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1.  Introduction
The Planetary Boundary Layer (PBL) includes the lower atmospheric layers directly in contact with the surface 
(Petrosyan et al., 2011). On Mars, it plays a critical role, strongly impacting the climate system, as it controls the 
dust lifting, the volatile fluxes and the exchange of heat and momentum between the surface and the atmosphere 

Abstract  Acoustics is new on Mars: it allows the characterization of turbulence at smaller scales than 
previously possible within the lowest part of the Planetary Boundary Layer. Sound speed measurements, by 
the SuperCam instrument and its microphone onboard the NASA Perseverance rover, allow the retrieval of 
atmospheric temperatures at 0.77 m above the ground, at 3 Hz, with a ∼10 ms response time that is 20–100 
times shorter than for typical thermocouple sensors used on Mars. Here we report on the first measurements 
of the sound speed-derived temperature and its fluctuations near the surface. Data highlight large and rapid 
fluctuations up to ±7 K/s, whose amplitude over such a timescale has never been reported, nor predicted by 
atmospheric models. These fluctuations follow the daytime pattern of the turbulence and highlight occasional 
high amplitude events that are likely due to the conjunction of low thermal inertia and strong winds.

Plain Language Summary  The atmospheric surface layer of Mars, is prone to various interactions 
between the surface and the atmosphere, which control most of the climate and the weather of the red planet. 
There, large temperature gradients generate an intense turbulence during the daytime. Hence, the measurement 
of the air temperature variations close to the surface is important to understand the spatial and temporal scales 
of this turbulence. The SuperCam instrument onboard the NASA Perseverance rover enables the retrieval of 
the near-surface atmospheric temperatures, and their fluctuations, at an unprecedented short timescale. Sound 
speed-derived temperatures, also call sonic temperatures, collected over the Northern spring and summer 
of Martian Year 36 reveal large and rapid thermal fluctuations up to ±7 K/s, whose amplitude over such a 
timescale is not reported by any weather station sensors, nor predicted by models that simulate small-scale 
eddies. These fluctuations follow the daytime pattern of the turbulence with a maximum amplitude early 
afternoon. Some occasional high temperature fluctuation events are observed, suggesting a complex effect 
of ground properties and local meteorological conditions on the turbulence. Overall, acoustics is a new and 
promising technique that records a unique view of atmospheric temperature variations near the surface of Mars.
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Key Points:
•	 �Sound speed derived temperature 

is used to study the microscale 
turbulence at an unprecedented short 
response time

•	 �Air temperature experiences 
fluctuations as high as ±7 K/s, which 
has never been reported in situ, nor 
resolved by mesoscale atmospheric 
models

•	 �Sonic temperature fluctuations 
follow the daytime turbulence pattern 
and find their origin in complex 
surface-atmosphere interactions
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(Read et al., 2016; Spiga, 2019). Probing the Martian PBL, in particular the near-surface atmospheric tempera-
tures, is of importance to understand the thermal response of the atmosphere to the surface radiative forcing and 
the spatial and temporal scales of the associated turbulence, indicative of the PBL intensity. Most of the previous 
landed spacecraft have carried instruments capable of monitoring near-surface temperatures. Standard thermo-
couples were used on the Viking landers (Hess et al., 1977), Mars Pathfinder (Schofield et al., 1997), and Phoe-
nix (Davy et al., 2010). Curiosity (Gómez-Elvira et al., 2012) and InSight (Banfield et al., 2018) used platinum 
resistance thermocouples, while thermal infrared spectrometry was used by Spirit and Opportunity (Christensen 
et  al.,  2003). These observations, performed at different locations and at sampling frequencies ranging from 
0.25 to 2 Hz, provided details of the diurnal and seasonal cycle of atmospheric temperatures, which are mostly 
dominated by the strong radiative forcing of the surface (Banfield et al., 2020; Martinez et al., 2017). Mars Path-
finder (Schofield et al., 1997), Spirit and Opportunity (Smith et al., 2004) explored the strong daytime thermal 
gradient, both from the surface up to 1.1 m and from 1.1 m up to 2 km, that is, where the PBL forcing takes place. 
In particular, Opportunity reported temperature fluctuations as large as 8 K at 1.1 m of height over 40 s (Smith 
et al., 2006; Spanovich et al., 2006), and these values were used to quantify the intensity of the turbulent activity 
in the PBL. These large fluctuations are also shown to depend on local ground properties (e.g., thermal inertia) 
and local meteorological conditions such as thermal gradient and dust events (Mason & Smith, 2021).

To further characterize the Martian PBL and the associated turbulence at all scales, additional measurements at 
higher frequency are needed, typically up to 10 Hz (Petrosyan et al., 2011). The first sound speed measurements 
on Mars, by SuperCam onboard the Perseverance rover, contributes to filling this gap using sonic thermometry, 
thus measuring near-surface temperatures through acoustic measurements at a response time of ∼10 ms, which 
is about 20–100 orders of magnitude faster than traditional thermocouples. On Earth, sonic thermometry (based 
on the dependence of sound speed on temperature) and sonic anemometry (based on the effect of winds on the 
propagation times of acoustic pulses) are efficient and precise ways to study the microturbulence (Kaimal & 
Gaynor, 1991), as the response time is limited only by the travel time of a sound wave along its propagation path. 
Moreover, radiative forcing from direct solar illumination, from which thermocouples suffer, especially on Mars, 
has no effect on sonic thermometry. Overall, it has been predicted that sonic thermometry on Mars would be a 
breakthrough to access these unobserved scales (Rafkin & Banfield, 2020).

SuperCam measures the first sound speed at the surface of Mars using its laser combined with its microphone 
(Maurice et al., 2021). The latter provides the first characterization of the Mars soundscape in the audible range 
(Maurice et  al.,  2022). In particular, atmospheric recordings unveil pressure variations down to 1,000 times 
smaller scales than ever observed before, highlighting the transition to the turbulent dissipative regime where 
eddy energy is transferred to smaller scales and later dissipated into heat. Active acoustic sensing, relying on the 
sound source created by the SuperCam laser vaporizing rocks (Chide et al., 2020, 2021), is used to extract sound 
propagation properties of the atmosphere such as the sound speed and the acoustic attenuation coefficient above 
2 kHz. Overall, Mars acoustics is a new effective approach to characterize the high frequency dynamics of Mars' 
atmosphere.

In this study, we analyze the sound speed measurements on Mars and their associated temporal fluctuations at 
3 Hz. These results are compared with the temperatures acquired by the Mars Environmental Dynamics Analyzer 
(MEDA) at a frequency of up to 2 Hz but with a longer response time (Rodríguez-Manfredi et al., 2021), with the 
large-scale atmospheric predictions from the Mars Climate Database (MCD) and with the predicted small-scale 
rapidly varying PBL turbulence from Large Eddy Simulations (LES) (see Texts S1–S3 in Supporting Informa-
tion S1 for data sets and models). Our analyses cover the first half of Martian Year 36 (Northern spring and 
summer), from Ls = 5.1°, up to Ls = 190°, where Ls is the areocentric solar longitude. This corresponds to the 
first 378 Sols of the mission (a Sol is a Martian solar day), during the exploration of the crater floor unit of Jezero 
(Sun et al., 2022). Munguira et al. (2022) and Chavez et al. (2021), provide additional analyses of the atmos-
pheric temperatures and their fluctuations as retrieved by MEDA during the same period. We introduce the sonic 
thermometry method (Section 2), then present three results: the sonic temperatures (Section 3.1), their associated 
rapid fluctuations (Section 3.2), and their diurnal and seasonal evolutions (Section 3.3).
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2.  Methods: First Use of the Sonic Thermometry on Mars
The recording of SuperCam laser-induced acoustic signals provides a unique opportunity to measure directly 
and repetitively the local sound speed, using the propagation time of the laser-induced acoustic wave as it travels 
from the ground up to the microphone, on top of Perseverance (Figure 1). Given the strong vertical temperature 
gradient in the atmosphere during the daytime (up to 35 K/m, Rodríguez-Manfredi et al., 2022), the sound speed 
decreases along the acoustic propagation path. Considering a bulk approximation of the temperature evolution 
with height using a log-profile within the surface layer (Figure 1a), the sound speed measured corresponds to 
a height of 0.77 m above the ground (see Text S4 in Supporting Information S1). Across all observations, the 
measured sound speed ranges from 244 m/s (Sol 365 at 08:49 Local True Solar Time [LTST]) to 270 m/s (Sol 357 
at 12:47 LTST). Each sound speed measurement is then converted into air temperature, hereafter called “sonic 
temperature,” considering the ideal gas law, correcting the specific heat at constant volume for the unique sound 
speed dispersion observed on Mars (Maurice et al., 2022) due to CO2 at low pressure (see Text S5 in Supporting 
Information S1).

Furthermore, as the acoustic wave propagates in a moving medium, the measured sound speed is influenced by 
the background wind velocity (e.g., rapid gusts and vertical drafts), projected along the propagation path. MEDA 
wind data (velocity and direction), when collected simultaneously, are used to correct the measured sound speed. 
However, winds measured by the MEDA wind sensors may divert from the winds cumulated along the acoustic 
path: first, Perseverance itself induces perturbations of the wind flow in its vicinity as compared to the acoustic 
path. Second, turbulent winds are eddies embedded in a background flow, and the microphone is sampling them 
over a very short timescale, at frequencies that MEDA is averaging over, so the microphone is resolving those 
eddies (Stott et al., 2021). Therefore, the wind measured by MEDA may not be an accurate indicator of the short 
period horizontal winds experienced along the acoustic path. Hence, the corrected sound speed includes the contri-
bution for the atmospheric temperature, vertical up/downdrafts not retrieved by MEDA and possible unresolved 
turbulent gusts. Furthermore, one must consider that while the acoustic measurement is quasi-instantaneous, it is 
integrated along the propagation path of several meters, and thus any sound speed fluctuations on length scales 
smaller than that are not resolved. For typical wind speeds of 5–10 m/s (Viúdez-Moreiras et al., 2022) and typical 
propagation paths of 2–5 m the volume of atmosphere that is being sampled by the acoustic pulse is exchanged 
on timescales of 0.2–1 s.

Figure 1.  (a) Schematic of the experiment and various sensors. The temperature profile (Ls = 100°, 14:00 LTST) is extracted from the Mars Climate Database and 
interpolated with a log-profile. (b) Acoustic signal showing the laser-induced direct arrival and its echo on the rover head (Chide et al., 2019). The arrival time is shown 
by the gray dashed line. (c) Context image of a SuperCam raster on target Tely (Sol 362, 10 points, 30 laser shots each). Laser-induced pits are visible; dust is removed 
by the shock-waves.
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3.  Results
3.1.  The Sonic Temperature of Mars

The daytime evolution of sonic temperatures (Figure 2a) follows the diurnal cycle observed by MEDA at 0.84 m: 
increasing during the morning, reaching a maximum around 13:00–14:00 LTST and then decreasing until dusk 
(Munguira et al., 2022). Over the first 378 Sols of the mission, the sonic temperature at 13:00 LTST (Figure 2b) 
slightly decreases up to around aphelion (Ls = 75°), then increases during the Northern summer up to the equinox 
(Ls = 180°).

These values are compared with MCD simulations at 0.77 m over the same period (see Text S3 in Supporting 
Information S1). In general, both sonic and MEDA temperatures agree with MCD predictions, but MEDA data 
peak earlier in the day. This difference could be due to local changes in surface properties (e.g., thermal inertia) 
compared to what is set in the MCD (in which surface properties and environmental diagnostics are averaged 
over the ∼200 km grid scale) or to the interpolation scheme for the temperature profile in the near-surface layer 
in the MCD, which is not tuned to match observations and which doesn't include all subgrid-scale effects and 
perturbations. The agreement with both warm and climatology scenarii is excellent up to Ls = 140°. Thereafter, 
the in situ data match better with the warm scenario (Figure 2a) which is concomitant with the increase of dust 
seen at Jezero (Lemmon et al., 2022), making this season warmer than the multi-year averaged prediction. In fact, 
daytime atmospheric temperatures after Ls = 130° remain even higher than the MCD predictions for the warm 
scenario, highlighting the strong impact of local dust lifting events occurring in Jezero on the near-surface temper-
atures (Newman et al., 2022). The agreement with the warm scenario might also be reinforced by the change of 
albedo, and not exclusively the opacity (see Munguira et al. (2022) for the albedo influence on temperatures).

Figure 2c shows the one-to-one correlation between sonic temperatures and MEDA temperatures at 0.84 m. Wind 
corrected values yield a ±2.4 K median absolute difference with MEDA, whereas the difference between MEDA 
and non-corrected values is ±3.6 K. Hence, the wind correction improves the restitution of the sonic tempera-
tures. However, even without wind data, acoustics provides an efficient measure of air temperature. In addition, 
microphone data are statistically 0.6  K higher than MEDA's, which is consistent with the sonic temperature 
height being below MEDA at 0.84 m. This bias confirms that the 0.77 m equivalent height for sonic temperature 

Figure 2.  (a) Sonic temperature daytime evolution (circles and squares) compared with 30-sol averaged Mars Environmental 
Dynamics Analyzer (MEDA) temperature at 0.84 m (dashed lines) and with Mars Climate Database (MCD) predictions 
at 0.77 m (shaded): hourly extremal values over Ls = 0°–190° for the climatology (blue contour) and warm scenario (gray 
contour). (b) Sonic temperature seasonal evolution between 11:00 and 14:00 LTST (purple points), compared with MEDA 
temperature evolution at 0.84 m and 13:00 LTST (purple dashed line). Blue and gray lines represent Mars Climate Database 
simulations at 13:00 LTST, for both scenarii. (c) Correlation between sonic temperatures and MEDA temperatures at 0.84 m. 
For each panel, circles represent wind corrected acoustic data, and squares when wind data were not available.
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is reliable, which validates the log-profile considered for the temperature (see Text S7 and Figure S2 in Support-
ing Information S1).

Overall, acoustics gives access to the diurnal and seasonal changes of the near surface temperature with a preci-
sion comparable to traditional thermocouple-based sensors.

3.2.  Evidence of Large and Rapid Near-Surface Temperature Fluctuations

One of the strengths of the laser-microphone combination is its fast response time, allowing the retrieval of each 
sonic temperature in ∼8 ms for targets at 2 m, up to ∼24 ms at 6 m, timescales that are 20–100 times shorter than 
the usual 0.5–1 s response time of weather-station sensors on Mars (Munguira et al., 2022). The sample acquisi-
tion induced by the laser repetition rate is 3 Hz, compared to 0.5–2 Hz for temperature sensors.

Figure  3 highlights the short timescale variations of the sonic temperature measured for a SuperCam target 
and compares with simultaneous MEDA temperature and wind measurements. Figure 3a and close-up views in 
Figures 3b–3d show some clear correlations between the sonic and MEDA temperature fluctuations, even over 
5 s. The sonic temperature follows the trend observed by MEDA at 1.45 m of height, whereas MEDA temper-
atures at 0.84 m record smoother fluctuations (Figure 3c), most probably because of the sheltering from the 
wind of these sensors by the rover itself (see Text S2 in Supporting Information S1). In contrast, the acoustic 
method samples open air away from the rover. Moreover, for every microphone recording, the sonic temperature 
integrates a quasi-frozen state of warm and cold eddies across the acoustic pathway, whereas MEDA in general 
measures the temperatures of different eddies that are being carried by the local wind to the sensor.

The most striking observations are the rapid and large amplitude variations recorded by acoustics that are not 
seen in MEDA data. Sonic temperatures vary by ±4 K/s on average (Figure 3e), whereas MEDA averaged values 
range from ±0.5 to ±2 K/s at 0.84 and 1.45 m of height, respectively (see Text S6 in Supporting Information S1). 
Hence, the microphone sheds light on a much faster turbulence regime than MEDA can observe.

Figure 3.  (a) Evolution of the sonic temperature for target Villette (Sol 189, 5 points of 150 laser shots each), compared with 
Mars Environmental Dynamics Analyzer (MEDA) temperatures at 1.45 and 0.84 m. (b–d) Close-up views of the three 50 s 
long bursts indicated in panel (a) and compared with MEDA temperature and wind measurements. The top left vertical bars 
indicate the error budget: the bias corresponds to the error on the distance, the uncertainty corresponds to the uncertainty on 
the propagation time (see Texts S4 and S5 in Supporting Information S1). The arrow in panel (c) indicates the temperature 
drop discussed in the main text. (e) Histogram of the time derivative temperature over the data displayed in panel (d). 
Microphone data (both wind corrected in pink and not in purple) are fitted with a Gaussian distribution, in solid and dotted 
lines, respectively.
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The larger variability observed in acoustic data may also imply a significant contribution from turbulent 
(high-frequency) winds. Although these results suggest that the wind correction does not change substantially the 
distribution of the sonic temperature fluctuations (Figure 3e), winds measured by MEDA only correct for a low 
frequency component. Rapid gusts and/or vertical drafts are not corrected from the measured sound speed and 
may contribute to the small-scale variability of the acoustic data. Especially, one question is whether the sudden 
drop in the sonic temperature of −13 K in 1 s seen in Figure 3c, could be entirely related to a wind perturbation 
instead of an actual atmospheric cooling. This drop, and its associated perturbation lasting for at least 20 s could 
correspond to a rapid downdraft of 5.2 m/s (it is unlikely at 0.77 m above the surface and it would also locally 
induce adiabatic warming), or a 12 m/s horizontal gust (which might be missed by MEDA due to geometric 
effects), or a mix of both. In summary, sonic temperatures yield new observations of short timescale thermal fluc-
tuations in the Martian PBL. Therefore, sonic temperature fluctuations are a novel way to explore the microscale 
turbulence of the PBL and study it as a function of the local time and season.

3.3.  Diurnal and Seasonal Evolution of the Temperature Fluctuations

The sonic temperature fluctuations are represented as a function of local time (Figure 4a) and season (Figure 4b). 
Average fluctuations range from 1 to 7 K/s, which are consistent with the magnitude of variations observed by 
Spirit and Opportunity over longer timescales (Mason & Smith,  2021). For the earliest measurement availa-
ble in the morning, fluctuations range around 2.5–3 K/s. They increase throughout the morning to reach bulk 
value of ∼3–5 K/s and up to 7 K/s between 12:00 and 14:00 LTST. In the afternoon, the fluctuations decrease, 
and after 17:00 LTST the observed fluctuations are ∼1 K/s due to the collapse of the boundary layer, and the 
vanishing of the near-surface thermal gradient. Daytime variations are consistent with the development of the 
atmospheric turbulence. To illustrate this, Figure 4a shows the maximum temperature deviation (T − Tmean) as 
obtained over time in the LES across the simulated domain. Although these modeled temperature deviations are 
not quanti tatively comparable to the observed fluctuations as the LES only resolves the largest eddies and not 
scales as small as those probed by the microphone, they remain a good proxy of typical turbulent fluctuations. 
Maximum temperature deviation in the LES is obtained between 12:00 and 14:00 LTST, as for the sonic fluctu-
ations. The fact that the temperature fluctuations in K/s in the LES are lower than observed in the acoustic data 
highlights that what the microphone sees is probably linked to small-scale eddies (see Text S3 in Supporting 
Information S1).

Sonic temperature fluctuations do not show any apparent seasonal trend (Figure 4b), which seems consistent with 
Opportunity's observations (Mason & Smith, 2021). Nevertheless, this will be investigated further over a full 
Martian year, in a future work. However, specific high fluctuation events are observed, for instance 5.3 K/s after 
18:00 LTST on Sol 89 (annotation 1 Figure 4b, Ls = 48°). Considering the mean north-easterly wind measured 
by MEDA at this local time, and the position of the target with regard to the rover orientation, it is likely that 
these fluctuations are due to turbulence-induced by warm air plumes heated by the rover's radioisotope thermal 
generator, and carried across the acoustic path by local winds (see Figure S3 in Supporting Information S1). On 
Sol 315 at 16:25 LTST (annotation 2 Figure 4b, Ls = 154°), two large fluctuations of 4.8 and 5.8 K/s are observed. 
Such values are significantly higher than the mean of other sonic measurements around this local time. This 
event could correspond to an increased turbulence due to the regional dust storm observed at Jezero between Sols 
313 and 318; turbulence reinforcement in a dustier context is predicted by LES accounting for dust transport, 
for example, Wu et al. (2021). This event also matches with the timing of an excess grain motion between two 
consecutive SuperCam images of this target, confirming the strong atmospheric activity at this time (Lemmon 
et al., 2022). Therefore, microphone data could have caught shear-driven gusts, as already observed on Mars by 
InSight (Chatain et al., 2021).

Two other sets of high temperature fluctuation events, each spanning ∼10 Sols (annotations 3 and 4, Figure 4b) 
are noticed around Ls = 62° and Ls = 130°. To interpret these events, they are compared with other local and mete-
orological conditions acquired at the same time by MEDA (Figure 4c). During the first 378 Sols, the rover drove 
for about 5.1 km over various terrains, which implies changes of thermal inertia over time. Other parameters, such 
as surface albedo, local surface roughness and topography vary too (not shown), which affects the local turbu-
lence and thus complicates the interpretation of these events. However, we observe that the temperature gradient 
(defined as Tsurf − T1.45 m) is strongly linked with the thermal inertia: when the thermal inertia is minimum (e.g., 
at Ls = 55°, Ls = 90°, and Ls = 140°), the daytime thermal gradient is maximum and conditions are more unstable. 
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Figure 4.  (a) Diurnal evolution of the sonic temperature fluctuations (black), compared with the temperature deviation across the Large Eddy Simulations domain 
(pink, see text). (b) Temperature fluctuations as a function of local time and solar longitude. Annotations indicate singular large temperature fluctuation events 
discussed in the text. (c) Seasonal evolution of the sonic temperature fluctuations compared with other meteorological and ground conditions: sonic temperature 
fluctuations (pink points) between 11:00 and 14:00 LTST. The solid pink line represents the mean over 8 Sols. It is compared with temperature fluctuations recorded 
by Mars Environmental Dynamics Analyzer at 1.45 m (light blue points). In green, the difference between the ground and the atmospheric temperature at 1.45 m; in 
yellow the covariance between vertical wind and air temperature w'T'; in blue horizontal wind speed; in orange thermal inertia; in gray the atmospheric column optical 
depth. For the thermal gradient, w'T' and horizontal wind, value are acquired at the average LTST of the acoustic acquisitions for each sol. The orange boxes highlight 
the events (3 and 4) observed in Figure 4b.

 19448007, 2022, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100333 by C

ochrane France, W
iley O

nline L
ibrary on [18/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

CHIDE ET AL.

10.1029/2022GL100333

8 of 10

The event observed in acoustic data at Ls = 62° compares well with a high thermal gradient and is also consistent 
with stronger horizontal winds and a high value of the covariance between vertical wind and air temperature, 
also called w'T' (derived for the first time on Mars from MEDA measurements by dividing the sensible heat 
flux by the air density and the specific heat of CO2, see Martínez et al. (2022)). The second event (Ls = 130°) 
is more difficult to interpret with thermal inertia and temperature gradient. However this increase of the sonic 
temperature fluctuations is still consistent with high values of w'T' and horizontal winds. As inferred by Mason 
and Smith (2021) and as shown here, dust optical depth has a negligible impact on the amplitude fluctuations. 
Consequently, the high fluctuations observed on Sol 315 (annotation 2, Figure 4b), during the dust storm, are 
likely the result of large-scale dynamics rather than a dustier atmosphere. Finally, Figure 4c shows a good corre-
lation between sonic temperature fluctuations and w'T'. Indeed, as described in Section 2, the sonic temperature 
takes into account variations in air temperature and vertical wind speed, the same parameters involved in w'T'. It 
strongly confirms the consistency of these two data sets, which are obtained from two independent instruments 
and methods.

4.  Conclusion and Perspectives
In conclusion, the sound speed-derived air temperature, called sonic temperature, is measured using the 
laser-microphone combination of SuperCam, with a fast response time, 20 to 100 times shorter than typical 
temperature sensors used on Mars. The sonic temperature follows the diurnal and seasonal evolution of the 
temperature recorded by MEDA and predicted by a global climate model, MCD. Hence, it demonstrates the 
ability of this new acoustic method to measure near-surface temperatures on Mars with a precision comparable to 
thermocouple-based sensors like MEDA. More importantly, owing to the short response time of this new meas-
urement, we identify temperature fluctuations up to ±7 K/s near the surface, which is not reported over this short 
timescale by current weather sensors on Mars. Indeed, the microphone captures small-scale eddies that are not 
resolved by mesoscale LES models either. The diurnal evolution of these fluctuations follows the development of 
the atmospheric turbulence. Occasionally, high temperature fluctuations are observed, that are likely associated 
with a dust storm-induced turbulence or shear-driven gusts, or due to complex interactions between surface (e.g., 
thermal inertia) and atmospheric properties (e.g., strong winds and vertical drafts).

Going further, our current data set is mostly limited between 11:00 and 14:00 LTST, and it has a low sampling 
coverage compared to MEDA, which performs quasi-continuous observations. A larger time coverage is needed, 
and is currently being acquired by Perseverance, especially to study the nighttime turbulence (Chatain et al., 2021; 
Pla-Garcia et al., 2022). In future studies, sonic temperature measurements will also be combined with the high 
frequency pressure fluctuations captured during microphone recordings (Stott et al., 2021) to explore the turbu-
lence diurnal cycle with two different metrics. In addition, the small-scale large-amplitude fluctuations reported 
here remain to be simulated by numerical models resolving small-scale eddies, which have seldom been explored 
for Mars. For instance, these observations open the door to new turbulence models that would couple LES outputs 
with direct numerical simulations to resolve such fine-scales (Bury et al., 2019). Finally, our results call for a new 
generation of instruments, relying on acoustics, to shed light on this high frequency regime of the Mars atmos-
phere (Banfield et al., 2016). Such a fine-scale characterization of the local turbulence combining high-frequency 
models and in situ observations will be critical to fully understand the turbulence.

Data Availability Statement
All Perseverance data used in this study are publicly available via the Planetary Data System:

•	 �SuperCam: Wiens and Maurice (2021), https://doi.org/10.17189/1522646.
•	 �MEDA: Rodriguez-Manfredi and de la Torre Juarez (2021), https://doi.org/10.17189/1522849.
•	 �Climate predictions using the Mars Climate Database v5.3 (MCD, e.g., Forget et al., 1999; Millour et al., 2018) 

are accessible at http://www-mars.lmd.jussieu.fr/mcd_python/.
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