 or dB/km, the latter being typically used in long‐range
atmospheric studies. This coefficient is approximated as the sum of all the individual contributions from
various loss mechanisms.

The attenuation mechanisms can be divided into two main classes: classical and non‐classical. Classical atten-
uation arises from viscosity, thermal conduction, and diffusion (the latter being generally much weaker than the
first two). Section 2.3 describes the way classical attenuation is computed in this study. The non‐classical
attenuation is related to the inability of the molecular internal degrees of freedom (e.g., vibration and rotation)
to follow the acoustic temperature oscillations. Section 2.4 describes the way non‐classical attenuation as well as
speed of sound is computed in this study.

2.3. Classical Attenuation

Classical attenuation arises from viscosity, thermal conduction and diffusion. The contribution of the viscosity to
acoustic losses is obtained by taking into account the shear viscous forces in the Navier‐Stokes equation
(Kinsler, 2000), yielding the associated attenuation coefficient:

αv =
8
3
π2f 2

ρc3
η (2)

with f the frequency of the sound wave, ρ the gas mixture density, c the speed of sound in the gas mixture and η its
coefficient of shear viscosity.

During the passage of the acoustic wave, the instantaneous temperature goes through maxima and minima,
corresponding, respectively, to compression and rarefaction of the gas. These temperature differences induce
irreversible heat transfer, leading to acoustic energy losses. The attenuation coefficient associated with these
losses is given (Kinsler, 2000):

αt = (γ − 1)
4π2f 2K
ρc3cp

(3)

Table 1
The Standard Martian Atmosphere Used in This Paper

Molecule Molar fraction (%)

CO2 96

N2 1.89

Ar 1.93

O2 0.145

H2O 0

Note. The values shown in this table were retrieved by the Curiosity rover
(Mahaffy et al., 2013) and are used as the default chemical composition.
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where f is the frequency of the sound wave, ρ the gas mixture density, c the speed of sound in the gas mixture, γ the
heat capacity ratio, cp the specific heat at constant pressure and K the thermal conductivity.

Because of the very high molar fraction of CO2, the contribution from mass diffusion to the overall attenuation is
negligible (H. E. Bass & Chambers, 2001) compared to the viscous and conduction losses. Hence, in this work we
have:

αdiff = 0. (4)

The specific heat, density, and coefficients of shear viscosity and thermal conductivity depend on the gas
composition; in addition, the specific heat vary with temperature and, to a lesser degree, pressure. To compute
them, we first retrieved their values for each gas constituting the Martian atmosphere at the relevant pressure and
temperature from the NIST chemistry WebBook (Linstrom &Mallard, 2023). Then, the appropriate mixing rules
were used to compute these values for the gas mixture. Thus, the molecular weight and specific heat are obtained
as simple weighted sums with the corresponding fractions of the species forming the mixture and the Wilke
formulae (Poling et al., 2000) are used for viscosity and thermal conductivity.

The classical attenuation coefficient used in this work is then:

αclass = αv + αt (5)

2.4. Non‐Classical Attenuation and Speed of Sound

The non‐classical attenuation occurs in polyatomic molecules whose vibrational and rotational states can affect
the overall energy balance through molecular relaxation processes. At a molecular level, there are energy transfers
between translational energy on one hand and rotational and vibrational energies on the other hand. However,
these exchanges are not as fast as the translational energy variations. This delay in the energy transfer, associated
with relaxation times, is responsible for acoustic energy losses.

Several approaches exist to model the vibrational attenuation. For example, Williams (2001) considered that the
vibrational attenuation is small when the length of the cycle is too short or too long compared to the relaxation
time. As a result, they choose to model it by a parabolic equation whose parameters were defined from experi-
mental data. Molecular vibration can be expressed as the sum of different normal modes, each associated with a
wavenumber, νi. In H. E. Bass and Chambers (2001) only the main vibration mode of CO2, the bending mode
(ν2 = 66,700 m− 1), was considered, and its effect was computed using the experimentally determined rate of
collisions between the different species constituting the Martian atmosphere.

These empirical and semi‐empirical models provide a straightforward way to compute the molecular attenuation.
However, in order to better test and interpret recorded data in terms of the underlying physics, we derive a first
principles model.

The acoustic model used in this work, which will be referred to as the PBAM, is based on work from Dain and
Lueptow (2001) and Petculescu and Lueptow (2005). The main idea of this model is to compute an effective
wavenumber of a sound wave traveling in a certain gas mixture, that is, a wavenumber that takes into account the
internal degrees of freedom created bymolecular vibrations. To do so, it is necessary to compute effective specific
heat, that is, specific heat that take into account the internal temperatures associated with molecular vibration.
This in turn requires the knowledge of various relaxation times associated with the vibrational processes that can
be computed from the intermolecular interactions between the different molecules making the gas mixture.

A detailed step‐by‐step description of this model is available in Appendix A, and some limitations of the model
are discussed in Section 4.2. To summarize, this model allows the computation of an effective wavenumber keff
from a specific gas composition, pressure and temperature. As explained in Section 2.2 this complex wavenumber
can be written as:

keff ( f ) =
2πf
c
+ iαvib (6)
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with αvib the attenuation coefficient associated with vibrational attenuation, and thus allows the derivation of the
vibrational attenuation and the speed of sound.

With a few exceptions (light molecules such as H2, very high frequencies, tenuous environments, compressible
flows etc.), molecular rotation is in near‐equilibrium with translation for many species, hence its contribution to
attenuation is negligible and in this work αrot = 0.

Thus, the non‐classical attenuation coefficient is

αnon− class = αvib (7)

The attenuation coefficient of air α is then obtained as:

α = αclass + αnon− class (8)

2.5. Attenuation Caused by Airborne Dust

One of the important characteristics of the Martian atmosphere is the presence of dust in suspension. It is known
that on Earth particles in suspension can cause attenuation of sound, though in most cases it can be neglected
(Henley & Hoidale, 1973). To model the effect of suspended dust on the sound propagation, we used the approach
proposed in Temkin (2005) for dilute aerosol suspensions. Using a two phase model, the following dispersion
relation (Temkin, 2005) is derived:

k2dust(ω) =
ω2

c2Tf
(1 +

ϕv/δ
1 − iωτd

) (9)

with ω the angular frequency, cTf the isothermal speed of sound, ϕv the volume concentration of the particles that
is, the ratio between the volume occupied by particles in the suspension and the total volume, δ the fluid to particle
density ratio and τd the dynamical relaxation time for the particle, τd = 2a2

9ν f δ
with a the particle radius and νf the

fluid kinematic viscosity. As explained in Section 2.2 the complex wavenumber kdust contains both the frequency‐
dependent speed of sound and attenuation coefficient. Thus, an attenuation coefficient modeling the additional
acoustic attenuation caused by dust αdust, can be computed as the imaginary part of kdust.

To summarize this section, the attenuation coefficient of air α is obtained as the sum of the classical and non‐
classical attenuation, with the possibility to add another coefficient αdust in the presence of atmospheric dust.
The speed of sound at each frequency is given by the real part of the effective wavenumber as shown in
Equation 6.

3. Results
In this section, the variation of the attenuation coefficient and the speed of sound with different parameters is
studied. In particular, we examine the effect of airborne dust concentration (Section 3.1), temperature, pressure
and chemical composition of the air (Section 3.3), season (Section 3.5), and time of day (Section 3.6). These
parameters are considered in the first 20 m of the Martian atmosphere as this is where most of the relevant sound
detectors (embedded on landers, rovers, and drones) would be located. We then show how these parameters
impact sound propagation as a function of geographical location and altitude (Sections 3.4 and 3.7).

After showing the attenuation coefficient and the speed of sound for a wide range of frequencies in Section 3.2 we
focus on a few frequencies, namely 10, 100, 1,000, and 10,000 Hz, in order to demonstrate the frequency
dependence of certain effects. When it is not convenient to show too many frequencies, we focus on 100 Hz as it is
representative of the sound produced by Ingenuity, the helicopter traveling along Perseverance rover (R. D.
Lorenz et al., 2023), which produces sound at its blade passage frequency (84 Hz) and at its first harmonic
(168 Hz). Similarly, after showing the attenuation coefficient and the speed of sound at every point of the Martian
surface in Section 3.4 we have chosen to focus on a few locations and especially Perseverance site. When seasonal
effects are not studied, we decided to study the Martian atmosphere at Ls = 180°, the Northern Hemisphere
equinox, as it is a time of year when the seasonal effects are not extreme.
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The following results are not exhaustive, as this model can be used to study attenuation and speed of sound in a
wide variety of context, but they explore the main parameters to which it is sensitive.

3.1. Effect of Airborne Dust

Dust concentration in the Martian atmosphere follows an annual cycle (Liu et al., 2003), with a non‐dusty season
(Ls ∼ 0°–135°) and a dusty one (Ls ∼ 135°–360°). Dust that is lifted from the Martian surface through different
processes (Kahre et al., 2017) produces dust clouds that can range from a scale of a fewmeters and a timescale of a
few hours to a planetary scale and a timescale of several months. In the latter case, these events are referred to as
global dust storms. Large dust storms occur exclusively during the dusty season (Wang & Richardson, 2015). The
MCD gives an annual maximum mass mixing ratio of 1 × 10− 3 and an air density of 2.2 × 10− 2 kg/m3 for the
global dust storm scenario. These are the values we have used, as they represent a maximum of the dust con-
centration at the Martian surface. Using a particle radius of 1.5 μm (Kahre et al., 2017), and assuming dust is made
of feldspar (Hamilton et al., 2005) that has a density of 2.56 × 103 kg/m3 results in a volume concentration of the
particles, ϕv, of 9 × 10− 9. Figure 1 presents the attenuation induced by suspended dust using a particle radius of
1.5 μm and a mass mixing ratio of 1 × 10− 3.

The attenuation coefficient created by airborne dust is 300 times lower than the dust‐free attenuation at 100 Hz
and 10 times smaller at 10 kHz. Figure 1 shows that in order for the dust‐induced attenuation to have the same
order of magnitude as the air‐induced attenuation, the dust concentration would need to be 10 times higher than
the maximal one given by the MCD for the global storm scenario. This indicates that the attenuation caused by
airborne dust near the Martian surface can be safely neglected. Thus, in the following sections, we do not include
an attenuation due to dust.

As explained in Section 2.5 there is also an effect of dust on the dispersion of the speed of sound of less than
0.02 m/s between the low and the high frequencies. This is negligible compared to the variations in the sound
speed caused by the turbulent fluctuations of the atmosphere, which is typically of 2–3 m/s (Maurice et al., 2022).

3.2. Attenuation Coefficient for the Standard Mars Atmosphere

Figure 2 presents the attenuation computed for Mars and Earth surface conditions. The atmospheric composition
used for Mars is the standard atmosphere described in Table 1 at 740 Pa and 240 K. For Earth the attenuation is
computed at a pressure of 1 atm and 293 K with 20% of relative humidity using the model of H. Bass et al. (1984).

Figure 1. Comparison of the air acoustic attenuation (α see Equation 8) and dust induced attenuation (αdust see Equation 9).
The dust mass mixing ratio is equal to 1 × 10− 3 in the Martian Climate Database (MCD) global storm scenario and 1 × 10− 2

in the 10× MCD global storm scenario. The atmosphere used is the standard Martian atmosphere (see Table 1) with at
temperature of 240 K and a pressure of 740 Pa.
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Figure 2 shows that the relaxational (non‐classical) attenuation dominates under 8 kHz with a relaxation fre-
quency (corresponding to the inflexion point) around 50 Hz, while classical attenuation dominates at high fre-
quencies. Earth attenuation is 500 times smaller at low frequencies and 10 times smaller at high frequencies. To
that end, sound does not propagate as effectively on Mars as it does on Earth.

Figure 3 presents a comparison of the attenuation models from H. E. Bass and Chambers (2001) and Wil-
liams (2001) and the proposed PBAM computed for Martian surface conditions and the standard Martian at-
mosphere defined in Table 1. The PBAM outputs are in general agreement with those of the Bass‐Chambers (less
than 20% of difference) and, to a lesser degree, the Williams model. This can be explained by the fact that while
the Bass‐Chambers and Williams models are empirical, the PBAM developed here is based mostly on first‐
principles. An interesting characteristic of the PBAM compared to the two other is the additional attenuation
in the infrasonic range (below 10 Hz). This attenuation originates from the ν1 and ν3 relaxation modes of CO2 (see
Appendix A) which are not considered in the Bass and Chambers or Williams model.

3.3. Sensitivity of the Attenuation Coefficient and the Speed of Sound to Temperature, Pressure, and
Chemical Composition

3.3.1. Attenuation Coefficient

Figure 4 presents the variation of the attenuation coefficient for a range of temperatures (Figure 4a) and pressures
(Figure 4b) typical of the Martian surface, that is, for the range of pressure and temperature that a lander located at
a mid‐altitude and mid‐latitude could experience in a Martian year. These figures show that the attenuation is
more sensitive to ambient temperature than to the ambient pressure, most notably between 100 Hz and 10 kHz.
Another interesting result is that the amplitude and the direction of the variation in attenuation depend on the
frequency range. For example, the attenuation coefficient varies the most between 300 Hz and 3 kHz where the
attenuation coefficient increases with increasing temperature, ranging from 0.04 m− 1 for a temperature of 200 K
to 0.3 m− 1 for a temperature of 300 K. On the contrary, for frequencies in the 5–100 Hz range, the attenuation
coefficient decreases with increasing temperature.

The attenuation coefficient depends on atmospheric composition through the thermophysical and transport pa-
rameters, as well as the relaxation times. Using an atmosphere only made of CO2 leads to an attenuation coef-
ficient approximately 20% lower for the low frequencies and 30% higher for the high frequencies. The effect of
the other gases is thus small, but not negligible. The chemical composition of the lower Martian atmosphere is
relatively constant at a given location and any fluctuations do not have a perceptible impact on the attenuation

Figure 2. Classical and relaxational acoustic attenuation coefficients computed by the physics‐based acoustic model for
Mars. The atmosphere used is the standard atmosphere described in Table 1 with P = 740 Pa and T = 240 K. For Earth the
attenuation is computed at 1 atm and 293 K with 20% of relative humidity (H. Bass et al., 1984).

Journal of Geophysical Research: Planets 10.1029/2023JE008257

GILLIER ET AL. 7 of 28

 21699100, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JE

008257 by C
ochrane France, W

iley O
nline L

ibrary on [12/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



coefficient, except near the poles where the molar fraction of CO2 exhibits strong seasonal variations. To
summarize, the attenuation coefficient in the Martian atmosphere is mainly a function of temperature and, to a
second order, of pressure.

3.3.2. Speed of Sound

Molecular vibrational relaxation of the CO2 leads to dispersion, that is, a frequency‐dependent speed of sound. As
shown in Section 2.4, the PBAM provides a way to predict this speed of sound.

Figure 5 presents the speed of sound predicted by the PBAM for a typical range of air temperatures at the Martian
surface, that is, between 200 and 300 K. The low‐frequency (under 100 Hz) speed of sound ranges between 228
and 272 m/s, and the high frequency one between 235 and 285 m/s.

The variation in the value of speed of sound with pressure is less than 0.01 m/s at high and low frequencies, and so
it does not have as large an impact as temperature. The only effect of a change in pressure is to shift the relaxation
frequency. The amplitude of this shift when going from 590 to 800 Pa is around 30 Hz.

The speed of sound is sensitive to variations of the chemical composition of the Martian atmosphere. This is
demonstrated in Figure 6, which presents the variation of the speed of sound when the molar fraction of CO2,
XCO2

is modified (see Table 1). The effect of the molar fraction of CO2 is evaluated by varying the chemical

Figure 3. Acoustic attenuation of the physics‐based acoustic model compared to the one of Williams (2001) and H. E. Bass
and Chambers (2001). The atmosphere used is the standard atmosphere described in Table 1 with P= 740 Pa and T= 240 K.
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composition of the gas mixture used as an input of the PBAM. The molar fraction of N2 is also adjusted
accordingly. In these figures, the speed of sound is computed at a temperature of 240 K and a pressure of
740 Pa.

Figure 6 shows that every one percent of decrease in the molar fraction of CO2 leads to an increase in the speed of
sound of ∼0.6 m/s. This means that a speed of sound sensor with a sensitivity of 0.06 m/s would be capable to
detect a variation in the CO2 molar fraction at a level of 1 part in 1,000, as was suggested in R. Lorenz (2000).
Note that when Ar replaces the missing CO2 instead of N2 the increase in the speed of sound is greater. Thus, if the
molar fraction of CO2 and the temperature is known, one could infer the relative proportion of Ar and N2 from a
speed of sound measurement. One must keep in mind that such a wide range of CO2 molar fraction is only
experienced close to the poles because of the CO2 yearly cycle (see Section 3.5).

In summary, the speed of sound is frequency dependent and increases with temperature and, to a lesser degree,
with the decrease of CO2 molar fraction. It must be noted that here we are discussing the speed of sound in an
stationary medium, the effective speed of sound would be different in the presence of wind.

To conclude this section Figure 7 shows the variations of the relaxation frequency of the attenuation coefficient
and speed of sound with temperature, pressure and the molar fraction of CO2.

Figure 4. Sensitivity of the attenuation coefficient to a range of atmospheric temperatures (top) and pressures (bottom) typical
at the Martian surface. P = 740 Pa in the top figure and T = 240 K in the bottom one.
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3.4. Attenuation Coefficient and the Speed of Sound Across the Martian Surface

In this section, we introduce several maps of theMartian surface to demonstrate the range of attenuation and speed
of sound across the planet. The mapped attenuation and sound speed values are obtained based on the outputs of
the MCD at Ls = 180° (northern autumn equinox) at 12 Universal Martian Solar Time (UMST i.e. solar time at a
longitude of 0) 3 m above the ground. This means that the Sun nadir is at a longitude and a latitude of 0.

Figure 8 shows the map of the temperature with some geographical features of Mars annotated for context. The
Perseverance site (18.45°N, 77.4°E) and an arbitrarily chosen point at high latitude (85°N, 0°E) are indicated, as
we will focus on these later in Section 3. Some of the highest points of Mars (Olympus Mons and ElysiumMons)
as well as some depressions (Valles Marineris, Hellas Planitia and Argyre Planitia) are also indicated to give a
sense of the relief.

The temperature is higher at low latitudes, and lower near the South Pole than near the North Pole because of the
higher altitude of the southern plateau. Temperatures are also higher between an East longitude of − 90 and 90°, as
they are in daylight at the time of the simulation.

Figure 5. Speed of sound on the Martian surface as predicted by the physics‐based acoustic model for a range of temperatures
typical of the Martian surface.

Figure 6. Speed of sound on the Martian surface as predicted by the physics‐based acoustic model for CO2 molar fraction
(XCO2 ) ranging from the minimum to the maximum that is expected at the Martian surface according to the Martian Climate
Database. Speed of sound is computed at a temperature of 240 K and a pressure of 740 Pa.
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Figure 7. Relaxation frequency of the attenuation coefficient and speed of sound predicted by the physics‐based acoustic
model. Top: variations of the relaxation frequency with temperature in a Martian atmosphere with a pressure of 740 Pa and a
molar fraction of CO2 of 0.96. Middle: variations of the relaxation frequency with pressure in a Martian atmosphere with a
temperature of 240 Pa and a molar fraction of CO2 of 0.96. Bottom: variations of the relaxation frequency with molar fraction
of CO2 in a Martian atmosphere with a pressure of 740 Pa and a temperature of 240 K.

Figure 8. The air temperature at 3 m above the ground on Mars at Ls= 180° and 12 Universal Martian Solar Time. Gray lines
are contour levels extracted from MOLA (Lemoine et al., 2001).
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3.4.1. Attenuation Coefficient

Figure 9 shows the distributions of the attenuation coefficient at 100 Hz and 10 kHz across the Martian surface.
The attenuation coefficient at 100 Hz follows the variation of temperature shown in Figure 8, which was expected
given its sensitivity to temperature that was discussed in Section 3.3.1.

One could be surprised that the attenuation at the top of Olympus Mons and ElysiumMons is stronger than at their
base. Indeed, the high altitude of these volcanoes (21 and 14 km) mean that the air density at their top is several
times (2–15) smaller than at their base and, given Equations 2 and 3, one would expect that the attenuation will
also be several times smaller. However, at 100 Hz the non‐classical attenuation dominates over the classical one
(see Figure 2). Thus there is a higher attenuation coefficient at 100 Hz as there is a slightly higher nighttime
temperature at the top of these volcanoes.

On the contrary at 10 kHz, where the classical attenuation dominates, the effect of the density is important enough
that the attenuation coefficient is high at the top of the volcanoes and small in the lower area of Argyre Planitia,
Hellas Planitia, and Valles Marineris.

Figure 9. The attenuation coefficient at 100 Hz (top) and 10 kHz (bottom) at 3 m above the ground on Mars at Ls = 180° and
12 Universal Martian Solar Time. Gray lines are contour levels extracted from MOLA data (Lemoine et al., 2001).
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3.4.2. Speed of Sound

Figure 10 shows the distributions of the speed of sound at 100 Hz across the Martian surface. As expected from
Section 3.3.2, the variation of the speed of sound closely follows the variation of temperature. This is also true for
the speed of sound at high frequency (10 kHz).

Global maps of the Martian surface provide a good way of showing the ranges of the attenuation coefficient and
the speed of sound in one glance, but to investigate in more detail every parameter that has an impact on acoustic
propagation we need to focus on a few locations. In the next section, we will focus on the Perseverance site and the
high latitude site that were both marked on Figure 8.

3.5. Effect of the Season

In this section, the variation of the attenuation coefficient and the speed of sound along the Martian year are
discussed. As the seasonal variation of the atmosphere depend on latitude, they are computed at two locations: at
the Perseverance site (18.45°N, 77.4°E) and at a high latitude (85°N, 0°E). All values are for an altitude of 3 m and
a local time of 12 LTST.

3.5.1. Attenuation Coefficient

Figure 11 presents the variation of the attenuation coefficient at 100 Hz with the solar longitude. The variation in
temperature is also shown. As expected from Figure 4, the variation of attenuation is predominantly explained by
the variation in temperature. The variation near the Perseverance site is small, the minimum attenuation coef-
ficient (Ls = 270°) is only 10% smaller than the maximal attenuation coefficient (Ls = 150°). On the contrary, the
variation at the high‐latitude site is extreme, with a minimum attenuation coefficient (Ls= 210°) 75% smaller than
the maximal attenuation coefficient (Ls = 120°). This reflects the seasonal temperature cycle, which is more
pronounced at high latitudes.

However, the temperature is not the only atmospheric parameter that changes along the Martian year. Because of
the seasonal condensation and sublimation of CO2 at the poles, the pressure varies by 30% over the year. The
volume mixing ratio of CO2 is also affected by the CO2 annual cycle: it dives to 75% at a latitude of 85°N near the
northern winter solstice (Ls = 270°).

Figure 12 presents the effects of the variation of the pressure and the CO2 molar fraction on attenuation. These
effects were estimated by simulating atmospheres with either a constant pressure or a constant chemical
composition over the Martian year and comparing the results with the complete simulation presented in Figure 11.
They are expressed as percentages.

Figure 10. The speed of sound at 100 Hz at 3 m above the ground on Mars at Ls= 180° and 12 Universal Martian Solar Time.
Gray lines are contour levels extracted from Mars Orbiter Laser Altimeter (Lemoine et al., 2001).
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Figure 12 shows that the effect of the seasonal changes in CO2 molar fraction at the Perseverance site is very
small, less than 0.5%. For pressure the effect is larger but still less than 4%. At the high latitude site, the effect can
go as high as an 11% increase of the attenuation coefficient because of the changes in pressure, which is more
notable. For example, an 11% increase in the attenuation coefficient means that the maximum distance at which a
sound source can be detected decreases by 9%.

To summarize, the change of season affects the speed of sound mainly through the associated change in tem-
perature, which is higher at high latitude, and to a second order through the change in the pressure and the at-
mosphere chemical composition.

3.5.2. Speed of Sound

Figure 13 presents the variation of the speed of sound at 100 Hz with the solar longitude.

The variation in temperature is also shown. As expected from Figure 5, the variation of speed of sound is pre-
dominantly explained by the variation in temperature. The speed of sound is lower and more variable at high

Figure 11. Variation of the attenuation coefficient at 100 Hz with the solar longitude. The variation in temperature is also
shown. The values were extracted from the Martian Climate Database at two locations: at the Perseverance site (18.45°N,
77.4°E) and at a high latitude site (85°N, 0°E). All values are for an altitude of 3 m and a local time of 12 Local True Solar
Time.

Figure 12. The effects of the variation of the pressure and the CO2 molar fraction on attenuation at 100 Hz, expressed as
percentages of change from the mean value over the year. The atmospheric parameters were extracted from the Martian
Climate Database at two location: at the Perseverance site (18.45°N, 77.4°E) and at a high latitude (85°N, 0°E). All values are
for an altitude of 3 m and a local time of 12 Local True Solar Time.
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latitude, compared to the Perseverance site, because of the lower temperature and the wider temperature
variations.

As for the attenuation coefficient, it is worth looking at the effect of the changes of the others atmospheric pa-
rameters. Figure 14 presents the effects of the variation of the pressure and the CO2 molar fraction on the speed of
sound. These effects were estimated by simulating atmospheres with a constant pressure (respectively chemical
composition) over the Martian year and comparing the results with the complete simulation presented in
Figure 13. They are expressed as speed differences in m/s.

Figure 12 shows that the effect of the seasonal changes in pressure and CO2 molar fraction at the Perseverance site
is smaller than at high latitudes. At high latitudes, it is the effect of the changes in CO2 molar fraction that
dominates, with a deviation from the mean that can go up to 1.8 m/s.

To summarize, the change of season affects the speed of sound mainly through the associated change in tem-
perature, which is higher at high latitude, and to a second order through the change in the atmosphere chemical
composition.

Figure 13. Variation of the speed of sound at 100 Hz with the solar longitude. The variation in temperature is also shown. The
values were extracted from the Martian Climate Database at two locations: at the Perseverance site (18.45°N, 77.4°E) and at
a high latitude (85°N, 0°E). All values are for an altitude of 3 m and a local time of 12 Local True Solar Time.

Figure 14. The effects of the variation of the pressure and the CO2 molar fraction on the speed of sound at 100 Hz, expressed
as a difference from the mean value over the year in m/s. The atmospheric parameters were extracted from the Martian
Climate Database at two location: at the Perseverance site (18.45°N, 77.4°E) and at a high latitude (85°N, 0°E). All values are
for an altitude of 3 m and a local time of 12 Local True Solar Time.
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In the following sections, we will focus on the Perseverance site at a solar longitude of 180°.

3.6. Effect of the Diurnal Cycle

An important characteristic of the Martian near‐surface that is relevant for the acoustic is the diurnal temperature
cycle. This cycle is well‐know thanks to the numerous meteorological packages that operated on the surface of
Mars (Davy et al., 2010; Gómez‐Elvira et al., 2013; Munguira et al., 2023; Schofield et al., 1997; Sutton
et al., 1978). The temperature is minimal around sunrise (6 LTST) and maximal in the beginning of the afternoon
(15 LTST) with a range in the order of 50 K. As expected from the results of Section 3.3 these large differences
have a strong impact on the attenuation coefficient and the speed of sound. Measurements of the diurnal cycle of
pressure in Jezero (Sánchez‐Lavega et al., 2023) have shown that its range, less than 30 Pa, is too small to affect
significantly the attenuation. The range of the CO2 molar fraction over a day extracted from the MCD is 1 part per
10,000 and is thus too small to affect the attenuation or the speed of sound.

3.6.1. Attenuation Coefficient

Figure 15 presents the attenuation coefficient at 10, 100, and 1,000 Hz during a typical Martian day along with the
air temperature. These three frequencies were chosen to illustrate the different effects of the temperature on the
attenuation coefficient.

As expected from Figure 4 the variations of attenuation at 100 and 1,000 Hz follow closely the variation of the air
temperature whereas the attenuation coefficient at 10 Hz varies in the opposite direction. The considerable range
in temperature (62 K) translates into an important variation of the attenuation coefficients. Hence, the maximum
attenuation at 1,000 Hz is three time the minimum, whereas the attenuation coefficient at 100 Hz goes from 0.018
to 0.038 m− 1 (a factor of ∼2) from 5 to 15 LTST. This mean that a 100 Hz sound heard at a distance of 100 m will
have a sound intensity 17 dB smaller at 15 LTST than at 5 LTST or equivalently that the maximum distance at
which a specific sound can be heard will be two time smaller at 15 LTST than at 5 LTST (neglecting geometric
spreading).

To summarize, throughout the day, the strong variation in air temperature near the Martian surface is the leading
factor causing the strong variation of the attenuation coefficient.

3.6.2. Speed of Sound

Figure 16 presents the speed of sound at 10, 100, and 1,000 Hz during a typical Martian day along with the air
temperature.

Figure 15. The attenuation coefficient at 10,100, and 1,000 Hz during a typical Martian day. The data necessary to compute
the coefficients, including the air temperature, were extracted from theMartian Climate Database at the Perseverance site at a
height of 3 m and Ls = 180°.
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Figure 13 shows that the considerable differences in temperature that occur along a Martian day are responsible
for a variation of speed of sound of 30 m/s for frequencies of 10 and 100 Hz and 40 m/s for a frequency of 1 kHz.
This corresponds to an increase of ∼15%. For comparison, if the temperature goes from 0 to 20°C during a typical
day on Earth, the corresponding increase of temperature will be only around 3%. Compared to the result of
Section 3.5, this also means that the speed of sound variations throughout a diurnal cycles at 100 Hz are three
times higher than the variations during a seasonal cycle.

To summarize, across the day, the strong variation in air temperature near the Martian surface is causing strong
variations of the speed of sound.

3.7. Near‐Surface Profiles

Profiles of attenuation and speed of sound going from the Martian surface to the top of the atmosphere have
already been presented in Petculescu and Lueptow (2007). Here we will focus on the first 20 m of the Martian
atmosphere as it is the place where landers, rovers and drones operate. In‐situ measurements of the Martian
temperature profile (Munguira et al., 2023; Smith et al., 2006) have shown that they present a consistent diurnal
pattern, with a stable stratified atmosphere during the night and a strong super‐adiabatic vertical gradient from
mid‐morning to mid‐afternoon. As a consequence, temperature profiles are shown for different local times. The
pressure gradient is very small, with less than 2 Pa of difference between the ground and 20 m of altitude. The
chemical composition does not vary over such a short distance.

Figure 17 shows temperature profiles over the first 20 m of the Martian atmosphere at different times of day.

At midnight, the atmosphere is stably stratified with a positive temperature gradient. Then soon after sunrise, that
occurs at 6 LTST, the temperature profile reverses to a negative temperature gradient. At midday, the range of
temperature between the ground and 20 m high is the strongest of the day (47 K). Then, just before the sunset that
occurs at 18 LTST, the temperature profile reverses again.

3.7.1. Attenuation Coefficient

Figure 18 shows the attenuation coefficient profiles at 100 Hz and 1 kHz over the first 20 m of the Martian at-
mosphere at different times of day.

The variations of the attenuation coefficient with altitude closely follow the variations of temperature. The dif-
ference between the attenuation coefficient at the ground level and at 2 m can reach 90% at 1 kHz, but reduces to
less than 10% at 100 Hz. This means that, at midday, a sound wave in the kilohertz range going through the 2 first
meters of the atmosphere will be considerably more attenuated than the same sound wave traveling a few meters

Figure 16. The speed of sound at 10, 100, and 1,000 Hz during a typical Martian day. The data necessary for the computation
of the coefficients, including the air temperature, were extracted from the Martian Climate Database at the Perseverance site
at a height of 3 m and Ls = 180°.
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above. Hence, when designing acoustic instruments intended to operate in this layer, it is crucial to take these
variations of temperature and thus attenuation into account.

3.7.2. Speed of Sound Coefficient

Figure 19 presents the speed of sound profiles at 100 Hz and 1 kHz over the first 20 m of the Martian atmosphere
at different times of day.

Again, the variations in speed of sound follow the variation in temperature. The difference of speed of sound
between the ground and 2 m high at midday is around 17 m/s which is considerably higher than the value of 3 m/s
that is given for a typical speed of sound profile over similar distances on Earth in Salomons (2001). This strong
gradient is negative, which means that sound waves traveling through the first 2 m are bent upward.

Figure 17. The temperature profiles over the first 20 m of the Martian atmosphere at different times of day. Data extracted
from the Martian Climate Database at the Perseverance site at Ls = 180°.

Figure 18. The attenuation coefficient profiles at 100 Hz and 1 kHz over the first 20 m of the Martian atmosphere at different
times of day. Data extracted from the Martian Climate Database at the Perseverance site at Ls = 180°.
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4. Discussion
4.1. The Variation of the Acoustic Impedance of the Air

In Section 3 we only considered the propagation losses that occur when the sound wave is traveling in the
atmosphere. However, losses can also occur at the interface between the sound source and the atmosphere, and
between the atmosphere and the microphone. This is characterized by the acoustic impedance of the air,
Zair = ρ c where ρ is the atmospheric density and c the speed of sound. Compared to Earth, the lower air density
at the Martian surface (0.02 kg/m3 compared to 1.2 kg/m3) and the lower speed of sound (240 m/s compared to
340 m/s) mean that the acoustic impedance of air at the Martian surface is almost 100 times smaller than on
Earth (4.8 kg/m2s compared to 408 kg/m2s, see Petculescu and Lueptow (2007) for comparison with other
planetary bodies and other types of material). This means that acoustic waves emitted into the atmosphere by a
source of equal surface velocity magnitude will be 40 dB weaker on Mars than they would be on Earth.

Moreover, it is important to note that the large changes in pressure across the Martian year (see Section 3.5) cause
strong variations in the acoustic impedance of air. This means that, even if the changes of pressure only have a
small impact on the attenuation of the sound waves, they have a strong impact on the coupling between the sound
source and the atmosphere, and the atmosphere and the microphone. Thus, the signal on the microphone would
vary regardless of propagation losses. This has already been observed on Mars (Chide et al., 2023).

4.2. Limits of the Physics‐Based Acoustic Model

One limit of the acoustic model at high frequency is the continuum medium hypothesis. Indeed, if the acoustic
Knudsen number, that is, the ratio between the mean free path and the wavelength, is too big (e.g., greater than
0.01) the gas can no longer be considered continuous and other equations should be used. This is especially
important in the thin Martian atmosphere, where the mean free path can be as large as 50 μm near the surface (and
larger at higher altitudes). This means that Knudsen number is greater than 0.01 for frequency greater than
50 kHz. This is important for the study of ultrasonic sources, such as potential future ultrasonic anemometers.
This will also be important when considering the ground‐air interaction to predict the ground impedance and
model sound propagation in the presence of the ground.

In the previous sections, all the calculations were made assuming that the Martian atmosphere does not contain
water vapor (see Table 1). However, models (H. Bass et al., 1984) and experiments (Zuckerwar & Mer-
edith, 1985) have shown that the sound attenuation coefficient in Earth's atmosphere is highly dependent on the
amount of water vapor in air. The Martian atmosphere is very dry compared to Earth's (Montmessin et al., 2017).
In‐situ measurements at Perseverance site (Polkko et al., 2023) have shown that the maximum nighttime volume

Figure 19. The speed of sound profiles at 100 Hz and 1 kHz over the first 20 m of the Martian atmosphere at different times of
day. Data extracted from the Martian Climate Database at the Perseverance site at Ls = 180°.
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mixing ratio of water vapor depends on the season and is always under 120 ppm. During daytime, the relative
humidity is too low to derive a volumemixing ratio, but models (Polkko et al. (2023), andMCD) show that it stays
under 500 ppm. The attenuation coefficient computed by the PBAM for a Martian atmosphere with 500 ppm
water do not differ by more than 1% from that of the dry atmosphere. However, experimental work points to the
vibrational relaxation of CO2 by H2O being unusually rapid. Different explanations have been proposed to
explain this fast rate of energy exchange, such as a chemical affinity between the two molecules (Widom &
Bauer, 1953) or rapid near resonant transfer of vibrational energy of CO2 to rotational energy of H2O
(Sharma, 1971). This means that, in the current implementation, the PBAM underestimates the effect of water
vapor on the attenuation coefficient of the Martian atmosphere. By comparison, the attenuation coefficient
predicted by H. E. Bass and Chambers (2001) leads to a non‐negligible effect of water vapor at Martian surface
conditions.

Future models could account for water vapor effects by using interaction potentials appropriate for the polar
nature of water molecules to correctly simulate the relaxation of CO2 by H2O.

4.3. In Situ Experimental Validation

The presence of an operational microphone at the surface of Mars (Mimoun et al., 2023) that motivated in part this
work also allows the comparison of the outputs of the model to in‐situ experimental data. Measurements of speed
of sound (Maurice et al., 2022) and attenuation coefficient (Chide et al., 2023) have been published at different
frequencies using the helicopter and the LIBS instrument. The helicopter produces sound at its blade passage
frequency, 84 Hz, and its first harmonic 168 Hz (R. D. Lorenz et al., 2023) whereas LIBS sounds ranges from 3 to
21 kHz (Chide et al., 2023). The helicopter flies at an altitude of 5–10 m above the ground, the microphone is
1.8 m from the ground and the LIBS experiment shockwaves are located on the ground.

Figures 20 and 21 show the measured attenuation and speed of sound compared to the outputs of the PBAMmodel
for two situations, corresponding to the experimental conditions when measuring with the helicopter and the
LIBS. The helicopter atmospheric conditions are the outputs of the MCD for Ls between 38° and 48°, LTST
between 11 and 13 and an altitude of 6 m. The LIBS atmospheric conditions are the outputs of the MCD for Ls
between 0° and 360°, LTST between 11 and 14 and an altitude of 0.9 m.

Figure 20 shows that every attenuation coefficient data point falls within the predicted value range once the error
bars are taken into account. The error bars are very large, especially for the helicopter, when compared to the

Figure 20. The measured attenuation coefficient (Chide et al., 2023) compared to the outputs of the physics‐based acoustic
model. The light gray area is the predicted range of attenuation coefficient for the laser‐induced breakdown spectroscopy
atmospheric conditions (Ls = 0°–360°, Local True Solar Time (LTST) from 11 to 14 and an altitude of 0.9 m), the dark gray
area is the predicted range of attenuation coefficient for the helicopter atmospheric condition (Ls= 38°–48°, LTST from 11 to
13 and an altitude of 6 m).
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differences between the different attenuation models (see Figure 3) or even the difference that a 10 K increase in
air temperature makes to attenuation (see Figure 4) and thus these measurements can not be used to discriminates
between the different models or to validate the temperature dependency of the attenuation coefficient.

Figure 21 shows that every sound speed data point falls within the predicted value range once the error bars are
taken into account. However, the predicted range of speed of sound for the LIBS conditions is very large, given its
sensitivity to air temperature and the wide variations of air temperature near the ground over the year. The
variations of the LIBS‐derived speed of sound with temperature has been studied in Chide et al. (2022). For the
helicopter, the predicted speeds seem to be high compared to the measured ones. This could be explained by the
fact that during the time of flight, wind was blowing from the microphone to the helicopter. This wind velocity
that was taken into account was measured at the rover wind sensor height (1.5 m), whereas the true wind speed
between the rover and the helicopter may have been larger at an altitude of 5–10 m.

In any case, in these two in‐situ experiments, sound waves are not traveling parallel to the ground and are thus
traversing layers of atmosphere that can have very different properties, as shown in Section 3.7.

To summarize, while the in‐situ experimental results are generally in line with the model predictions, we need to
look more closely at the sensitivity of the measured attenuation and speed of sound to atmospheric parameters and
understand the sound propagation paths in the Martian atmosphere, in order to conclude on the validity of the
model.

4.4. Perspective and Future Work

This works presents a method to compute the sound attenuation and speed at any point of the Martian surface at
any time and date. At a first order, one could estimate the acoustic losses between a sound source and a detector by
applying this attenuation coefficient to the distance between the source and the detector. However, sound waves
are usually not traveling straightforwardly in the atmosphere. Indeed, the fact that speed of sound changes with
altitudes (see Section 3.7) means that sound waves are refracted. Moreover, to compute the effective speed of
sound, the wind profile must be taken into account. Finally, the turbulent fluctuations of the atmosphere, that are
particularly strong close to the ground, can also impact the way sound propagates near the surface. Hence, to
model accurately the sound field created by a particular sound source, a model of atmospheric sound propagation
is needed. This will be the subject of future work.

Figure 21. The measured speed of sound (Maurice et al., 2022) compared to the outputs of the physics‐based acoustic model.
The light gray area is the range of speed of sound for the laser‐induced breakdown spectroscopy atmospheric conditions
(Ls= 0°–360°, Local True Solar Time (LTST) from 11 to 14 and altitude= 0.9 m), the dark gray area is the range of speed of
sound for the helicopter atmospheric condition (Ls= 38°–48°, LTST from 11 to 13 and altitude= 6m). For the helicopter, the
wind speed at the time of flight was taken into account.
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5. Conclusion
The model presented in this work can be used to compute the acoustic attenuation coefficient and the speed of
sound near the Martian surface at any location, any time of year and any time of day for a wide range of fre-
quencies. It has shown that the presence of airborne dust has a negligible impact on sound attenuation and speed.
Attenuation of sound waves under 8 kHz is dominated by the non‐classical attenuation which is sensitive to
temperature, whereas attenuation above 8 kHz is dominated by classical attenuation which is sensitive to both
pressure and temperature through air density. Consequently the large diurnal cycle of temperature at the Martian
surface is responsible for a variation in the value of the attenuation coefficient that can be as much as three times
greater during the hottest hours than during the coldest ones. The speed of sound in turn is sensitive mainly to
temperature and at a second order to the atmosphere chemical composition. As a result, the variation of speed of
sound across the Martian year is primarily caused by the diurnal cycle of temperature and by seasonal changes in
temperature and chemical CO2 molar fraction, which are stronger at high latitudes. The diurnal cycle of air
temperature profile in the first 20 m of the Martian creates important differences between the speed of sound
profiles at night and during the day: at midday, the speed of sound gradient in the first 2 m of the atmosphere is
very strong compared to Earth.

Acronyms
CNSA Chinese National Space Administration

EDL Entry Descent and Landing

LIBS Laser‐Induced Breakdown Spectroscopy

LTST Local True Solar Time

MCD Martian Climate Database

MOLA Mars Orbiter Laser Altimeter

NASA National Aeronautics and Space Administration

PBAM Physics‐Based Acoustic model

UMST Universal Martian Solar Time

Notation
a Particle radius in a suspension

A0 Calibration constant corresponding to the pressure received at a reference distance

c Speed of sound

cTf Isothermal speed of sound of the fluid in a suspension

cp Specific heat at constant pressure

k Wavenumber (can be complex)

K Thermal conductivity

kdust Wavenumber in the presence of dust (complex)

keff Effective wavenumber in the presence of molecular vibrations (complex)

k0 Real part of the wavenumber

Ls Solar longitude

M Molar mass

r Distance to the sound source

α Attenuation coefficient

Journal of Geophysical Research: Planets 10.1029/2023JE008257

GILLIER ET AL. 22 of 28

 21699100, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JE

008257 by C
ochrane France, W

iley O
nline L

ibrary on [12/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



αclass Classical attenuation coefficient

αnon‐class Non‐classical attenuation coefficient

αnu Attenuation coefficient associated with viscous losses

αvib Attenuation coefficient associated with molecular vibrations

αt Attenuation coefficient associated with heat transfers

δ Fluid to particle density ratio in a suspension

η Coefficient of shear viscosity

γ Heat capacity ratio

νf Kinematic viscosity of the fluid in a suspension

νi Wavenumber of vibration mode number i (i = 1, 2, 3) of CO2

ω Angular frequency

ϕv Volume concentration of particle in a suspension

ρ Density of the gas mixture

τd Dynamical relaxation time for a particle in a suspension

Appendix A: Acoustic Model Description
This appendix describes step by step the implementation of the acoustic model used in this work. It is based on the
work presented in Dain and Lueptow (2001), Petculescu and Lueptow (2005).

Let us consider a gas mixture of made of M different molecules. In some of these molecule, the atoms can be
vibrating relatively to each other. These vibrations follow modes that are characterized by their vibrational
frequency ni and their vibrational wavenumber νi. They are related by:

ni = clνi (A1)

with cl the speed of light. Let us note N the total number of modes in the gas mixture.

The acoustic equations for this gas mixture can be written as:

p
p0
=

T
T0

,
∂p
∂t
+ ρ0

∂u
∂x
= 0,

∂u
∂t
+ ρ− 10

∂p
∂x
= 0

∂ϵ
∂t
− p0ρ

− 2
0
∂p
∂t
= 0

ϵ = cvT +∑
n

i=1
αicvibi Tvib

i

(A2)

with p, ρ, u, ϵ, and T the small fluctuations of the pressure, density, velocity, energy, and temperature around the
equilibrium values that are indexed by 0. Here αi is the molar fraction of the molecule that correspond to mode
number i, cvibi is the vibrational specific heat capacity of mode i and Tvib

i is the associated internal temperature. cv
is the isochoric specific heat capacity, t is time and x is the spatial coordinate.

The goal of the model is to compute the effective wavenumber, keff, which is the wavenumber that take into
account the internal degree of freedom of the molecules. The expression of keff, by analogy with the regular
wavenumber, is:
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keff ( f ) = 2πf

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρ0
p0

ceffv ( f )
ceffp ( f )

√
√
√

, (A3)

where ceffv , and ceffp are the effective isochoric and isobaric specific heat capacities. These complex numbers
represent the specific heat capacities of the gas mixture in the presence of molecular vibrations. By definition, the
effective specific isochoric heat capacity is such that ϵ ≡ ceffv T and thus by identification with Equation A2:

ceffv ≡ cv +∑
N

i=1
xicvibi

Tvib
i
T
≡ cv +∑

N

i=1
xicvibi Γi (A4)

with Γi =
Tvib
i
T the temperature ratio.

To compute the vibrational specific heat, the Planck‐Einstein function for a harmonic oscillator is used:

cvibi = giR(
θvibi
T0
)

exp (θvibi /T0)

( exp (θvibi /T0) − 1)2
,θvibi =

hni
kB

(A5)

where h is Planck's constant, R is the ideal gas constant, kB is Boltzmann's constant and gi is the degeneracy of the
mode i.

To compute the temperature ratios, one must use the relaxations equations of the internal temperatures that were
established by Landau (1936), Schwartz et al. (1952):

dTvib
i

dt
≈

T − Tvib
i

τV‐Ti
+∑

k≠i

1
τV‐Vi,k

1 − exp(− hni/kBT0)

1 − exp(− hnk/kBT0)
× [(T − Tvib

i ) −
nk
ni
(T − Tvib

k )] (A6)

where τV‐Ti is the translational relaxation time, that is, the time for a molecule that was vibrating in mode i to lose
energy to molecular translation in a collision, and τV‐Vi,k is the paired vibrational relaxation time, that is, the time for
a molecule that was vibrating in mode i to lose energy to molecular vibration in mode k in a collision.

The expression of the translational relaxation times is:

( τV‐Ti )
− 1
=∑

M

j=1

αj
τV‐Ti,j

(A7)

( τV‐Ti,j )
− 1
= Z(i,j)P1→0

0→0(i,j)(1 − exp(− hni/kBT0)) (A8)

And the expression of the paired vibrational relaxation times is:

( τV‐Vi,k )
− 1
= αkgkZ(i,k)P1→0

0→1(i,k) (A9)

Here Z(i, k) is the collision rate between the molecules with mode i and k. Modeling the molecules as hard sphere
with a collision diameter σ, the kinetic theory gives (Lambert, 1977):

Z(i,k) = 2Nk(
σi + σk

2
)
2
(2πkBT0

mi + mk

mimk
)

1/2

(A10)

where Nk is the number of molecules of species k per unit volume and mi is the mass of molecule i.
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P1→0
0→0(i,j) and P1→0

0→1(i,k) are transitional probabilities, that is, the probability that during a collision, vibrational
energy is lost to translational energy or another vibration mode. Here, 1 → 0 denotes that the considered
vibrational mode goes from excited to de‐excited.

The expression of these probabilities is given in Tanczos (1956):

Pia→ fa
ib→ fb (a,b) = P0(a)P0(b)

1.364
1 + C/T0

(
rc
σab
)

2

V̄2
ia, fa V̄

2
ib, fb × 8

̅̅̅̅̅̅̅̅
π/3

√
(
2πμΔE
α∗2
abℏ

2 )

2

ζ1/2ab exp[− 3ζab +
ΔE
2kBT0

+
ϵab
kBT0

]

(A11)

with

ζab ≡
μv∗2

0
2kBT0

= (
ΔE2μπ2

2α∗2
abℏ

2kBT0
)

1/3

(A12)

ΔE = ℏωa(ia − fa) + ℏωb(ib − fb) is the energy exchanged with translational degrees of freedom during a collision
process, withωa= 2πna the vibrational angular frequency. Here i and f denote the number of quanta of the mode at
the initial and final states. In this work, we consider only single quanta transition, so they are equal to 1 or 0. P0 is a
non‐sphericity factor, and C is the Sutherland constant.

The vibrational factors, V̄2
i,f are Schwartz et al. (1952):

V̄2
ia, fa = {

1 for fa = ia

(ia + 1/2 ± 1/2)(α∗
aa)

2Ā2ℏ/2ωa for fa = ia ± 1
(A13)

In these equations, ϵab and σab are the pairwise potential depth and the collision diameter that are the parameters of
the Lennard‐Jones function. v∗

0 is the transition‐favorable incident velocity. α∗
ab and rc are the parameters of the

exponential function that is fitted to the Lennard‐Jones function following the procedure explained in Petculescu
and Lueptow (2005). μ ≡ mamb /(ma + mb) is the reduced mass of the molecule pair.

Assuming a harmonic time dependence Equation A6 can be written in matrix form as:

(iωI + A)Tvib = qT (A14)

with I the identity matrix and A and q a matrix and a vector whose component are:

qi =
1

τV‐Ti
+∑

k≠i

1
τV‐Vi,k

1 − exp(− hni/kBT0)

1 − exp(− hnk/kBT0)
[1 −

nk
ni
] (A15)

Aii =
1

τV‐Ti
+∑

k≠i

1
τV‐Vi,k

1 − exp(− hni/kBT0)

1 − exp(− hnk/kBT0)
(A16)

Ai,k = −
1

τV‐Vi,k

1 − exp(− hni/kBT0)

1 − exp(− hnk/kBT0)

nk
ni

(A17)

Temperature ratio Γ is then obtained by resolving Equation A14:

Γ ≡
Tvib

T
= (iωI + A)− 1q (A18)

Effective specific heats can then be computed using Equation A4 and thus the effective wavenumber can be
derived using Equation A3.
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Notation
V̄2
i,f Vibrational factor between initial state i and final state f

α∗
ab Repulsion parameter

αi Molar fraction of the of mode i

ΔE Energy exchanged with translational degrees of freedom during a collision process

ϵ Fluid internal energy

ϵab Pairwise potential depth between molecule a and b in the Lennard‐Jones function

Γi Temperature ratio of the mode i

ℏ Reduced Planck's constant

μ Molecule pair reduced mass

νi Vibrational wavenumber

ρ Small vibration in density

ρ0 Equilibrium density

σab Collison diameter between molecule a and b in the Lennard‐Jones function

σi Collision diameter of molecule i

τV− Vi,k Paired vibrational relaxation time of the mode i and k

τV− Ti Translational relaxation time of the mode i

θvibi Characteristic temperature for vibration of the mode i

C Sutherland constant

cvibi Vibrational specific heat capacity of mode i

cl Speed of light

ceffp Effective isobaric specific heat capacity

cv Isochoric specific heat capacity

ceffv Effective isochoric specific heat capacity

gi Degeneracy of the mode i

keff Effective wavenumber in the presence of molecular vibrations (complex)

kB Boltzmann's constant

ma Mass of molecule a

ni Vibrational frequency of a molecule vibration mode

Nk Number of molecule k per unit volume

p Small fluctuation of pressure

Pia→ fa
ib→ fb (a,b) Transition probability between from ia and ib to fa and fb during a collision between molecule a

and b

p0 Equilibrium pressure

P0(a) Steric factor of molecule a

R Ideal gas constant
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rc Point of closest approach or classical turning point for the transition‐favorable incident velocity

T Small vibration in temperature

t Time

T0 Equilibrium temperature

Tvib
i Internal temperature of the mode i

u Fluid velocity

x Spatial coordinate

Z(i, j) Collision rate between the molecules with mode i and mode j

Data Availability Statement
The meteorological data are from the Martian Climate Database Forget et al. (1999), Millour et al. (2018).

The code of the model and data for Figures 4–6 are available at (Gillier & Petculescu, 2023).
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