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Key Points:
+ The kurtosis parameter in the electron temperature and density data indicates intermittence in the Martian magnetosheath.
« Kurtosis is higher in the scales near the proton gyrofrequency in the upstream region, emphasizing the influence of upstream events
that can transfer energy to the induced magnetosphere.
« Kurtosis parameters show a significant solar cycle phase dependence, which is higher in the declining and maximum phases.
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Abstract: Planetary magnetosheaths are characterized by high plasma wave and turbulence activity. The Martian magnetosheath is no
exception; both upstream and locally generated plasma waves have been observed in the region between its bow shock and magnetic
boundary layer, its induced magnetosphere. This statistical study of wave activity in the Martian magnetosheath is based on 12 years
(2005-2016) of observations made during Mars Express (MEX) crossings of the planet’s magnetosheath — in particular, data on electron
density and temperature data collected by the electron spectrometer (ELS) of the plasma analyzer (ASPERA-3) experiment on board the
MEX spacecraft. A kurtosis parameter has been calculated for these plasma parameters. This value indicates intermittent behavior in the
data when it is higher than 3 (the value for a normal or Gaussian distribution). The variation of wave activity occurrence has been
analyzed in relation to solar cycle, Martian orbit, and distance to the bow shock. Non-Gaussian properties are observed in the
magnetosheath of Mars on all analyzed scales, especially in those near the proton gyrofrequency in the upstream region of the Martian
magnetosphere. We also report that non-Gaussian behavior is most prominent at the smaller scales (higher frequencies). A significant
influence of the solar cycle was also observed; the kurtosis parameter is higher during declining and solar maximum phases, when the
presence of disturbed solar wind conditions, caused by large scale solar wind structures, increases. The kurtosis decreases with increasing
distance from the bow shock, which indicates that the intermittence level is higher near the bow shock. In the electron temperature data
the kurtosis is higher near the perihelion due to the higher incidence of EUV when the planet is closer to the Sun, which causes a more
extended exosphere, and consequently increases the wave activity in the magnetosheath and its upstream region. The extended
exosphere seems to play a lower effect in the electron density data.
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the bow shock and the obstacle, a turbulent region evolves, the
magnetosheath, filled by the submagnetosonic compressed and
heated plasma flow that passes though the boundary (Leckband
et al., 1995; Richardson, 2002). The magnetosheath is a region
with a significant influx of energy from the solar wind. In addition

1. Introduction

The solar wind is a supermagnetosonic plasma flowing away from
the Sun, composed mainly of protons and electrons. It carries a
frozen-in magnetic field, the interplanetary magnetic field (IMF)
(Hundhausen, 1972; Formisano, 1984). When the solar wind en-

counters an electromagnetic conducting body in our solar system,
the solar wind flow is deflected and compressed around the plan-
et (Cravens, 1997; Echer et al., 2005) and upstream of the obstacle
a bow shock is formed by the reflection of plasma waves. Between
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to the conversion of part of kinetic energy into heat, the energy of
plasma and magnetic field oscillations is also intensified in the
magnetosheath (Luhmann et al., 1986; Kozak et al., 2011).

There are upstream sources of turbulence, as particles are reflec-
ted at the bow shock and form the “ion foreshock” (Tsurutani and
Rodriguez, 1981). These particles drive instabilities in the mag-
netosheath region, but they are not the only causes of waves in
the magnetosheath. Local instabilities can also generate and in-
tensify these oscillations, since strong temperature anisotropy is
caused by the presence of the magnetospheric boundaries
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(Schwartz et al., 1996). Observations of the Earth’s magneto-
sheath have revealed that waves can also be generated by physic-
al processes occurring within the magnetopause and the mag-
netosphere (Lacombe and Belmont, 1995). Recently, Bolzan
(2018), using a very simple model based on Self Organizing Critic-
ality (SOC) for the Earth’s magnetosphere, showed that the kurtos-
is parameter for time series without strong geomagnetic disturb-
ance is higher at small scales compared to greater scales. For time
series when geomagnetic disturbance is strong, however, his res-
ults shown higher value in the 24 h scale, indicating influence of
the introduction of strong energy inside the system. Thus, the
plasma structure in that region is formed by complex dynamic
processes which are determined by internal processes in addition
to external solar wind and IMF parameters (Kozak et al., 2011).

Osmane et al. (2015), using the kurtosis analysis, have shown that
mirror mode turbulence in the terrestrial magnetosheath has non-
Gaussian properties. They also observed that the source of the
mirror mode fluctuations does not interfere in the dynamical evol-
ution of these structures.

In the region of the Earth’s foreshock, ultra-low frequency (ULF)
waves can be divided into three types: waves with high amp-
litude and very low frequency (with periods of 30 seconds), whist-
ler waves with frequency of about 1 Hz, and waves associated
with the proton gyro period (around 3 seconds). The source of the
waves with periods of 30 seconds is associated with ions that
propagate backward against the solar wind flow in the upstream
direction of the bow shock (Greenstadt et al., 1995). ULF waves
generated in the interaction between the solar wind and the ter-
restrial magnetosphere present frequencies in the magneto-
sheath between 1-100 mHz, where they are convected toward
the ionosphere (Sciffer et al., 2004).

Dwivedi et al. (2019) have studied turbulent dynamics of the Earth
magnetosheath using spectral analysis of the Cluster magnetic
field data. Those authors have shown that spectral slopes vary
from values between —1.5 to 0 to scales up to 20 times the ion
gyroradius and have a transition to —2.6 to —1.8 for higher fre-
quencies.

Ininduced magnetospheres, as for Venus and Mars, the mag-
netosheath forms between the bow shock and the limit of the re-
gion where the IMF piles up around the planet, known as the
magnetic pile-up boundary (MPB) (Acuia et al., 1998). Since in-
duced magnetospheres have an extended exosphere, waves in
that region can be intensified by the presence of planetary ions
(Nagy et al., 2004). Studies of physical processes in planetary mag-
netosheaths are important because these processes can interfere
with phenomena within the planetary ionosphere or magneto-
sphere.

Due to the absence of an intrinsic magnetic field at Mars and
Venus, the ionosphere cannot deflect high energy particles com-
pletely; some of them can penetrate into the planet’s upper atmo-
sphere (Luhmann et al,, 1992, 2004). There is evidence that transi-
ents from the Martian upstream bow shock and fluctuations in the
magnetosheath can propagate through the magnetic pile-up re-
gion (MPR) and accelerate ionospheric ions (Fowler et al., 2018;
Collinson et al., 2018; de Souza Franco et al., 2019).
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Using magnetic field and ion data from the Mars Atmosphere and
Volatile Evolution spacecraft (MAVEN), Shan et al. (2020) studied a
case of a fast mode ULF wave in the foreshock of Mars. They re-
port that the peak frequency (0.040 Hz) of the waves in the space-
craft frame was about half of the observed proton gyrofrequency
(~0.088 Hz). They have estimated a wavelength of ~3.8Ry (Ry =
3389.5 km). In the period preceding the data interval used in their
analysis, a hot flow anomaly, an important foreshock transient
was detected.

Recent studies have shown the importance of magnetohydro-
dynamic (MHD) turbulence for understanding the energy transfer
between Sun and planetary magnetospheres (Bolzan and Echer,
2014; Echer and Bolzan, 2016; Banerjee et al., 2016; Andrés et al.,
2020). Echer and Bolzan (2016) analyzing data from Uranus’ fore-
shock turbulence, have shown that intermittent waves can make
significant contributions to the energy of foreshock waves. Andrés
et al. (2020) have computed the energy cascade in the Martian up-
stream region using MAVEN data; they have observed that, for in-
tervals exhibiting proton cyclotron wave activity around the peri-
helion, the nonlinear cascade at MHD scales is slightly amplified.

Ruhunusiri et al. (2017) have studied turbulence in the plasma en-
vironment of Mars using magnetic field data from MAVEN. They
report that in the Martian magnetosheath the incoming solar
wind is affected by the planetary bow shock, finding a transition
in the spectral indices from values close to —0.5 at low frequen-
cies to values higher than 5/3 at high frequencies. Although tran-
sients in the Martian upstream region can propagate through the
magnetosheath, it is locally generated fluctuations that dominate
in the magnetosheath. It is important to mention the difference
due the turbulence promoted by passive scalar and vectorial vari-
ables. According to Warhaft (2000), the study of the passive scal-
ars turbulence is important in turbulent mixing, pollution, and
other processes inside the HD turbulence. For the MHD these scal-
ars are important to understand the processes of the interaction
between the solar wind and the upper planetary atmosphere. We
know that the distinct turbulent variables (passive scalar and vec-
torial variables) are governed by also distinct equations: the vec-
torial quantities such as velocity variables are described by Navier-
Stokes for neutral environments or MHD for plasmas (present
case); passive scalars are governed by a convection—diffusion
equation (Warhaft, 2000). Thus, the study of the interactions
between the passive scalars inside the MHD turbulence is relat-
ively recent, made possible by data from spacecraft launched in
recent years (Banerjee et al, 2016 and references therein); this
study extends that work.

Franco et al. (2020) have observed that the most energetic fre-
quencies of electron density and temperature in the Martian mag-
netosheath are in the 5-20 mHz range, which is near the O*gyro-
frequency. Hadid et al. (2018) used Cluster and THEMIS spacecraft
data to describe the energy cascade rate for Earth’s magneto-
sphere, finding two kinds of turbulence: one associated with in-
compressible Alfvénic fluctuations and another associated with
compressible magnetosonic-like fluctuations. It is the aim of this
study to use a statistical approach in order to characterize wave
activity among different scales within the magnetosheath of Mars,
using a kurtosis technique to analyze electron density and tem-
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perature plasma data collected by the Mars Express (MEX) space-
craft.

2. Data Analysis and Methodology

2.1 Data

The analysis conducted here was applied to 12 years (2005-2016)
of data from the European Space Agency (ESA) mission, MEX. MEX
was launched in the beginning of July 2003 and it is still operat-
ing in orbit around the planet as of September 2021. The MEX or-
bit has an elliptical trajectory around Mars, with an inclination of
86.35° and a period of about 6.75 h (Chicarro et al., 2004). Electron
density and temperature data are collected by the Electron Spec-
trometer (ELS) of the Analyzer of Space Plasma and Energetic
Atoms (ASPERA-3) experiment. The ELS is a sensor composed of a
collimator system followed by a compact spherical top-hat elec-
trostatic analyzer, which measures electrons in the energy range
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0.01 to 20 keV with a time resolution of 4 seconds (Barabash et al.,
2004, 2006). The plasma moments are calculated by integration
and by Gaussian fits to the phase space distribution obtained
from the ELS. A detailed description of how these moments are
obtained is presented by Franz et al. (2006).

Since the main goal of this work is to study wave activity in the
Martian magnetosheath, a plasma boundaries catalog (Han et al.,
2014; de Souza Franco, 2018) has been used in order to select the
MEX magnetosheath crossings that took place in the period
2005-2016. The magnetosheath intervals used in this analysis are
the same as were used in our study of the periodicities of ULF
waves in the magnetosheath of Mars (Franco et al., 2020).

In Figure 1 we show the plots of the electron energy spectrum
(top panel), electron density (middle panel), and electron temper-
ature (bottom panel) for a MEX magnetosheath crossing that oc-
curred on January 27, 2005. The BS and MPB positions are repres-
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Figure 1. Electron energy spectrum (top panel), density (middle panel), and temperature (bottom panel) for a representative MEX

magnetosheath crossing.
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ented in this figure as black vertical lines.

2.2 Statistical Analysis Using Kurtosis

Since the original work on plasma turbulence by Kolmogorov
(1962), an energy cascade has been proposed to explain the en-
ergy transfer from large scales to small ones. Such cascades play
important roles both in hydrodynamics (HD) and in magneto-
hydrodynamics (MHD). In a turbulent plasma, energy cascades are
observed: energy is injected by large-scale processes and is then
transferred to smaller scales until it reaches the kinetic scales,
where it is dissipated (Frisch, 1995; Chasapis et al, 2017). However,
deviations from purely thermal structural fluctuations are ob-
served, exhibiting intermittence. Intermittent structures are
present in all kind of flows, indicating the presence of sporadic
strong and localized fluctuations, characterized by a non-Gaussi-
an distribution (Chhiber et al., 2018). Turbulence is unpredictable
and random such that it can be studied only by using a statistical
approach, for example through observations of higher-order mo-
ments in the plasma distribution. Thus, one way to identify inter-
mittency is to determine the probability density function (PDF),
looking at how it differs from a Gaussian shape and especially for
the presence of enhanced high energy tails (Bolzan et al., 2002).
When a distribution has a high energy tail, with strong deviations
from a Gaussian distribution, a higher occurrence frequency of in-
termittent events is indicated, which can be an additional source
of waves (Bruno et al., 2005; Bruno and Carbone, 2013). In a gener-
al way, we can define kurtosis (k) as a standardized fourth central
moment of a distribution (Bolzan and Echer, 2014).

(38%)

k= o5y (1)

where B is the variable used for the study and 3B denotes the de-
viation from the mean of the variable observed during some time
interval ot.

In the present study, we used the electron density and temperat-
ure time series with four-second time resolution. For a normal dis-
tribution (Gaussian) the expected kurtosis is equal to 3. For a time
series that includes intermittent values, this statistical parameter
will be higher than 3, and much higher in proportion to larger
numbers of intermittent values. In our analysis, we have chosen to
plot kurtosis using scales of frequency (mHz), since in this work we
focus on ULF waves, having observed in our previous work
(Franco et al., 2020) that these ranges are the most energetic fre-
quencies in the magnetosheath of Mars. Accordingly, we have
converted data from the time domain to the frequency domain,
the scale of number of points to frequency. We have converted 6,
8, 12, 25, and 50 points to approximately 40, 30, 20, 10 and 5
(mHz), since ELS has a time resolution of 4 seconds.

3. Results and Discussions

The kurtosis calculation was applied to the electron density and
temperature data in order to study wave activity in the mag-
netosheath of Mars. As mentioned in the previous section, the
kurtosis parameter was computed using the following frequency
scales 40, 30, 20, 10, and 5 mHz. This allows us to study how the
kurtosis varies with frequency. These scales used here were
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chosen based on the study by Franco et al. (2020), which reports
that ULF waves in the electron density and temperature data are
found mainly in the range between 5 and 40 mHz.

Figure 2 shows the kurtosis of N, (red line) and T, (orange line)
data from the same MEX magnetosheath crossing presented in
Figure 1.

From Figure 2 we can notice that kurtosis is higher than 3 for both
variables in all scales. The kurtosis values for the five frequency
scales presented above are: 11.6 (5 mHz), 11.7 (10 mHz), 10.9
(20 mHz), 6.8 (30 mHz), and 7.1 (40 mHz) for the electron density;
for electron temperature, kurtosis values are 3.4 (5 mHz), 3.5
(10 mHz), 4.2 (20 mHz), 4.6 (30 mHz), and 3.4 (40 mHz).

The kurtosis analysis was applied to data from a total of 9617
magnetosheath crossings by the MEX spacecraft. In our results,
the median kurtosis is used. The median was used instead of the
mean because the data from particle counters are often influ-
enced by instrumental disturbances that may occur only sporadic-
ally. These outliers in the data can distort not only the maximum
observed values but also, obviously, the mean.

3.1 Analysis of 12 Years of MEX Observations (2005-2016)
Median kurtosis parameters for electron temperature (orange)
and electron density (red) are shown in Figure 3. In both variables
the kurtosis shows a similar behavior: the electron density data
presents higher values compared with electron temperature data.
The kurtosis is higher than 3 (reference for a Gaussian distribution)
in all scales. Further, it is possible to observe that the kurtosis is al-
most constant until the 20 mHz scale, then it decreases signific-
antly with the decrease of frequency. This result means that inter-
mittence phenomena seem to have higher occurrence at small
scales. This pattern was also observed in a case study of the
Jupiter magnetosheath using Ulysses data (Bolzan and Echer,
2014), and for the solar wind plasma radial variation in interplan-
etary space (Echer et al., 2020). Macek et al. (2018) have also ob-
served that in the case of the Earth’s magnetosheath, turbulence

Magnetosheath kurtosis (2005-01-27 01:54 UT to 02:09 UT)

14 T _
—— k(N

3 k() |
12 1
110
10

29

8

ER:

4
7
6l |
5
4
N |

30 20 10 5
Frequency (mHz)

D
o

Figure 2. Kurtosis parameters for electron density (red) and electron
temperature (orange) data from the same MEX magnetosheath
crossing presented in Figure 1.
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Figure 3. Median kurtosis parameter for N, (red line) and T, (orange
line) data during intervals of MEX magnetosheath crossing between
2005 and 2016. The black dashed line represents a kurtosis value of 3.
p) in the
upstream region (39 mHz) found by Russell et al. (1990) and oxygen

The vertical gray lines represent the proton gyrofrequency (Q

gyrofrequency (Qq+) in the magnetosheath (10 mHz) found by Espley
etal. (2004).

at small scales is intermittent in the entire region, even near the
magnetopause.

In the magnetosheath of Mars, the kurtosis for electron temperat-
ure data varies from values of 4.7 up to 6.1; for electron density it
varies from values close to 4.4 down to less than 3.8 at the 5 mHz
scale. Ruhunusiri et al. (2017) have also observed low negative val-
ues of spectral indices for the MHD range in the Martian mag-
netosheath, which indicates energy injection into the mag-
netosheath via multiple sources. Our results show that the kurtos-
is is higher in scales near the proton gyrofrequency (Q,) found by
Russell et al. (1990) using Phobos-2 data in the upstream region of
the Martian magnetosphere (~39 mHz), agreeing with previous
works that transient events from upstream of the bow shock can
transfer energy to the inner magnetosphere (Collinson et al.,, 2018;
Fowler et al., 2018). It is important to mention that the proton
gyrofrequency varies with the magnetic field, which depends on
solar wind conditions. Unfortunately, MEX does not carry a mag-
netometer, and thus we could not calculate the proton gyrofre-
quency using data for the interval analyzed in this work.

3.2 Solar Cycle Variation of Kurtosis

To investigate whether the solar cycle can influence the occur-
rence of wave activity in the magnetosheath of Mars, we have
conducted the kurtosis analysis dividing the 12 years of MEX data
used in this work into subsets according to solar cycle phase. The
declining phases include 2005, 2006, 2007 (cycle 23) and 2015,
2016 (cycle 24). The minimum phase is considered between 2008
and 2009; the ascending phase, between 2010 and 2011; the max-
imum phase, from 2012 to 2014. Figure 4 presents sunspot num-
ber data for part of cycle 23 and for cycle 24. The solar cycle
phases for the interval of the MEX mission studied here are
marked in color: blue (declining), pink (minimum), cyan (ascend-

ISES solar cycle sunspot number progression

Dechmng i Declining
24

250

U LLLLLRLRLALE LA

I ',A.‘
w-s kS
= )

2005 2010 2015 2020
Universal Time

Sunspot number
&
o

Tt

Figure 4. Sunspot numbers from 2001 to 2020. The solar cycle
phases for the analyzed interval are marked in color: blue (declining),
pink (minimum), cyan (ascending), and green (maximum). Source:
adapted from https://www.swpc.noaa.gov/products/solar-cycle-
progression

ing), and green (maximum).

Figure 5 shows, for the four phases of the solar cycle, median kur-
tosis values for electron density (a) and temperature (b). In these
figures we show declining phase in blue, minimum in magenta,
ascending in cyan, and maximum in green.

Since intermittent behavior is a characteristic of solar wind para-
meters, and propagation of energy from upstream transient and
local instabilities is always present in the Martian magnetosheath,
kurtosis values higher than 3 are expected in all phases of the sol-
ar cycle, as is observed in Figure 5. Again, we can see that the kur-
tosis parameter is almost constant until 20 mHz and then de-
creases as the frequency decreases, evidencing that wave activity
seems to be higher at small scales (higher frequencies). Lower kur-
tosis values are observed during the minimum and ascending
phases; higher values, during the declining and maximum phases.
These results indicate that fluctuations in the Martian mag-
netosheath are stronger in N, and T, data at solar cycle declining
and maximum phases. At the solar maximum, the coronal mag-
netic structure is highly variable and presents complex magnetic
structures (Kiyani et al., 2007). As spatial intermittency is generally
correlated with formation of coherent structures, a high kurtosis
value observed during the solar maximum can be associated with
the high occurrence then of interplanetary coronal mass ejec-
tions (ICME) and their respective solar wind shocks reaching the
Martian orbit. An enhancement of intermittency in ICMEs has
been observed in several previous studies (Kiyani et al., 2007;
Bolzan and Rosa, 2012; Matthaeus et al., 2015).

Slow solar wind, with an average speed of ~400 km/s, is a high
density solar wind flow, observed to be emitted from regions
around the solar coronal streamer belt (Habbal et al, 1997;
Schwenn, 2006). Fast solar wind, also called high speed stream
(HSS) propagates from the coronal holes, with an average speed
of ~700-800 km/s, and characterized by lower plasma densities
and temperatures (Krieger et al., 1973; Bohlin, 1976; Sheeley et al.,
1976). Marsch and Liu (1993) showed that slow solar wind is more
intermittent than fast solar wind. During the solar minimum, the
coronal magnetic structures are highly ordered, and fluctuations
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Figure 5. Median kurtosis parameter for N, (a) and T, (b) data during intervals of MEX magnetosheath crossings divided into solar cycle phases.

The dashed line represents the kurtosis parameter Equation (3).

are dominated by turbulence of the interplanetary solar wind. The
most magnetically ordered coronal region is located near the
Sun's poles, and has been identified as the source of fast solar
wind (Kiyani et al., 2007; Cranmer, 2009). Thus, the lower kurtosis
values obtained in our analysis during solar minimum and ascend-
ing phases, compared with the other phases, can be explained by
the higher occurrence of fast solar wind.

The interaction between HSS and slow solar wind generates coro-
tating interaction regions (CIRs) in the solar wind with com-
pressed plasma and magnetic field, high density, and strong fluc-
tuations in the IMF (Balogh et al., 1999). During the declining
phase, coronal holes start to migrate to the solar equator, which
increases their effectiveness and the occurrence of CIRs. Then, in
the declining phase of solar activity, we expect a mix of both phe-
nomena; higher kurtosis values can be related to the high occur-
rence of both structures.

The ULF wave correlation length in the space environment of
Mars was analyzed by de Souza Franco et al. (2019), using elec-
tron density data from MEX and electron density and magnetic
field data from MAVEN. That study found that wave trains are lar-
ger during periods of high solar wind pressure than during peri-
ods of low pressure. The high pressure intervals correspond
mainly to the presence of ICME and CIRs, which disturb the Mar-
tian environment.

Furthermore, the location of the Mars bow shock varies with solar
EUV (Extreme Ultra Violet) and solar wind dynamic pressure. The
bow shock moves inward when the pressure increases, and it
moves outward with increasing EUV. These factors thus compete,
sometimes enhancing and sometimes canceling each other (Rus-
sell et al., 1988; Hall et al., 2016). Hall et al. (2016) have shown that
the EUV plays a larger role in the overall variations than the dy-
namic pressure. They have observed that the bow shock location
increases on average by 7% between the solar maximum and its
minimum. The EUV flux is higher during the maximum, which
consequently increases the planetary ion production; the exo-
sphere of the planet expands, which also enhances wave activity.

In order to support our result, we have also made direct comparis-
on between magnetosheath kurtosis values during quiet solar
wind conditions and ICME conditions. The ICME event used here
was studied in detail by Opgenoorth et al. (2013) and Withers et
al. (2016). In Figure 6, the time series of magnetosheath electron
density data for intervals of ICME and quiet condition (Figure 6a
and Figure 6¢, respectively) can be observed. The ICME arrived at
Mars on April 6, 2010; the magnetosheath observation interval
corresponds to 12:50—-13:02 UT of the same day. After the ICME,
solar wind quiet condition was observed between April 8 and 10.
The MEX magnetosheath crossing for quiet time used in this ana-
lysis occurred between 20:50 and 21:00 UT of April 8, 2010. From
Figures 6b and 6d, one can note that the kurtosis (Ne data) for
both solar wind conditions is higher than 3, emphasizing the pres-
ence of wave activity in the Martian magnetosheath; but as expec-
ted, the kurtosis is much higher for the interval of ICME condition.
The kurtosis was also computed for T, data; the observed values
were around three for both conditions, indicating that the effect is
more significant in N, data than in T,, as we observed in Figure 5.

These results show that wave activity in the magnetosheath of
Mars is highly dependent on the solar cycle phase and disturbed
solar wind conditions, especially when ICMEs and CIRs are passing
by Mars; these interplanetary structures have been correlated
with abrupt and large amplitude fluctuations in the Martian mag-
netosheath, which can transfer energy between scales within the
Martian magnetospheric environment, including regions below
the MPB, contributing to atmospheric loss.

3.3 Kurtosis Variation with the Martian Year

To investigate the dependence of the kurtosis parameter on the
Martian orbit, we use plasma datasets classified into sub-intervals
according to Martian solar longitude (Lg) angle. The perihelion is
located at Lg = 251° and aphelion at Lg = 71°. The analysis was per-
formed dividing the data interval into four Lg ranges. Figure 7
shows the Martian orbit around the Sun and its solar longitude.
Each sector of solar longitude range is represented by a color. The
ranges are: 30 < Lg < 120 (cyan), 120 < Lg < 210 (green), 210 < Lg <
300 (yellow), and 300 < Lg < 30 (violet).
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Figure 6. N, ASPERA-3/ELS time series for MEX magnetosheath crossing for an ICME condition (a) and a quiet condition (c). The kurtosis values

computed for the ICME condition (b) and for the quiet condition (d) are shown on the lower panels in black lines. The red lines represent kurtosis
value equal to 3.

30<<L,<120

Perihelion

= Aphelion

Figure 7. lllustration of the Mars orbit and the solar longitude. Martian months are represented by sections of 30 degrees each, enumerated
in the figure. The Lg ranges used in our analysis are indicated by colors. Adapted from http://www-mars.Imd.jussieu.fr/mars/time/
solar_longitude.html
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The Lg ranges were obtained by dividing the occurrence of the
MEX magnetosheath crossings into the intervals between the Lg
limiting dates presented in TableT.

The exospheric density of a planet, as well as its ionospheric dens-
ity, depends strongly on the solar EUV, once its upper atmo-
sphere is ionized (mainly by EUV radiation and X-rays) (Luhmann
et al., 1987; Shan LC et al., 2015; Ramstad et al., 2017). Since the
EUV input into the Martian magnetosphere decreases with the
Sun-Mars distance we expect that the solar longitude may also af-
fect wave activity in the magnetosheath. Figure 8 shows the me-
dian kurtosis for N, (Figure 8a) and T, (Figure 8a) in the four Lg
ranges. The median kurtosis for the entire analyzed interval is also
presented in the figure. In this analysis, the kurtosis parameters
still show the tendency of decrease from small scale (40 mHz) to
large scales (5 mHz) in both variables. In order to explain these
results we analyzed the electron temperature data first and then
the electron density. From Figure 8b one can observe that the kur-
tosis is highest during the range 210 < Lg < 300, which corres-
ponds to the interval that includes the perihelion. As Mars is closer
to the sun, it receives more solar radiation around this interval.
Halekas et al. (2017), using data from the EUVM (Extreme Ultravi-
olet Monitor) onboard MAVEN spacecraft, showed that the EUV
flux in the Lyman-Alpha band varies from 0.0035-0.005 W/m?
for a range including the perihelion (240 < Lg < 304) to 0.002—
0.0035 W/m? for a range including the aphelion (8 < Lg < 131). The
higher EUV flux during the range 210 < Lg < 300 results in an ex-
tended exosphere; consequently, planetary ions may intensify
wave activity in the magnetosheath (Bertucci et al., 2013; Ruhun-
usiri et al., 2017).

The electron temperature result corroborates previous studies,
which have concluded that newly born pickup ions from the ex-
tended exosphere and ions reflected from the bow shock (reflec-
ted exospheric pickup ions) contribute significantly to the genera-
tion of ULF waves, especially near the proton cyclotron frequency
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Table 1. Solar longitude Lg dates. Perihelion range (210 < Lg < 300),

Aphelion range (30 < Lg < 120), Northern Hemisphere Autumn
Equinox (120 < Lg < 210), and Northern Hemisphere Spring Equinox

(300 < Lg < 30).

Solar longitude (Lg) range (°)

210 299.8 29.7 119.7
2005/01/01 2005/10/04  2006/03/25 2006/10/13
2007/03/31 2007/08/17 2008/02/10 2008/08/30
2009/02/15 2009/07/09 2009/12/28 2010/07/18
2011/01/03 2011/05/27 2011/11/15 2012/06/04
2012/11/20 2013/04/13 2013/10/02 2014/04/22
2014/10/08 2015/03/01 2015/08/20 2016/03/09
2016/08/25

Start: 2005/01/01 37.4°
Final: 2016/12/31 290.2°

(Halekas et al., 2017; Ruhunusiri et al., 2017). Since both the pro-
ton cyclotron wave activity and the extension of the hydrogen
exosphere vary with solar longitude, Halekas et al. (2017) suggest
that the occurrence of upstream events can also show a seasonal
variation (due to the changes in distance between Mars and the
Sun). The electron temperature result shows that the kurtosis
parameter is higher in the range 210 < Lg < 300 (including north-
ern hemisphere winter solstice Lg = 270) and lower for the range
30 < Lg <120 (northern hemisphere summer Solstice Lg = 90),
which support that idea.

In the electron density data, Figure 8a, we report a different result:
the range 120 < Lg < 210 (Northern Hemisphere Autumn Equinox)
shows the higher kurtosis value; in the other three ranges the kur-
tosis is below the median kurtosis for the whole interval analyzed.
In the upstream proton gyrofrequency, for the range that in-
cludes the perihelion, the kurtosis is higher than for the range that

(a) Solar longitude ranges (N,) (b) Solar longitude ranges (T,)
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Figure 8. Median kurtosis parameter for N, (a) and T (b) data during intervals of MEX magnetosheath crossing divided into Lg ranges. The
dashed line represents the kurtosis parameter equal to 3. The median kurtosis for the entire data interval is also presented. The vertical gray lines
represent the proton gyrofrequency () in the upstream region (39 mHz) found by Russell et al. (1990) and oxygen gyrofrequency (Qg+) in the

magnetosheath (10 mHz) found by Espley et al. (2004).
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includes the aphelion, but in the 20 mHz scale the perihelion
range shows a lower kurtosis value, when compared to the other
ranges. In the 10 mHz scale, that corresponds to the oxygen ion
gyrofrequency (Qq+) in the Martian magnetosheath, calculated us-
ing data from the magnetometer from MGS (Espley et al., 2004).
Thus, the kurtosis for the perihelion range turns out to be higher
than in the aphelion range, probably due to the extended oxygen
corona.

Besides the effect of the incident EUV flux variation during peri-
ods of perihelion to aphelion, the solar wind dynamic pressure
also affects the Martian exosphere (Hall et al., 2016). The Martian
bow shock forms closer to the planet during the perihelion than
during the aphelion, and also during solar activity maximum peri-
ods (Hall et al., 2016, 2019). In order to refine our investigation, we
have divided the data interval of the solar cycle phases into peri-
ods of aphelion and perihelion. The number of magnetosheath
crossings for each phase/orbit position varies from 248 to 682
crossings. Figure 9 shows the kurtosis for the four phases of the
solar cycle, divided into perihelion range (left panel) and aphelion
range (right panel) for N, (Figure 9a and 9b) and T, (Figure 9c and
9d). From the figure we can notice that, as expected, the kurtosis
is higher in the perihelion phase during the maximum for both
solar wind parameters, since we have the combination of high
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EUV flux and also high incidence of transient events. For the
aphelion range, the kurtosis is highest for N, in the declining
phase, as was observed in the solar cycle analysis; for T, kurtosis is
very similar for all solar cycle phases.

Another result is that the kurtosis is higher during the aphelion
range for N,, different from what was expected and observed in
the T, analysis. This difference agrees with our observation from
the solar longitude analysis, which found that the N, kurtosis
seems to be higher during the aphelion than during the perihelion.

3.4 Kurtosis Dependence on Bow Shock Distance

The kurtosis was also calculated for the following intervals of the
bow shock distance (BSD) of the Martian system: 0 > BSD > 0.5,
0.5>BSD = 1.0, 1.0 > BSD = 1.5, and 1.5 > BSD = 2.0, where BSD
is defined as the distance in Martian radii of the spacecraft, meas-
ured along a normal on the nominal bow shock surface (positive
inward). For these periods MEX is always in the magnetosheath.
Figure 10a shows the results for N, and Figure 10b shows the res-
ults for T,. The first observations for both variables are that the
kurtosis decreases with BSD, indicating that it is higher near the
bow shock than it is far away in the magnetosheath, especially in
the first interval, 0 > BSD = 0.5. Similar results were obtained by
Ruhunusiri et al. (2017); they observed that the spectral index val-
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Figure 9. Kurtosis by solar cycle phase divided by aphelion and perihelion ranges.

Franco A. M. S. and Echer E. et al.: Study of fluctuation in the Martian magnetosheath



Kurtosis parameter BSD (N,)

—— 40mHz
4.4 30 mHz
—— 20 mHz
L —— 10mH
42 —— Srr;quzZ
Kurtosis=3
40 - el
38" 1
o
536 1
N4
34
3.2+ 1
3.0 S —
@
2805 1.0 15 20
’ ’ BSD (Ry) ’ ’
Kurtosis parameter BSDr(TE)
—e— 40 mHz
44 30 mHz
—— 20 mHz
—— 10 mH
42 —— Snr:\Hi
----- Kurtosis=3
4.0
«38
o
536
>
34
3.0 ~cggommmaa—
(b)
28 -
0.5 1.0 1.5 2.0
BSD (Ry)

Figure 10. Kurtosis median value as a function of bow shock
distance (going toward the MPB). (a) Ne. (b) T. The dashed line
represents the kurtosis equal to 3.

ues observed in the magnetic field decrease when measured from
the bow shock to the MPR. In fact, it is expected that the intermit-
tence is higher near the bow shock due to the higher input of en-
ergy into the Martian system. The input of this energy promotes
the Kolmogorovian cascades of energy dissipation, in which inter-
mittence takes an important role (Frisch, 1995). Ruhunusiri et al.
(2017) also observed the presence of fully developed energy cas-
cades near the MPB, attributing them to energy injection occur-
ring at frequencies below the proton gyrofrequency. These au-
thors also affirm that energy cascades occur followed by particle
heating, since boundary instabilities near the MPB are injecting
energy, nourishing the plasma fluctuations.

Another important point is that, although the kurtosis decreases
from the bow shock toward the planet, a slight increase is ob-
served in the kurtosis of the temperature data (Figure 10b) when
the inner region of the magnetosheath is reached, where the ex-
tended exosphere of the planet should be denser. This increase of
the kurtosis parameter is observed mainly at the scales of near up-
stream proton gyrofrequency and of the near local oxygen gyro-
frequency. As this was observed earlier in the analysis depending
on solar longitude, the effect of the extended corona seems to be
significant for the temperature kurtosis.
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We can observe other important results from the relationship
between kurtosis and frequencies. The frequency scales are rep-
resented by color where 40 mHz is in blue, 30 mHz green, 20 mHz
magenta, 10 mHz red, and 5 mHz black. As observed before, the
low frequency wave data exhibit lower kurtosis values. We also
observe that for the 5 mHz frequency in both variables the kurtos-
is reaches values below 3, in the range 1.5 >BSD = 2.0 for N,
(Figure 10a) and in the range 1.0 > BSD = 1.5 for T, (Figure 10b).
These values can be related to the formation of large amplitude
fluctuations and low frequency plasma oscillations near the MPB.

4. Summary and Conclusion

In this work, electron density and temperature data observed dur-
ing 12 years of MEX spacecraft travel have been analyzed statistic-
ally to characterize wave activity in the Martian magnetosheath.

A kurtosis parameter was determined for all electron density and
temperature data from 9617 MEX magnetosheath crossings. Our
results show that this parameter is typically higher than 3 (Gaussi-
an distribution limit) in both variables (N, and T,), but is higher in
the electron density. This difference may reflect observational ef-
fects, since the ASPERA-3 electron sensor has only a narrow front
of view (of 10° x 360°), which means that its observation makes a
2D cut through the 3D electron distribution. In such a situation
the temperature can still be well determined while the density de-
pends crucially on the angle between the bulk plasma speed and
the sensor’s opening. Another possibility is that, in the case of
compressive waves, initially the density is more affected because
the compression will lead to a temperature increase only in a high
density plasma, which could explain the higher value of kurtosis
for electron density obtained in this work.

We find that the kurtosis value decreases from small scale (higher
frequencies) to large scales (lower frequencies). We also observe
that the kurtosis parameter is higher in the scales near the proton
gyrofrequency in the upstream region, which emphasizes the in-
fluence of upstream events that can transfer energy to the inner
magnetosphere.

A significant solar cycle phase dependence was observed: data
kurtosis is higher in the declining and maximum phases. This we
believe to be due to the frequent occurrence of large scale struc-
tures in the solar wind, such as CIRs and ICMEs. Different results
were obtained between N, and T, data in the analysis of depend-
ence on solar longitude. In the N, data, the kurtosis is higher in the
120 < Lg < 210 range, which includes the Northern Hemisphere
Autumn Equinox. For T, higher values of kurtosis were observed
in the range that includes the perihelion, and lower values in the
aphelion range. This difference may be caused by the higher in-
cidence of EUV when the planet is closer to the Sun, at which time
the exosphere is extended, increasing wave activity in the mag-
netosheath and upstream region.

We have also observed that, for both variables, the kurtosis de-
creases with increasing distance from the bow shock, indicating
that fluctuations are higher near the bow shock. A slight increase
of the kurtosis in the temperature data near the MPB was noticed,
where the exosphere is denser. As was observed in the analysis of
dependence on solar longitude, the effect of the extended exo-
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sphere seems to be more significant for the electron temperature.

Temperature can be interpreted as indicative of the energy of the
plasma; density is indicative of total plasma mass or number of
particles. It seems that plasma energy fluctuations are more inter-
mittent close to the bow shock and in periods of higher EUV and
higher solar wind pressure. The situation for total plasma density,
however, is more difficult to interpret. A higher incidence of EUV
does not seem to have a clear effect on plasma density intermit-
tence. One possible explanation is that the bow shock distance is
larger at times of higher EUV incidence, which means a bow shock
with a different Mach number, leading to a more variable heating;
density would be less affected.

In Table 2 we present all the kurtosis values that were found in our
results for Noand T, .

In Table 3 we summarize the main results that were found in this

Table 2. Kurtosis values for Ng and T, data at all scales.

work, where the scale/range with higher kurtosis parameter for
each analysis (whole interval, solar cycle, Martian orbit, and bow
shock) is presented. The possible causes of kurtosis differences are
also shown in the table.

Other factors can also affect wave activity in the Martian mag-
netosheath, such as solar zenith angle and IMF orientation. At the
subsolar point, the magnetosheath is more compressed; we
would thus expect that the kurtosis would be higher than at the
terminators, since we have more intense wave activity in this re-
gion. However, during orbits in which the spacecraft crossed the
terminator region, the interval that it remained in the mag-
netosheath was larger than when its orbit took it to the sub solar
point, and more turbulence can be observed in the data. Further-
more, the kurtosis should be higher for quasi-perpendicular con-
ditions, since the most turbulent magnetosheath is found below
quasi-perpendicular shocks.

Ne Te

Kurtosis for each scale (mHz)

Kurtosis for each scale (mHz)

40 30 20 10 5 40 30 20 10 5
2005-2016 Total Median 6.1 6.0 5.9 54 47 44 44 43 41 3.7
Declining phase 6.4 6.3 6.2 5.6 49 4.6 45 44 4.1 37
Minimum 5.6 5.5 5.5 5.2 45 42 42 41 39 35

Solar cycle
Ascending phase 5.7 5.7 5.5 5.0 44 43 4.2 4.2 3.9 3.6
Maximum 6.3 6.2 6.0 5.5 47 45 45 44 41 37
30<Lg<120 5.9 59 5.8 53 45 42 42 41 39 35
120 < Ls < 210 6.1 5.6 48 5.9 5.9 44 4.4 43 41 37

Mars Orbit
210 < Lg < 300 5.7 53 6.4 6.2 46 48 47 46 4.2 37
300 <Ls <30 6.0 5.6 5.8 5.3 48 44 43 43 4.0 37
0>BSD=-05 44 44 43 3.9 35 3.8 3.7 3.7 35 32
-0.5>BSD=>-1.0 36 36 35 33 3.1 34 33 33 31 3.0

BSD

-1.0>BSD > -1.5 35 35 34 3.2 3.0 34 34 33 3.2 31
-1.5>BSD > -2.0 36 35 33 3.1 29 35 34 33 33 3.0

Table 3. Higher kurtosis parameter scale/range and their possible causes.

Te

Ne
Higher
kurtosis .
parameter Possible cause

scale/range

Higher
kurtosis
parameter
scale/range

Possible cause

FI i . .
uztcl;?:on Near the proton gyrofrequency in the upstream Near the proton gyrofrequency in the upstream
(whole 40 mHz region. Upstream events can transfer energy to 40 mHz region. Upstream events can transfer energy to
. the inner magnetosphere. the inner magnetosphere.
interval)

Solar cycle Declining/  Frequent occurrence of large scale structures in Declining/  Frequent occurrence of large scale structures in
phase Maximum the solar wind (CIRs and ICMEs). Maximum the solar wind (CIRs and ICMEs).
Martian proton cyclotron wave activity and the

120 < Lg < 210 unknown/not clear

210 < Lg < 300

orbit extension of the hydrogen exosphere.
Bow shock Higher input of energy into the Martian system, Higher input of energy into the Martian system,
distance °” BSD=0.5  which promotes the Kolmogorovian cascades of 0>BSD=0.5  which promotes the Kolmogorovian cascades of

energy dissipation.

energy dissipation.
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In conclusion, we report that kurtosis parameters for temperature
and density data are higher than 3 in the magnetosheath of Mars,
and reflect a significant dependence on the solar cycle as well as
on the distance of the bow shock. A difference between kurtosis
values for these two variables in data from the extended exo-
sphere was observed; this difference should be explored in future
works.
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