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and two sound sources, the Ingenuity helicopter and the SuperCam laser-induced sparks, the Mars 2020
Perseverance rover payload enables the in situ characterization of unique sound propagation properties of
the low-pressure CO,-dominated Mars atmosphere. In this study, we show that atmospheric turbulence
is responsible for a large variability in the sound amplitudes from laser-induced sparks. This variability

Keywords: follows the diurnal pattern of turbulence. In addition, acoustic measurements acquired over one Martian
Mars year reveal a variation of the sound intensity by a factor of 1.8 from a constant source due to the seasonal
acoustics, sound propagation cycle of pressure and temperature that significantly modifies the acoustic impedance and shock-wave
Mars 2020, Perseverance rover formation. Finally, we show that the evolution of the Ingenuity tones and laser spark amplitudes with
SuperCam microphone distance is consistent with one of the existing sound absorption models, which is a key parameter for

atmosphere, turbulence numerical simulations applied to geophysical experiments on CO,-rich atmospheres. Overall, these results

demonstrate the potential of sound propagation to interrogate the Mars environment and will therefore
help in the design of future acoustic-based experiments for Mars or other planetary atmospheres such as

Venus and Titan.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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is driven by thermodynamics and meteorological conditions. On
Earth this has been extensively studied by theoretical, computa-
tional, and experimental works (Attenborough, 2002 for a review),
in order to predict sound pressure level of noise and to perform
in situ sensing of the atmosphere itself. The CO,-dominated low-
pressure atmosphere of Mars provides us with a whole new set
of atmospheric properties and dynamic conditions, which signifi-
cantly affect the propagation of sounds compared to Earth.

To explore how atmospheric properties affect sound propaga-
tion in the Martian atmosphere, we examine two acoustic exper-
iments conducted on the surface of Mars by NASA’s Perseverance
rover. The sound source is either a shock wave or a mechanical
sound, both at various distances. The receiver is a microphone
installed on the SuperCam instrument in the upper part of the
Remote Sensing Mast of the rover. In these experiments, which in-
volve the propagation of spherical waves, the sound pressure p at
a distance r from a source is given by:

e—a(r—r*)
P(r)zp*r*xﬂsrcXHch (1)

where p* is the acoustic pressure measured at a reference dis-
tance r*; Bsc represents the variations of the source intensity; Hc
accounts for the coupling between the source and the atmosphere
on one hand, and between the atmosphere and the recording de-
vice on the other hand. This coupling, representing the budget of
acoustic energy transferred through the different interfaces, is con-
trolled by the acoustic impedance of the atmosphere, Z,., which
mostly depends on the atmospheric density. In a planetary atmo-
sphere, density is directly related to temperature To and pressure
Py. On Mars, the surface pressure experiences a large seasonal cy-
cle due to the condensation and sublimation of carbon dioxide at
the polar caps, with average daily values at Jezero crater rang-
ing from 625 Pa to 800 Pa between Northern summer and winter
(Sanchez-Lavega et al., 2023). The temperature itself ranges from
195 K to 260 K at 1.5 m above the surface, modulated on the long-
term by the seasonal cycle and thermal tides and on the short
term by different dynamical phenomena (Martinez et al., 2023;
Munguira et al., 2023). Low pressure and cold temperature relative
to Earth (the density is less than 1% of that measured on Earth)
lead to an overall poor and variable coupling efficiency for acoustic
waves. The sound amplitude is also attenuated along its propa-
gation path because of the geometric spreading of the wavefront
(as the inverse of the distance) and because of energy exchanges
with molecules of the atmosphere. The latter effect is modeled
by the attenuation coefficient, . It mostly depends on the atmo-
spheric composition and it is a function of the frequency of the
wave. For a low-pressure, CO,-rich atmosphere such as on Mars,
physical models of sound propagation predict an attenuation ten
times higher than on Earth (Williams, 2001; Bass and Chambers,
2001; Petculescu and Lueptow, 2007). Moreover, Mars’ Planetary
Boundary Layer (PBL, which corresponds to the lowest layer of the
atmosphere in direct contact with the surface) is also prone to an
intense convective turbulence during the daytime (Petrosyan et al.
(2011) for a general review and for direct evidence in Jezero crater
see Munguira et al. (2023); De la Torre-Juarez et al. (2023)), which
is initiated by the strong thermal gradient between the surface and
the atmosphere right above. These turbulent small scale eddies in-
duce a random scattering of acoustic waves (Blanc-Benon and Juve,
1993). The NASA Perseverance rover carries the first sensors able
to confirm these theoretical predictions of sound propagation on
Mars.

In 2021, Perseverance landed at Jezero crater (Northern hemi-
sphere, 18.4°N, 77.5°E), Mars, with a unique combination of a sci-
entific microphone and two sound sources at various distances and
distinct in frequency. The SuperCam microphone (Maurice et al.,

Earth and Planetary Science Letters 615 (2023) 118200

2021; Mimoun et al., 2023) records the Mars soundscape between
20 Hz and 50 kHz, as well as artificial sounds produced by Perse-
verance and Ingenuity activities (Maurice et al., 2022). In particular,
it is able to record the high frequency (2 kHz-25 kHz) acoustic sig-
nal generated by the SuperCam laser vaporizing nanogram quanti-
ties of rocks per laser pulse at their surface (Chide et al., 2022) and
the low frequency tones (84 and 168 Hz) of the Ingenuity rotor-
craft flights (Lorenz et al., 2023). Therefore, this emission-reception
experiment turns Jezero crater into an open-air laboratory to test
our theoretical understanding of how different sound propagation
is on Mars with respect to Earth.

In this study, we analyze the laser-induced acoustic amplitudes
recorded over the first Martian Year of Perseverance’s mission,
Martian Year 36, from the landing at Ly = 5.1°, up to Ly = 360°,
where Ls is the areocentric solar longitude. This period corre-
sponds to the first 657 Sols of the mission (a Sol is a Martian solar
day; landing was on Sol 0). We also use three Ingenuity flights
recorded early in the mission (Ls = 38-49°) and we compare these
data with the atmospheric pressure and temperature (see Sup-
plementary Material Text S1 for data set) retrieved by the Mars
Environmental Dynamics Analyzer, MEDA (Rodriguez-Manfredi et
al., 2021). These two sound sources are characterized in distance
and frequency (Section 2). Recording of these sounds with the Su-
perCam microphone and the study of their respective amplitudes
with distance, local time and seasons, enables the in situ measure-
ment of the Mars sound propagation properties highlighted above:
the scattering by turbulence (Section 3.1), the seasonal variation
of the acoustic impedance (Section 3.2), and the absorption with
frequency (Section 3.3).

2. Sound sources on Mars
2.1. Laser-induced acoustic signal

The Laser-Induced Breakdown Spectroscopy (LIBS) capability of
the SuperCam instrument suite (Wiens et al., 2020; Maurice et al.,
2021) is used to study the chemistry of Mars’ surface by analyzing
the optical emission lines radiating from a plasma plume, which is
excited by a laser pulse focused on a solid target at distances of up
to several meters. The expansion of the hot laser-induced plasma
in Mars’ rarified atmosphere generates a blast wave and leads to
a distinct acoustic signal, which is recorded by the SuperCam mi-
crophone to complement LIBS investigations (Murdoch et al., 2019,
Chide et al.,, 2019, 2021; Seel et al., 2023). A typical LIBS experi-
ment to analyze a target consists of several separate bursts of 30
to 150 laser pulses (shots), which are fired at a cadence of 3 Hz.
The microphone records the entire burst with the exception of the
last shot. For each target, 5 to 10 bursts are repeated on points ar-
ranged in a certain raster and separated by a few millimeters. An
autofocus procedure is performed on some points of the raster, in
order to maximize the laser irradiance deposited on the target’s
surface and from which the instrument-to-target distance is pre-
cisely obtained. As the focal distance increases, the focused laser
beam radius increases, which reduces the irradiance (in W/cm?)
deposited on the target surface with the distance (Maurice et al.,
2021). Consequently, the ablation is less efficient and the blast
wave is weaker for increasing distances. The irradiance I, as a func-
tion of the distance of the target, r, was measured before launch
and can be fitted as (see Supplementary Material Figure S2):

l(l‘) — loe—(0.53i0.03)r (2)

Targets are located at distances from 1.98 m to 8.80 m and
shots are performed during the daytime on Mars, between 7:06
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and 19:01 Local True Solar Time (LTST). The first joint LIBS-
microphone analysis occurred at Ly = 22° (Sol 37). Each laser-
induced acoustic wave is recorded over a 60 ms time-window
triggered on the laser ignition, at a sampling frequency of 100 kHz
to avoid any aliasing from electromagnetic perturbations. This time
window records the direct arrival of the acoustic wave but also the
echoes from reflection of the structure of the instrument and on
nearby rocks. In order to minimize the influence of these echoes
on the time series and on the associated frequency spectrum, the
direct wave is identified and then fitted with a theoretical Gaus-
sian pulse (Taylor 1950; see Supplementary Material Text S2 and
Figure S1). For each shot, the peak amplitude of the fitted com-
pression wave is extracted and considered as the ‘bulk’ metric for
the evolution of the laser-induced acoustic signal. Moreover, lab-
oratory studies have shown that the laser-induced acoustic signal
amplitude is proportional to the square root of the laser irradiance
deposited on the target (Chide et al., 2020). Therefore, the sound
propagation applied to LIBS sparks becomes:

e—a(r—r*)
puigs (1) = p*r* x /I1(r) x — Hc(Po, To)
1 —(o4933
puigs (1) o P <a 2 )r * Hc(Po, To) (3)

2.2. Ingenuity flights

The Ingenuity helicopter (Balaram et al., 2021), released by Per-
severance shortly after landing performed the first autonomous
rotorcraft flight on another planet. Since then it has flown 37 times
(up to Sol 657) as close as 50 m from the rover. Four flights (#4,
#5, #6 and #8) were close enough, <150 m, for their acoustic sig-
natures to be recorded by the SuperCam microphone (Lorenz et
al., 2023). They consist of tones at 84 Hz (at the blade crossing
frequency, i.e., 2537 rpm, Grip et al. (2022)) and its first har-
monic at 168 Hz for the closest distances, <90 m. Higher har-
monics were not detected, likely because of the larger absorption
for higher frequencies. Given the small size of the source com-
pared to the propagation distance, these acoustic radiations are
considered to be spherical waves. For each flight, the tones at
84 Hz and 168 Hz were fitted with a Gaussian function (see Sup-
porting Figure S2) and their magnitudes were compared to the
microphone-to-helicopter distance, extracted from the flight tra-
jectories presented in Lorenz et al. (2023). In the data of flight
#8, the 84 Hz tone is mostly masked by the wind noise, and the
data were, therefore, excluded. The flights that are considered were
performed between Ly = 38° to 49°, all around noon local time.
Therefore, it is considered that atmospheric conditions, e.g. pres-
sure, temperature, winds (Lemmon et al., 2022), and, therefore, the
source-to-atmosphere coupling (see Section 3.2), remained roughly
the same for flights #4, #5 and #6. Furthermore, the experimen-
tal parameters of the flights that could affect the sound (e.g. ro-
tor speed, translation speed) did not vary between these flights.
Consequently, the sound propagation with distance, Equation (1),
applied to Ingenuity tones ptones, becomes:

o efa(rfr*)
Ptones =PI X - (4a)

This is equivalent to:

In (ptones X 1) =K —ar, (4b)

with K being a constant independent from the distance.
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3. Results
3.1. Turbulence-induced scattering of amplitudes

For a sequence of consecutive laser shots on a target, a scat-
tering of the laser-induced acoustic signal amplitude is observed
on the time series (Fig. 1a) and on the associated peak amplitude
distribution (Fig. 1b). It varies with the local time of the acqui-
sition and the distance to the target: the dispersion is small at
dusk (target AEGIS_461A) with amplitudes within £4% (standard
deviation) around the median value and a dispersion that is sym-
metric around the median. For the same distance, the scatter in-
creases for an acquisition around noon (target Ubraye, +10%) when
the atmospheric turbulence is typically close to its maximum. For
the same local time but for longer distance the scatter increases
drastically (target Bezaudun, +18%) with the appearance of some
high-amplitude peaks, which are amplified more than twice the
median amplitude. This could potentially be due to caustics that
randomly focus the acoustic wave (Blanc-Benon et al.,, 1991) to-
wards the microphone. Therefore, as the tail lengthens towards the
high amplitudes, the distribution becomes asymmetric and is cen-
tered towards the left of the median. This behavior is consistent
with observations of N-waves propagating through turbulence (e.g.,
Salze et al. (2014) for short wavelength pulses propagating through
controlled thermal turbulence and Arrowsmith et al. (2022) for in-
frasonic blasts). The distribution of peak amplitudes, W(P), can be
fitted with a gamma distribution (Averiyanov et al., 2011; Salze et
al,, 2014):

p-le=

WP = s (5)
with P being the normalized peak amplitude, I" the gamma func-
tion and a,b two fitted parameters. The agreement between the
distribution and the fit is excellent for the Mars targets. However,
one known source of shot-to-shot variation is the contribution
from the hardness of the target, which results in a monotonic
decrease in shot-to-shot amplitude (Chide et al., 2019; Murdoch
et al,, 2019). It was reported that the decrease could be as high
as 30% over 30 shots for the softest targets and it would deviate
from a gamma distribution. Hence, given the shape of the distri-
bution and the magnitude of the amplitude scattering, we assume
that only the turbulence can explain the scattering observed in the
Mars data.

For the targets acquired at dusk or dawn (e.g. target
AEGIS_461A), a > 1. Hence, the gamma distribution converges to a
log-normal distribution, which corresponds to a weak thermal fluc-
tuation regime of the atmosphere (Blanc-Benon and Juve, 1993).
This is consistent for dusk and dawn on Mars, when atmospheric
turbulence has barely initiated yet or has vanished, respectively.
For the daytime observations, the distribution never converges to-
ward an exponential distribution (where a would be expected to
tend to 1), meaning that the atmosphere stays in an intermedi-
ate fluctuation regime and never reaches the strong fluctuations
regime (Blanc-Benon and Juve, 1993). The fitted distributions also
confirm the shift of the center toward the left of the median as the
distance increases, which supports the hypothesis of the formation
of caustics.

The two parameters retrieved from the fit of the distributions
with Equation (4b) are then used to compute the statistical mode
Pmode (i.e., the most frequent value of the amplitude distribution)
and the standard deviation of the distribution, op, for each target
(Thom, 1958):

Pmode =(@—1)b (6)

op = \/E (7)
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Fig. 1. Evolution of the laser-induced acoustic signal acquired for three targets at different local times and distance (a) Bursts of 29 shots showing the shot-to-shot variation
of the signal amplitude. The time series are normalized by the median of the peak amplitude over the 29 shots. (b) Distributions of the normalized peak amplitude for the
three targets (each histogram is computed using combined data from 5 consecutive raster bursts, i.e. 195 shots, see Supporting Information Text S3). Distributions are fitted
with a gamma distribution (dashed black, see Equation (4b)), whose parameters are listed on the top right corner of each panel.

As inferred previously, Fig. 2a confirms that the mode of the
amplitude distribution decreases relative to the median for in-
creasing distance, due to caustics that overestimate the median of
the distribution. Therefore, and in the following, the representative
metric considered for the absolute acoustic amplitude over a burst
will be the mode of the distribution rather than the median over
a target.

One also notices in Fig. 1b that the amplitude scattering op
also increases for targets that are more distant; this evolution is
presented in Supplementary Material Figure S4. As expected op
follows a power law as a function of the distance, as predicted on
Earth with experiments and theoretical predictions for spherical
waves (Blanc-Benon and Juve, 1993). The examination of the de-
tails of this relationship is beyond the scope of this study and up-
coming investigations will focus on the analytical equations linking
the sound amplitude scattering with the propagation parameters
such as the distance and the turbulence length scale of the Mars
atmosphere. However, this relationship presented in Supporting
Figure S3 is used to normalize op with respect to the distance,
by dividing op by (r/ro)®®* (with ro = 2 m). Then, this normal-
ization reveals the evolution of op as a function of the local time
(Fig. 2b). It is compared with the daytime evolution of the tem-
perature fluctuations retrieved from MEDA (Munguira et al., 2023),
which is indicative of convective instabilities. The daytime pattern
of the amplitude scattering matches the daytime evolution of the
temperature fluctuations, with an increase of the scattering dur-
ing the morning to reach a maximum around 13:00 LTST, then a
decrease until late afternoon when the boundary layer collapses.
The amplitude of the dispersion of the acoustic signal is wider
than that of the temperature fluctuations, with notably points of
low dispersion at noon. However, the acoustic scattering is com-
puted over a 10-second long sequence of laser shots whereas the
MEDA temperature fluctuation is computed over a 5-minute long
window. Indeed, Stott et al. (2023) have pointed out that in dur-
ing 2-minute long sound recordings, there can be quiet periods
over a 10-second timescale, even though the average turbulence
over the entire recording is strong. The scattering of amplitudes in
Fig. 2b also matches the sound speed-derived temperature fluctu-
ations observed with the microphone (Chide et al., 2022), which
was already shown to be a new indicator of rapid air temperature
fluctuations on Mars. Therefore, we confirm that acoustic signal
scattering is consistent with the daytime development of the tur-
bulence near the surface. Lastly, Fig. 2b shows an increasing trend

of the scattering after 18:00 LTST. As discussed in Chide et al.
(2022), some of these points are due to an enhanced turbulence
caused by the warm plumes brought from the rover’s radioisotope
thermal generator. It could also highlight some amplitude varia-
tions due to the rock itself.

Overall, the turbulence on Mars induces random fluctuations on
the laser-induced acoustic signals, which might lead to the obscur-
ing of some small shot-to-shot variations of amplitude needed to
constrain rock hardness or surface coatings on Mars (Chide et al.,
2020; Lanza et al., 2020). Therefore, for such purposes, observa-
tions acquired at short distance and in low turbulence conditions
(dusk or dawn, after 17:00 LTST) should be given priority. As the
shot-to-shot scattering of the acoustic amplitude for each target
is now characterized and quantified, this allows to conduct, in the
next section, the target-to-target comparison of the absolute acous-
tic amplitudes.

3.2. Acoustic impedance and atmospheric coupling

For the first time, owing to the survey over one Martian year of
the laser-induced acoustic signal amplitude, we measure seasonal
variations of the acoustic impedance on Mars and understand
how to correct SuperCam recordings accordingly. The laser-induced
acoustic signals acquired over nearly a Martian year respond
to seasonal changes at the plasma-atmosphere and microphone-
atmosphere interfaces, which are caused by the temperature and
pressure cycles of the Mars atmosphere. In this section, for each
acoustic point, we consider the mode of the distribution described
in Section 3.1 as the recorded laser-induced acoustic amplitude.
Then, in order to compare recordings acquired at various dis-
tances, sound amplitudes are corrected for the atmospheric and
instrumental attenuation: the decrease of the sound amplitude as
a function of the distance is fitted following Equation (2) and sub-
sequently normalized to 2 m, the distance of the closest target of
the dataset.

Fig. 3a plots the distance-normalized acoustic amplitudes as a
function of the solar longitude, L;. It is compared to the seasonal
changes of pressure and to the air temperature at 12:00 LTST com-
puted from MEDA data (Fig. 3b and c). The gap in the acoustic data
coverage between Ly = 180 to 215° is due to a rapid traverse of
the rover from the crater floor to the delta front during which no
SuperCam laser activity was allowed. Although the number of tar-
gets sampled decreases when the rover has reached the delta, it
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Fig. 2. (a) Evolution of the mode of the amplitude distribution relative to the me-
dian, Ppode (see Equation (5)) as a function of the microphone-to-target distance.
(b) Standard deviation of the amplitude relative to the median for each target, op
(see Equation (6)), as a function of the local time of the acquisition (red points).
op is normalized to the distance of the target (see Supporting Figure S3). It is com-
pared with the temperature fluctuations in 5-minute long windows over the first
400 Sols from the MEDA temperature sensors at 1.45 m (data from Munguira et al.
(2023)): mean of the fluctuations: solid line, standard deviation of the fluctuations:
shaded area. For both panels, values are normalized by the median peak amplitude
over a target.

is noticed that the scattering of the data points after Ly = 215°
tends to be higher than during the first part of the year. Even with
this spread of the amplitudes, which is mostly associated with the
turbulence-induced scattering, a clear seasonal trend is observed:
the average sound amplitude decreases from Ly = 50° down to
Ls = 160° (close to the autumn equinox, Ls = 180°) to reach an
average minimum value of 0.25 Pa. Then it increases to an average
maximum value of 0.45 Pa at Ly = 270° for winter solstice. Over-
all, the average peak sound amplitude varies by a factor 1.8 over a
Martian year. This annual cycle follows the annual cycle of pressure
and temperature variations: the sound amplitude decreases during
Northern spring and summer when air density decreases (i.e. pres-
sure decrease and warmer air temperatures). Inversely, the sound
amplitude increase is consistent with a sharp pressure increase and
an air-cooling during fall (Ls = 180-270°).

These seasonal variations of the sound amplitude are the re-
sult of the combination of two effects: (1) a modification of the
shock wave pressure at the source of the acoustic signal, and (2)
a variation of the coupling between the atmosphere and the mi-
crophone membrane at the end of the propagation path, i.e., a
variation of the acoustic impedance. The seasonal effects on the
shock wave can be modeled by using the Rankine-Hugoniot condi-
tions that describe how the shock wave pressure, ps,, (Zel’dovich
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and Raizer, 1967) is related to the shock-front speed, D, and other
atmospheric quantities:

,OoD2 (8)

Dsw = V1
with, po the atmosphere density and y the adiabatic ratio. The
laser-induced shock-wave radius R(t) expands as a function of
time, t, following the strong point explosion model (Taylor, 1950;
Campanella et al., 2019; Seel et al., 2023):

R(t)=¢& (£>g £ 9)
£0

where & is a constant and E the energy released in the shock.
Therefore, the speed of the shock front can be expressed as:

1
dR 2 E\> -
D=—=Zg(=) t% (10)
dt 5 £0
Combining Equations (6) and (10) shows that the shock-front
pressure is a function of the atmospheric density:

1
2 2 \2(E*\® 35 3/5
=51 (5) (&) ot o

The Mars atmosphere is considered as an ideal gas whose am-
bient density is pg = %"—%, with M the molar mass of the atmo-

sphere, R the ideal gas constant (8.314 JK~!1.mol~!), Py and Ty
the background pressure and temperature, respectively. Thus, the
dependence of the shockwave amplitude on the ambient specifica-
tions becomes:

PoM\ >/°
Psw0<<—0 ) (12)
To

At the other end of the propagation path, the amount of acous-
tic energy that is coupled across the atmosphere-microphone in-
terface is a function of the characteristic acoustic impedance of the
atmosphere, Z;c = p/u, with p the sound pressure and u the parti-
cle velocity (Dalmont, 2001). With the assumption that the particle
velocity is the same for all laser sparks and that there is no phase
shift between p and u, the sound pressure recorded by the micro-
phone becomes proportional to the impedance. The characteristic
acoustic impedance, which basically describes the ability of the at-
mosphere to couple with the microphone membrane, is defined
as:

Zac = poC (13)
with ¢ being the speed of sound. Still considering an ideal gas law
where ¢2 = % the acoustic impedance is written as:

[YM_ 1,2
ZAC: ?POTO (14)

Combining Equations (10) and (12), the sound pressure recorded
by the microphone varies with ambient the pressure and temper-
ature according to:

8/5.—11/10
Precorded X PswZac X Po/ T, / (15)

Based on this theory, sound amplitude data in Figs. 3a and
d are compared with the ratio P®°/T11/10_ This comparison
demonstrates that the correlation between sound amplitude and
P8/5/T11/10 5 verified, which confirms the atmospheric origin of
the seasonal amplitude variation recorded in the acoustic data. As
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expected, the seasonal sound evolution is dominated by the pres-
sure cycle. Therefore, the amplitudes in Fig. 3a are subsequently
corrected for the acoustic impedance variation (dark blue dashed
line) and from the modification of the shock pressure (purple
dashed-dotted line). This correction removes the seasonal trend
of the sound amplitude caused by atmospheric variations: the cor-
rected line is flatter compared to the uncorrected line. Especially,
during the first half of the year, up to Lg = 180°, the corrected
amplitudes experience some small variations, within £+ 8% around
the median.

Still, the corrected data exhibit some larger deviations: between
Ls = 280 to 330° (Sols 512-600) the corrected amplitude is higher
than its median with a maximum value up to +11% (peak at Ly =
310°; Sol 568). Then after Ly = 330°, the corrected amplitude is
lower than the median and goes down to —23% of the median at
Ls = 360° (Sol 657). The effect of the molar weight is ruled out as
it varies by less than 0.5% over a Martian year (Trainer et al., 2019).
However, as noticed earlier, we observe a larger scattering of our
data in the second half of the year after Ly = 210°, after the rover’s
arrival at the delta front. This enhanced scattering might be due to
change in topography that could influence the local atmospheric
dynamic or seasonal effect with an increased turbulence during
the Northern autumn and winter as already observed with In-
Sight (Chatain et al., 2021). This larger scattering is also associated
with a reduced number of samples during this period. Considering
these two factors, the running averages in Fig. 3a have larger un-
certainties and it could explain these larger deviations. These two
deviations from the median are also concomitant with the rover’s
exploration of different strata of the delta front with sedimentary
rocks significantly different in texture, composition and mineral-
ogy from the two igneous units visited before. Consequently, this
change in rock parameters might affect the laser-matter interac-
tion that controls the amount of energy released in the shock
wave. However, the relationship between target properties and the
laser-matter coupling is still poorly understood (Chide et al., 2020).
Therefore, this hypothesis should be investigated further and com-
pared with the elemental composition retrieved with LIBS for each
target. To that end, the atmospheric correction proposed here is
a prerequisite and a critical step. This correction is also necessary
to study the sound amplitude evolution as a function of the dis-
tance for the entire dataset and, therefore, to retrieve the acoustic
absorption.

3.3. Acoustic absorption

One particularly interesting aspect of the two artificial sound
sources, the laser sparks and the helicopter, is that they are
recorded at varying distances from the microphone, from 2 to 8 m
and from 70 to ~150 m respectively. Hence, these experiments
enable the computation of the relative sound absorption with dis-
tance, and therefore, the retrieval of the attenuation coefficient, «.
This is done in two distinct frequency bands: at high frequency
with the laser sparks, in a range where the viscosity and ther-
mal absorption dominate, and at low frequency for the helicopter,
where vibrational relaxation prevails and where models are less
constrained for Mars.

For the laser-induced acoustic signals, the frequency spectra
of the fitted acoustic pulse (see Supplementary Material Text S1)
are integrated over ten frequency bands, centered from 3 kHz to
21 kHz, each spaced by 2 kHz and each been 2 kHz large. Subse-
quently, the amplitude over each band is corrected for the turbu-
lence scattering using the mode of the distribution of the ampli-
tudes for each burst, see Section 3.1, and for atmospheric variation
by normalizing with pressure and temperature according to Equa-
tion (13) in Section 3.2. For each band, the trend is fitted with
Equation (3) to retrieve the attenuation coefficient (Fig. 4b).

For the Ingenuity flights, the amplitudes of the 84 Hz and the
168 Hz tones are extracted when detectable (see Section 2.2).
The evolution of the tone amplitudes along flight #4 is given as
an example in Fig. 4c. Both the 84 Hz and the 168 Hz show a
modulation of their amplitude as a function of the time. This is
interpreted as a rotation speed shift between the two blades of
about ~50 mHz (confirmed by nadir images taken by the heli-
copter during the flight). It leads to two blade passage frequencies,
slightly different, interfering with each other, which creates de-
structive gaps modulated by a cos? function (Lorenz et al., 2023).
Only the maxima of these lobes and their associated distances are
considered to compute the attenuation. The evolution of each tone
amplitude as a function of the distance is displayed on Fig. 4d.
They are fitted with Equation (4b); the attenuation coefficient is
given as the slope of the fitted line.

The retrieved attenuation coefficients are displayed in Fig. 5
and compared with the semi-empirical model detailed in Bass and
Chambers (2001). Overall, there is an excellent match between
the in situ data and the model: within the error bars, all points
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agree with the model. Ingenuity point error bars might be dom-
inated by the turbulence that scatters the tone’s amplitude along
the ~100 m propagation path whereas laser sparks error bars are
mostly due to the uncertainty on the laser irradiance profile. The
attenuation points from laser sparks computed here are lower than
the one computed previously on Mars (Maurice et al., 2022). In-
deed, the former study (using only data up to Ly = 104°) did
not consider the variation of acoustic impedance, nor the turbu-
lence scattering. In addition, the echoes were not filtered out of
the time series. Therefore, for some frequency bands, not only the
energy of the direct arrival may have been integrated, which ex-
plains the observed bias between their points, this study and the
model. The high frequency points (> 7 kHz) tend to match for
the models computed at Lg = 0, 70 and 270° (i.e., from North-
ern winter to spring). Indeed, these two seasons include most of
our dataset (see Fig. 3a) and it explains why the attenuation is
dominated by these atmospheric conditions. The points at 3 and
5 kHz tend to be close to the model computed at Ls = 150°. This
could be because the Gaussian pulse we used to fit the data does
not perfectly represent the direct signal, or because the lower fre-
quencies are more affected by electromagnetic contamination of
the time series. Furthermore, owing to the Ingenuity data, the cur-
rent study measures for the first time the attenuation at 84 Hz
and 168 Hz, at a frequency where vibrational relaxation dominates
the attenuation budget. However, down to the infrasound domain
in the Bass and Chambers (2001) model, the attenuation evolves
as a function of the frequency squared, but the height of this
slope depends on parameters (e.g., relaxation frequency and relax-
ation strength) that are more difficult to model (Bass et al., 1984).

Here the 84 Hz point verifies the approximations used in Bass and
Chambers (2001). However, in this model, only the v, degenerate
bending vibrational mode for CO, is considered as it represents
more than 96% of the vibrational specific heat. In contrary, first
principle models that include all vibrational modes add more at-
tenuation below ~5 Hz (see Fig. 1b in Petculescu and Lueptow
(2007)). Therefore, the data presented here validate the absorption
model in the high frequency part of the infrasound domain, down
to ~5 Hz.

4. Conclusions and perspectives

The SuperCam microphone, combined with two temporally,
spatially, and frequency-defined sound sources, the laser-induced
shock waves and the Ingenuity flights, enables an active acoustic
sensing of the atmosphere of Mars with which we can refine our
understanding on sound propagation in the CO,-dominated low-
pressure atmosphere of Mars.

Atmospheric turbulence is identified to account for much of the
variability of the laser-induced acoustic signal amplitudes: caustics
are assumed to explain the high and low amplitudes peaks over a
sequence of recorded waves and the overall scattering as a func-
tion of the local time is consistent with the daytime evolution of
the air temperature fluctuations, which is known to be indicative
of convective instabilities. Hence, this suggests that, when the goal
of the microphone observation is to record small relative varia-
tions of sound amplitude within a burst of shots (e.g., to measure
rock hardness or to detect surface coatings), the observation win-
dow should be scheduled during times of weak turbulence (e.g.,
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dusk or after dawn). Furthermore, it was also noticed that the am-
plitude scattering increases with the propagation distance. Going
further, the acoustic theory of spherical wave propagation through
a turbulent medium (looss et al., 2000) established that this am-
plitude scattering, often called scintillation by analogy with optical
propagation, combined with statistics on travel time with distance,
helps to constrain the characteristic scale of atmospheric turbu-
lence. Such an estimation would help to understand the apparent
contradiction between the Kolmogorov theory and the in situ mea-
surements of the turbulent pressure spectra (Banfield et al., 2020).
Overall, it has been demonstrated that acoustic measurements on
Mars give access to a high frequency motions within the atmo-
sphere that are not accessible by traditional weather station such
as MEDA (Maurice et al., 2022; Chide et al., 2022). This will be the
focus of a future study.

Secondly, it was also observed that the sound intensity of the
laser sparks varies by a factor ~1.8 over a Martian year for a given
distance and for the average rock properties. We have demon-
strated that the seasonal cycle of pressure and temperature on
Mars is responsible for a change of the Rankine-Hugoniot condi-
tions at the shock-wave formation and a change of the acoustic
impedance for the coupling through the microphone membrane
with time. Therefore, we propose an atmospheric correction that
will be important to apply before any interpretation of sound am-
plitudes, such as to study the influence of laser-to-target coupling
influence on the acoustic signal.

Finally, the evolution of both Ingenuity tones and laser sparks
with distance provides in situ measurements of the absorption
models in CO,, at 84 Hz and 168 Hz and from 2 kHz to 20 kHz, re-
spectively. For these frequencies, we have found that the attenua-
tion coefficients retrieved on Mars match the existing model devel-
oped by Bass and Chambers (2001). This represents a ground truth
value for this absorption model, which is key in numerical sim-
ulations used to constrain the source and location of infrasounds
recorded on Mars (Martire et al., 2020; Garcia et al., 2022), but also
for geophysical applications in other CO;-rich atmospheres such as
that of Venus.

Overall, given the success of the Perseverance acoustic measure-
ments on Mars (Maurice et al., 2022; Chide et al.,, 2022; Murdoch
et al,, 2022; Stott et al., 2023; Lorenz et al,, 2023), and the very
low resource demands of a simple microphone, future missions
may also perform acoustic studies, not only on Mars but also on
other planetary atmospheres. Indeed, the Dragonfly rotorcraft mis-

sion to Titan is planned to carry one or more microphones and
there are projects to study infrasounds from balloon-based plat-
forms on Venus (Krishnamoorthy and Bowman, 2023). The results
presented here show how the propagation of artificial sounds can
be used to examine planetary environments (e.g. turbulence) and
they show what are the key atmospheric factors (e.g. impedance,
absorption) that are influencing the sound amplitude of a given
source. Therefore, they will be helpful in the design of future plan-
etary acoustic-based experiments.
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