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Key Points:

« We make use of in-situ observations to investigate the Martian atmospheric turbu-
lence.

« We find distinct spectral behaviours of turbulence for daytime and night-time condi-
tions.

« We report important effects of a regional dust storm and gravity wave activity on the
turbulence energy cascade.
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Abstract

In this study, we perform a detailed spectral analysis of the turbulent energy cascade using
the in-situ observations by NASA’s InSight lander on Mars. A recent study on the daytime
Martian boundary layer using the InSight observations showed that the conventional Kol-
mogorov energy cascade of inertial sub-range fails to predict the spectral density of pressure
(Banfield et al., 2020). Here we extend this by investigating diurnal and seasonal variations
in the spectral density of pressure, as the indicator of the Martian atmospheric turbulence.
We show distinct spectral behaviours for the daytime and nighttime conditions. Moreover,
we report the important effects of regional dust storms, gravity waves, bore and solitary
waves on the turbulent energy cascade. Our results show that the presence of a dust storm
and gravity wave activity can enhance the turbulence of the nighttime boundary layer of
Mars despite the extreme stably stratified conditions compared to the terrestrial case.

Plain Language Summary

Turbulent mixing in the first kilometers above the planetary surface, the atmospheric
boundary layer, drives the transport of momentum, heat and volatiles between a planet’s
surface and its atmosphere. Thus, it requires a detailed investigation by observations to be
able to understand better the atmospheric dynamics, and most importantly, the processes
controlling them. In this study, we make use of the InSight lander’s pressure observations
to understand how the Martian atmospheric turbulence differs over a daily cycle and in
different seasons. Here we showed that the nocturnal near-surface environment of Mars
can be more turbulent than thought before and it can have important implications for
the Martian atmospheric seasonal cycles. We also find that the daytime and nocturnal
turbulence exhibits different behaviours, which are affected by the presence of a regional
dust storm and gravity wave activity.

1 Introduction

NASA’s InSight (Interior exploration using Seismic Investigations, Geodesy and Heat
Transport) mission landed in Elysium Planitia, a flat-smooth plain just north of the equator
on Mars, on Mars year (MY) 34, after the Northern hemisphere Winter Solstice, L, = 295.5
(26 November 2018) (Banerdt et al., 2020). In addition to the interior structure, composition
and thermal state of Mars, the InSight mission is devoted to a better understanding of near-
surface atmospheric conditions (Spiga et al., 2018; Banfield et al., 2020; Spiga et al., 2020),
which are notably driven by the turbulent transport in the planetary boundary layer (PBL).

The Martian PBL is one important component of the Martian atmosphere, affecting
the amount of dust lifted from its surface and altering the atmospheric dust cycle (Toigo et
al., 2003), which leads to inter-annual and seasonal variations in the surface meteorological
conditions (Montabone et al., 2015; Senel et al., 2021). Therefore, studying the Martian PBL
is important to improve our understanding of the Martian climate. However, our current
understanding of the Martian PBL mainly depends on the near-surface observations by
previous landers (Hess et al., 1977; Schofield et al., 1997; Taylor et al., 2008; Martinez et
al., 2009; Viudez-Moreiras et al., 2019), which lacked either the accuracy, the continuity,
or the high-frequency in-situ observations necessary to understand the turbulent energy
cascade. Among the previous landers, only Viking (Hess et al., 1977; Chamberlain et al.,
1976), Pathfinder (Schofield et al., 1997; Seiff et al., 1997), Phoenix (Holstein-Rathlou et
al., 2010) and Mars Science Laboratory (MSL) (Gémez-Elvira et al., 2012; Vitdez-Moreiras
et al., 2019) provided in-situ meteorological data. However, their sampling frequency was
limited up to 1, 0.25, 0.5 and 1 Hz, respectively. Unlike previous landers, the InSight lander
can detect turbulent fluctuations continuously up to a pressure sampling frequency of 10
Hz (Spiga et al., 2018; Banfield et al., 2019). Moreover, the long temporal coverage of
InSight allows us to investigate seasonal variations caused by the Martian dust cycle using a
continuous high-resolution observational dataset. Here, we make use of atmospheric pressure
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observations of InSight, obtained with at high frequency, making the analysis of the transfer
of energy between large and small scale turbulent structures (eddies), in other words the
energy cascade. Banfield et al. (2020) demonstrated that the slope in the energy spectrum
of daytime pressure measured by InSight in the turbulent range is similar to Earth’s and
similarly at odds with theoretical expectations. This deserves further examination of the
InSight data, including both nocturnal and daytime turbulence.

In this paper, we perform a spectral analysis on the high-resolution pressure observa-
tions acquired by the InSight lander. We focus on three main research questions: (1) How
do the diurnal variations affect the spectral dynamics of turbulence on Mars? (2) What is
the effect of atmospheric dust content? (3) Does gravity wave activity play an important
role on the observed spectral slopes? We compute the turbulence spectrum for daytime and
nocturnal (for two different local hour intervals, called as evening and nighttime) conditions.
The turbulence spectrum shows the variation of the energy content for different frequency
bands, which correspond to different turbulent length scales. For the spectral analysis of
turbulence, Kolmogorov energy cascade is widely used to understand the dynamics between
large and small scales, showing a spectral slope of -7/3 for pressure fluctuations (Tsuji &
Ishihara, 2003). Despite the fact that the validity of Kolmogorov’s energy cascade is also
disputed for terrestrial boundary layers (Albertson et al., 1998), it is still used as a baseline
for spectral analysis studies for turbulent boundary layers (Tsuji et al., 2007; Kunkel &
Marusic, 2006).

2 Data and methodology

We make use of the data from InSight’s pressure sensor, which performed observations
up to a sampling frequency of 10 Hz after sol 168 and 2 Hz before sol 168, with noise levels
of 10 mPa Hz~ %5 and 50 mPa Hz %5 between a range of from 0.1 Hz to 1 Hz, and at 0.01
Hz, respectively (Banfield et al., 2019). These sampling frequencies correspond to Nyquist
frequencies (fyyq = 0.5fs) of 5 Hz and 1 Hz.

The sols on which we perform the spectral analysis are chosen based on the initial
atmospheric results of the InSight lander (Banfield et al., 2020). First, we search for a
sol without a regional dust storm and gravity wave activity to be able to make distinction
between the spectral behaviours of daytime and nighttime conditions, solely based on diurnal
variations. Therefore, to investigate (1), we choose a sol without a regional dust storm (sol 18
after the landing). The difference in the spectral behaviour of turbulence between daytime
and nocturnal is related to the turbulent coherent structures. For (2), we focus on three
sols before and during a regional dust storm (sols 18, 46 and 55). For (3), we investigate the
sols with and without gravity wave activity. For our observational analysis we use a time
window of 5 hours for daytime, evening and nighttime conditions (corresponding to 11-16,
18-23 and 00-05 LMST).

We perform the spectral analysis using the Fourier transform from time to frequency
domain. Suppose that a fluctuation series of pressure in the time domain is p’(¢). Then the
series of turbulence fluctuations under consideration can be transformed from time, ¢, to
frequency domain, w, in order to possess the distribution of turbulent energy content over
a wide range of eddy scales. Regarding this transform, the complex Fourier transform (also
the fast Fourier transform - FFT algorithm) can be applied in the time domain to compute
the turbulence spectrum in the frequency domain, E,,(w), as follows:

2 [ ,

Bple) = 2 [ oty 1)
where p/(t) is the pressure fluctuations in the time domain and Ej,(w) refers to the turbulent
pressure spectra along with a wide range of frequency. By formulating the turbulence spectra
as a function of frequency, large-scale eddies are represented in the lower frequency bands
and the smaller eddies fall to the high frequency zone.
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Before using our spectral analysis methodology, we first perform a verification study
by comparing our calculated spectral slope for daytime conditions with the one obtained by
(Banfield et al., 2020). As presented in Fig. S1, we find a spectral slope of —5/3 ~ —1.7,
consistent with the previously published result.

3 Diurnal variations of turbulence as observed by the InSight lander

First, we investigate how the spectral behaviour of turbulence varies during a sol,
when neither a regional dust storm nor gravity wave activity is present. Hence, we can
interpret the differences we find in the observations solely as a result of diurnal variations
in the radiative surface forcing. During the daytime conditions, the turbulent mixing in
the boundary layer is enhanced as a result of surface heating, leading to strong vertical
transport of momentum and heat, and forming larger convective structures (Kaimal et al.,
1976; Schmidt & Schumann, 1989; Spiga et al., 2010, 2016; Senel et al., 2019, 2020; Temel
et al., 2021). However, during the nocturnal conditions, convective turbulence is suppressed
with the negative buoyancy flux, resulting from the surface cooling rate. Therefore, the
scale of coherent structures in the stably stratified Martian PBL (hereafter SBL) is much
smaller compared to the daytime PBL, similar to the terrestrial case (Mason & Derbyshire,
1990; Mayor, 2017).

As suggested by Banfield et al. (2020), the Martian SBL is exposed to intermittent
turbulence, the irregular alteration of turbulence, similar to Earth’s SBL. The difference
between the terrestrial SBL and the Martian SBL is that the latter exhibits more intermit-
tency due to its lower atmospheric density. Despite these similarities between the terrestrial
and the Martian boundary layers, the Martian PBL can be regarded as an extreme state of
the terrestrial boundary layer. This is a result of two main differences: 1) The lower atmo-
spheric density yields higher variability in the turbulent winds to carry a similar heat flux,
and thus leading to stronger pressure bursts as detected by the InSight lander (Banfield et
al., 2020), which result in greater intermittency in the turbulence. 2) The Martian surface
exhibits much stronger temperature swings compared to the surface of Earth as a result of
lower thermal inertia. This leads to a higher level of turbulent mixing in the boundary layer
during daytime conditions compared to Earth’s PBL (Temel et al., 2021) and much stronger
stable stratification during nighttime conditions (Petrosyan et al., 2011). Kolmogorov’s the-
ory of turbulence is proposed based on the assumption of isotropic turbulence, which falls
from reality also for the case of Earth’s PBL. The Martian PBL, being an extreme counter-
part of the terrestrial PBL, is not likely to be explained by a theory grounded on isotropic
turbulence.

In Fig. 1, we investigate the pressure spectra for different local times, the size of tur-
bulent structures vary with diurnal radiative forcing. We formulated our spectral analysis
based on frequency. Therefore, large-scale eddies, driven by the large-scale turbulent mixing
in the PBL, fall to the lower frequency bands, through the production range; whereas the
smaller eddies are represented in the right side of the spectra within the inertial sub-range.
The higher the frequency, the higher is the effect of dissipation on the turbulence spectra.
The inertial sub-range refers to the range that the turbulence production conveys through
the small and dissipative scales, in which the contribution of intermediate scales occurs.
After the inertial range, the dissipative range lies. The typical time-scale for the dissipation
range can be calculated as (v/€)®, where v is the kinematic viscosity and € is the dissipa-
tion rate of turbulence kinetic energy. Using the published values of € (Temel et al., 2021),
this time scale is around 0.2 s. Therefore, the present spectral range (0.001 Hz and 0.8 Hz)
does not cover the dissipative range. Nevertheless, our resolution allows us to understand
how fast the energy is transferred to the dissipative range by investigating the spectral slope
within the inertial range.

We observe a slower energy transfer for the daytime conditions, represented with a slope
of n = [-1.5,—-1.7] ~ —5/3, in comparison to the proposed slope of Kolmogorov’s theory,
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-7/3=-2.33. Such a difference between the Kolmogorov’s slope and the current observations
and predictions, reveal that the contribution of intermediate scales are different for the
case of the Martian PBL. This is as a result of much larger turbulent structures observed
in the Martian daytime PBL. The dissipation rate of turbulence is inversely proportional
to the turbulent length scale (Nakanishi & Niino, 2009; Angevine et al., 2010; Senel et al.,
2019). Therefore, a higher amount of energy can be transferred to the edge of the dissipative
range. In other words, the decay of energy in the inertial subrange through the dissipative
range becomes softer with respect to the slope of Kolmogorov’s theory, leading to a slower
transition slope as shown both by the observations.

Despite the much smaller flow structures during the evening and night-time conditions,
the spectra exhibits a much slower energy transfer in comparison to daytime conditions.
Such that the spectra has a slope of n = —1, following the dimensional analysis of Tchen
(1954) on boundary-layer turbulence that gives —1 scaling in sheared flow. It is likely to be
a result of intermittency. Due to intermittent turbulence, the nocturnal flow regime exhibits
lower and sporadic turbulent mixing, thus weaker energy content, in which the turbulent
energy is transferred slower within the inertial sub-range. Another possible underlying mech-
anisms for a slower energy transfer can be linked to Kelvin Helmholtz instabilities (Waite,
2011; Iida & Nagano, 2007), which might also exist in planetary atmospheres (Johnson et
al., 2014).

4 The effect of a regional dust storm

Fig. 2 presents the time evolution of the turbulence energy cascade as observed by the
InSight lander. In our spectral analysis, sol 18, 46 and 55 correspond to the observational
time periods before, during its onset and the maxima of dust storm (see Fig. 1c of Banfield
et al. (2020)). For these sols, we used a sampling frequency of 2 Hz, which corresponds to
the continuous frequency of the InSight pressure dataset before and after the dust storm
season. However, as presented in Fig. S2; a dataset with a higher sampling frequency, 10
Hz, provides consistent results with the ones obtained using a lower sampling frequency.

Before the dust storm, the inertial subrange exhibits the previously-illustrated slopes
of n = —5/3 (daytime turbulence) and n = —1 (nocturnal turbulence). During the onset of
the dust storm, despite the same behaviour in the daytime energy spectra, evening spectra
show an energy spike between the production and inertial ranges. Recent studies show
that spatially-inhomogeneous distribution of dust can lead to higher levels of turbulence
(Wu et al., 2021; Chatain et al., 2021), consistent with the present energy spike we observe
during the onset of a dust storm. The observational studies using MSL/REMS data showed
that during a regional dust storm, the vertical gradient of temperature decreases and leads
to a weaker stability (Ordonez-Etxeberria et al., 2020). A recent study using the InSight
lander’s data show that this weaker stability, combining to low-level jets forming at night
under dusty seasonal conditions, cause strong nighttime turbulence (Chatain et al., 2021).
Therefore, another possible explanation of theenergy spike found in the present paper might
be the spectral trace of a low-level jet, inducing energy production between the production
and inertial ranges. Such a energy spike is not observed for the daytime conditions because
the observed energy is much higher during the daytime so that such an additional input
is negligible for daytime conditions. However, we find that this additional energy input is
then rapidly dissipated in the evening spectra. Finally, we find that the additional energy
injection is also present during the maxima of the dust storm for the daytime spectra. It
causes an energy spike in the production range of spectrum, showing that dust-induced
turbulent structures may act as the driving phenomena for the evening atmospheric surface
layer.
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5 The effect of gravity wave activity

As shown in Fig. 2 in the upper production range of evening and nighttime spectra, we
observe a rapid decay of energy at lower frequencies below ~ 0.005 Hz. This spectral decay
might be probing the existence of atmospheric gravity waves (GWs) appearing through the
evening and night at specific seasons at the InSight landing site, which were detected by
making use of pressure and wind speed perturbations by impedance relation (see Methods-
Gravity wave detection section in (Banfield et al., 2020)). occurs at the frequency range
of several hundreds of seconds, exhibiting the typical timescales of gravity waves (Gossard,
1962; Fritts & Alexander, 2003). The turbulent energy within the given frequency range
decays rapidly with a spectral slope of n ~ —3, which agrees with the terrestrial gravity
wave cascade (Weinstock, 1978). However, a likely deviation from such a "near-universal”
n ~ —3 spectra (Fritts et al., 1988; Smith et al., 1987; Fritts, 1989) may appear in certain
conditions, especially due to the background winds for the atmosphere of Earth (Eckermann,
1995). Our results indicate that such departures from the "near-universal” n ~ —3 spectra
could also be true for the Martian gravity waves. To illustrate, at the peak phase of the dust
storm i.e. Sol46 (Fig. 2e), the evening turbulence tends to decay faster than the n ~ —3
slope, cascading with the slope of n ~ —4. Such a tendency can be related to the strong
background winds, thus intense shear instabilities, as a consequence of the peak dust storm
activity at sol 46. However, this departure recovers back to n ~ —3 at sol 55 (during the local
evening and night) when the dust storm terminates (Fig. 2h-i). The gravity-wave signatures
in our spectral-analysis are also consistent with the observations by (Banfield et al., 2020),
which reports that the first 150 sols after landing exhibit an intense gravity-wave activity
covering the time period of GW signatures probed here (i.e. sol 18, 46 and 55 in Fig. 2).
The other possible mechanism can be related to the difference between the energy content
for daytime and nocturnal conditions. As presented in Fig. 2, the upper production range
contains a similar range of energy for daytime and nocturnal conditions but the nocturnal
spectra reveals a much lower energy content within the inertial sub-range consistent with
the extreme diurnal atmospheric stability difference on Mars (Petrosyan et al., 2011).

In order to elaborate our analysis of the effect of gravity wave activity and conclude
whether this strong spectral slope of -3 is either a result of gravity wave activity or a typical
nocturnal turbulence signature for the Martian atmosphere, we investigate two types of
gravity wave activity types as classified by (Banfield et al., 2020): 1) bores and solitary
waves, where the pressure anomaly is denoted with a sudden strong peak in the variation
of the evening pressure fluctuations, 2) regular gravity waves, where the amplitude of the
pressure anomaly is weak but the fluctuations last for a much longer duration. By making
use of the published catalog of atmospheric gravity waves as observed by the InSight lander
(Banfield et al., 2020), we investigate the evening turbulence spectrum for 6 different sols
and present in Fig. 3 (left panel - bores and solitary waves, right panel - gravity waves).
For the sols without any type of gravity wave activity (sol 56, 82 and 152), we find that
the upper production still contains the spectral slope of -3, which leads to the conclusion
that the rapid decay mechanism, denoted with a slope of -3, is a result of the extreme
daytime/nocturnal stability difference. However, we still observe important consequences
of gravity wave activity on the spectral dynamics of the Martian atmospheric turbulence.
For the case of a strong gravity wave activity, as in sol 124 and 135, the energy content
in the upper-production range is amplified. Moreover, as in sol 65, this energy injection
is even stronger for the case of solitary waves and bores, as a result of higher pressure
fluctuations with respect to a regular gravity wave so that the turbulence spectra includes
even a sharper decay mechanism than -3. This shows that the Martian nocturnal boundary
layer may become more turbulent with the presence of a gravity wave activity.

6 Conclusions and possible implications

Here, we present a spectral analysis of the in-situ observations of the InSight lander.
In terms of the inertial sub-range, we find that the daytime turbulence is governed with
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a slope of -5/3, and, the nocturnal turbulence consists of a slope of -1, instead of -7/3 as
suggested by Kolmogorov’s energy cascade. The reported distinct behaviour of daytime and
nocturnal inertial sub-ranges is due to the extreme stability difference in the Martian near-
surface meteorological conditions. For daytime conditions, the deviation from Kolmogorov’s
theory is caused by the highly anisotropic nature of the Martian turbulence thanks to the
high levels of turbulence kinetic energy. For the nocturnal conditions, it is linked to the
intermittency and eddy bursts during night-time as shown in the present results. This
implies that for future studies of the daytime Martian PBL, the contribution of large-scale
eddies to turbulent transport, such as non-local transport (Ghannam et al., 2017), should be
investigated. Moreover, the presence of intermittent eddy bursts can lead to sudden changes
in the variation of the vertical wind, which can have important implications for nocturnal
dust sedimentation. This also invokes a need for high temporal resolution observational
studies of the variation of dust opacity on the Martian near-surface.

Based on our investigation of the effect of a regional dust storm on the energy cascade,
we conclude that during the onset of a dust storm, additional energy is injected at the
boundary between the production and inertial ranges. Moreover, we find that this injection
can lead to sudden energy bursts in the energy spectra during the climax of the dust storm.
This shows that, during dust storms, the nocturnal Martian PBL can be more turbulent
despite the extreme stable stratification. During nocturnal conditions, increased night-time
turbulence is linked with higher shear production. For Earth’s PBL, nocturnal BL with
high shear production occurs with the formation of low-level jets (LLJ) (Banta et al., 2002).
LLJs are reinforced as a result of the dust cycle on Mars (Joshi et al., 1997). LLJs have
important consequences for the transport of water on Earth (Higgins et al., 1997). Dust
storm induced LLJs on Mars can have important consequences for the transport of volatiles
from the surface to the atmosphere. Similar to the effect of a regional dust storm, we
find that gravity wave activity leads to enhanced turbulence. This gravity-wave induced
turbulence could affect the diurnal variation and the vertical transport of water, which
drives the formation of boundary layer clouds on Mars (Daerden et al., 2010).
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Figure 1. Turbulence spectra obtained by the InSight observations for different local times.
The results are normalized with the maximum energy at the lowest frequency: (a) - observations
for daytime conditions, (b) - observations for evening conditions, (c) - observations for nocturnal

conditions.
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Figure 2. Turbulence spectra acquired by the InSight Observations before (sol 18, L, = 306°),
during the onset (sol 46, L, = 323°), at the climax of the dust storm (sol 55, Ly = 328°). Sols are
chosen based on the variation of dust opacity by the InSight lander (Banfield et al., 2020).
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Turbulence spectra acquired for the days with and without solitary waves and bores

(left panel, sol 65 with solitary wave and bores), and gravity waves (right panel, sol 124 and 135

with gravity waves). The sols are selected according to the gravity wave activity catalog acquired

based on the InSight lander’s pressure observations (Banfield et al., 2020).
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