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ABSTRACT:
The Perseverance rover is carrying out an original acoustic experiment on Mars: the SuperCam microphone records the

spherical acoustic waves generated by laser sparks at distances from 2 m to more than 8 m. These N-shaped acoustic

waves scatter from the multiple local heterogeneities of the turbulent atmosphere. Therefore, large and random

fluctuations of sound travel time and intensity develop as the waves cross the medium. The variances of the travel

times and the scintillation index (normalized variance of the sound intensity) are studied within the mathematical

formalism of the propagation of spherical acoustic waves through thermal turbulence to infer statistical properties of

the Mars atmospheric temperature fluctuation field. The comparison with the theory is made by simplifying

assumptions that do not include wind fluctuations and diffraction effects. Two Earth years (about one Martian year) of

observations acquired during the maximum convective period (10:00–14:00 Mars local time) show a good agreement

between the dataset and the formalism: the travel time variance diverges from the linear Chernov solution exactly

where the density of occurrence of the first caustic reaches its maximum. Moreover, on average, waves travel faster

than the mean speed of sound due to a fast path effect, which is also observed on Earth. To account for the distribution

of turbulent eddies, several power spectra are tested and the best match to observation is obtained with a generalized

von Karman spectrum with a shallower slope than the Kolmogorov cascade, /ðkÞ / ð1þ k2L2Þ�4=3
. It is associated

with an outer scale of turbulence, L, of 11 cm at 2 m above the surface and a standard deviation of 6 K over 9 s for the

temperature. These near-surface atmospheric properties are consistent with a weak to moderate wave scattering regime

around noon with little saturation. Overall, this study presents an innovative and promising methodology to probe the

near-surface atmospheric turbulence on Mars.
VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0024347

(Received 4 October 2023; revised 13 December 2023; accepted 14 December 2023; published online 19 January 2024)

[Editor: Xun Huang] Pages: 420–435

I. INTRODUCTION

Turbulence within the lower atmosphere of Mars, which

is in direct contact with the surface (namely, the

atmospheric surface layer), is a critical process as it drives
the transport of heat, dust, and trace gases, all of which have
a global impact on the overall dynamics of the atmosphere
(Petrosyan et al., 2011; Read et al., 2017). Detailed knowl-
edge of the turbulent processes on all spatial and time scales
is, therefore, key to understanding the whole climate systema)Email: bchide@lanl.gov
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of Mars. On a diurnal time scale, the atmospheric surface
layer of Mars is prone to large thermal gradients that gener-
ate a strong convection-driven turbulence during the day-
time, leading to large temperature fluctuations compared to
its counterpart on Earth (Chide et al., 2022; de la Torre
Ju�arez et al., 2023; Munguira et al., 2023). At night, the
thermal inversion inhibits the convection, but it may be
replaced by shear-induced turbulence at some specific loca-
tions and seasons (Chatain et al., 2021; Pla-Garc�ıa et al.,
2023). The current understanding of small scale processes,
especially the turbulence energy cascade, relies on
terrestrial-based models that have been adapted for Mars.
Therefore, in situ observations are crucial to validate such
models. These small scale processes have been described by
the Insight mission in terms of pressure fluctuations up to
2 Hz (Banfield et al., 2020; Temel et al., 2022), but no data
at higher frequency exist due to the lack of suitable sensors.
Moreover, such small scales cannot be resolved by atmo-
spheric models, e.g., large eddy simulations, and are instead
parameterized in the latter example. Indeed, in situ observa-
tions of the atmospheric boundary layer processes are cru-
cial for testing large eddy simulations predictions, which
sometimes include different small scale diffusion and turbu-
lent scheme, yielding very different predictions (Bertrand
et al., 2016).

The random inhomogeneities in a turbulent atmosphere

are known to greatly affect sound propagation by scattering

the phase and amplitude of acoustic waves. The statistics of

these scattering properties has been extensively described

by theoretical (Ishimaru, 1997; Tatarskii, 1967) and experi-

mental works (Blanc-Benon and Juv�e, 1993). The resulting

mathematical formalism has been used to describe the distri-

bution of the turbulent scales in the Earth’s atmospheric

layer (Wilson et al., 1999). Here, the objective of this paper

is to test if this formalism can be applied to data obtained on

Mars and, for the first time, to infer small scale properties of

its atmospheric surface layer turbulence.

The NASA Perseverance rover, which landed on Mars on

February 18, 2021 (Farley et al., 2020), offers a unique combi-

nation of a microphone and controlled sound source at various

distances (Maurice et al., 2022). The microphone of the

SuperCam instrument (Maurice et al., 2021; Mimoun et al.,
2023) records the Mars soundscape for the first time between

20 Hz and 50 kHz, as well as artificial sounds produced by the

rover and its equipment. Since landing, several results have

been published (Chide et al., 2022; Lorenz et al., 2023;

Murdoch et al., 2022; Stott et al., 2023), highlighting the great

potential of acoustic investigations for Mars. The main artifi-

cial sound source recorded by the microphone is created by the

SuperCam pulsed laser, which vaporizes a few nanograms of

matter at the surface, and subsequently generates a plasma that

extends to several millimeter in size (Vogt et al., 2022). The

optical spectrum from this plasma is used to measure the ele-

mental composition of the targeted rocks and soils with an ana-

lytical method laser-induced breakdown spectroscopy

(Maurice et al., 2021; Wiens et al., 2020). As the plasma

expands in Mars’ atmosphere, it generates a shockwave (Seel

et al., 2023) that results in an N-shaped acoustic wave

(2–25 kHz), which can be recorded by the microphone. The

absolute amplitude of this pressure signal has been used to

characterize the unique sound propagation properties of the

low-pressure CO2-dominated Mars atmosphere, i.e., large

sound absorption and seasonal variation of the acoustic

impedance (Chide et al., 2023). However, these laser sparks

are produced and recorded at a fast cadence of 3 Hz over

10 s, which is reminiscent of laboratory experiments

designed to study the propagation of spherical waves

through turbulent medium (Averiyanov et al., 2011;

Yuldashev et al., 2017). Therefore, the analysis presented

here focuses on the variance of the amplitude and travel

time of these acoustic waves induced by thermal fluctuations

to statistically characterize the near-surface turbulence using

the acoustic formalism (Blanc-Benon and Juv�e, 1993).

This is the first acoustic experiment ever performed on

Mars and for which, unfortunately, experimental parameters

are not as controlled as they would be in laboratory experi-

ments. In this context, we have considered the following

approximations: we place ourselves in the framework of geo-

metric acoustics, which means that diffraction effects are

neglected. Second, we only consider temperature fluctuations,

and wind velocity fluctuations are ignored. Furthermore, we

assume that temperature fluctuations do not depend on the

height over the first 2 m above the ground, where the experi-

ment is performed. All these hypotheses are discussed in the

text and could be explored and refined in future research.

The geometry of the experiment, the dataset considered,

and the quantities used [travel time and scintillation index

(SI)] are presented in Sec. II, along with a discussion on the

validity of this experiment with regard to the various lengths

and time scales. Then, Sec. III is devoted to the study of

travel times and testing various turbulence models that can

account for the nonlinear behavior of travel times with dis-

tance. Section IV deals with acoustic scintillation to dis-

criminate which of the turbulence models tested represents

the Mars data the best. In short, a power spectrum for the

eddy size distribution, their characteristic scales, and the

associated temperature fluctuations are proposed to describe

the turbulence around noon local time.

II. AN ACOUSTIC EXPERIMENT ON MARS

The laser and microphone are mounted at about 2.1 m

above the ground (Fig. 1). The longitudinal axis, z axis, con-

nects the target to the microphone. The plasma is at z¼ 0

and the microphone is at z¼ x, which represents the propa-

gation distance. Because the laser is focused onto targets at

various distances from the rover for sample analysis, the

propagation distance varies from target to target. Note that

for each target, there is a different z axis as targets are

located at different distances from the rover.

A. Mars dataset

The dataset consists of data acquired by SuperCam at

the top of Perseverance rover mast over the first 800 Sols

(Martian solar day; 1 Sol¼ 88 775 s; Sol 0 is the landing
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day, February 18, 2021) of the Mars 2020 mission (Farley

et al., 2022). Acoustic data closer than 2 m and farther than

8 m were removed: data closer than 2 m corresponds to the

on board calibration targets at the rear of the rover and result

in a different propagation path above the artificially heated

rover deck. Targets farther than 8 m were also discarded

because their signal-to-noise ratio of the associated audio

signal is lower than two.

Acoustic recordings are performed at 100 ksamples/s

(Mimoun et al., 2023). Although the microphone bandwidth

starts at 20 Hz, laser-induced electromagnetic interference

associated with subsystem heating dominates signals below

1 kHz (Maurice et al., 2021). However, 95% of the acoustic

energy produced by a laser-induced spark is between 2 and

15 kHz (Maurice et al., 2022). Therefore, the instrument

limitation below 1 kHz is of no consequence for the current

investigation.

SuperCam operates the laser at a repetition rate of 3 Hz

by bursts of 30 shots, 29 of which are recorded by the micro-

phone (the 30th shot is not recorded). For a surface target,

such a sequence is usually repeated 5–10 times on fresh

sampling points separated by a few millimeters. Per burst,

the first three shots are discarded because they are poten-

tially affected by dust on the surface (Lasue et al., 2018).

Therefore, a series of 26 shots per burst is used and recorded

in less than 9 s. Occasionally, there are bursts of 125 shots

(or 150 shots) to penetrate deeper into the rocks. These

bursts are separated into data packets of 29 shots before

applying the process above.

To support chemistry data, SuperCam acquires high res-

olution images of each target sampled by the laser. These

images provide geological context for the geochemical anal-

ysis and interpretation. Manual classification of those

images for this study results in three categories: rocks, the

vast majority of the targets that are hard natural surfaces on

the ground; soils, for unconsolidated targets, including rego-

lith and drill tailings; drill holes, a few attempts to shoot

inside rover’s drilled holes. However, because of a very par-

ticular geometry that induces a lot of echoes, shots inside

drill holes are discarded.

Finally, to consolidate the dataset, some recordings have

been discarded when the focus of the laser is known to be bad

or the determination of the N-wave arrival time is ambiguous.

On the contrary, windy recordings are not rejected even when

wind noise is detected in the time series. Note that distances are

not evenly distributed: targets at close distances are investigated

more often than those at long distance. Hence, 50% of the rock

targets are between 2 and 2.8 m. Targets are sampled during the

daytime from 07:06 to 19:07 local true solar time (LTST), and

70% of the recordings are acquired between 10:00 and 14:00

LTST because of operational constraints. This time period also

corresponds to the maximum of turbulence intensity during a

Sol. Therefore, unless mentioned otherwise, most of this study

is based on data collected between 10:00 and 14:00 LTST to

maintain a similar turbulence level. In total, this dataset relies

on 70 000þ recordings, assembled as 2762 consecutive sets of

26 recordings (13% are soils and 77% are rocks), correspond-

ing to 262 different targets sampled between 2 and 8 m.

B. Acoustic signal

When the laser pulse hits the target with an irradiance

greater than 1 GW cm�2, it vaporizes a few nanograms of mat-

ter, which subsequently becomes a plasma. The plasma

expands at supersonic speed into the ambient atmosphere,

FIG. 1. (Color online) (a) Geometry of the SuperCam microphone recordings of the laser-induced-acoustic signal, where the propagation path (2–11 m)

goes through the thermal turbulence generated in the atmospheric surface layer of Mars. (b) View of the Perseverance rover on Mars (Credits: NASA/JPL-

Caltech/MSSS). (c) Context image of a SuperCam raster on rock target Grandes Tours du Lac (Sol 181, 10 points, 30 laser shots each) and (d) soil target

Chambares (Sol 185, 10 points, 50 laser shots each) are shown. Credits for (c) and (d): NASA/JPL-Caltech/LANL/CNES/IRAP.
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creating a shock wave. Its speed quickly decays to the local

speed of sound and propagates as an N-wave (Chen et al.,
2000).

The acoustic recordings of the N-waves cover 60 ms

around each laser pulse. The start of the recording window is

precisely triggered on the laser ignition. The time for the laser

beam to hit the target is negligible. First, the plasma expansion

is supersonic: after about 23 ls, the pressure wave reaches the

speed of sound; 15 mm have been covered at an average speed

of 714 ms�1 (Seel et al., 2023), i.e., about three times the

sound speed, which is about 255 ms�1. The travel time is

given by the rise of the pressure wave since the laser was fired

minus 23 ls as we only consider the sonic propagation.

Because of the uncertainty on the travel time detection, we

estimate the global error on the propagation time to be 10 ls.

Over bursts of 26 recordings, the quantities that are measured

in this study are the mean travel time, hdti, and the variance

of the travel time, r2
t ¼ hðdt� hdtiÞ2i. For x ¼ 2, 4, and 6 m,

hdti ’ 7.8, 15.6, and 23.5 ms, respectively. For the same

distances, r2
t ’ 2� 10�9 s2; 6� 10�9 s2; and 13� 10�9 s2,

respectively.

The amplitude of the acoustic signal, p, in Pa, also

referred to as the pressure, is given by the first maximum of

the N-wave (compression wave). p decreases along its prop-

agation path because of the geometric spreading of the

spherical wavefront (as the inverse of x) and the energy

exchanges with molecules of the atmosphere (Chide et al.,
2023). For x ¼ 2, 4, and 6 m, p ’ 354, 76, and 16 mPa,

respectively. As such, the absolute value of the pressure is

not used because it depends on other multiplicative factors

on top of geometric spreading and absorption, which are

mentioned above: quality of the focus, thermal dissipation

of the ablated surface, and hardness of the rock (Chide

et al., 2020). Instead, the normalized variance of the signal

intensity is used. By analogy with optics, this is called the

scintillation index, SI, a value that is employed to character-

ize the fluctuations of an optical wave when propagating

through atmospheric turbulence (Hill and Frehlich, 1996) or

for underwater acoustics (Cott�e et al., 2007). This index has

been used by Blanc-Benon and Juv�e (1993) to support labo-

ratory experiments of thermal-induced turbulence. SI is

defined as the variance of the sound intensity divided by the

square of the mean sound intensity, where the mean is over

the 26 shots used at each observation point, and the variance

is determined per point such that each observation point has

a defined SI value. As the sound intensity, I, is proportional

to the square of the pressure, SI can also be written as the

fourth moment of the pressure, which is directly measured

by the microphone,

SI ¼ hðI � hIiÞ
2i

hIi2
¼ hp

4i � hp2i2

hp2i2
: (1)

Figure (2a) shows SI values for the different popula-

tions of our dataset at all local times. For rocks, SI values in

the range 0.002–3. Soils show a wider range of SI values,

particularly high, up to ten. Indeed, the laser-induced

acoustic signal in soils decreases drastically over 26 shots

because of the formation of a several millimeter deep pits in

such a loose material (Alvarez-Llamas et al., 2023). This

adds another source of variability in the shot-to-shot acous-

tic signal and explains the higher values. For this reason, the

soil population is excluded for the remainder of the study.

SI values on rocks also depend on distance and local time as

depicted in Fig. 2(b). This behavior is consistent with the

idea developed in Sec. IV. SI is driven by turbulence; SI val-

ues are low at dusk and dawn and large at midday. It follows

the diurnal evolution of the turbulence on Mars: a strong tur-

bulence during the daytime and a more stratified atmosphere

during the nighttime (Spiga, 2019). Moreover, SI increases

with distance: the farther away the targets are, the more tur-

bulence cells the acoustic wave goes through, and the more

variability is created.

To describe the propagation of acoustic waves through

a turbulent medium, the log of the acoustic amplitude, v, is

also used and, particularly, its variance: r2
v (Tatarskii,

1961). Like SI, r2
v is independent of the absolute amplitude

of the pressure, making it an easy-to-handle quantity.

C. Validity of the experiment

To be sure of the validity of this acoustic experiment on

Mars over 9 s (i.e., the duration of 26 shots at 3 Hz), three

FIG. 2. (Color online) Distribution of SI values, showing (a) histogram for

rocks (blue) and soils (red) at all local times. Each population is fitted by a

lognormal distribution. (b) Box plots (minimum, first quartile, median,

third quartile, and maximum) for SI on rocks at three local times: <9:00,

between 10:00 and 14:00, and >16:00 LTST. For the midday period, box

plots are subdivided into four distance ranges to targets on the

ground, whereas for the morning and evening periods, they include data

from 2 to 8 m.
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conditions need to be verified over this time scale: (i) the

laser energy is stable, (ii) the laser beam itself is not dis-

turbed by atmospheric turbulence, and (iii) the turbulence

scales are small compared to the characteristic scale of the

experiment and large compared to the acoustic wavelength.

(i) Shot-to-shot variations of the laser energy over a

burst induce variations of the irradiance on target,

which create an acoustic scintillation that does not

depend on turbulence. Laboratory experiments over

30 shots have demonstrated that the laser energy is

stable at 3% root mean square (RMS; Maurice et al.,
2021), which gives SI � 10�3. This can be observed

as a noise floor for the significance of SI. Measured

values of SI are above this threshold (Fig. 2);

(ii) atmospheric turbulence will affect the propagation of

the laser beam between the microphone and targets on

the ground: it causes local variations in the refractive

index, which, in turn, induces scintillation of the laser

beam itself if the turbulence is strong enough. For

the sake of brevity, this discussion is deferred to

Appendix A. There, it is verified that within the limits

of this experiment, the most extreme atmospheric turbu-

lence produces a scintillation SI < 10�3 of the laser for

targets between 2 and 8 m. This is below what is mea-

sured on Mars for acoustic scintillation (see Fig. 2). The

Mars’ atmosphere is not dense enough; and

(iii) the theory of wave propagation in turbulent media, to

which we will refer, is founded on the statistical repre-

sentation of random media (Iooss et al., 2000). To make

the statistical inference possible, waves must traverse

several heterogeneities along their propagation path. It

will be revealed later that the turbulence scale is

L ’ 11 cm. Propagation lengths between 2 and 8 m are

20–70 times the characteristic scale of the turbulence.

The same theory uses the parabolic approximation to

connect fluctuations of a spherical wave to the variations

of the medium of propagation. This approximation is

valid if the dominant wavelength, k, is shorter than the

size of the heterogeneities (Rytov et al., 1987). Indeed, at

8 kHz, k is about 3 cm and, therefore, is smaller than L.

In conclusion, the different length scales, aided by the

low density of the Martian atmosphere and the stability of

the setup, make the value of SI meaningful. The only limita-

tion is given by the inclined geometry (Fig. 1), which would

not be used in a laboratory experiment: the laser shoots

downward, and it can be imagined that the distribution of

turbulent structures along the propagation path is not homo-

geneous (Martins et al., 2021).

III. TRAVEL TIMES

In this section, the dataset is restricted to recordings

performed between 10:00 and 14:00 LTST such that it con-

sists of waves that have propagated in similar turbulent con-

ditions (still 70% of the data).

A. Fluctuation field

Along the propagation path (z axis) at a distance x from

the source, the acoustic wave encounters varying speeds of

sound, c(x), around a mean value, c0. Fluctuations of the speed

of sound induce fluctuations of the travel times. Speed of

sound and travel time are related through the Eikonal equation:

jrdtðxÞj2 ¼ 1

cðxÞ2
¼ 1

c2
0

ð1þ �ðxÞÞ: (2)

It is assumed that � is a weak and centered random tempera-

ture fluctuation field: j�j � 1 and h�i ¼ 0. It is related to the

variations of the speed of sound through the right side of Eq.

(2). Furthermore, it is assumed that � is statistically homoge-

neous and the medium is isotropic. Then, the field, �, is

defined by its covariance function such that

C�ðxÞ ¼ r2
�N

x

L

� �
: (3)

The scale, L, is defined as the outer scale of turbulence, i.e.,

the characteristic size of the largest turbulent eddies, which

is also referred to as the energy production scale. It corre-

sponds to the beginning of the inertial regime. The field

strength is defined by its variance, r2
� , and its standardized

covariance, N. Although L and r2
� are expected to vary with

the height above the ground following the Monin-Obukhov

similarity theory (Petrosyan et al., 2011), here, these param-

eters are assumed to be constant.

In this study, different representations of the perturba-

tion field, i.e., the distribution of the turbulent feature sizes,

are tested. They are represented by their power density spec-

trum, /ðkÞ, as a function of the wavenumber k (see Fig. 3):

• Gaussian field: /ðkÞ / expð�k2L2Þ;
• pure Kolmogorov field: /ðkÞ / ðk2L2Þ�11=6

; and
• generalized von Karman field: /ðkÞ / ð1þ k2L2Þ�p�3=2

,

where p is a parameter. Note that when p¼ 1/3, it is com-

monly referred as the von Karman spectrum.

For large wavenumbers, i.e., for very small eddies, vis-

cous effects become important and the energy is dissipated.

This viscous dissipation range begins for eddies smaller

than the inner scale of turbulence, l0. To take into account

the dissipation of energy at large wavenumbers, the general-

ized von Karman field is modified by an expð�k2l20Þ term

that marks the end of the inertial regime. For Mars, it is

assumed that l0 ¼ 0.02 m (Maurice et al., 2022; Petrosyan

et al., 2011), but this value may vary with the time of the

day and season. In this study, this modified von Karman

spectrum is not considered.

The Gaussian field drops very fast with the wavenum-

ber, k. The pure Kolmogorov spectrum decays less rapidly

with the wavenumber than the Gaussian field. However, it

has no finite bound for low k values. Then, a more sophisti-

cated shape is the generalized von Karman spectrum, which

is defined beyond the outer scale of turbulence, L, with a

shallower slope than that for the Gaussian field. This is more
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realistic as it converges to a pure Kolmogorov shape for

large values of k and reaches a plateau at low values of k.

This spectrum is the first to come to mind to describe the

planetary surface layer (Kaimal et al., 1972).

In the geometrical optics for a three-dimensional (3D)

spherical wave, Iooss et al. (2000) found that for targets at

different distances, x, the mean travel time, hdti, and its vari-

ance, r2
t , can be written as

hdti ¼ x

c0

þ A2

24

r2
�

c0

x2

L
; (4)

r2
t ¼

A1

2

r2
�

c2
0

Lxþ A2
2

288

r4
�

c2
0

x4

L2
: (5)

The first term in Eq. (4) is the mean travel time for a con-

stant speed along the propagation path. At first order, the

variations of the mean travel time are zero as h�i ¼ 0. The

second order takes into account the perturbations that accel-

erate or decelerate the wave. The first term of Eq. (5) is a

well-known result and called the Chernov model (Chernov

et al., 1960; Obukhov, 1994). It gives the first-order fluctua-

tions by integrating the perturbations along the straight ray.

The second term is calculated by Iooss et al. (2000), and it

describes the effect of the ray bending caused by the pertur-

bations. When ray bending increases, stronger nonlinear

travel time perturbations appear. The parameters A1 and A2

are given by the covariance structure N (see Appendix B),

which depends on the field distribution considered.

B. Gaussian field

To start this study, let us assume the simplest perturbation

field and that � is Gaussian in all directions, i.e., fluctuations are

very smoothed. Such a distribution is given by only one scale

of inhomogeneity: the outer scale of turbulence, LGauss. Then,

the spectral density is /ðkÞ / expð�k2L2
GaussÞ and the

Gaussian covariance is NðuÞ ¼ expð�u2Þ. It is found that A1

¼ 1
2
p and A2 ¼ �

ffiffiffi
p
p

(see the details in Appendix B).

First, the variance of travel time is examined. Figure 4

shows the application of this Gaussian model to this Mars

dataset. At first order, the variance of the travel time follows

the quadratic trend expected from Eq. (5). Considering

c0 ¼ 254:9 6 0:1 ms�1 (see later in Fig. 5) in the case of the

Gaussian model, the fit of Eq. (5) to the data leads to a first

characterization of the fluctuation field, �: the typical size of

the turbulent eddies is LGauss ¼ 14 6 1 cm (61r) and r2
�;Gauss

¼ 7:4 10�4 6 0:7 10�4 (61r). Still, a significant scattering is

observed in Fig. 4, which might be attributed to non-

negligible diffraction effects. Indeed, Eq. (5) is valid in the

geometrical acoustics approximation (Iooss et al., 2000),

which is valid when the wave parameter D ¼ x=ðkL2
GaussÞ

(Ostashev and Wilson, 2017) is much lower than one. Here,

D is lower than one for x closer than 4 m (the majority of

our dataset) and is no higher than four for 8 m. Therefore,

this experiment might be at the limit of the weak diffraction

regime (D� 1), especially for longer propagation distan-

ces. It is also consistent with the fully saturated scattering

regime of the acoustic wave at such distances (see Fig. 6).

Moreover, data from targets beyond 7 m seem to deviate

from the fitted solution. Actually, Eq. (5) is valid if the sec-

ond term is relatively small compared to the first term (Iooss

et al., 2000). Or, for distances longer than 7 m, the quadratic

term is more than twice the value of the Chernov model

such that it supports that Eq. (5) might be no longer valid at

long distances. On the other hand, the scattering of the data

FIG. 3. (Color online) Power spectra (vertical scale is arbitrary) of the dif-

ferent turbulence models tested in this study. They are built using an outer

scale of turbulence, L ¼ 0.15 m. For the modified von Karman spectrum

with dissipation, the inner scale, l0, is 0.02 m. At low wavenumbers, the

generalized von Karman spectrum with p¼ 1/3 (dashed violet) superim-

poses with the von Karman spectrum modified with dissipation (solid yel-

low), whereas at large wavenumbers, it superimposes with the pure

Kolmogorov spectrum (solid purple). Wavenumbers associated with L and

l0 are indicated with gray dotted and dashed vertical lines, respectively.

FIG. 4. (Color online) Variance of the travel time, r2
t , as a function of the

propagation distance, x. All points between 10:00 and 14:00 LTST are

denoted by blue circles, and median over bins of 0.5 mare denoted by red

diamonds. The latter are fitted with the model in Eq. (5) (solid gray line).

The dashed gray line represents the Chernov linear model [first term in Eq.

(5)]. In yellow, note the probability density of occurrence of the first caustic

for a plane wave (dashed yellow) and a spherical wave (solid yellow). The

relative heights of these two densities are correct, but their amplitude scale

units are arbitrary.
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points might also be attributed to turbulence characteristics

that are not necessarily the same from one recording to the

other due to seasonal variations and wind fluctuations,

which are not taken into account in this study.

To find the origin of the departure from the linear Chernov

model, we look at the probability density of occurrence of the

first caustic. It is given by (Blanc-Benon et al., 1995; Iooss

et al., 2000; Kulkarny and White, 1982; White, 1984)

pðsÞ ¼ a
s4

expð�b=s3Þ; (6)

where

s ¼
ffiffiffi
p
p

2L3
Gauss

r2
�;Gauss

 !1=3

x:

Coefficients a ¼ 0:87 and b ¼ 0:33 are calculated for a

plane wave. Hence, the probability density has a bell shape,

and its center, xc; plane, is given by

xc; plane ¼
3L3

Gauss

2
ffiffiffi
p
p

r2
�;Gauss

 !1=3

b1=3; (7)

where the values of r2
�;Gauss and LGauss are given above

(Fig. 4), and it gives xc; plane ¼ 1.03 m. There is no analytical

solution for a spherical wave, but Hugon-Jeannin (1992)

indicates that the center of the probability density needs to

be shifted by a factor of 2.6 for a spherical wave. Thus, a

new value, b ¼ 5:80, is determined to match this position of

the maximum. A new value, a ¼ 15:81, is considered to keep

the same integral below the probability density, even if it does

not matter for this study because the absolute value of the den-

sity is not discussed. Hence, a probability density for a spheri-

cal wave can be estimated (see Fig. 4). Closer than 1.5 m, the

value of the probability is near zero, i.e., no caustic occurs.

The maximum is centered at xc; sphere ¼ 2.68 m, exactly where

the variance of travel times diverges from the Chernov linear

model. It will extend nearly to the limits of the experiment.

The distribution of mean of travel times with distance

given by Eq. (4) is now examined. A precise fit of the sec-

ond order deviation is not expected as this quantity is close

to the 10 ls precision. The first-order fit of the mean travel

time as a function of distance (see inset in Fig. 5) gives

c0 ¼ 254:9 6 0.1 m�s�1 (61r), which is the value used

above as an input for the calculation of r2
�;Gauss and LGauss.

Considering an ideal gas, it corresponds to a temperature

T0 ¼ 242 K, which is a value representative of those mea-

sured at Jezero crater (Munguira et al., 2023; Rodriguez-

Manfredi et al., 2023). As expected, the determination of

the time shift, hdti � x=c0, is poorly constrained (see Fig. 5).

However, the data show a negative time shift (i.e., a nega-

tive slope in the fit in Fig. 5), which is in agreement with the

model predicted by Eq. (4). In fact, acoustic waves favor the

shortest path and, therefore, statistically, the effective veloc-

ity is higher than the mean velocity of the medium. This is

similar to the propagation of light in a medium with varying

indices and the choice of the shortest path (Fermat’s law).

This effect is often called the fast path effect in the literature

(Blanc-Benon and Juv�e, 1993; Codona et al., 1985): a

shorter travel time is expected for unsaturated and partially

saturated scattering regime while a pulse delay remains for

the fully saturated regime (see Sec. III D). The latter might

be observed for distances farther than 7 m, which are likely

to fall in the fully saturated regime. However, the dispersion

of this dataset does not allow to draw further quantitative

conclusions on the fast path effect.

Finally, to relate the fluctuation field, �, to temperature

variations, the variance of the temperature along the propa-

gation path, r2
T , is derived to first order from Eq. (2) and the

ideal gas law:

r2
T ¼ T2

0

r2
�

4
: (8)

Hence, with r2
� ¼r2

�;Gauss¼7:4�10�4, it gives rT¼3K,

which is 61:4% of T0. This value is consistent with the fluc-

tuations reported in Jezero (de la Torre Ju�arez et al., 2023).

C. Testing non-Gaussian fields

The results above were derived for a Gaussian spec-

trum. In this section, the other turbulence distributions men-

tioned above (see Fig. 3) are being tested, with the

exception of the pure Kolmogorov spectrum for which the

approach of Iooss et al. (2000) for the travel times does not

work because such a spectrum has no finite bound for low k
values (the coefficients A1 and A2 cannot be calculated).

For the generalized von Karman spectrum, coefficients A1

and A2 are more difficult to constrain as the spectrum depends

on an additional parameter, p. A1 and A2 for the generalized

FIG. 5. (Color online) Variation of mean travel time with the propagation

distance, showing (inset) mean travel time as a function of the distance and

(main plot) mean travel time divided by the distance as a function of the

distance. It is fitted with a linear function (solid gray line). This best fit is

compared with the theoretical evolution (dashed line) as predicted by

Eq. (4), using the parameters determined for a Gaussian field in Sec. III B.
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von Karman spectrum have been calculated in Appendix B.

The parameter p¼ 1/3 leads to the classical �11=6 exponent

for a Kolmogorov cascade (Tatarskii, 1961). For such a

model of turbulence, LvKarman;p¼1=3 ¼ 1:63 LGauss and

r2
�;vKarman;p¼1=3 ¼ 1:28 r2

�;Gauss. For a shallower spectrum with

p ¼ �1=6, we find that LvKarman;p¼�1=6 ¼ 0:85 LGauss and

r2
�;vKarman;p¼�1=6 ¼ 2:7 r2

�;Gauss. The choice for p ¼ �1=6 is

justified later.

Finally, it has to be noticed that Eq. (5) only gives the

intensity of the fluctuation field and its characteristic scale

for a given distribution. It does not help to constrain which

distribution is the most appropriate to describe the Mars

atmosphere. Rather, this will be the focus of Sec. IV.

D. Sound wave scattering

The field characteristics (i.e., L and r2
� ) have been

derived for the Gaussian and generalized von Karman fields.

What does this turbulence field induce in terms of acoustic

wave scattering? Experimental points are reported on a

dimensionless K� U diagram derived by Flatt�e (1983) from

ocean studies. U is a strength parameter: when U is large,

much greater than one, the turbulence is strong and induces

many acoustic paths between the source and microphone,

which are, on average, uncorrelated; when U is small, much

lower than one, the propagation approaches only one acous-

tic path. K is a diffraction parameter: when K < 1, the geo-

metric approximation is valid, whereas for large values,

K > 1, diffraction occurs. The combination of these parame-

ters leads to well-defined boundaries between the different

scattering regimes: when KU2:4 < 1, the regime is said to be

unsaturated; saturation occurs when KU1:2 > 1. An interme-

diate regime lies in between. From Codona et al. (1985), we

can work an analogy with ray paths. Unsaturated behavior

corresponds to one stationary-phase acoustic path and

occurs for weak fluctuations. In a fully saturated behavior

situation, the original acoustic path breaks up into many

new micropaths, which are statistically independent of each

other. Partially saturated behavior occurs in a medium, typi-

cally, with a power-law spectrum, which has enough small

scale fluctuations to cause the breakup into many micro-

paths, and enough large-scale fluctuations to make the

micropath bundle behave like a single path in its wandering

from the unperturbed path (Dashen, 1979). Experiments in

waves propagating through continuous random media typi-

cally fall into this category. More details on the meaning of

U and K can be found, for example, in Karweit et al. (1991)

or Cott�e et al. (2007). The analytical formulas for these

parameters are (Wilson, 2000)

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2L k2

0 x hl2i
q

;

K ¼ x=ð6k0L2Þ;

8<
:

(9)

where k0 is the acoustic wave number (defined at 8 kHz), x
is the propagation distance, and L is the integral turbulence

scale, i.e., the average size of the turbulent eddies, which is

defined as L ¼ 0:74L (Cott�e et al., 2007). l is the RMS of

the sound velocity fluctuations. From Eq. (2), we find that

hl2i ¼ r2
� =4.

K and U, computed for the Gaussian field characteris-

tics and generalized von Karman field characteristics, are

projected on a Flatt�e plot in Fig. 6. As the distance increases,

the likelihood of saturation increases. For both models, the

acoustic signal is not saturated before 3 m. It is fully satu-

rated beyond 6 m with the Gaussian model hypothesis and

beyond 7 m with the generalized von Karman model hypoth-

esis. This is consistent with the deviation of the travel time

from the Iooss model in Fig. 4 for distances longer than 7 m.

In between, most of the points lie in the partially saturated.

Of course, this representation is not definitive as the parame-

ters of the models can vary. However, it allows us to verify

that our acoustic experiment on Mars is well sized, coinci-

dentally, to probe the near-surface turbulence of Mars. More

can be performed from Flatt�e theory, in particular, looking

back at time series and the shape of N-waves when the sig-

nal is said to be saturated (Yuldashev et al., 2017); this will

be the subject of a future study.

IV. ACOUSTIC SCINTILLATION

The amplitude of the sound pressure wave is now inves-

tigated. Figure 7 displays sound amplitude and sound speeds

for four 29 shot recordings. The greater the dispersion of the

amplitude, the larger the SI value is by definition of SI. As

discussed in Chide et al. (2023), this amplitude scattering is

attributed to turbulence: the morning recordings [Figs. 7(a)

and 7(b)] are more stable, and those around noon [Figs. 7(c)

and 7(d)] are much more scattered. For the same local time

(i.e., assuming a similar level of turbulence), a longer

FIG. 6. (Color online) K� U diagram with boundaries between the various

scattering regimes in terms of strength and diffraction. Circles represent

data at various distances, considering the Gaussian model characteristics

(LGauss and r2
�;Gauss), whereas triangles represent K and U computed using

the generalized von Karman model characteristics (LvKarman;p¼1=3 and

r2
�;vKarman;p¼1=3, respectively). For each model, distances are sampled every

1 m between 2 and 8 m.
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distance contributes to an increase in SI. Moreover, the

travel time evolution follows the same trend but with lower

variance, which supports the hypothesis that the amplitude

scattering is mostly controlled by turbulence. As was per-

formed in Sec. III, the statistics on SI are compared here

with different turbulence spectra.

A. Turbulence regimes

The comparison of SI and r2
v (the variance of the log-

normal sound pressure) with theoretical models of propaga-

tion through thermal turbulence allows the turbulence

regime applicable to Mars to be constrained (Blanc-Benon

and Juv�e, 1993). The relationship between SI and r2
v can be

described following three solutions that depend on the

strength of the perturbations.

For small perturbations, typically r2
v � 1, the Rytov’s

method establishes a lognormal relationship between SI and

r2
v (Tatarskii, 1961) such that

SI ¼ expð4r2
vÞ � 1: (10)

At the other extreme, in the case of strong perturbations

(r2
v � 1), the asymptotic theory of Prokhorov et al. (1975)

leads to an asymptotic solution:

SI ¼ 1þ 1:22 ðr2
vÞ
�2=5: (11)

This relationship shows that SI does not increase infinitely

but must reach a maximum before it decreases.

Between these two well-defined regimes of propagation,

there are many data points for intermediate perturbations.

Andrews et al. (1988) have proposed a phenomenological

model, which is based on an I-K distribution, to connect both

regimes such that

SI ¼ 2

ð1þ qÞ2
1

2
þ 1þ q

a

� �
: (12)

The two parameters, a and q, are determined using perturba-

tion techniques for weak and strong turbulence (Andrews

et al., 1988):

a ¼ 4:42 ðr2
vÞ

2=5;

q ¼ 4:88

9:84ar2
vð1þ 1:97r2

vÞ
:

8>><
>>: (13)

Figure 8 shows SI values as a function of r2
v for rocks at

all distances acquired between 10:00 and 14:00 LTST, and

FIG. 7. (Color online) Evolution of the sound speed (blue circles, left axis) and the normalized sound amplitude (red crosses, right axis) acquired for four

points at different local times and distances. The target name, its time of acquisition, and propagation distance are referenced within each panel. The left pan-

els, (a) and (b), correspond to early morning acquisitions, whereas the right panels correspond to midday recordings. The associated values of SI are com-

puted as described in Sec. II.

FIG. 8. (Color online) SI as a function of the variance of the lognormal of

the sound amplitude (r2
v) for all rocks acquired between 10:00 and 14:00

LTST. The propagation distance for each point is represented by the color-

map (from black at 2 m to yellow at 7 m). Three models described in the

main text, which correspond to weak (dashed-dotted blue), intermediate

(solid red), and strong turbulence (dashed green) are displayed.
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they are compared with the three aforementioned models.

The match with the small perturbation model is very good

over nearly 2 orders of magnitude in SI and r2
v. Deviation

from the low-turbulence model occurs when SI> 0.3, which

is in line with the literature (Blanc-Benon and Juv�e, 1993).

Most of the points resulting from a longer propagation dis-

tance (x > 7 m, yellow points) better follow the I-K distribu-

tion and tend to fall in the intermediate regime. This

confirms the observations in the Flatt�e plot (Fig. 6), where

these long distance points are partly saturated. This also

explains why these points deviate from the Iooss model for

the variance of the travel time (see Fig. 4). Last, the satura-

tion when SI values are leveling off is not reached.

B. Variations with the propagation distance

As previously highlighted in Chide et al. (2023) and Figs.

7 and 8, SI varies with the propagation distance and its evolu-

tion law as a function of the distance allows to better constrain

the turbulence spectrum at the origin of these variations.

Tatarskii (1961) has modeled the propagation of a

spherical wave through a turbulent medium of power den-

sity, /ðkÞ. For weak perturbations (following the Rytov’s

solution), the variance of the log-amplitude, r2
v, is given by

(Tatarskii, 1961)

r2
v ¼ ð2pÞ2k2

0

ðx

0

dz

ð1
0

sin 2 zðx� zÞ
2k0x

k2

� �
/ðkÞk dk (14)

for a receptor at a distance z¼ x from the source located at

z¼ 0. k0 ¼ 2pf=c0 is the acoustic wavenumber estimated at

the center frequency, f ¼ 8 kHz. The sine is a geometric fac-

tor. This double integral can be calculated for different

power density profiles, numerically or analytically, as a

function of x.

Equation (14), applied to the different fields introduced

in Sec. III, leads to

• r2
v / x2:9 for a Gaussian field (analytical solution);

• r2
v / x1:83 for a pure Kolmogorov field (analytical solution);

• r2
v / x1:65 for a generalized von Karman field with

p¼ 1/3 (numerical solution); and
• r2

v / x1:25 for a generalized von Karman field with

p ¼ �1=6 (numerical solution).

Figure 9 shows r2
v values as a function of the propaga-

tion distance for midday recordings (between 10:00 and

14:00 LTST). For points between 2 and 6 m (corresponding

to the weak perturbation regime as per Fig. 2), data can be

best fitted with r2
v / x1:25. This corresponds to a generalized

von Karman field with p ¼ �1=6.

C. Synthesis of the results and discussions

In Sec. III, the turbulence characteristics for different

temperature fluctuation fields were computed by comparing

the variance of the travel time with Eq. (5). A summary of

these parameters (outer scale of turbulence, L; turbulence

intensity, r2
� ; and temperature fluctuations, rT) for each

fluctuation field tested is provided in Table I. However, this

does not constrain the validity of one model over the others.

Here, in Sec. IV, the evolution of the variance of the lognor-

mal sound amplitude with distance tends to validate a gener-

alized von Karman distribution with a parameter p ¼ �1=6.

Therefore, the acoustic dataset presented in this study,

restricted to the midday period (10:00–14:00 LMST), is best

represented by a turbulence field that has a power spectrum

of /ðkÞ / ð1þ k2L2Þ�4=3
, an outer scale of turbulence of

L ¼ 11 cm and an intensity of r2
� ¼ 2� 10�3, corresponding

to a temperature fluctuation of 6 K over 9 s.

First, the sizes of the largest eddies found here are less

than an order of magnitude larger than the theoretical end of

the inertial regime, i.e., the inner scale of turbulence, which

could be estimated for Mars at 2 cm (Maurice et al., 2022;

Petrosyan et al., 2011). Note that the value for the inner

scale of turbulence is not constant and may vary as a func-

tion of the local time and season. However, as no direct

measurements are currently available, this value it taken as

an order of magnitude. It tends to confirm that the inertial

subrange on Mars is very small compared to its extent on

Earth, as shown by previous in situ observations (Davy

et al., 2010; Tillman et al., 1994). Then, the spectral slope

of the power spectra found for the daytime data, �4=3, is

shallower than the slope of �11=6 currently predicted for

temperature fluctuations by Kolmogorov theory for the iner-

tial subrange [Eq. (6.26) in Ostashev and Wilson (2015)],

reinforcing what is found on Mars for the temperature (de la

Torre Ju�arez et al., 2023) and wind velocity spectra

(Vi�udez-Moreiras et al., 2022). In fact, Kolmogorov’s the-

ory of turbulence is based on the assumption of isotropic tur-

bulence, which is not true for Mars or the Earth’s

atmospheric boundary layer. It supports Mars observations

of the InSight pressure data (Banfield et al., 2020; Temel

FIG. 9. (Color online) Variations of r2
v as a function of the propagation dis-

tance, x, for recordings between 10:00 and 14:00 LTST, all data; blue

circles and mean over bins of 0.5 m, red diamonds. Expected models for a

Gaussian field (dashed blue), pure Kolmogorov field (dotted red), and gen-

eralized von Karman field with p¼ 1/3 (dashed-dotted green) are compared

with the power law that best fits the data (solid gray).
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et al., 2022), which show a pressure spectrum that is flatter

than expected. This may be explained by a strong stratifica-

tion over the first few meters during the day, which introdu-

ces anisotropy, and a low thermal inertia of the ground,

which induces strong thermal swings of the atmosphere and,

thus, intermittency. It is also supported by the power spectra

of temperature fluctuations recorded by the Perseverance

MEDA weather station (de la Torre Ju�arez et al., 2023),

which show a different slope as a function of the time of day

due to intermittent and sudden events (dust devils, convec-

tive cells, etc.). Another source of anisotropy comes from

the inclined geometry of the experiment itself (Fig. 1),

which means that the distribution of scales is not perfectly

homogeneous along the propagation path. Indeed, this

ground blocking effect damps the vertical fluctuations of the

largest scales (Ostashev et al., 2023). Therefore, the outer

scale of turbulence, L, measured here is likely underesti-

mated compared with a measurement in a free atmosphere.

Moreover, in this study, temperature fluctuations have been

considered to model the perturbation field, �. However,

shear- and buoyancy-produced velocity fluctuations may

also contribute to the perturbation field and, therefore, have

a contribution to the effective power spectra of fluctuations

[Eq. (7.30) in Ostashev and Wilson (2015)]. However, anal-

yses of the Mars pressure and wind speed spectra (Murdoch

et al., 2023) have shown that these two quantities do not fol-

low the Kolmogorov theory either. They tend to show shal-

lower slopes, which are likely explained by anisotropy near

the ground. The results presented in this study with tempera-

ture fluctuation spectrum confirm the observations presented

by Murdoch et al. (2023). On a final note, the results pre-

sented are averaged over 800 Sols of data (more than one

Martian year) with no distinction on the season or any mete-

orological event that might have happened during this

period. However, Martian turbulence parameters computed

here are likely to vary with the time of year or during spe-

cific weather, e.g., dust storm or gravity waves (Temel

et al., 2022). This will be the focus of an upcoming study.

V. CONCLUSION AND PERSPECTIVES

In conclusion, the Perseverance rover is performing an

original active acoustic experiment to infer, for the first

time, the characteristics of the near-surface acoustic turbu-

lence on Mars during the maximum of the convective

period, which is between 10:00 and 14:00 LTST. Statistics

on the travel time (mean value and variance) and amplitude

(SI) of the laser-induced acoustic waves are compared with

an extensive theoretical work on the propagation of spheri-

cal waves in thermal turbulence (Blanc-Benon and Juv�e,

1993; Iooss et al., 2000; Tatarskii, 1961).

The study of the travel time as a function of the propa-

gation distance helps to establish the key characteristics of

the thermal turbulence (outer scale, L, and temperature stan-

dard deviation, rT), comparing three different fluctuation

fields (Gaussian, pure Kolmogorov, and generalized von

Karman). All in all, as derived from this analysis, the day-

time outer scale of turbulence of the Mars atmosphere

ranges between 11 cm (smooth generalized von Karman)

and 23 cm (for a standard generalized von Karman) with a

temperature fluctuation that ranges between 3 K (Gaussian

field) and 6 K (smooth generalized von Karman) over 9 s.

Moreover, in the case of a Gaussian field, the variance of

the travel times diverges from the linear Chernov model

exactly where the density of occurrence of the first caustic

reached its maximum. The study of the mean travel time

itself shows that the acoustic waves travel, on average, faster

than the mean speed of sound (fast path effect; –0.5% at

6 m). Finally, using dimensionless strength and diffraction

parameters (Flatt�e, 1983), it is revealed that the scattering of

the acoustic signal begins to saturate beyond 7 m. A study of

the SI helps to distinguish which of the tested fields best rep-

resents the data. Data match very well the theoretical model

(Andrews et al., 1988; Prokhorov et al., 1975; Tatarskii,

1961): most of the recordings lie within a weak- to

moderate-perturbation field of turbulence, also called the

Rytov’s solution. Considering the simplifying assumptions

assumed in this study, a model of SI variation with distance

(Ishimaru, 1978) favors a generalized von Karman spectrum

with a shallower slope than the Kolmogorov cascade:

/ðkÞ / ð1þ k2L2Þ�4=3
, where L ¼ 11 cm and rT ¼ 6 K.

These values are within the ranges of temperature fluctua-

tion probability density functions reported in de la Torre

Ju�arez et al. (2023). This result is averaged over the first

800 Sols of the mission. Overall, by only considering ther-

mal fluctuations, the agreement between the two indepen-

dent datasets, travel time and scintillation, with respect to

sound propagation models is quite good, and shows that the

theory of acoustic wave propagation in random media is a

promising tool to probe the turbulence near the surface of

Mars. It also presents a new and interesting framework to

adapt theoretical terrestrial models to Martian conditions.

To go further, the simplifying hypotheses used to perform

this study should be investigated, especially to better determine

TABLE I. Summary of the midday acoustic turbulence characteristics computed in Sec. III for the four fluctuation fields considered in this study. It is com-

pared with the results from Sec. IV, in the last column, which shows the agreement between the experimental evolution of r2
v and its expected evolution for

each fluctuation field (see Fig. 9). The inner scale of turbulence, l0, is not computed here and assumed to be 0.02 m.

Fluctuation field Power spectrum /ðkÞ L (cm) r2
� � 104 rT (K) Agreement with Eq. (14)

Gaussian expð�k2L2Þ 14 7.4 3 No

Pure Kolmogorov ðk2L2Þ�11=6
N/A N/A N/A No

Generalized von Karman (p¼ 1/3) ð1þ k2L2Þ�11=6
23 9.7 4 No

Generalized von Karman (p ¼ �1=6) ð1þ k2L2Þ�4=3
11 20 6 Yes
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whether the contribution of the wind velocity fluctuations is

important. Now that the shape of the turbulence spectrum has

been estimated, this methodology should be applied at different

times of the Martian year to highlight any change of the turbu-

lence properties with season. In particular, acoustic data

recorded during dust storms (Lemmon et al., 2022) could help

to validate if such conditions have an impact on the energy cas-

cade (Temel et al., 2022). This requires a good sampling on

the propagation distance over a short period of time (typically

10 Sols) to fit the evolution of the SI. However, propagation

distance is not evenly sampled during the mission as targets

are usually selected for the geological rational. This is even

more the case when it comes to study the nocturnal conditions

for which only a couple of recordings are available. It would

be necessary to collect more nighttime data to further charac-

terize the shear-induced turbulence observed at Jezero crater

(Pla-Garc�ıa et al., 2023) and detect the intermittent turbulence

highlighted on InSight pressure data (Banfield et al., 2020).

For such purposes, a dedicated sound propagation campaign

could be required. To complement this study, microphone

recordings in passive mode (without any source other than

atmospheric motions) give direct access to pressure fluctua-

tions at the boundary between the inertial and dissipative

regimes (Maurice et al., 2022). Numerous 167 s long record-

ings, at all local times and even during the night, are currently

acquired at 25 kHz. Their study will allow a better understand-

ing of the inner scale of turbulence (i.e., the dissipation length)

and its variations as a function of wind intensity, local time,

and season. Last, the quantities that have just been calculated

(spectral slope, intensity, and outer scale of turbulence) are

related to fluctuations in refractivity index, that is, density fluc-

tuations. Therefore, they can be used to parameterize these tur-

bulence processes in numerical large eddy simulations, which

cannot be resolved at such a small time scale.
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APPENDIX A: LASER PROPAGATION

The propagation of electromagnetic signals through a

turbulent atmosphere is affected by random fluctuations in

its refractive index (Tatarskii, 1961). These fluctuations

cause optical turbulence, called scintillation, of the laser

beam that generates the acoustic wave used in this experi-

ment. The Rytov approximation, which has been discussed

for the propagation of acoustic waves in the case of a

Kolmogorov energy cascade typically corresponding to the

inertial regime (Tatarskii, 1961), also applies to the propaga-

tion of a coherent electromagnetic wave, namely, a laser

beam:

SIlaser ¼ 1:23C2
nk

7=6
laserx

11=6; (A1)

where x is the propagation distance, and klaser ¼ 2p=klaser is

the wavenumber associated with the laser wavelength, klaser

¼ 1 lm. C2
n is the refractive index structure coefficient, a mea-

sure of the turbulence strength. There is extended literature on

the measurement of this coefficient at ground level on Earth,

e.g., Tunick (2003). It typically ranges from 10�16 � 10�15

(negligible, too low turbulence), 10�15 � 10�14 (weak turbu-

lence) to 10�13 � 10�12 m�2=3 (strong turbulence). For a path

length of x ¼ 500 m, Sprangle and Hafizi (2014) show that

SI ’ 0:1 for weak turbulence and SI ’ 1 for strong turbu-

lence. Laserna et al. (2009) report on a laser ablation study

very similar to ours but at a long distance of 120 m. They

observe scintillation due to small fluctuations in the refractive

index of the atmosphere, especially outdoors.

Here, an estimate of C2
n for the surface of Mars is pro-

vided. If n is the atmosphere refractive index for a perfect gas

in the absence of humidity (Bean and Dutton, 1966), then

N ¼ ðn� 1Þ 106 ¼ K
P

T
; (A2)

where P and T are the pressure and temperature, respec-

tively, and K is a constant that depends on the composition

of the gas. At 1 bar and 273 K, N¼ 288 for air (Bean and

Dutton, 1966), hence, K ¼ 77.6 K mbar�1. Mars atmosphere

is mostly made of CO2 and for CO2, N¼ 442 (Bideau-Mehu

et al., 1973), hence, K ¼ 119.2 K mbar�1. Taking into

account the difference in surface temperature between Mars

and Earth (240 and 293 K, respectively) and the difference

in pressure (610 Pa and 1013 hPa, respectively), we find that

NEarth ’ 88NMars: the refractive index of Mars atmosphere is

much smaller than that of Earth. Next, following the formal-

ism proposed by several authors (e.g., Tatarskii, 1961; Wu

et al., 2021), it has been shown that within the Earth’s atmo-

sphere in the absence of relative humidity,
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C2
n ¼ a2 L4=3 7:9� 10�5 P

T2

� �2
@h
@h

� �2

; (A3)

where

h ¼ T
1000

P

� �R=Cp

; (A4)

where a2 ¼ 2:8, a universal constant (Ottersten, 1969). L is the

outer scale of turbulence, which has been discussed in the

main body of this article. h is the altitude above the surface. h
is the potential temperature, which is conserved with respect to

adiabatic displacements from a reference pressure [i.e., Eq.

(A4)]. R is the gas constant and Cp is the molar isobaric heat

capacity. Hence, the ratio R=Cp ¼ 0:258 for air. Thus, C2
n

depends on the square of pressure (referred to 1 bar at the sur-

face) and temperature, as well as the square of the air tempera-

ture gradient. The same formalism can be applied to the

Martian atmosphere with a reference to 610 Pa at the surface

and using the proportionality factor, K, above such that

C2
n ¼ a2L4=3 1:2� 10�4 P

T2

� �2
@h
@h

� �2

; (A5)

where

h ¼ T
6:1

P

� �0:257

(A6)

on Mars. For the same outer scale of turbulence

and the same gradient of potential temperature,

C2
nðMarsÞ ’ 2 10�4 C2

nðEarthÞ, mostly because of the pres-

sure ratio.

Finally, assuming a maximum value of 30 K for the

potential temperature gradient near the surface (Munguira

et al., 2023), L0 ¼ 30 cm, a pressure of 610 Pa, and a tem-

perature 240 K, the laser scintillation ranges from 10�7 to

6� 10�4 for distances between 1 and 10 m. This is a negli-

gible value compared to the SI values considered in this

sound propagation experiment.

APPENDIX B: TURBULENCE MODELS

In the body of this study, different turbulence models

are tested: a Gaussian distribution and variants of the

Kolmogorov distribution. The objective of this appendix is

to calculate for each of these spectra: (i) the coefficients A1

and A2 that are necessary for the analysis of the mean and

variance of travel times [Eqs. (4) and (5)] and (ii) the varia-

tions of the variance of the lognormal of the sound pressure,

r2
v, as a function the propagation distance, x, to support the

variations of SI.

The covariance function, Cð~rÞ, at a location,~r , in space

is the inverse 3D Fourier transform of the power density

spectrum, /ðkÞ, where k is the wavenumber of the vector, ~k.

Cð~rÞ ¼
ð ð1
�1

/ð~jÞ expði~j �~rÞ d~j: (B1)

It is assumed that random processes in the medium are sta-

tistically isotropic such that the covariance function does

not depend on the direction of~r but only on its magnitude.

In spherical coordinates, d~k ¼ k2 sin h dk dh d/, and along

the propagation axis, ~k �~r ¼ kr cos h. Then, for a homoge-

neous and isotropic distribution, it gives (Strohbehn, 1968)

CðrÞ ¼ 4p
r

ð1
0

k /ðkÞ sinðkrÞ dk: (B2)

From C(r), a standardized covariance, N(u), can be derived

[see, also, Eq. (3)]:

C� ¼ r2
�N

z

L

� �
: (B3)

Therefore, for a power spectrum /ðkÞ, we can derive C(r)

and then N(u). Power spectra do not need to be normalized,

but it is set that Nð0Þ ¼ 1. Iooss et al. (2000) have shown

that A1 and A2 parameters [Eqs. (4) and (5)] can be calcu-

lated from N(u) and its first derivative such that

A1 ¼
ð1

0

NðuÞ du; and A2 ¼
ð1

0

N0ðuÞ
u

du: (B4)

For a Gaussian spectrum, Eqs. (B2) and (B3) yield NðuÞ
¼ expð�u2Þ. Then, Eq. (B4) gives A1 ¼ 1

2
p and A2 ¼ �

ffiffiffi
p
p

.

The Kolmogorov spectrum is not realistic as it increases

continuously at low wavenumbers. Thus, it is not possible to

derive a covariance function that can be normalized at zero,

nor coefficients A1 and A2.

For a generalized von Karman spectrum,

/ / ð1þ j2L2Þ�p�3=2
, the associated covariance function

[Eqs. (B2) and (B3)] is

NðuÞ ¼ 2�pþ1

CðpÞ upKpðuÞ; (B5)

where Kp is the modified Bessel function of second type of

order p, and C is the gamma function. Then, we obtain

A1 ¼
ffiffiffi
p
p Cðpþ 1=2Þ

CðpÞ ;

A2 ¼ �
ffiffiffi
p
p

2

Cðp� 1=2Þ
CðpÞ :

8>>><
>>>: (B6)

Note that Iooss et al. (2000) found a similar result but with a

typo for A2.
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