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Abstract This work introduces a comprehensive model of sound propagation on Mars, in light of the recent
operation of several microphones on the Martian surface. The main outcome of this work is an operational
acoustic model capable of simulating the sound field created by any source, at any location on the Martian
surface, at any time. Expanding on the result of previous work (Gillier et al., 2024, https://doi.org/10.1029/
2023je008257), we use the parabolic equation method for sound propagation in order to obtain the overall sound
field produced by a source, in a given atmospheric composition and state, and accounting for ground properties.
The resulting model enables the study of acoustics on Mars, and has the potential also to be used to probe the
properties of the Martian environment using acoustic measurements with known sources. We investigate the
effects of the Martian ground and the vertical profile of temperature and wind, on sound propagation. We find
that the ground has a minor effect on sound propagation, and the wind profile strongly influences sound
propagation as on Earth. However, the midday near surface temperature profiles on Mars are shown to cause
refraction, which generates non‐negligible acoustic losses that are an order of magnitude stronger than typical
refraction‐related acoustic losses on Earth. We show that the effect of the Martian atmospheric turbulence is to
slightly reduce the acoustic losses due to refraction. Finally, we apply our model to show that refraction and
atmospheric turbulence have a negligible effect on the propagation of sound from Ingenuity to the Perseverance
rover.

Plain Language Summary Sound provides new ways for exploring the Martian environment.
Whether to examine the characteristics of sound sources on Mars or to infer atmospheric properties from the
behavior of sound waves in theMartian atmosphere, an accurate model of sound propagation onMars is needed.
This model must account for the path traveled by the sound waves in the atmosphere as well as their interactions
with the planet's surface. We propose a model that allows us to compute the sound that would be received by a
microphone depending on its relative position to a source given a set of atmospheric conditions. We investigate
the effects of the ground, the vertical gradient of temperature and the wind speed, as well as the effects of
atmospheric turbulence. We find that, because of the strong temperature gradient at noon on Mars, sound is bent
upwards creating a quieter zone close to the ground. This effect also occurs on Earth, but is much stronger on
Mars. The main outcome of this work is a model that can simulate the sound field created by any source for any
location at the Martian surface at any time of year and any time of day.

1. Introduction
Due to the inherent connection between sound and its transmission medium, acoustics has emerged as a reliable
tool for investigating atmospheric characteristics. Drawing on decades of successful application in studying
Earth's atmosphere, the scientific community has extended the use of acoustic techniques to explore the atmo-
spheres of other planets. Previous research has underscored the value of acoustics in planetary exploration
(Leighton & Petculescu, 2008), encompassing applications from sonar (Ainslie & Leighton, 2016) to probing the
vertical structure of outer planet atmospheres (Lorenz, 1998). During the Soviet missions Venera 13 and 14,
microphones recorded wind‐induced noise on the surface of Venus (Ksanfomaliti et al., 1982). The Huygens
probe that landed on Titan was equipped with various acoustic instruments, including a sonar (Towner
et al., 2006) and a speed of sound sensor (Hagermann et al., 2007). Mars Polar Lander (1999, Albee et al., 2000)
and Phoenix (2008, P. H. Smith, 2004) both carried microphones that were either lost along with the probes or not
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turned on due to instrument safety concerns. More recently, Mars has seen the operation of the Entry, Descent,
and Landing (EDL) and SuperCammicrophones (Mimoun et al., 2023) on NASA's Perseverance rover, as well as
a microphone on the Chinese National Space Administration's Zhurong rover (Zou et al., 2021). These micro-
phones have already provided insights into the acoustic properties of the Martian atmosphere, either by capturing
sounds from artificial sources like the Ingenuity helicopter (Lorenz et al., 2023) and the Laser Induced Breakdown
Spectroscopy (LIBS) experiment (Chide et al., 2022, 2023) or by recording signals generated by the Martian
environment, such as wind patterns (Stott et al., 2023) and a dust devil with the associated saltation (Murdoch
et al., 2022).

In this context, there is a need for a model that describes how sound travels across the Martian surface. Spe-
cifically, understanding the effects of sound propagation enables the study of the acoustic properties of a sound
source. Conversely, when the source is known, analyzing the received signal allows for the examination of the
properties of the medium through which the acoustic wave travels. In both situations, the knowledge of the link
between the atmosphere's properties and the way an acoustic wave travels in it is required. For example, the model
would aid the characterization of spacecraft generated noises for engineering diagnostics. Additionally, a sound
propagation model can aid in establishing the specifications of an instrument by taking into account the char-
acteristics of the intended sound source it aims to record.

In Gillier et al. (2024) we proposed a model to compute the acoustic attenuation and sound speed in the near‐
surface Martian atmosphere at any time and place. However, a sound wave traveling near the surface is not
only attenuated by the atmosphere but also reflected by the ground and possibly refracted along its path. In this
work, we build upon the result of Gillier et al. (2024) to construct a model that can account for these effects.
Williams (2001) already considered the reflection of the sound waves on the ground and the effect of atmospheric
turbulence by estimating the ranges of the sound amplitude fluctuations caused by turbulence and the ground
reflection coefficient, but did not fully simulate the resulting sound fields. Petculescu and Lueptow (2007) also
considered the effect of the ground when a sound wave is propagating vertically in the first 5 km of the atmo-
sphere, to simulate the descent of a probe, but did not look closely at the sound propagation near the surface.

We propose a model to quantify the sound pressure level (SPL) received by a detector for a given sound source at
a given time and location on the Martian surface. 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 crewed missions 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; Millour et al., 2018) to get all the
relevant properties of the Martian atmosphere at the place and time of interest (Section 2.2). A first‐principles
acoustic model is then used to determine the attenuation coefficient and the speed of sound for a dry atmo-
sphere at each point of the propagation space from the MCD output (Gillier et al., 2024). A model of the Martian
ground as a porous medium is proposed to estimate the ground impedance (Section 2.4). Finally, these parameters
are fed into a model of atmospheric sound propagation based on the Parabolic Equation (PE) method (Sec-
tion 2.6). With this model we are then able to investigate the effects of different processes occurring at theMartian
surface on sound propagation (Section 3). This includes the effects of the profile of temperature (Section 3.2), the
vertical gradient of wind speed (Section 3.3) and the atmospheric turbulence (Section 3.4). We then use the model
to simulate some specific cases of application (Section 4) namely a flight of the Ingenuity rotorcraft (Section 4.2)
and the case of a descending sound source (Section 4.3).

2. Method
2.1. Overview of the Model

Figure 1 shows the context for a sound source located close from the Martian surface. The various phenomenons
that have an impact on sound propagation, namely the presence of a ground surface, a temperature and a wind
profile and atmospheric turbulence, are highlighted. Figure 2 presents the architecture of the model that was
developed for this study to account for the effect of all this phenomenon on sound propagation.

In the current model architecture, the temperature and pressure for a certain time and location are extracted from
the MCD, but in situ measurements can also be used when available. Likewise, the turbulent parameters are
computed using temperature and wind speed profiles from theMCD (see Section 2.5), but in situ measurements of
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these parameters can be used when available. One can vary each parameter of the general model individually to
study its influence on the sound propagation. The results of this study are presented in Section 3.

2.2. Martian Atmospheric Parameterization: The Martian Climate Database

In this study, following classical definitions (Embleton, 1996), we define a homogeneous atmosphere as an
environment in which the main ambient parameters (e.g., pressure, temperature, chemical composition, wind
velocity) are the same throughout the simulation space. If the temperature or the wind velocity vary with altitude,
we refer to it as a refractive atmosphere. A turbulent atmosphere is defined as an atmosphere in which the
temperature, pressure and speed of sound exhibit short random fluctuations due to instability. If the magnitude of
the turbulent fluctuations is the same everywhere, the turbulence is said to be homogeneous, whereas if it varies
with altitude it is said to be inhomogeneous.

To infer steady‐state values for all atmospheric parameters, we used the Martian Climate Database (MCD, see
Forget et al., 1999; Millour et al., 2018). Pressure, temperature, wind velocity, chemical composition and other
variables can be determined at a given latitude, longitude, altitude, time of year (expressed as a solar longitude, Ls)
and time of day (expressed as Local True Solar Time, LTST) by interpolating between the stored data. The
horizontal wind velocity and the temperature under the lowest layer (approximately 5 m above the surface) are
computed using the Monin‐Obukhov similarity theory (MOST).

Figure 1. Context for a sound source located close from the Martian surface. The sound propagated from the source can be
refracted by the wind and temperature profile, reflected by the ground and scattered by atmospheric turbulence. This can lead
to the creation of a low sound level zone near the ground, the shadow zone. In this work, the altitude typically extends up to
20 m and the range up to 250 m.

Figure 2. Architecture of the model used in this study. It shows how to use the MCD (Martian Climate Database) to retrieve
the atmosphere chemical composition X, wind speed u, pressure P and temperature T and feed them into the model presented
in Gillier et al. (2024) to compute sound speed c and attenuation α in the atmosphere. The VBU (Venegas‐Boutin‐Umnova)
model is used to predict porous regolith effects on acoustic waves, and the PE (Parabolic Equation) to obtain the overall
sound field. The process of generating turbulent field of the refractive index μ is described in Section 2.5.
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In this work, when a time and location are specified, atmospheric data from
the MCD are used. If not, pressure and temperature 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 Gillier et al., 2024 for a discussion
on this point).

2.3. Attenuation Coefficient and Speed of Sound

In a spherical harmonic wave of angular frequency ω, the sound pressure
fluctuations p are described by

p(r, t) =
A0

r
exp(− αr)exp[i(k0r − ωt)] (1)

where k0= ω/cwith c the speed of sound, is the real part of the wavenumber, α is the attenuation coefficient and r
is the distance to the source. A0 is a constant expressed either in terms of volume flux, or the pressure received at a
reference distance. They exhibit geometrical spreading, modeled by the 1

r factor and intrinsic attenuation modeled
by an exponential decay with a constant α in m− 1.

In Gillier et al. (2024), we presented a method to derive α and c for a sound wave of a given frequency. As a
reminder, the main findings of that study that are relevant to this work are:

1. The attenuation of sound waves is predominantly impacted by temperature and to a lesser degree to pressure.
2. The speed of sound is most sensitive to temperature and at a second order to the atmosphere's chemical

composition.
3. Consequently, the large diurnal cycle (more than 50 K (Martinez et al., 2017, 2023)) of temperature at the

Martian surface is the main source of 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.

4. The diurnal cycle of air temperature profile in the first 20 m of the Martian creates important differences
between the almost homogeneous speed of sound profiles at night and the strongly refractive one during
the day.

A useful measure for the relative energy carried by an acoustic wave is represented by the sound pressure
level (SPL):

Lp = 10 log10(
〈p2〉
p2ref

) (2)

where 〈p2〉 is the time‐averaged squared pressure (e.g., over one period for a harmonic wave or over a charac-
teristic timescale for non‐periodic signals); for atmospheric propagation, pref = 20 μPa is the standard lower
threshold of human hearing. This is, therefore, a quantity specific to Earth acoustics, corresponding to 1 pW/m2 in
terms of acoustic intensity. In the absence of an alternative factor, we will use it for Mars, keeping in mind its

origin. On Mars, the reference value of the acoustic intensity would be of
70 pW/m2 for this same reference pressure, which means that 10 to 100 more
source power is needed to reach the same acoustic pressure amplitude on
Mars. Since the outputs of the model presented in this work are SPL field
interpreted in dB relatively to an arbitrary source amplitude, the reference
value does not necessarily need to be adapted to Mars.

2.4. Acoustic Impedance of the Ground and the Air

An acoustic wave is characterized by the ratio of the instantaneous pressure to
the instantaneous particle velocity, called specific or characteristic imped-
ance, which depends on medium properties but also on position or frequency
in the general case. For spherical waves, there exists a phase lag between

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.

Table 2
The TwoModel of Ground That Are Used in This Study With Their Structural
Parameters

Parameter Fine‐grained regolith Coarse‐grained regolith

rp 0.4 mm 1.5 mm

ϕp 0.15 0.15

rm 0.1 μm 0.1 μm

ϕm 0.1 0.1

De 0 0

He 0 0
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pressure and velocity; as the wave propagates further away from the source, the two quantities become nearly in
phase and the impedance approaches that of plane waves, Zchar = ρc where ρ is the atmospheric density and c the
speed of sound. When an acoustic wave encounters the interface between two different media, the reflected and
transmitted fields depend on the characteristic impedance of each medium.

The acoustic signal detected by a microphone at height z above the surface is generally the result of interference
between the direct arrival and the reflected signal. The amplitude and phase of the reflected field depend on the
flow behavior inside the porous ground, hence on (a) the gas thermophysical and transport properties and (b) the
porous characteristics of the ground. This effect of the ground on the sound propagation is represented by its
acoustic impedance.

At the surface of Mars, the atmospheric density is very small and thus the molecular mean free path can be as high
as 50 μm (Hanford & Long, 2009). This means that the mean free path is of the same order of magnitude than the
micropores present in the materials constituting the Martian ground, and thus that the absorption and desorption
effects between the air circulating in the pores and the surface of the pores will be considerable. That is why we
use the acoustic model for granular material presented in Venegas et al. (2017), which takes into account these
effects. The Venegas‐Boutin‐Umnova (VBU) model has six inputs related to the material properties: the grain
size rp, the inter‐granular porosity ϕp, the micropore size rm, the microporosity ϕm and two parameters related to
the nanoporesDe andHe, the effective diffusion coefficient and linearized sorption equilibrium constant define in
Venegas et al. (2017). The size of the particles that compose the regolith, defined here as unconsolidated deposit
as opposed to bedrock, have been studied by different means. Study of the Phoenix optical microscope data
(Goetz et al., 2010) has yield a distribution of particle size with two peaks, a fine one below 10 μm and a coarse
one between 20 and 100 μm. Image analysis algorithm applied on Spirit rover regolith pictures have revealed a
median grain size between 0.85 and 1.28 mm. Vaughan et al. (2023) studied close‐up pictures of the Martian
regolith at Jezero, where Perseverance is located. This demonstrated the existence of two kinds of regolith: fine‐
grained regolith with grain size between 80 and 530 μm and coarse‐grained regolith with an average grain size
between 1.01 and 1.88 mm. In the following, we will focus on a ground representative of what can be found at
Perseverance site and use a fine‐grained regolith with a grain size of 400 μm and a coarse‐grained one with a grain
size of 1.5 mm. It is difficult to estimate directly ϕp and ϕm for Martian regolith. However fitting humidity model
to measurements at the surface of Mars allows the estimation of the total porosity ϕ. This has given values of 0.16
at Phoenix site (Savijärvi et al., 2020), 0.3 at Curiosity site (Savijärvi et al., 2019) and 0.25 at Perseverance site
(Polkko et al., 2023). Given that the relationship between the porosities is ϕ= ϕp+ (1 − ϕp)ϕmwe have chosen to
set ϕp to 0.15 and ϕm to 0.1 which give ϕ = 0.24, a value in line with these references. Nanopores are not
considered, thus De = He = 0. The ground properties used for the VBU model are summarized in Table 2.

The VBU model also requires several atmospheric parameters, namely the density ρ, viscosity η, thermal con-
ductivity κ, heat capacity Cp pressure P and the speed of sound c of the air flowing through the porous ground. All

Figure 3. Grid in the (range, altitude) plane used in the parabolic equation method. The dots represent the sound field, the
green lines represent the limit of the wide‐angle approximation. Δz is the grid step along the altitude (z) axis, Δr is the grid
step along the range (r) axis. Each point of the grid is associated with a complex wavenumber k.
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of these parameters at ground level are extracted from the MCD or derived from the pressure temperature and
chemical composition given by the MCD using data from Linstrom and Mallard (2023).

In summary, the VBUmodel allows for the computation of the ground impedance at a given frequency Zg( f ) from
the ground material structure and the atmospheric parameters at surface level. The normalized ground impedance
Z( f ) = Zg( f )/Zchar is used to take into account the effect of the ground on sound propagation (see Section 2.6).

In the following we will use only two classes of regolith to compute the ground impedance, the coarse grains and
the fine grains as defined in Table 2. This is a simplification given that in reality, most of the Martian surface
consists of a mixture of fine‐grained and coarse‐grained regolith with the fine‐grained acting as a matrix for the
coarser ones and that the Martian surface is far from being uniform with the presence of bedforms and bedrock
slabs within the regolith (Vaughan et al., 2023).

Figure 4. The result of two PE simulations, illustrating the effect of the ground on the propagation of a 100 Hz sound wave
(top panel) and a 1,000 Hz one (bottom panel). The color scale shows the SPL at each point of the range‐altitude plane in dB
as defined in Equation 2. The source is 3 m above the ground (blue star). The atmospheric values were retrieved from the
MCD at a solar longitude of 180° at 6 LTST at Perseverance site. The ground impedance was computed with the VBUmodel
with the corresponding atmospheric parameters at the ground level and the coarse‐grained regolith ground properties. The
1,000 Hz simulation was done with a 2 cm grid spacing.
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2.5. Modeling Turbulence

A sound propagation method requires the knowledge of the field of the speed
of sound. This field is not constant with time due to the fluctuation of certain
atmospheric parameters, namely the temperature and the wind speed. If the
timescale of the atmospheric parameter changes is long compared to the
duration of the sound recording (typically a few minutes) this can be
neglected. For example, the diurnal change of temperature occurs on a
timescale of hours, thus it can be ignored for a recording of a length of a few
minutes. However, the atmosphere can present quasi‐random short‐time
fluctuations of the temperature and wind speed. This is known as atmo-
spheric turbulence, and it has a strong impact on the propagation of sound.

Turbulent fluctuations are stochastic, and it is too difficult to resolve them
explicitly. Thus, it is not relevant to look at an instantaneous sound field, as
the sound fields change rapidly with the turbulent fluctuations. We can
nevertheless estimate the effect of turbulence on the time‐averaged sound
fields. The time of averaging can typically be a few minutes long. The time‐
averaged sound pressure level can be approximated as the average of sound
pressure levels produced by a certain number of sound waves going through a
turbulent atmosphere. The atmosphere is different for each of the waves
because of the turbulent fluctuations, but is constant during the propagation of
one wave, because the sound wave's propagation time is small compared to
the timescale of the turbulent fluctuations: this is the frozen medium
approach.

Thus, one way to simulate the effect of atmospheric turbulence on the
propagation of sound is to generate an ensemble of atmospheres according to
the turbulence stochasticity around the steady‐state atmosphere, propagate
sound through them using the technique described in Section 2.6, and
average the results (or, alternatively, look at their distribution if this is the
result of interest). We have observed that the average sound field converges
after 100 iterations, therefore this is the number of iterations that was used in
the results presented here except if stated otherwise.

Instead of working with the speed of sound, it is usual to use the dimen-
sionless refractive index n:

n =
c0
ceff

=
c0

c + u cos θ
(3)

with c0 the speed of sound at the average temperature T0, c = c0
̅̅̅̅̅̅̅̅̅̅̅
T/T0

√
the

adiabatic speed of sound and temperature T, and u cos θ the wind speed in the
propagation direction. Then in the case of a turbulent atmosphere:

n = n̄ + μ (4)

with n̄ the average value of the refractive index over time and μ its fluctuation
at a specific moment because of atmospheric turbulence. The issue is then to
generate a series of μ fields that is representative of the actual Martian
atmosphere.

A way to do so is to ensure that each field has the same spectral density as the
actual field in the Martian atmosphere. A common way to represent atmo-
spheric turbulence is the von Kármán spectrum that we used in this study. It
must be noted, however, that what follows works with any turbulence

Figure 5. Comparison of the sound field produced by the same source, across
the same atmosphere, over three different grounds. Top: the coarse‐grained
regolith, presented in Table 2. The color scale is the SPL at each point in dB,
as in Figure 4. Middle: the difference between the top line simulation and the
fine‐grained regolith one. Bottom: the difference between the top line
simulation and a perfectly reflecting ground. The colorbars for the middle
and bottom lines correspond to a SPL difference in dB. The sound source is
located at 3 m high with a level of 100 dB at 10 cm and the atmosphere was
extracted from the MCD at Perseverance site at 6 LTST at a solar longitude
of 180°.

Table 3
Value of the Ground Normalized Impedance Z at 100 Hz for Different Air
Temperature at the Ground Level (Tg) and Different Grain Size (rp) for
Coarse‐Grained (CG) Regolith and Fined‐Grained (FG) Regolith

Tg (K) rp CG (mm) rp FG (μm) ϕp Z CG Z FG

200 1.5 400 0.15 118e0.4i 61e0.4i

240 1.5 400 0.15 108e0.4i 56e0.4i

300 1.5 400 0.15 100e0.4i 52e0.4i

240 1.01 80 0.15 89e0.4i 25e0.4i

240 1.5 400 0.15 108e0.3i 56e0.4i

240 1.88 530 0.15 121e0.4i 65e0.4i

240 1.5 400 0.1 163e0.1i 85e0.4i

240 1.5 400 0.3 54e0.1i 28e0.4i

Note. The phase of Z is related to the change in phase between the incident
and the reflected sound.
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spectrum (e.g., Gaussian or Kolmogorov), and in an inverse problem approach it can be useful to vary the
spectrum used to estimate which one is closest to measured results.

For isotropic turbulence, the von Kármán expression of the two‐dimensional spectral density of the refractive‐
index fluctuation is (Salomons, 2001):

F(k) =
1

( k2 + K2
0)

8/6(B1
C2
T

T2
0
+ [B2 + B3

k2

k2 + K2
0
]
C2
v

c20
) (5)

with B1, B2, and B3 numerical constants, characteristic of the type of spectrum that we assumed, whose value is
given in Appendix A, k the wave number, K0 = 2π/L with L the size of the largest eddies and C2

T , C
2
v the structure

function parameters of the temperature and the wind speed:

C2
T =

3Γ(5/6)
π1/2

σ2T
L2/3T

(6)

C2
v =

3Γ(5/6)
π1/2

σ2v
L2/3v

(7)

The structure function parameters are characteristic of the atmospheric state and are thus strongly dependent on
the planet, location and time of day. Computing the von Kármán spectrum, therefore, requires an estimation of the
standard deviation of the fluctuation of temperature and wind speed and their length scales (respectively σT, σv, LT,
and Lv). There is no direct way to estimate these parameters from the outputs of the MCD.Moreover, it is difficult
to measure the length scale at the surface of Mars, even if an acoustic experiment has allowed to investigate them
(Chide et al., 2024). V. E. Ostashev (2016) presents a method to derive these parameters from similarity relations
based on the MOST parameters. The detail of this method, as well as the way to obtain the MOST parameters
from the outputs of the MCD, is described in Appendix B. Equations B2–B7 show that the turbulent parameters
depend on the altitude and thus the turbulent spectrum F is a function of k and z.

Figure 6. Comparison of the sound field produced by the same source, across the same atmosphere, over two different
grounds. Top: a ground where the ground temperature Tg is equal to 196 K. The color scale is the SPL at each point in dB, as
in Figure 4. Bottom: difference between the top line simulation and one with a ground at Tg = 300 K The color scale for
bottom line corresponds to a SPL difference in dB. The sound source is located at 3 m high with a level of 100 dB at 10 cm
and the atmosphere was extracted from the MCD at Perseverance site at 6 LTST at a solar longitude of 180°. The ground is
the coarse‐grained regolith presented in Table 2.
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From the spectrum, a μ field can be computed using the random‐phase method (RPM). The idea of the RPM is to
apply an inverse Fourier transform on the spectrum after having added a random phase at each mode. The μ field
is then given by (see Salomons, 2001 appendix J):

μ(r,z) =∑
n

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πΔkF(kn) kn

√
cos(rkn cos(θn) + zkn sin(θn) + αn) (8)

where θn and αn are random angles. If F depends on the altitude, one can simply replace F(k) by F(k, z) following
Dallois et al. (2001).

In summary, we model turbulence by propagating a sound wave across a variety of randomly fluctuating at-
mospheres. To do so, it is required to know certain parameters of the turbulent fluctuations of the wind speed u
and the temperature T. These parameters can be computed from similarity relations using temperature and wind
velocity profile from the MCD. It must be noted that given the uncertainties on the determination of the turbulent
parameters and the limitation of the random‐phase method, the results obtained with the method presented in this
section are merely an illustration of the effects of turbulence on sound propagation and should be treated with
caution.

Figure 7. A ray model of the propagation of sound on the surface of Mars at 6 (a) and 12 (b) LTST. Gray lines are the rays
propagated from the source. The colorbar correspond to the air temperature used in the simulation. The air temperature values
were retrieved from the MCD at the Perseverance site at a solar longitude of 180°. The sound source is at 3 m from the
ground.
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2.6. The Parabolic Equation (PE) Method

The method used in this work to model the propagation of sound near the Martian surface is the Parabolic
Equation (PE) method. The PE method is a proven and widely used numerical method to compute the sound field
of a monochromatic spherical source over a ground surface (Gilbert &White, 1989). The sound is propagated in a
2D (range, altitude) plane as the method is based on the axisymmetric approximation, that is, all variables are
considered constant with azimuth. The simulation space is thus the grid shown in Figure 3 with r and z the cy-
lindrical coordinates. The idea is to start with the sound field created by the source at r = 0, and then to propagate
it along the r axis. Since results will be discussed in terms of transmission loss or excess attenuation, the amplitude
of the source can be fixed arbitrarily. In the following, the source level is of 100 dB at 10 cm from the point source,
which can be understood as the approximate order of magnitude of a UAV rotor noise on Mars (Lorenz
et al., 2023).

Figure 8. Simulated sound field on the surface of Mars for (top): a hot and homogeneous atmosphere and (bottom): a hot and
refractive atmosphere (12 LTST). The color scale shows the SPL at each point of the range‐altitude plane in dB as defined in
Equation 2. The profile of air temperature used in the simulation are displayed on the left. All the atmospheric values were
retrieved from the MCD at a solar longitude of 180°. The sound source has a frequency of 100 Hz, a level of 100 dB at 10 cm
and is at 3 m from the ground. The gray line is the upper boundary of the shadow zone (see main text for definition).
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The sound equation in the far field (r ≫ − 1
0 , k− 10 around 40 cm for a 100 Hz wave near the Martian surface)

becomes the two‐dimensional Helmholtz differential equation when the axisymmetric assumption is applied

∂2q
∂r2

+
∂2q
∂z2

+ k2eff q = 0 (9)

where q is related to the complex amplitude q = p
̅̅
r

√
and keff = ω/ceff. The general solution is given as

q(r,z) = ψ(r,z)exp(ikar)

Figure 9. The sound pressure level extracted from the PE simulation presented in Figure 8 at a height of 1.5 m as a function of
the horizontal distance from the source (horizontal slices of PE simulations). A cold and homogeneous atmosphere, which
corresponds to the simulation at 6 LTST at Perseverance site has also been added for comparison with the effect of the diurnal
cycle of temperature.

Figure 10. The depth of the shadow zone, that is, the difference of sound pressure level between the hot and homogeneous
atmosphere and the hot and refractive atmosphere at each point of the range‐altitude plane. The color scale corresponds to the
additional losses in the SPL field induced by sound refraction in dB. The black line is the upper boundary of the shadow zone.
Above the shadow zone, the SPL difference is generally negative to null, but it depends on the positions of the interference
patterns. The dashed line defines the zone where the losses are greater than 20 dB. The blue star is the sound source. The
temperature profile that caused the shadow zone is shown on the left.
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where ka is the wavenumber at a given height. To numerically solve the sound field we write Equation 9 to a
parabolic equation employing the wide angle approximations (see Salomons, 2001;West et al., 1992 section G for
technical details). This parabolic equation can be solved using the Crank‐Nicolson method, by approximating the
derivative in z by its finite difference and integrating over r. It gives the relationship that is needed to propagate the
sound field along the r axis. For accurate results, the grid spacing Δr and Δz needs to be smaller than λ/10. Given
that the average speed of sound at the Martian surface is around 240 m/s this means that the grid spacing needs to
be smaller than 0.24 m for a 100 Hz sound. In all the simulations presented here, we used a 0.1 m spacing except if
stated otherwise. This method is valid for an elevation angle smaller than 35°, which is represented by the green
line in Figure 3.

The main input of the PE method is a grid of complex wavenumbers k = k0 + iα, and thus, a grid of attenuation
coefficients and sound speeds. The fact that the speed of sound can be dependent on z and r can be used to simulate
both refractive and turbulent atmospheres. The speed of sound can be written as ceff = c + u cos(θ) where c is the
thermal speed of sound (an output of the acoustic model, see Gillier et al., 2024), u is the wind speed and θ is the
angle between the direction of the wind and the direction in which the sound travels. Another input of the PE is the
normalized ground impedance, the derivation of which is described in Section 2.4. An absorption layer with an
artificially high attenuation coefficient is added on the top of the simulation. Thus, the simulation is valid between
z = 0 and ztop, the altitude of the absorption layer. It is also possible to simulate sound propagation without the
ground by replacing the ground layer by another absorption layer. The sound source is modeled by an initial
Gaussian sound field (Salomons, 2001) at r = 0 and centered at the desired altitude. The PE method includes the
geometrical attenuation of a spherical wave described in Equation 1.

In summary, we use the PE method to compute the sound field created by a monochromatic source given a
specific surface (a ground impedance) and a specific atmosphere (a field of attenuation coefficient and speed of
sound). This approach is valid in the far field (r ≫ k− 1) for an elevation angle between − 35° and +35° in the case
where all acoustic waves are traveling from the source to the detector (no back‐scattering or reflection from a
vertical surface).

3. Results
The effect of parameters that affect the attenuation coefficient can be found in Gillier et al. (2024). In this paper,
we investigate the effect of parameters that do not directly affect the attenuation coefficient but have an impact on
the way sound propagate and thus on the resulting sound field. The effect of the ground (Section 3.1) is inves-
tigated first. We then go through the effects of the temperature profile (Section 3.2), the wind velocity profile
(Section 3.3) and the atmospheric turbulence (Section 3.4). To do so, the sound coming from a 100 dB sound
source located at 3 m above the ground is propagated through various Martian atmospheres.

Sound fields are shown between the ground at z= 0 to an altitude of z= 20 m, as this is where most of the relevant
sound detectors (embedded on landers, rovers, and drones) would be located. The maximum range from the
source has been set to 250 m, as it is unlikely that a sound would propagate further because of the very strong
acoustic attenuation at the Martian surface (Bass & Chambers, 2001; Gillier et al., 2024; Petculescu & Luep-
tow, 2007; Williams, 2001). We have chosen to set the frequency to 100 Hz, unless specified otherwise, as this is
representative of the sound produced by Ingenuity, the helicopter traveling along Perseverance rover (Lorenz
et al., 2023). We have also chosen to show results at Perseverance site at a solar longitude of 180° as it will allow
easier comparison with Perseverance data and the effects that are shown are weakly dependent on the location and
the time of year.

The following results are not exhaustive, as this model can be used to study sound propagation in a wide variety of
context, but they explore the main parameters that impact the sound field. A synthesis showing the relative
importance of every parameter that was studied is presented in Section 3.5.

3.1. The Effect of the Martian Surface

Figure 4 shows outputs of the model. It represents the sound field created by a source at 3 m above the ground,
represented by a blue star. This means that a microphone located at 0.8 m above the ground and 100 m away from
the source (represented by the black cross) will sense an SPL of 30 dB for a 100 Hz wave and 10 dB for a 1 kHz
wave.
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At each point of the range‐altitude plane, the SPL is the result of the combination of a direct arrival and a reflected
signal. The reflected signal is shifted in phase and thus at certain points the two signals will cancel, creating
“interference patterns.” It follows that the location and the number of these minima will depend on the wavelength
of the acoustic wave.

Figure 4 shows these minima for a 100 Hz and a 1,000 Hz sound source. The shift in phase also depends on the
ground impedance which in turn depends on the frequency (see Section 2.4). As explained in Section 2.4, the
ground impedance varies with atmospheric parameters, notably the temperature and the pressure. However, these
variations of the ground impedance with the atmospheric parameters are small compared to variations caused by
the uncertainties on the ground properties, especially the grain size.

Table 3 presents a comparison of the changes in normalized impedance Z caused by an increase of temperature
from 200 to 300 K and caused by an increase in grain size from 0.08 m to 0.530 mm (respectively 1.01–1.88 mm)
for fine‐grained regolith (respectively coarse‐grained) that correspond to the uncertainties on the grain size
(Vaughan et al., 2023). It also shows the changes caused by an increase of ϕp from 0.1 to 0.3 It shows that the
change in Z from this extreme variation of temperature is smaller than the change with grain size or with porosity.

To illustrate the impact of these changes in the normalized ground impedance on the sound field, the following
Figures 5 and 6 show some PE simulations with a 100 Hz source where the ground and atmospheric parameters
used to compute the ground impedance were changed. The atmosphere, however, is the same in each set of
simulations.

First, Figure 5 shows the sound field over a coarse‐grained regolith and the difference between the sound field
over a fine‐grained regolith and a coarse‐grained regolith. The comparison with the case of an ideal perfectly
reflecting ground with an infinite acoustic impedance is also shown for reference.

Figure 5 shows that the main effect of the changes in ground impedance is to slightly shift the position of the
interference patterns and to modify their depth. The interference patterns are less marked in the fine‐grained
regolith grain and more marked in the perfectly reflecting case. Regarding the SPL field far away from the
source, it is decreasing when the coarse‐grained regolith is replaced by a fine‐grained one and increasing when it
is replaced by a perfectly reflecting ground. These variations are close to a factor of 1.5 on pressure amplitude
(∼3 dB), and the spatial distribution is also significantly changed.

Another parameter that impacts the ground impedance is the surface temperature, as shown in Table 3. To
illustrate the impact of temperature driven ground impedance changes on the SPL field we have plotted in
Figure 6 the sound field over a coarse‐grained regolith with a ground temperature of 196 K and the difference
between it and one propagated over a ground at 300 K. The effect of the change of ground impedance induced by

Figure 11. The depth of the shadow zone (see caption of Figure 10) at the Earth surface based on a temperature profile
measured in Egypt in July at 1 p.m. (Flower, 1937; Geiger et al., 1995). The black line is the upper boundary of the shadow
zone. The dashed line defines the zone where the losses are greater than 2 dB. The blue star is the sound source. The
temperature profile that caused the shadow zone is shown on the left.
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Figure 12. Simulated sound field on the surface of Mars at 12 LTST at a solar longitude of 180°. The color scale shows the
SPL at each point of the range‐altitude plane in dB as defined in Equation 2. The wind speed profile used in each simulation is
displayed on the left. The wind speed is positive if the detector is downwind of the source. The gray lines correspond to the
upper boundaries of the shadow zone. All the atmospheric values were retrieved from the MCD with the wind speed values
scaled so to have a wind speed of 4 m/s at 1.5 m above the ground. The sound source has a frequency of 100 Hz, a level of
100 dB at 10 cm and is at 3 m from the ground.
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this increase of ground temperature is smaller than the effect of changing the ground type, with a maximum
decrease in SPL outside the interference patterns of 0.5 dB.

To summarize, the effect of the ground on sound propagation consists mainly of the creation of interference
patterns, whose location and depth is determined by the sound frequency and the ground impedance. Ground
impedance is sensitive partly to the pressure and temperature at the ground level but mostly to the material
structural parameters (grain size and porosity). This means that, if every relevant meteorological variables are
precisely known, the knowledge of the interference patterns position could help to place constraints on the ground
properties. However, the effects of the variation of the ground impedance on the magnitude of the sound field
outside the interference patterns is small compared to every other effects that are investigated in the following
sections.

3.2. Effect of the Temperature Profile

Ground‐based measurements of the Martian temperature profile (Munguira et al., 2023; M. D. Smith et al., 2006)
have shown that it presents 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. Because the speed of sound in-
creases with temperature, this gradient translates into a sound speed gradient. This causes refraction of the sound

Figure 13. The sound pressure level extracted from the PE simulation presented in Figure 12 at a height of 1.5 m plotted as a
function of the horizontal distance from the source (horizontal slices of PE simulations). Blue line: extracted from the
simulation with no wind, Figure 12b. Red line: extracted from the simulation for which the detector is downwind of the
source, Figure 12a. Yellow line: extracted from the simulation for which the detector is upwind of the source, Figure 12c.

Table 4
Different Values for the Standard Deviation of Temperature and Wind Speed Fluctuations at Noon

Altitude(m)

Parameter Source 0.5 1.45 10

Temperature fluctuations standard deviation(K) In situ (Mars 2020) – 1.5–4 –

Similarity theory 2.3 2.0 1.3

Wind speed fluctuations standard deviation(m/s) In situ (Mars 2020) – 1–3 –

Similarity theory 2.2 2.2 2.2

Note. In situ measurement are for Jezero crater at noon and can be found in Munguira et al. (2023) for the temperature and
Viúdez‐Moreiras, Lemmon et al. (2022) for the wind speed. They correspond to the standard deviation of the air temperature
(respectively wind speed) on a 5 min windows.
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waves, which are bent toward the low‐speed of sound area. The goal of this section is to quantify the change in the
sound field induced by this refraction.

Figure 7 illustrates sound refraction with a simple ray tracing model, where rays are propagated in straight lines
across layers. Each layer has a different speed of sound, and the ray's direction is changed following Snell's Law
each time a ray crosses an interface between two layers. The ray paths are simulated over an air temperature
profile from the MCD at Perseverance site at a solar longitude of 180° taken at 10 cm increments. The source is
located 3 m above the ground.

Figure 7 shows that while at 6 LTST the sound is propagating in all directions, at 12 LTST there is an area close to
the ground where there is no ray. This effect, well‐known in atmospheric acoustics as well as in other disciplines,
is referred to as a shadow zone. To quantify the impact of the shadow zone, we have propagated sound waves in
both a refractive and a homogeneous atmosphere, following the process described in Section 2. Atmospheric
turbulence is not included in these simulations. As these two types of profile occur at different times of day, and
thus at different average air temperatures, it is not meaningful to isolate the effect of the temperature profile from
the effect of the average temperature by comparing twoMartian atmospheres. As a result, the first profile we used

Figure 14. Modeled field of μ, the refractive index fluctuation near Perseverance site at 12 LTST. The color scale corresponds
to the absolute value of the refractive index at each point of the range‐altitude plane. The turbulence is inhomogeneous, with
turbulent parameters obtained by scaling similarity theory results to the upper bound of the standard deviation measurement
given in Table 4 (i.e., 4 K and 3 m/s). Note that while the color bar is limited to 4% so that smaller variation are visible, the
actual maximal μ attained in the bottom layer of the atmosphere is 6%.

Figure 15. Sound pressure level extracted from PE simulations with and without atmospheric turbulence, at a height of 1.5 m
plotted as a function of the distance from the source. The result of the turbulent simulation are obtained by averaging 100
iterations (see Section 2.5). The source is 3 m above the ground.
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is not from the MCD but is a hot and homogeneous atmosphere, which
was obtained by averaging over the altitude the simulation of the MCD at
12 LTST. The second one is a hot and refractive atmosphere that corre-
sponds to the simulation of the MCD at 12 LTST.

Figure 8 shows the results of the PE method for the homogeneous and the
refractive atmospheres. The temperature profile that was used to compute
the speed of sound is displayed on the left. The interference patterns
created by reflection on the ground presented in Section 3.1 are still
present. An upward bending is visible in the refractive atmosphere. This
results in the creation of a low SPL shadow zone close to the ground. The
effect of sound refraction can be seen by comparing the hot and homo-
geneous atmosphere (Figure 8 top) and the hot and refractive one
(Figure 8 bottom). Figure 9 presents the same simulations as Figure 8 but
only at the height of 1.5 m. This can simulate for example, the SPL
received by a ground based microphone as it is going away from the sound
source. Data from a simulation at 6 LTST at the Perseverance site, which
corresponds to a cold and homogeneous atmosphere, has also been added
for comparison with the effect of the diurnal cycle of temperature.

Figure 9 shows that for the same sound source, the received sound at
100 m would be 30 dB lower at 12 LTST, when the atmosphere is hot and
refractive, than at 6 LTST, when it is cold and homogeneous. The com-

parison of sound level with the hot and homogeneous atmosphere shows that of these 30 dB of excess losses,
15 dB are due to the higher attenuation and 15 dB to the sound refraction. Acoustic losses due to refraction are
thus of the same order of magnitude than those due to the increase of the attenuation coefficient and are not to be
ignored when modeling sound propagation on the Martian surface. It also shows that the position of the inter-
ference patterns at a range of 10 m is very slightly changed with sound refraction.

The shadow zone is defined as the area close to the ground where the SPL is lower because of the refraction. We
can thus define an upper boundary of the shadow zone, which is the altitude under which the SPL in the refractive
case is lower than the SPL in the non‐refractive case. We can also define the shadow zone depth as the difference
between the SPL in the refractive case and the SPL in the non‐refractive case in the shadow zone. This

Figure 16. Comparison of the depth of the shadow zone for a non‐turbulent
and a turbulent atmosphere. Top: shadow zone depth in the case of a
refractive atmosphere with the detector upwind of the source. Bottom: same
atmosphere with the addition of atmospheric turbulence shown in Figure 14.
For the meaning of the color scale see Figure 10 caption. The dashed line
defines the zone where the losses are greater than 20 dB. The blue star is the
sound source.

Figure 17. Sound pressure levels extracted from PE simulations at a height of 1.5 m. The PE simulations are the ones that
were used to compute the “refractive and turbulent atmosphere” of Figure 15. Each gray line correspond to one of the 100
realizations with a specific μ field (see Section 2.5). The yellow line is the average of all the realization. The dashed lines
show the standard deviation of the all the SPL.
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corresponds to the additional losses induced by sound refraction. A complete representation of the depth of the
shadow zone can be seen in Figure 10.

Figure 10 shows that the losses due to refraction are stronger near the ground and far away from the source. To
have a better idea of the importance of these losses at the Martian surface, we have simulated propagation of
sound in the Earth atmosphere near the ground using a temperature profile measured in the Egyptian desert in July
at 1 p.m. (Flower, 1937; Geiger et al., 1995) when the temperature gradient is the strongest. The temperature
gradient in these conditions is nonetheless very small compared to Martian conditions, with a difference of
temperature between the ground and 2 m high of only around 4 K compared to around 40 K near the Martian
surface.

Figure 11 shows that as a result of this weaker temperature gradient, not only the extent of the shadow zone is
smaller on Earth, but the associated losses in SPL are also around 10 times smaller with a maximum of 3 dB.

Figure 18. Acoustic losses in dB for a 100 Hz sound wave as a function of range at 6 LTST and 12 LTST. The different
colored lines show the losses associated with each causes. The black lines show the losses associated with a simulation that
take into account all the loss causes. All simulations were made using the atmosphere at Perseverance site at a solar longitude
of 180°. Losses are counted positively, a negative loss correspond to a gain of SPL. For the wind profile, the detector is
upwind of the source. The peaks and dips close to the source correspond to interference patterns.
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In summary, the vertical gradient of temperature that occurs near the Martian surface during the middle of the day
leads to refraction of sound waves and thus the creation of a low SPL area near the ground, known as the shadow
zone. Given the magnitude of the temperature gradient near the Martian surface, this effect is an order of
magnitude stronger than on Earth. It is also of the same order of magnitude that the losses induced by the increase
of the acoustic attenuation coefficient because of the rise in temperature between sunrise and midday on Mars.

3.3. The Effect of the Wind Velocity Profile

In windy conditions, the effective speed of sound ceff will be the composition of the thermal speed of sound c and
the projection of the horizontal wind speed on the direction of the sound propagation u cos θ. Because of the drag
at the ground, wind generally increases with altitude over the first tens of meters from the surface. Wind speed
usually presents a logarithmic profile with a strong vertical gradient close to the ground. Therefore, if the wind
direction is from the detector to the source, it will create a negative gradient of effective sound speed. As
mentioned in Section 3.2 it will refract the sound upward and thus diminish the acoustic intensity close to the
ground by creating a shadow zone. On the contrary, if the wind direction is from the source toward the detector it
will create a positive gradient of effective sound speed, thus causing downward refraction of the sound and

Table 5
A Summary of All the Features of the Martian Surface That Have an Impact on the Sound Level Created by a Specific Sound Source, Expressed in dB or in Change in the
Attenuation Coefficient α

Feature of the Martian surface Impact on the sound fields

Variation of the ground impedance with The temperature Very small (∼0.5 dB)a

The grain size Small (∼2 dB)a

Seasonal cycle of Pressure and CO2 Small (up to ∼10% of α at high Latitude)b

Temperature Medium (up to ∼75% of α at high latitude)b

Diurnal cycle Of temperature Large (α × 2–3)b

Refraction caused by The temperature profile Large (from − 15 to +3 dB at 100 m depending on time of day)a

The wind profile Large (from − 11 to +7 dB at 100 m depending on direction)a

Atmospheric Turbulence Medium (+5 dB at 150 m)a

aIn the configuration presented in this work: a 100 Hz sound source 3 m above the ground with a receiver at 1.5 m from the ground. bFor a 100 Hz soundwaves, see Gillier
et al. (2024).

Figure 19. The upper boundary of the shadow zone for a sound source located between 1 and 50 m above the ground. Each
colored lines corresponds to the upper boundary of a shadow zone (see Figure 10) for a source at a specific altitude. The
simulation is done for a 100 Hz source at 12 LTST. The wind is blowing from the microphone toward the sound source and
has a speed of 4 m/s at 1.5 m above the ground.
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increasing the near‐ground intensity. In situ measurements (Newman et al., 2022; Viúdez‐Moreiras, Lemmon,
et al., 2022) have shown that, while the wind patterns depend on the local topography and the wind speed exhibits
high short term variability, wind is generally stronger during daytime than at night. Thus, it will be during the
middle of the day that the effect of wind will be stronger.

Figure 12 illustrates the effect of the wind on the sound propagation. It consists of the result of a PE simulation for
which the atmospheric parameters are extracted from the MCD at a local time of 12 LTST as this is the time when
the wind is the strongest, and it allows comparison with the simulations of Section 3.2. We use a wind speed
profile scaled to 4 m/s at 1.5 m in line with the wind speeds observed by Perseverance in Viúdez‐Moreiras,
Lemmon, et al. (2022). Turbulence is not included in these simulations.

Figure 20. Simulation of an Ingenuity flight. The different colored lines show the losses associated with each causes. The
black lines show the losses associated with a simulation that take into account all the loss causes. The sound source is 10 m
above the ground, the microphone is 2.1 m above the ground. The microphone is upwind of the source. The atmosphere is the
one at Perseverance site at 12 LTST and Ls = 180°.

Figure 21. Losses for a 100 Hz source at different altitude. The microphone is situated 80 m from the source landing site at
2.1 m above the ground. The atmosphere used for the simulations is the same as in Section 3.5 that is, Perseverance site at
Ls = 180 and 12 LTST with the microphone upwind of the source.
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When the detector is downwind of the source (positive wind speed) the shadow zone close to the ground is
smaller, whereas when the detector is upwind of the source (negative wind speed) it is larger. To quantify this
effect we can look at the sound amplitude at 1.5 m high as a function of the distance from the source shown in
Figure 13. At 100 m from the source, the variation in the SPL induced by the change in refraction caused by the
wind vertical gradient can go from − 11 to+7 dB. This means that the variations in sound amplitude created by the
wind are of the same order of magnitude than the ones created by the vertical gradient of temperature or the
diurnal variation of temperature, and thus cannot be ignored.

In summary, the wind speed profile near the Martian surface create sound refraction, which can leads to an in-
crease or a decrease of the SPL near the ground depending on the wind direction.

3.4. The Effect of Atmospheric Turbulence

The wind speed and the temperature at the surface of Mars exhibit short term fluctuations. These turbulent
fluctuations follow a diurnal cycle (Petrosyan et al., 2011). During the day, the temperature difference between
the hot surface and the colder atmosphere leads to the creation of ascending thermal plumes. The turbulence is
thus buoyancy‐driven. At night, the radiative cooling of the ground leads to a stably stratified atmosphere, where
the turbulence is weaker and created mainly by wind shear. Wind speed and temperature fluctuation are thus
smaller during nighttime. In this section we will focus on the Martian atmosphere at 12 LTST as it is the time of
day when the turbulent fluctuations in both temperature and wind speed are at their maximum (Munguira
et al., 2023; Stott et al., 2023; Viúdez‐Moreiras, de la Torre, et al., 2022).

The first step to simulate the effects of atmospheric turbulence on the sound field is to compute the turbulent
parameters as shown in Section 2.5. In Table 4 we compare the values estimated using the similarity relations
proposed in V. E. Ostashev (2016) (see Equations B2–B7) to the ones measured by MEDA, the meteorological
package of the Perseverance rover. The values derived using similarity theory are computed based on data from
the MCD at the Perseverance site at noon, so they can be compared to MEDA data. Table 4 shows that they are
consistent with the in situ measurements.

Figure 14 shows an example of a field of μ, the refractive index fluctuation, near Perseverance site at 12 LTST and
thus represents one of the many instances of turbulent fields which are used to simulate the effects of turbulence. It
was obtained by scaling the standard deviations profiles given by the similarity relations so that they are equal to the
upper bound of themeasured one at 1.45m (i.e., 4 K and 3m/s). It thus represents a case of intense turbulence, with

Figure 22. Comparison of the SPL 0.5 m above the ground. The with refraction curve correspond to an atmosphere is
extracted from the MCD at Perseverance site at 0 LTST. The detector is downwind of the source, with a wind speed of 4 m/s
at 1.5 m above the ground. The sound source is 0.5 m above the ground. The without refraction curve correspond to the same
situation with a constant temperature and wind speed profile.
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μ stronger close to the ground. In this case, in can go up to 0.06, which mean that locally the value of the speed of
sound can be as much as 6% different from the average value over time. Only the first 60 m of range are shown to
preserve the figure aspect ratio. Onemust keep inmind that given the large uncertainties of the turbulent parameters
at the surface of Mars, this is merely an example of what could exist on Mars.

Figure 15 presents the results of PE simulations computed using the type of μ fields presented in Figure 14 for a
100 Hz source. To keep this mostly illustrative section short, the difference of turbulence effect for different
frequency is not analyzed here. The case of a non‐refractive atmosphere and of a refractive but non‐turbulent
atmosphere were also plotted for reference. This demonstrates that the first effect of turbulence is to “make
sound leak” into the shadow zone. This is a well‐known effect of atmospheric turbulence on Earth. For example,
at a range of 150 m the SPL in the case of turbulence is at best 5 dB higher than in the non‐turbulent case. Given
that at this range the difference between the non‐refractive case and the refractive case (the depth of the shadow
zone) is 25 dB, it means that turbulence is capable of making up for one fifth of the shadow zone losses in terms of
SPL or is able to nearly double the pressure amplitude. However, turbulence has no impact on the extent of the
shadow zone, only on its depth, as shown in Figure 16. This has the effect of reducing areas of significant losses,
for example, the area where refractive losses are greater than 20 dB, has almost disappeared.

The second effect of the turbulence is to remove the interference patterns, as shown with the interference min-
imum that occurs at a range of 230 m in Figure 15 in the non‐turbulent atmosphere but has disappeared in the
turbulent cases.

These results are the average of one hundred simulation and represent an average of the SPL over a few minutes
period. However, fluctuation in SPL are also interesting. Figure 17 illustrate these fluctuations with the same PE
simulation that is displayed in Figure 15. In this figure, in addition to the average SPL, all individual realizations
are plotted as well as their standard deviation. It shows that the interference patterns for each individual reali-
zation are not necessarily located at a range of 230. In fact, there can be multiple minima located anywhere along
the range axis or no minimum at all. It is therefore the averaging that is responsible for the removing of the
interference patterns.

In summary, the turbulent fluctuations of the temperature and the wind speed near the ground are responsible for a
decrease in the depth of the interference patterns and the shadow zone. While the uncertainties on the charac-
teristic of atmospheric turbulence at the Martian surface prevent us from asserting with confidence the magnitude
of this effect, our best estimation from our simulations is that it is making up for around one fifth of the refraction
losses.

3.5. Summary

Figure 18 presents a more detailed view of the different factors that affect sound propagation. It shows the losses
in SPL that would be experienced by a 100 Hz sound wave traveling through the Martian atmosphere at 6 LTST
and at 12 LTST. Losses are broken down by causes. All the causes are assumed to be independent of one another
when evaluating their effect. Hence, the geometric spreading is computed by multiplying the sound amplitude by
1
r , the attenuation by multiplying the sound amplitude by exp(− αr) where α is the attenuation coefficient (Gillier
et al., 2024), the losses caused by the ground, the temperature profile, the wind speed profile and turbulence are
computed by subtracting a PE simulation with the relevant phenomenon to a PE simulation without. The losses
obtained by simulating all the causes simultaneously (the full simulation) is also displayed.

Figure 18 shows that, at 100 Hz, the dominant cause of acoustic losses is the geometrical spreading, followed by
attenuation. At 12 LTST losses caused by the refraction (temperature profile and wind speed) grow with distance
and turbulence can only make up for a fraction of these losses. The sum of all losses is not displayed in the figures
but is very closed to the losses from the full simulation. The fact that at 6 LTST the attenuation is smaller, the
temperature gradient is positive and thus causes small acoustic gains and the wind is weaker, make this time of
day the most acoustically favorable. Table 5 presents a more general summary of all the features of the Martian
surface that have an impact on the sound level created by a specific sound source based on Gillier et al. (2024) and
this work.
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4. Applications
In this section, the model is used to simulate two application cases, the flight of the Ingenuity helicopter and the
detection of a descending sound source. The effect of the altitude of the source on the refractive shadow zone,
which is relevant to both cases, is first briefly discussed. We also look at how much can refraction improve the
propagation distance of a sound wave at the surface of Mars.

4.1. Effect of the Height of the Source

The size of the shadow zone not only depends on how refractive is the atmosphere, that is, how strong is the
vertical temperature and wind speed gradient, but is also strongly dependent on the height of the sound source, as
illustrated in Figure 19 representing the extent of the shadow zone at 12 LTST. The wind is blowing from the
microphone toward the sound source and has a speed of 4 m/s at 1.5 m above the ground. The effects of at-
mospheric turbulence are neglected. It shows that the size of the shadow zone is greater when the source is closer
to ground and conversely there is a source altitude above which the shadow zone disappears.

4.2. Ingenuity Flight

One of the sound sources that was recorded at the Martian surface by the SuperCam microphone is that of the
helicopter Ingenuity (Lorenz et al., 2023). The helicopter mostly flies at an altitude of 10 m, while the SuperCam
microphone is located 2.1 m above the ground. The helicopter never goes closer than 50 m to the rover, and
Perseverance microphone was not able to hear it farther than 150 m. All the recorded flights have taken place
around noon. Figure 20 presents a simulation of sound propagation from the helicopter to the SuperCam
microphone during a flight, with a breakdown of the losses by their causes. It shows that, because of the relatively
high altitude of the source, the losses caused by refraction are very small compared to the geometric spreading
and the atmospheric attenuation. This means that when deriving the value of the atmospheric attenuation co-
efficient from Ingenuity received sound amplitude, one can neglect refraction, as was done in Chide et al. (2023).

4.3. Descending Source

An interesting case to consider is the one of a sound source landing close to the microphone. This could simulate,
for example, the landing of the Mars Sample Return mission close to Perseverance rover. Figure 21 presents such
a simulation for a sound source landing 80 m away from the microphone at noon. This is of course a distance way
too small to be realistic, but the following also apply for longer distances.

It shows that in the first phase of the descent, loses are diminishing as the source is getting closer to the
microphone except when it crosses an interference minimum, which is the case for example, at 40 m high in this
example. However, when the source is sufficiently close to the ground, the refraction losses are increasing as the
source is getting close to the ground. This is not compensated by the shorter distance, and thus the received sound
is diminishing. In the example presented in Figure 21 this effect is so strong that the losses are equivalent when the
source at the surface and 100 m above the ground. This effect would be weaker if the atmosphere was less
refractive, for example, with a landing early in the morning, or if the microphone was closer to the landing site.

4.4. Propagation Enhanced by Refraction

In this paper, we have focused on the losses induced by the refraction of sound, as they are considerable during
the day. However, during the night the temperature profile is inverted, with the temperature at the ground level
typically a few Kelvin under the temperature at 2 m above the ground. Thus, if a sound wave is traveling with the
wind at this time of day, the sound will be refracted toward the ground; in this case sound propagation near the
ground in enhanced by refraction. To quantify this effect, we have simulated the best possible case regarding
refraction. The atmosphere is extracted from the MCD at Perseverance site at 0 LTST, as it is the time of day
when the temperature gradient is most positive in the MCD. It must be noted, however, that the precise time of
day when the gradient is the strongest can vary with the season, the terrain of the atmosphere dust content. The
detector is downwind of the source with a wind speed of 4 m/s at 1.5 m above the ground, which is very high for
this time of day. The sound source is very close to the ground, at 0.5 m high. Figure 22 shows the result of this
simulation as well as the same simulation with no refractive effect to assess the impact of temperature and wind
induced refraction. If we assume a detectability threshold of 20 dB for a receptor, Figure 22 demonstrates that the
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effect of refraction on the sound propagation is to increase the maximal distance at which the sound source can be
detected from 125 to 150 m. Thus, even in the best case scenario, downward refraction can not significantly
enhance sound propagation: there are no acoustic waveguides near the Martian surface.

5. Conclusion
The model presented in this work can be used to simulate propagation of sound waves near the Martian surface at
any location, any time of year and any time of day. It shows that the presence of the ground leads to a slight
increase in the SPL field and the creation of interference patterns. The variations of the ground acoustic
impedance, with ground properties or temperature, have a small impact on the sound field compared to the other
phenomenon discussed here, but are important to predict the location of the interference patterns. The strong
thermal gradient near the surface around noon leads to the creation of a low sound pressure level zone near the
ground: the shadow zone. The SPL losses induced in this thermal driven shadow zone are very strong: they are of
the same order of magnitude than the ones that come from the diurnal variation of the attenuation coefficient
(Gillier et al., 2024) and one order of magnitude stronger than what is typical on Earth. The wind profile can
enhance the shadow zone if the detector is upwind of the source, and diminish it if the detector is downwind of the
source. The SPL losses induced in this wind driven shadow zone are of the same order of magnitude than what is
observed on Earth. The turbulent fluctuations of the temperature and the wind speed can allow the sound to leak
into the shadow zone. At the maximum time of turbulence, around noon, this effect can make up to one fifth of the
shadow zone. Atmospheric turbulence also removes the interference patterns. The refractive effects are rapidly
diminishing with the height of the sound source: in a configuration with the source 10 m above the ground, for
example, a flight of the Ingenuity helicopter, they are already negligible.

Such a model could be to better estimate the absolute sound intensity of the Ingenuity rotorcraft (Lorenz
et al., 2023) and compare it with results given by aeroacoustic models of rotorcraft (Hanson, 1985). In the future,
the model could be improved, particularly by using better estimation of the ground parameter and the turbulent
spectrum or by including the effect of the terrain irregularity. Finally, this kind of model can be relatively easily
adapted to sound propagation at the surface of other planetary bodies especially Venus and Titan.

Appendix A: Coefficients for the von Kármán Spectral Density
The following numerical constant, used in Equation 5 are valid for every spectral density of the von Kármán type.

B1 =
AΓ(1/2)Γ(8/6)

4Γ(11/6)
(A1)

B2 =
22AΓ(3/2)Γ(8/6)

12Γ(17/6)
(A2)

B3 =
22AΓ(1/2)Γ(14/6)

12Γ(17/6)
(A3)

with A = 0.033 and Γ the gamma function.

Appendix B: Derivation of the Turbulent Parameters
This section explains how to compute the standard deviation of the turbulent fluctuations of temperature, σT and
wind speed, σv as well as their length scale LT and Lv with the method described in V. E. Ostashev (2016).

B1. The Monin‐Obukhov Similarity Theory Parameters

According to Monin‐Obukhov similarity theory (MOST) when correctly normalized the standard deviation and
length scale are a function of z/Lo, where z is the altitude and Lo the Obukhov length:
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Lo = −
u 3

∗ Ts

κvg(w′T′)
s

(B1)

with u∗ the friction velocity, Ts the temperature of the surface, κv the von Kármán constant, usually taken at 0.4, g
the surface gravity acceleration, equal to 3.71 m/s2 on Mars and (w′T′)s = − u∗T∗ the kinematic heat flux at the
surface with T∗ the temperature scale.

Because MOST predicts that the wind speed and temperature profiles are proportional to the product of u∗

(respectively T∗), times the logarithm of the altitude, it is possible to derive u∗ (respectively T∗) from the value of
wind speed (respectively temperature) at two heights or more. These values can be extracted from the MCD or
from in situ measurement when available.

B2. Similarity Relations for the Turbulent Parameters

Following MOST, some similarity relations on σT, σv, LT, and Lv have been proposed.

The subsequent expressions were obtained in V. Ostashev and Wilson (2000) for the temperature:

σ2T(z)
T 2

∗
=

4.0
[1 + 10(− z/L0)]2/3

, (B2)

Lt(z)
z

= 2.0
1 + 7.0(− z/L0)
1 + 10(− z/L0)

, (B3)

For the wind speed, in the case of shear surface‐layer turbulence, the following expression is derived in
Wilson (2000):

σ2s
u 2

∗
= 3.0, (B4)

Ls
z
= 1.8 (B5)

and for mixed‐layer similarity, when buoyancy is driving the atmospheric turbulence:

σ2b
w 2

∗
= 0.35, (B6)

Lb
zi
= 0.23 (B7)

with zi the height of the capping inversion and w∗ = [zig (w′T′)s/Ts]
1/3

the mixed layer velocity scale. When

both shear and buoyancy play a role in generating the wind speed turbulent fluctuations, the standard deviations
and length scales can be combined as shown in Wilson (2000):

σ2v = σ2s + σ2b (B8)

σ2

Lp− 1v
=

σ2s
Lp− 1s

+
σ2b
Lp− 1b

(B9)

with p = 5
3

These expressions are valid for stratifications ranging from unstable to slightly stable.
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Notation
α Attenuation coefficient

αn Random angle in the random‐phase method

n̄ Average of the refractive index over time

Δr Grid spacing in the range direction in the PE method

Δr Grid spacing in the altitude direction in the PE method

η Coefficient of shear viscosity

Γ Gamma function

κ Thermal conductivity

μ Refractive index turbulent fluctuation

ω Angular frequency

ϕm Microporosity in the VBU model

ϕp Intergranular porosity in the VBU model

ρ Atmospheric density

σT Standard deviation of the temperature turbulent fluctuations

σv Standard deviation of the wind speed turbulent fluctuations

θ Angle between the wind speed direction and the source‐microphone line.

θn Random angle in the random‐phase method

A0 Pressure received at reference distance

c Speed of sound

ceff Effective speed of sound in the presence of wind

c0 Speed of sound at the temperature T0

Cp Heat capacity

CT Structure function parameter of the temperature

Cv Structure function parameter of the wind speed

De Nanopore parameter in the VBU model

F Two‐dimensional spectral density of the refractive‐index fluctuation

He Nanopore parameter in the VBU model

k0 Real‐part of the wavenumber

K0 Wavenumber representative of the largest eddies

L Size of the largest eddies

Lp Sound pressure level

Ls Solar longitude

LT Length scale of the temperature turbulent fluctuations

Lv Length scale of the wind speed turbulent fluctuations

n Refractive index
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p Sound pressure fluctuation

P Atmospheric pressure

pref Reference pressure used to compute the SPL (20 μPa)

r Distance to the sound source

rm Micropores size in the VBU model

rp Grain size in the VBU model

T0 Mean temperature of an atmosphere used in a PE simulation.

Tg Ground temperature

u Wind speed

Z Normalized ground impedance (Zg /Zchar)

z Altitude

Zchar Characteristic acoustic impedance of the air

Zg Acoustic ground impedance

Notation
κv von Kármán constant

ω∗ Mixed layer velocity scale

w′T′ Kinematic heat flux at the surface

σb Standard deviation of the wind speed turbulent fluctuations caused by buoyancy

σs Standard deviation of the wind speed turbulent fluctuations caused by shear

σT Standard deviation of the temperature turbulent fluctuations

σv Standard deviation of the wind speed turbulent fluctuations

g Surface gravity acceleration

Lb Length scale of the wind speed turbulent fluctuations caused by shear buoyancy

Lo Obukhov length

Ls Length scale of the wind speed turbulent fluctuations caused by shear

LT Length scale of the temperature turbulent fluctuations

Lv Length scale of the wind speed turbulent fluctuations

Symbol Description

T∗ Temperature scale

Ts Temperature at the surface

u∗ Friction velocity

zi Height of the capping inversion
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Data Availability Statement
The meteorological data from the Martian Climate Database (MCD, Forget et al., 1999; Millour et al., 2018) used
as inputs of the model are available at https://www‐mars.lmd.jussieu.fr. The code of the model is available in
Gillier and Petculescu (2023).
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