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a subtle combination of increased background wind and reducedliscrete ascending thermals, or plumes, and large eddies being
stability that gives rise to an aaighear-driven convective regime. generated by buoyancy-driven convection on the scale of the PBL
The InSight pressure sensor data can also be used to investigaBetrosyan et a011). With respect to the Earth, Mars has a very

how the planetary boundary layéPBL) processes vary as a low density atmospheigurface level pressure is only6 mbaj
function of frequency, or spectral range. The harmonic analysis ofesulting in minimal sensible heatix between the surface and
a temporal turbulenteld, such as pressure or winds, can help us atmospher€Spiga2019. The radiative ux on Mars is, therefore,
to understand better the interaction between various meteorolomuch larger than the sensible heax. However, the majority of
gical scales, from large coherent eddies to small-scale turbulencéhe radiative heat passes back up through the thin atmosphere
Therefore, the spectral analysis of turbulence is essential tavithout being absorbed. The consequence is that the sensible heat
understand the energy cascade of atmospheric turbulence. Thand radiative heat contributions to the heating of the near-surface
static InSight meteorological sensors measure the frequencyup to 1km) atmosphere are typically about equal on Mevs
content of the eddy structures in the atmosphere as they aret al.2021). The daytime convective boundary layer on Mars is
advected by the ambient wind. Assuming that the turbulent eddiedypically 10 km high (approximately 10 times larger than on
are advected without changes in their properties, and that alEarth; Spiga et aR010h. In addition, due to the lower thermal
eddies are advected with the meanv velocity (Taylor's frozen inertia of the Martian surfacMellon et al.2000, the day-to-
turbulence hypothesis; Tayld®39, single station temporal data night temperature variations will be higher on Mars. This leads to
can be used to estimate the spatiattuations of turbulence. an even more convective daytime boundary layer, and a shallower
Taylor's frozen turbulence hypothesis also allows analyses to benighttime boundary layer on Mars.
performed assuming that the wavenumbéras dimensions of At nighttime, however, the atmosphere becomes stable. The
inverse time, rather than the usual dimensions of inverse lengthturbulence formed by the negative temperature gradient is
To provide the necessary context for this work, we begin destroyed by the stable stratation (positive temperature
with a brief introduction to the PBISectionl.1). We then gradient, and the weak turbulence is sustained by the wind
attempt to summarize the current understanding of using ashear. Therefore, during the nighttime, wind shear rather than
spectral approach to describe the atmospheric dynamicduoyancy dominates the PBL dynamics. This occurs on both
(Section1.2) before explaining the objectives of this work Mars and Earth, but nighttime conditions are generally even
(Sectionl.3). more stable on Mars than on Earth. The wind shear is largest
near the planetary surfa@metimes referred to as treurface
layer; or “eddy-surface layér,e.g., Hogstroni99Q. This is
because the wind speed at the ground level is zero resulting in a
The PBL (sometimes referred to as the atmospheric boundarnyhigh level of vertical wind shedthere is a logarithmic height
laye) is the lowermost part of the atmosphere. This is the part ofdependence of the wind speed over an aerodynamically rough
the atmosphere that is in contact with the planetary surface and isurface, Prandtl935 Bagnold 1941). At larger heights, the
of critical importance for the miixg of heat, momentum, dust, shear reduces, reducing in turn the intensity of shear generated
and a variety of chemical species between the surface andurbulence. As a consequence, the nighttime PBL is not only
atmospheric reservoifBetrosyan et a2011). Given that all Mars ~ much more stable but also much shallower than the daytime
landers have to pass throughdapperate in the Martian PBL, PBL height(on Mars, the nighttime PBL height is hundreds of
understanding this part of the Martian environment is alsometers rather than the several kilometers during the daytime
extremely important for the irtg exploration of the red planet. =~ Sometimes, however, turbulent low-level jets can form during
The atmospheric dynamics of the PBL are strongly the nighttime period both on Eartb.g., Smedman et a993
in uenced by the interactions with the planetary surface, andand on MargqPla-Garcia et ak02Q 2023.
different types of turbulent regimes exi#flikkelsen et al. The structure of the PBL over a diurnal cycle is described
2017. Specically, being in close proximity to the surface graphically in Figurel. The large and highly unstable daytime
leads to both thermal instabilitigsurface heating produces PBL (convective mixed laygeiin which buoyant convection
turbulence via convective instabilifesand mechanical dominates can be seen in addition to the smaller, highly stable,
instabilities(due to the vertical shear of the horizontal wind; nocturnal boundary layer in which wind shear dominates. The
Petrosyan et a011;, Read et al2017. The PBL dynamics are  lowest part of the PBL is known as the surface layer.
also sensitive to changes in the atmospkdteermal structure. Several length scales and nondimensional numbers exist to
The Earths PBL has a different behavior depending on describe the PBL atmospheric dynanffosa good overview, see
whether the PBL is experiencing near-neutral atmosphericPetrosyan et a82011). One approach for describing the state of the
stability conditions(no thermal inuence or effecjs stable atmosphere is to compare the rate of buoyant turbulence
conditions(coldest temperatures close to the ground, typically production (daytim@ or destruction(nighttimé, B,*> and the
as a result of nighttime radiation cooljngor unstable  wind shear turbulence generation rag? (Table 1; and
conditions(warmest temperatures close to the ground, typically Stull 2017). Under stable conditions, the gradient Richardson
due to solar heating; Mikkelsen et @017). It is the latter, numberRig can be used to indicate the relative importance of
unstable conditions, that tend to enhance the boundary layer
turbulence in the daytime.g., Senel et a019. An enhanced

turbulence impIies enhanced atmospheric mixing more Windlz B, the rate of buoyant turbulence production or destruction isate as
’ B= |g|/ TWFy, where |g/= 9.8m-s ? is the gravitational acceleration

gustiness(Stott et al. 2023, and also a larger number of magnituderT, is the absolute virtual air temperature near the groundFand
convective cells and vortices, unless the wind shear isis the kinematic effective surface heak (positive when the ground is warmer
particularly strong{Spiga et a|202:|)_ than the aix. See Stul(2017) for details.

: 13 . . . .
As on Earth, the Martian surface temperatures are hotter than S, the wind shear turbulence generation rate in the surface latemesides
. . . . = uyx*AM /Az; whereu,” is the friction velocityM is the wind speed; is
the atmosphere during the daytime leading to highly unstabléye neight above the surface, &/ Azis the wind shear. See St(@017) for

atmospheric conditions. These strong temperature effects lead tgetails.

1.1. The Planetary Boundary Layer

2
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Figure 1. Schematic description of the planetary boundary layer as a function of locgafiereStull2017). For the Martian atmosphere, the daytime and nighttime
boundary layer heights are typically several kilometers and several 100 s of meters, respectively. The terrestrial boundary layer heighisateaticuagnitude
smaller than on Mars.

Table 1
Atmospheric States by Relative Rates of Buoyant Turbulence Prod®teomg the Wind Shear Turbulence Generat®mand by the Gradient Richardson Number
(after Stull2017)

Relationship oB andS Richardson NumbeRi, Atmospheric State
B> 0, |B| > |39 Rig< 0 free (buoyancy-drivepconvection
(unstable, anisotrogid¢urbulenc®
Bl < |9 3| 0< Rig< Ric forced(shear-drivenconvection
(stable, isotropic turbulenge
B<O0,|B|< |9 Ric > Rig> Riy stably stratied turbulence
(weak anisotropftturbulence possibje
B< 0,|B|> |9 Rig > Rir strongly stable, gravity waves possible
(no turbulence
Bl |9 Riy  Rir Kelvin—Helmholtz waves possible

Notes.Rig is the gradient Richardson numbRi; is the critical value of the gradient Richardson number marking the onset of turbulence Rieisetise gradient
Richardson number marking the termination of turbulence.

@More energy in the vertical direction.

b More energy in the horizontal direction.

shear production with respect to buoyancy effects: small values There is a critical value of the gradient Richardson number
of Rig indicate that the shear production dominates, and largeRi;, which marks the onset of turbulence.RE < Ri., small
and negative values &gy indicate an increasing importance of disturbances superimposed on a laminawv grow exponen-

buoyancy effects. tially (i.e., a laminar ow becomes turbulentA second value
The gradient Richardson numtRy, is de ned as of the gradient Richardson numbBi;, marks the termination
of turbulence(i.e., if Rig> Rir, a turbulent ow becomes
Ri. — g 00 (@)2 ~_B/S laminar; Stull1988. Ri. and Ri; are typically assumed to be
0o Oz a2 0.25 and 1.0, respectivelfTaylor 1931 Miles 1961

Stull 1988. However, it should be noted that the value, and
whereg is the gravitational acceleratianis the height above  even the existence dRi, is still under discussion in the
the surfacef is the potential temperature witlg= 6(z= 0), turbulence literaturg(e.g., Galperin et al2007. Table 1
and V is the horizontal ambient wind speeRi, is often summarizes the gradient Richardson number for the different
preferentially used with respect to other nondimensional atmospheric states.
numbers because the stable boundary layer has weilkede

gradients of wind speed and temperature, which are much 1.2. A Spectral Description of PBL Turbulence
easier to measure than turbulenictuations of wind and During daytime, turbulent kinetic energy is typically
temperatur¢Holden 1998. generated by buoyancy-driven convectiiruoyancy-driven
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Table 2

Theoretical SpectrgPower Spectral Densjtplopes for Different Regimes of
Atmospheric Turbulence

Wind Speed Spectral
Slope

Variable( 5/3to 3)

Pressure Spectral

Atmospheric Regime Slope

Buoyancy-driven Unclear

production
Shear-driven production
Inertial regime

Dissipation regime

Flatter than 7/ 3
713
Steeper than 7/ 3

5/3

Note. See text for explanations and references.

regimg in the form of large eddies at the scale of the PBL. As

discussed above, PBL turbulence can also be generated b

wind shear and low-level jets, although this is much less
prominent than buoyancy-driven turbulence during the day-
time. Theshear-driven regiméecomes particularly evident
when buoyancy-driven convection reducéfer example,
during the stable nighttime atmosphemr when the energy
generated locally by strong wind shear is large. Once
generated, the turbulence kinetic enef@iKE) is transferred

between large and small scales through nonlinear, inertia

interactions (cascading eddigs This is referred to as the
inertial regime Eventually, at the very small scale, viscous

forces become important, and the eddies are dissipated in th

dissipation regime(Kolmogorov 1941). Other atmospheric
phenomena such as gravity waves and Kehi#imholtz

Murdoch et al.

(the buoyancy length scalg, is given byLy, = uy/ N, whereuy,

is the root mean square of the horizontal wind speedNeisd

the BruntVaisala frequency; Weinstock978. The typical

Brunt-Vaisala frequency in the Martian boundary layer is

about about 0.01 H£100 s period, estimated at nighttime as

poorly constrained at other times; Bald et al. 20203;

therefore, the buoyancy length scljds typically on the order

of a few hundred meters. For length scales shorterlthahe

effects of buoyancy are not expected to be large enough to

change the spectral slope. Then, following Weins(@ek9,*

for length scalet that are greater thar, but still relatively

short (L, < L< 10Lp), if buoyancy acts as a sink term and

destroys turbulence, the power spectral density of the wind

speed should have a slofexponent larger than 5/ 3 (i.e.,

k ¥3), and the slope can be as large a&.5. If, however,
uoyancy acts as a source of turbulence, the wind speed
pectral slope should be smaller tha®' 3. For length scales

that are large with respect to, (L> 10Ly), they report,

interestingly, that the slope can be close &' 3 (the value
expected for the inertial regime see béldar the buoyancy
regime regardless of whether there is a source or sink of
turbulence. Tchen et al(1985, Avsarkisov (2020 have
proposed even steeper theoretical spectral (aks®) for the

|vvind speed spectral slope in the buoyancy redlmeLy). It is

unclear what the theoretical spectral slope for ghessure
uctuations should be in the buoyancy-dominated regime.
Flowever, thepressure spectrum is related to the density
spectrum, and Bolgian@d 959 theoretically derive the density
spectrum in the buoyancy regime to be proportionalko” °.

waves may also be present under certain atmospheric

conditions(Table 1), but, here, we focus on turbulence rather
than waves.
The distribution of turbulent energy over different length-

1.2.2. Shear-driven Turbulence

During the periods of time when there is no, or little, thermal
in uence in the lower atmosphere, wind shear production

scales is, therefore, described by the PBL turbulent kineticdominates. This regime, sometimes referred to as Tchen shear,
energy spectrum and may be characterized by a certain powehas been shown to have a theoretical power spectral density for

law slope within each regime. This energy spectrum can bethe horizontal wind speeaf the following form: F(K)

kl

viewed as a superposition of several contributing component§Tchen1953 1954 Tchen et al1985. The dominant scaling

(e.g., George et all984 Olesen et al1984). The different

parameter is the shear stress velo¢ity) sometimes also

components will become dominant at different length scales, akalled the friction velocityi.e., F (k) ~ usx*k~1). This scaling
different local times and at different heights above the surfacehas been observed in terrestriald experimentge.g., Huang
Given that these different components also exhibit differentet al.2021). We were not able tond theoretical spectral slopes
spectral slopes, it is possible to analyze the spectralor the pressure uctuations in the shear-dominated regime.
characteristics as a function of both local time and season inrHowever, we would expect the shear tatten the spectral
order to probe the Martian atmospheric dynamics. Table sjope resulting in a slopeatter than the theoretical slope of
provides the theoretical spectral slopes expected for different k 73 jn the inertial regime(Section1.2.3. Temel et al.
regimes of atmospheric turbulence. Further details about thesg022 report an observed pressunactuations slope of -1 for
regimes and the corresponding theoretical slopes are provideghe periods of time in the Martian PBL that are expected to be

in the following sections.

1.2.1. Buoyancy-driven Turbulence

A buoyancy-driven convection reginfalso referred to as
free convection occurs when there are strong temperature

shear-dominated.

1.2.3. Inertial Regime

In the inertial regime, turbulent eddiégenerated through
either buoyancy or sh@atascade into eddies of smaller and

effects in the PBL that lead to the generation of large eddiessmaller sizes by an inertial mechanism, and the transfer of

Bolgiano(1959 suggest from theoreticgbhysica) arguments
that thehorizontal wind speesgpectrum in the buoyancy-driven
regime should be proportional tk ¥ ®; however, Weinstock

regime is not universal. Indeed, it depends on the Richdisison
ux number(another Richardsos number that characterizes

the thermal stability of theow de ned as the ratio of the

buoyant production term and the shear production)tand on

the scale size of the energy source and the total kinetic energye present them in terms of the length scalesing the fact thatt

4

¢ J the inertial regi
(1978 found that the theoretical spectral slope in the buoyancyis F(k)

energy predominates. George etf(4884 demonstrate that, as
long as the turbulent Reynolds number is siéntly high, in

me, the theoreticgind speegower spectrum

k ¥ (ko=k=mn 1), wherek,, is a wavenumber
characteristic of the energy-containing wavenumbgis.the
Kolmogorov microscale, which characterizes the dissipative

14 Weinstock(1978 provides these scales in terms of the wavenumbéleere,
k -
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scales and is damed by n = (*/ 9'/4, where v is the microphone on the Mars 2020 Perseverance rover; Maurice
kinematic viscosity, andis the turbulence energy dissipation et al.2022 Mimoun et al.2023.
rate per unit mass. This law is often referred to as
Kolmogorovs law (Kolmogorov 1941). The 5/3 spectral A .
slope fgor thewind gpeeobgwer spec]t)rum is also der:ived by 1.3. Objectives of This Work
Tchen(1953. The rst in situ pressure uctuations spectrum from the
George et al(1984) also demonstrate that the equivalent InSight mission was published in Baid et al.(20208, where
theoretical power spectral form for theessure uctuations in a daytime spectrum averaged over 40 gilartian day} was
the inertial regime is k ”3. The 5/3 and 7/3 slopes, for provided. Temel et a(2022 then elaborated on these analyses
the wind and pressuraictuations respectively, are often cause by considering how the pressure spectrum varied at a few
for confusion. However, these theoretical expressions arespeci c combinations of local times and season. Here, we
generally well accepted to explain the well-known inertial extend these previous analyses to investigate in detail the
regime. Several terrestrial studies using observational data haviglartian diurnal and seasonal spectral dynamics of the pressure
shown that the Earth atmospheric pressuré @ndind speed measured by InSight. We focus on frequencid® 3 Hz—
uctuations follow the inertial regime scaling at different corresponding to atmospheric variations with a length scale less
heights; for example, Nastrom & Ga@E985 use measure- than the typical depth of a daytime boundary layer on Mdms
ments made close to the tropopause and lower stratosphere, amdder to ensure that we are observing the boundary layer
Huang et al.(2021) use measurements from the PBL. The turbulence. At lower frequencies, which will be considered in
spectral behavior has also been studied in detail in the contextuture publications, we would be looking at larger-scale
of observations of power generation by wind turbines; the atmospheric behavior. On these larger scales, the atmosphere
turbulent power spectrum follows the inertial regime atmo- behaves more like a two-dimensional incompressihla

spheric turbulence spectra with frequehegrying asf 3, or (Fjartoft 1953 Leith 1971, i.e., meso-scale atmospheric
the timescal® varying asr?® (Apt 2007 Milan et al.2013 turbulence can dominate over the microscale boundary layer
Bandi2017). turbulencg

Although such a spectral analysis is only one of many
o ] ) possible methods for probing thew regime, comparisons
1.2.4. Dissipation or Viscous Regime between data and the idealized spectral slope values presented

At very small scales, viscous forces become important andin Sectionl.2 are important for a simple consideration of the
the eddies are dissipated. The scale at which the viscougtmospheric dynamics, and also for comparison to models.

dissipation becomes sigmant is characterized by the  In the following, the data and methodology applied are
Kolmogorov length scalg de ned aboveéKolmogorov1941). presented in Sectidh) and our analysis of both the diurnal and
Heisenberg predicts that, in this regime, the eddies are nofeasonal variations of the pressure and wind spectra are given
effected by shear and the theoretismind speedpower  in Sections3 and4, respectively. We nish by summarizing

spectrumF(k) k 7 (Heisenberg1948 Tchen 1953. The our conclusions and discussing possible interpretations in
pressurespectrum in the dissipation regime falls off much Section.
faster than the inertigl 7/3) power law, as predicted and

experimentally observed by Zhao et @016. However, due 2. Data and Methodology
to the high Reynolds numbe(B.> 10" on both Earth and ) ) .
Mars (v is typically 0.001 Ms * on Mars Petrosyan et al. In this study, we use the InSight pressure data acquired at 10

2011), this dissipation regime occurs only at millimetric scales Samples per secorfsps; channel 13.BDOThe rst step in the

or smaller on Earth and centimetric scales or smaller on Margata processing is to identify gaps in the data sets. For data
(Chen et al2016). The measured dissipation rate on E4th ~ 9aps less than 10 samples in duration, we use a nearest
PBLs formed over at and homogeneous terfpis 0.0:0.02  neighbor interpolation toll in the gap. If there are gaps of
m?s 2 at a height of 4 m in an unstable surface layer and more thgn 10 samples, the data set is segmented into separate
0.001-0.005 nfs 2 in the convective mixed laydPetrosyan  time series of at least 1 hr. Next, a zero-phase digitat

et al. 2011). On Mars, the theoretical values calculated using (<1 mH2) is applied to the data to extract the long period trend.
typical Martian PBL parameters are 0.18s1T in an unstable ThIS. long period trend is then re_moved from.the pressure data
surface layer and 0.005%m 2 in the convective mixed layer leaving the detrended data with frequencies mHz (see
(Petrosyan et aR011). The associated timescale for the small Figure2). Then, we extract a period of 3600 s from which we
eddies on Marst, = (/9°%, is, therefore, 0.45 s in the  calculate the power spectral dengR®pD) of the datgpressure
convective mixed layer and0.08 s in the unstable surface ©Or wind speeji Examples for the pressure data from InSight sol
layer. This means that the dissipation regime on Mars should b&50 (corresponding to 2020 June 13 UTC, solar longitude
observable at frequencies above and 13Hz for the  Ls= 219) at different local times of day can be seen in
convective layer and unstable surface layer, respectively, andrigure3. ]

perhaps at even higher frequencies depending on the dissipa- As observed for the pressure spectra in Temel ¢2@22),

tion rate(Temel et al.2021). As the InSight pressure sensor the spectral slope changes as a function of Local True Solar
data only provides reliable data to frequencies up to 2HzTime(LTST). In some periods of the day, the low and the high
(Ban eld et al.20208), in order to sample the dissipation frequencies follow the same slope, whereas in others there is a
regime on Mars, instruments with much higher sampling clear slope break indicating a regime change at different

frequencies are necessafjor example, the SuperCam frequencies(or length scalgs We note also that the wind
spectral amplitude is closely linked to the ambient wind speed.

15 As explained in Band(2017, 7, the time domain and frequency domain 1hiS is expected as the area under the spectral curve
spectral slopes are relatedds= f ©*1). corresponds to the total energy content of turbulent; as
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Figure 2. The pressure daftop) and detrended pressure déiattor) for sol 550 as a function of Local True Solar Time. In the lower data, the long period trend
(> 1000 3 has been removed from data.

the wind speed increases, the wind speattuations and thus  window length. To avoid problems related to spectral

the TKE also increase. However, here, we focus only on theresolution at low frequency, we use the PSD with the largest

spectral slope behavior and leave the analyses of the spectrglossible window length tot the spectral slopes.

amplitude to other studies. Assuming that the length scale is given by the ratio of the
The InSight meteorological sensors have certain limitationshorizontal wind speeductuationgapproximately 083 m s 1

that must be taken into account in the data analysis. Thesee later Figuré) to the frequency, this corresponds to length

temperature sensor data are very dift to use for scales of tens of meters to hundreds of meters for the lower-

meteorological investigations due to contamination by the frequency range, and from meters to tens of meters for the

lander (Vitdez-Moreiras et al202Q Spiga et al2021). The  higher-frequency range. This process was then repeated every

wind sensor saturates for wind speed20ms *, and the 15 minutes over the course of every sol for an entire Martian

characteristic response time of the wind sensor implies that/ear(sols 145813. This allowed a detailed determination of

variability above 0.1Hz in the data cannot be ascribed the typical diurnal variations in spectral slope, and also their

unambiguously to atmospheric effects; furthermore, when these€asonal evolution for a full Martian year. The results of these

Reynolds number is lo.e., for weak winds 2.5ms 1), the analyses are discussed in the following sections. While this

wind sensor is not well calibrated and so not capable ofPaper focuses on the spectral slopes, Pinot ef(2&123

providing an accurate wind speed. The pressure sensofonsider in detail the pressure and wind speed spectral

provides highly reliable data to frequencies up to 2 Hz; due amplitudes, and how they compare with prelanding predictions

to mechanical and electronic noise, and a loss dfieficy of ~ (Murdoch et al2017).

the pressure inlet, interpretations of the pressure sensor data

should not be made for frequencies above ZB&n eld et al. 3. Results: Pressure Spectral Slope

20208. In this paper, we have decided to focus mostly on the ) _

pressure sensor data with frequencies below 1 Hz, but we also ~ 3-1. Diurnal Variations of Pressure Spectral Slope

discuss the wind data at the end. Figure 4 shows the diurnal variation of the mean spectral
Based on these considerations, we determine the thiest slope in the two frequency bands over the full Martian year.
power-law slopg tted as a linear slope in log-log spptethe The diurnal trend can be seen most clearly in the higher-
data in a low-frequency rang-30 mH32, and a high-  frequency ban@0.05-0.5 H2. During the nighttiméwhen we
frequency rang€0.05-0.5 H2. Figure3 shows example PSDs  would expect to nd the shear-dominated regjneae pressure
calculated with different levels of smoothing and the associatedspectral slope is close tol. The slope then increases in
ts. The low-frequency(5-30 mH2 slope only becomes magnitude to an average value of.65+ 0.02 in the daytime
sensitive to window length when the window used is too small period (10-14 LTST), consistent with the initial InSight
to obtain the required spectral resolution at low frequency. Thepressure spectral slope for the unstable conve(tiagtime
high-frequency (0.05-0.5 H2 slope is insensitive to the period presented in Barld et al.(2020h), Temel et al(2022.

6
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Figure 3. Power spectral densiti¢BSD3 of the pressureuctuations on sol 550 in the periodsl® Local True Solar Timéeft), and 2223 Local True Solar Time
(right). The PSDs are shown with three levels of smoothing dictated by the different window lengtfsyased3701 s, blue= 1850 s, and black 740 9. The
best tting linear slopegin log-log spackto the data over the frequency rang8®mHz and 0.050.5 Hz are shown in the red and green dashed lines, respectively.

Figure 4. Mean spectral slope of the pressuuetuations over a full Martian year, as a function of LTST. The slope is the value of thétingslinear slop€in log-

log spacgto the data over the frequency rang8®mHz(red) and 56-0.5 Hz (green. A bin size of 1 hfLTST) was used for averaging, calculated every 0.25 hr
(LTST). The solid lines represent the mean of the slope measurements within & $Frbin. The light and dark shaded areas represent the standard dgwiption
and the 95% cordence intervals of the mean of the slope measurements within the same 1 hr time bin, respectively. The &%ecimterval is demed as
1.96*c/+/N, whereN is the number of points used to calculate the mearveatdeach local time.

The lower-frequency band5-30 mH32 includes several  However, while the 0.0%.5 Hz slope remains relatively constant
interesting features. At the staftthe unstable convective daytime over the convective period, the3® mHz slope increases slightly
period( 9 LTST), the spectral slope of the lower-frequency band until reaching the steepest slope at the time of the boundary layer
is almost identical to the slope in the higher-frequency band. Thiscollapse( 16 LTST), at which point there is a sharp and short
indicates that the spectrum is continuous, with no slope breakduration( 1 hr) attening of the spectral slope.
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Figure 13.Mean spectral slope of the wind speertttuations over a full Martian yeféeft) and for each seasdright), as a function of LTST. The slope is the value
of the best tting linear slopgin log-log spackto the data over the frequency rang@®mHz. A bin size of 1 h(LTST) was used for averaging, calculated every
0.25 hr(LTST). The solid lines represent the mean of the slope measurements within & $Frbin. In the left gure, the light and dark shaded areas represent
the standard deviatiqa) and the 95% cordence intervals of the mean of the slope measurements within the same 1 hr time bin, respectively. In guegighe
shaded areas represent the 95% dence interval of the mean slope within the XIGFST) bin, for each season. The 95% cdence interval is dened as
1.965/+/N, whereN is the number of points used to calculate the mearvaatdeach local time.
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Figure 14.Spectral slope of the wind speedctuations over a full Martian year, as a function of LTST. The slope is the value of thétingsinear slope to the data
over the 530 mHz frequency range.

periods appear to exhibit a steeper0.7 for spring and (Figure 14). However, within the same time period as the
signi cantly more variable spectral slope during the nighttime pressure slopeattening is observe@tarting from sol 400 and
period(Figurel3 right). However, it should be noted that there are running to season 5; see Figdetop), there is a steeper than
very limited wind sensor data available in the spring and summer inaverage wind speed sloggreen and yellow areas from 2-6
the period 1720 LTST (see Figureld). Therefore, we do not LTST, Figureld).
attempt to draw conclusions for this time period of spring and
summer. Following the boundary layer collapse, autumn and winter
periods exhibit very at (slope close to zeyavind speed spectral
slopes(Figure 13, righ). We have used a spectral analyses of the InSight pressure and
The 5th seasofsols 536710 is less evident in the wind wind data to study the diurnal and seasonal turbulence
speed spectral slope than in the pressure spectral slopeariations in the Martian PBL. This study is a concrete

5. Conclusions and Discussion
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example as to how Madrsatmosphere could serve as an 1.

excellent additional laboratory to Edghfor uid dynamics
studies. Here, werst summarize our key observational results,
and, then, below, we discuss some of these results in more
detail.

The key results of this paper are as follows:

1. The daytime pressure and wind spectra have average
slopes of 1.65+ 0.02 and 1.34+ 0.03 and, therefore,
do not follow the Kolmogorov scalingf ” andf %3
respectively, as previously shown for the pressure data
(Ban eld et al.2020h Temel et al2022).

2. During the nighttime, the pressure spectral slope is close
to 1 (as reported in Temel et &#022, and the wind
speed spectral slope is 0.5, atter than the theoretical
slope we would expect tond for the wind in the shear-
dominated regiméTchen1953.

3. The average pressure spectral slope for the low-frequency
band(5-30 mH3 is different during sunrise and sunset,

indicating an asymmetry in the diurnal behavior of the 2.

Martian PBL.

4. The combined observations of the gradually steepening
low-frequency pressure spectral slope in the convective
period and the rapidattening of the slope at the time of
the boundary layer collapse are indicative a slow Martian
convective PBL growth followed by a fast boundary layer
collapse.

5. There is an unusuallyat (slope 1) low-frequency
spectral slope during the full nighttime period‘eéason
5,” which might be indicative of a long duration, active
nocturnal sheafChatain et al2021). “season 5is also
preceded by a slopattening that moves to progressively
earlier local times in the evening.

6. Large oscillations can be seen in the low-frequency
(5-30 mH2 pressure spectral slope during the nighttime,
particularly when the atmosphere is very stable.

7. The joint distribution of wind speed and wind speed

uctuations shows a generally positive correlation with at
least three main regions, which may be associated with
separate convective, shear-driven, and a transition period
with intermittent turbulence.

8. There is a continuum relationship between the pressure
spectral slope and the wind speed amdtuations. This
transitions between a low wind speedlctuation regime
(low-frequency slope 2, high-frequency slope 1)
present during both daytime and nighttime, and a high
wind speed uctuation regiméslopes of 1.7 in both
frequency bandspresent only during the daytime. This
may represent a transition between shear and buoyancy-
driven turbulence.

9. The gradient Richardson number appears to be a
relatively good predictor of the pressure spectral slope,
particularly in the high-frequency(0.05-0.5 H2
bandwidth.

5.1. Divergence from Theoretical Kolmogorov Slope Values 3

Our results show that the daytime pressure and wind spectra
do not follow the Kolmogorov scalingf 2 and f %3,
respectively, as previously shown for the pressure data
(Ban eld et al.2020h Temel et al.2022. We suggest that
there are three possible reasons for the divergence from
theoretical spectral slope values:
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As InSight is in the surface layer of the Martian PBL, this
might suggest that shear contributions to the net pressure
spectrum atten the spectrum at lower frequencies, even
during the daytime period. As a consequence, the
spectrum of the high-frequeng®.05-0.3 H2 pressure
uctuations has a slope closer td.7 instead of 7/3,
and the wind spectral slope shows values closerlt@®
instead of 5/ 3. This superposition of regimes has also
been suggested by George et(2B84), and observed in
terrestrial datdthe slope of the pressure spectrum was
found to be close to 3/2 in the surface layer of the
terrestrial boundary layer; Albertson eti#98. We note
that Tillman et al(1994) also suggested that the inertial
regime may bévirtually absent from the turbulence in
the Martian atmospheric surface boundary at this Height
following analyses of the Viking Landers 1 and 2 wind
speed datgmeasured at a height of 1.6 m above the
Martian surfacp
The underlying hypotheses for our analyses are invalid.
Kolmogorov assumeg(Kolmogorov 1941) that the
turbulent ow is locally isotropic. However, in a shear
ow such as in the Martian surface layer, the mean shear
rate causes the turbulence to be anisotr@pimpe &
Pope 2000. Near to the ground, the horizontal wind
speed and standard deviation is often assumed to be more
than that of the vertical due to shear effects, for example,
in ight gust model speccation(Lorenz2022), breaking
the isotropy assumption. Advection and diffusion are also
likely to increase anisotropy. In addition, Kolmogorov
also requires a high Reynolds numi§Bg 2 1) so that
the hypothesis of local isotropy is maintain@blmo-
gorov 1941). In such a situation, there is a large
separation of length scales between the large-scale
forcing and small-scale dissipation, and the effect of
viscosity is negligible. However, the low surface pressure
on Mars leads to slightly lower Reynolds number
potentially invalidating the Kolmogorov hypotheses.
When investigating the inertial range behavior for
varying Reynolds numberéR,), Mydlarski & Warhaft
(1998 conclude that the inertial range exists but that the
velocity spectral slope is a function &, decreasing
from 5/ 3 ata high Reynolds numb@®. 10%to 1.3
at a low Reynolds numbé¢R. 107). This conclusion is
supported by other observations of a small Reynolds
number that do not observe the expected pressure and
velocity spectral slopg&otoh & Fukayam&001 Tsuiji
& Ishihara 2003. Finally, we may also question the
assumption of Taylés frozen turbulence hypothesis for
interpreting these in situ data. In particular, it is unsure
how well the assumption of frozen turbulence holds
across the relevant timescales considered here, and thus
how appropriate it is to use a wavenumber with
dimensions of inverse time instead of inverse length, as
assumed in this work.

. There are some instrumental effects. Charalambous et al.

(2021 demonstrated that the signal power of the InSight
pressure data is well correlated to the wind speed. As a
result, the pressure sensor data likely containare
contaminated bya dynamic pressure signal, despite the
four-disk inlet geometry that is designed to minimize this
component.
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