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Schumann resonances are electromagnetic resonances generally associated
with lightning. If they exist on Mars, Schumann resonances are expected to
resonate within the ionospheric cavity at a fundamental frequency of 7–14 Hz.
We conducted a search for 5–16 Hz signals below 400 km in magnetic field
data from the Mars Global Surveyor (MGS) and Mars Atmosphere and Volatile
Evolution (MAVEN) missions. Fast Fourier transforms and wavelet analysis were
used to find these signals and investigate their characteristics further. We discuss
our null results and the required steps forward to continue and improve this
search. Future studies will require higher sensitivity instruments and would
benefit from additional missions that reach into the lower ionosphere of Mars.
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1 Introduction

With an idealized electrically conducting surface and a conducting ionosphere, a planet
forms a global waveguide and traps low frequency electromagnetic energy. Terrestrial
lightning discharges, with spatial scales on the order of kilometers, create broadband
electromagnetic energy that resonates in this spherical shell cavity. These resonances are
called Schumann resonances (SR) (Schumann, 1952). OnEarth, they exhibit distinct peaks at
extremely low frequencies (ELF) with fundamental frequencies around 8 Hz and observable
harmonics up to at least 44 Hz. These signals are routinely used for the remote sensing of
lightning. The SR fundamental frequency is in part determined by the radius of the planet,
the distance between the planet surface and ionospheric peak, and the conductivity of both
(Greifinger and Greifinger, 1976; Beamish and Tzanis, 1986; Sentman and Fraser, 1991;
Grimm, 2002; Nickolaenko and Hayakawa, 2002). We note that mechanisms other than
lightning have been presented as potential sources of Schumann resonances (Beghin, 2014).

Both experimental (Eden andVonnegut, 1973; Krauss et al., 2006; Aplin et al., 2011) and
theoretical work (Melnik and Parrot, 1998; Farrell et al., 1999; Renno et al., 2003; Zhai et al.,
2006; Izvekova et al., 2022) suggest that charge separation sufficient for electrical discharges
plausibly occurs in Martian atmospheric dust activity (e.g., global storms, regional storms,
and local dust devils). Both terrestrial and martian instruments have detected changes
in the magnetic field associated with dust devils approaching and receding from them
(e.g., Houser et al., 2003; Charalambous et al., 2021). Whether electrical discharges would
be primarily large scale, filamentary discharges similar to terrestrial thunderstorms, or
primarily microscopic scale, intergrain glow discharges is unknown (Farrell and Desch,
2001). Both types of discharges potentially create broadband electromagnetic energy, but
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only the large scale discharges likely produce appreciable energy at
ELF frequencies (Farrell et al., 2000) sufficient to contribute to SR at
Mars.

Regardless of the exact type of discharges that occur at Mars, the
existence and investigation of any such events would be important
for several reasons. Along with the intrinsic interest in a new
discovery, these electromagnetic discharges could cause alterations
in the chemistry at the surface and in the atmosphere. Lightning
is the largest natural producer of nitrogen oxides in Earth’s upper
troposphere. Though it remains difficult to determine, the annual
global mass of nitrogen produced via lightning-induced nitrogen
oxides is estimated at 5± 3 Tga−1(Schumann and Huntrieser, 2007,
& references therein). Lightning has also been proposed as a possible
explanation for the anomalous abundance of nitric oxides at Venus
(Krasnopolsky, 2006). The existence of Venusian lightning has yet
to be confirmed, though both radio and optical observations have
been interpreted as lightning (Ksanfomaliti, 1980; Russell, 1991;
Russell et al., 1993; Russell et al., 2006; Hansell et al., 1995).

Lightning poses a threat to future missions as electrical
discharges are potentially hazardous to instruments, rovers,
and astronauts (Hauck, 2002). Additionally, understanding
the electromagnetic activity in the atmosphere introduces the
possibility of using such energy to probe for subsurface cavities
and conductivity (Grimm, 2002). Future missions which carry an
instrument capable of measuring electric or magnetic fields would
benefit from information regarding necessary sensitivities, expected
signal amplitudes, and a better understanding of atmospheric and
magnetic connections.

Several groups have createdmodels to predict the characteristics
of SR at Mars using both analytical and numerical modeling
techniques (Sukhorukov, 1991; Pechony and Price, 2004; Molina-
Cuberos et al., 2006; Yang et al., 2006; Soriano et al., 2007;
Simoes et al., 2008b; Simoes et al., 2008a; Toledo-Redondo et al.,
2017). These models use a variety of parameterizations for the
surface conductivities, but in all cases (disregarding the unrealistic
case of perfect conductivity) the fundamental frequency is predicted
to be ∼7–14 Hz. An important aspect not included in the models
is the contributions from the crustal magnetic fields (CMFs),
which are localized magnetization of crust, primarily in the
southern hemisphere (Acuña et al., 1998). The CMFs create large
local variations in the ionospheric densities (Nielsen et al., 2007),
including transient ionospheric layers (e.g., Gurnett et al., 2005;
Kopf et al., 2008; Kopf et al., 2017; Kim et al., 2012; Matta et al.,
2015; Zhang et al., 2015; Mayyasi et al., 2018). The CMF-driven
fluctuations in the structure of the ionosphere alter the resonant
cavity, potentially resulting in global changes to the expected range
of frequencies.

Observing signals from atmospheric electricity atMars has been
a goal for many. Ruf et al. (2009) used a receiver piggy-backing on
the Deep Space Network to observe Mars at about 8.5 GHz and, by
using the kurtosis of that signal, found significant energy at about
10, 28, and 32 Hz. These observations were interpreted as being
produced by a strong regional dust storm at Mars occurring at the
time of the observation. However, the electric field associated with
the implied SR would have to be approximately a thousand times
greater than the electric field in terrestrial thunderstorms (Ruf et al.,
2009). We note that incredibly powerful lightning or “superbolts”
have been observed at Earth (e.g., Turman, 1977; Holzworth et al.,

2019). If the signal observed by Ruf et al. (2009) was powerful
lightning, Schumann resonances should be observable by present-
day magnetometers at Mars (further discussed in Section 5).

Subsequent observations ofMars taken with the Allen Telescope
Array during a time lacking dust storms showed no signs of
significant energy at the expected frequencies of SR as the
only signals present were caused by terrestrial radio frequency
interferences (Anderson et al., 2012). Attempts to observe the
broadband energy at radio frequencies of approximately 5 MHz by
the Mars Advanced Radar for Subsurface and Ionosphere Sounding
(MARSIS) onboard Mars-orbiter Mars Express also showed no
significant power (Gurnett et al., 2010). Similarly, there have beenno
successful attempts at direct optical imaging of electrical discharges
at Mars (e.g., Farrell et al., 2000).

The Martian ionosphere is a region of charged particles,
or plasma, in the upper atmosphere and lower region of the
magnetosphere (Russell, 1995). Though both are highly variable,
the upper limit of the Martian ionosphere occurs at 400–500 km
(Mitchell, 2001; Mitchell, 2001; Brain et al., 2006; Brain et al., 2006;
Duru, 2009; Duru, 2020; Duru, 2009; Duru, 2020) and the
ionospheric density peaks around 140 km (e.g., Hanson et al., 1977;
Withers et al., 2012; Vogt et al., 2016). The solar wind is the upper
boundary of the ionosphere and influences the plasma andmagnetic
environments. Changes in space weather as well as inter-annual
and seasonal changes can produce variations in the ionosphere,
including the altitude of the ionospheric peak (Withers et al.,
2006).

Because of this known variability, the upper boundary of the
cavity is far from a simple, idealized obstacle and our search is not
strictly limited to 7–14 Hz. Though extremely rare, there have also
been observations of terrestrial SR leaking beyond the ionospheric
peak (Simoes et al., 2011), albeit signals that were considerably
lower in strength than those observed within the ionospheric
cavity. Greifinger and Greifinger (1976) showed that the energy
in such a wave (and therefore amplitude) is fairly constant for
terrestrial altitudes above 100 km. Based on the limited terrestrial
observations of SR beyond the ionospheric peak and the reduction
of wave power, observing SR at Mars above the ionospheric peak is
very unlikely. Regardless, the possibility still exists as the Martian
ionosphere and magnetic environment are very different from the
terrestrial equivalents. Of particular interest, the nightside Martian
ionosphere exhibits patchiness and irregularities (Safaeinili et al.,
2007; Gurnett et al., 2008; Lillis et al., 2009; Němec et al., 2010;
Němec et al., 2011; Withers et al., 2012) that could facilitate leaking.
All these factors considered, our Martian search is altitude-limited
to below 400 km and frequency-limited to 5–16 Hz.

We analyze data from the Mars Global Surveyor (MGS)
(Albee et al., 2001) and theMars Atmosphere andVolatile Evolution
(MAVEN) (Jakosky et al., 2015) mission magnetometers for
magnetic signals above 5 Hz at altitudes below 400 km. We briefly
discuss the null results and difficulties with the magnetometer on
the Interior Exploration using Seismic Investigations, Geodesy and
Heat Transport (InSight) mission (Banerdt and Russell, 2017). In
Section 2, we discuss the datasets used. In Section 3, we discuss
methods used to isolate signals of interest. In Section 4, we discuss
the results of the searches. We explore detectability limitations in
Section 5. Finally, Section 6 contains the concluding remarks and
comments on the future of searches for Martian SR.
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2 Data

MAVEN began orbiting Mars in September 2014 and remains
active (as of 2023). The MAVEN magnetometer (MAG) consists
of dual fluxgate magnetometers that provide magnetic field vector
data at a 32 Hz sampling rate Connerney et al. (2015). The MAVEN
MAG dataset (PDS, 2022) used in this study contains data from
Sept. 2014 through Feb. 2019, which includes data from the northern
autumn of Mars year (MY) 32 to Northern winter of MY 34.
Seasonal variability is influential to the climate and dust activity as
the orbit of Mars is relatively elliptical. This time period includes
one regional dust storm (MY 32), a local dust storm (MY 33), and
the 2018 planet encircling dust event of MY 34 (e.g., Withers et al.,
2018; Girazian et al., 2019; Guzewich et al., 2019; Montabone et al.,
2020). These events, especially the MY 32 event, provide a critical
opportunity to search for signals during conditions more similar
to Ruf et al. (2009) conditions. The MY 29 (2009) dust storm was
regional andhighly variable, but similar to theMY32 event in optical
depth change and season (near Ls = 230).

MAVENMAGdata below400 kmwere examined,which totaled
more than 2,600 h of data from over 8,600 orbits and included
9 Deep Dip campaigns. The Deep Dip campaigns were special
orbits with periapses reduced down to around 130 km. There are
known MAVEN-generated signals (Connerney et al., 2015). These
include 0.1–10 Hz reaction wheel-related signals of ∼0.1 nT and
∼0.5 nT near-instantaneous discontinuities caused by solar array
switching. Thruster firings, which are planned events, can cause
∼5 nT oscillations.

The MGS spacecraft was active at Mars from September 1997
until November 2006. The MGS MAG consisted of dual triaxial
fluxgate magnetometers included in the science payload, with
sensors at the end of each solar array panel (Acuña et al., 2001).Non-
environmental signals from spacecraft components, notably the high
gain antenna and the power subsystem and/or circuits on the solar
array panels were detectable by MAG. However, these are known,
well-characterized signals.

There were two phases to the MGS mission; the pre-mapping
phase and the mapping phase (Albee et al., 2001). During the
mapping phase, MGS circled in a polar orbit in order to collect
global images and data. In the time before this phase, the MGS
orbit was more eccentric and reached altitudes below the ionopause
(Cloutier et al., 1999). For this reason, our focus is on the pre-
mapping phase (1997–1999). Again, we focused on data from
altitudes less than 400 km (PDS, 2007). It is important to note that
the altitude of the spacecraft, and therefore the measurements, was
determined by subtracting the volumetric radius (3,389.5 km) of
Mars from the location of the spacecraft in sun-state coordinates
(i.e., a coordinate system which has an origin at the center of the
planet). This means that the altitude is a proxy for the distance to the
ground, but the actual distance varies with topology [i.e., Olympus
Mons (∼22 km) would be the largest discrepancy]. This is adequate
for our investigation as our search was already expanded to include
higher altitudes.

Once filtered to altitudes below 400 km, the MGS data are
severely limited compared to the full MGS MAG dataset. For
example, there are no remaining data available from the nightside.
The majority of the data in the intervals were taken during the
northern Martian autumn (solar longitude, 180° < Ls < 270°) and

none were taken in the NorthernMartian summer (90° < Ls < 180°).
This is important to note as Martian dust activity is known to vary
with season (Heavens et al., 2014), but during this time period there
were no global dust events (e.g., Shirley, 2015).

MGSMAGdata are available in two coordinate systems; payload
and sun-state, which is the same as Mars-centered Solar Orbital
(MSO). MSO is a coordinate system in which + X points along
the Mars-Sun line, +Y is antiparallel to Mars’ orbital velocity, and
+Z completes the right-handed coordinate system. The payload
coordinate system is the frame of reference of the spacecraft,
where + Z is upwards from the spacecraft and follows the
direction of spacecraft motion through the Martian atmosphere
during aerobraking (cf. Albee et al. (2001); Figure 4). Data in
payload coordinates more clearly exhibit spacecraft interference and
contamination of the data, which can then be excluded from the
study. As the spacecraft rotates through space (as MGS did during
its pre-mapping phases at about one rotation every 2 hours), if a
signal persists in a fixed direction in spacecraft payload coordinates,
it most likely originates from the spacecraft itself; an environmental
signal would not be expected to rotate with the spacecraft. The data
are labeled in the format “m##d###”, where the numbers following
‘m’ are the year and the numbers following the “d” are the day of
year.

With both MGS and MAVEN datasets, the overall coverage for
the Schumann resonance search was 1997–1998 and 2014–2019.

InSight landed on Mars in November 2018 in Elysium Planitia.
The InSight Fluxgate Magnetometer (IFG) was part of the Auxiliary
Payload Sensor Subsystem (APSS) (Banfield et al., 2018), which is a
suite of environmental-monitoring instruments. The IFG was not a
primary science instrument. Regardless, as the lander provided the
first ever ground-based Martian magnetometer data, we performed
a cursory search of the high time resolution (20 samples/second) IFG
data (Russell and Joy, 2021) for signals of 5–10 Hz. The high time
resolution datawas limited to specific time intervals due to downlink
bandwidth constraints.

3 A semi-automated method for wave
searches

A multi-step process to identify periods of possible wave signals
in MAVEN MAG data was developed. The method is similarly
described in Esman et al. (2021), Esman et al. (2022), and Esman
(2022).

Fast Fourier transforms (FFTs) of each component of the
magnetic field time series were used to create a comparative and
quantitative guide for a visual search of waves. Each 10 s FFT
overlapped the previous FFT by one second to ensure signals would
not be lost at the edges of FFTs.

The power from the FFTs was averaged over 5–16 Hz and
summed across the components to remove coordinate system
dependence. FFTs were only calculated for continuous data
intervals. The result is a time series of magnetic fluctuation power
for the entire input dataset, which indicates periods of possible
wave activity with enhanced spectral power when compared to the
average spectral power. In other words, if waves are present, there is
an enhancement in the FFT at the wave frequency, which translates
to an enhancement in power. Because of the digital resolution of
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FIGURE 1
A signal found in the MAVEN data is shown with power in a range of
frequencies. The Y-direction magnetic field and the Y-direction
magnetic field filtered to 5–16 Hz are shown in the first two panels,
respectively. The other magnetic field directions are excluded for
space and clarity. The final panel is the wavelet of the unfiltered
Y-direction magnetic field, which shows that the signal exhibits power
in the full range of interest (5–16 Hz).

the magnetometers, we place a lower limit of 0.01 nT on wave
amplitudes.

Themethods described above are usedwith the primary purpose
of identifying potential wave signals in magnetic field data. Further
analysis is conducted for each of these identified signals. This
begins with wavelet analysis. Wavelet transforms provide time and
frequency information through power spectra. Morlet wavelets
(Torrence and Compo, 1998), which are sine waves tapered by
a Gaussian, are used for the analysis of the dataset. Recalculated
FFTs for the duration of the wave (not restricted to 10 s) provided
specific primary (i.e., most powerful) wave frequencies. Broadband
or temporally overlapping events can result in power signatures
over a broad range of frequencies (e.g., see Figure 1). This means
that waves with primary frequencies outside the range of interest
can be identified with this method. MAVEN results are found in
Section 4.1. MGS results are found in Sections 4.2,4.3.

3.1 Starting with a “by eye” search for MGS

MGS MAG data were initially investigated by eye. This method
is, of course, biased based on the individual determining which
signals are or are not waves. Wavelet and FFT analysis was
conducted on the waves. The FFTs were used as a check for any
significant spectral peaks. The data were examined in both MSO
and payload coordinates. The multi-coordinate system analysis is
necessary for MGS to better determine which signals are spacecraft-
generated signals. This is not necessary for MAVEN, because the

suite of instruments provide sufficient information for identifying
spacecraft-generated signals.

The “by eye” study was followed by a completely separate
reanalysis of the MGS data using the semi-automated method
developed for the MAVEN data. The potential SR signals found by
the two MGS studies and a discussion of the effectiveness of both
methods are in the next section.TheMAVENdatawere not searched
purely by eye.

4 Schumann resonance search results

4.1 MAVEN results

A total of 86 signals of interest were found within the
MAVEN data below 400 km. None of the identified signals matched
signals known to originate from the MAVEN spacecraft itself
(Connerney et al., 2015). However, we also determined that none
of these were SR. Wavelets revealed that some waves were at
primary frequencies much lower than 7 Hz. The average frequency
of the signals was 6.58 Hz with a standard deviation of 2.16 Hz.
A unavoidable consequence of wavelet analysis is a reduction in
temporal and frequency resolution, which can result in power from
specific frequencies ‘bleeding’ into other frequencies, albeit with
weaker power. Other potential signals exhibited strong power in a
wide (e.g., the full 5–16 Hz range) range of frequencies indicating
the signal was not produced by SR. Figure 1 shows an example
of one of the potential SR signals and the associated broadband
spectral power. Observations of terrestrial SR are seen to have full
width half maximums of less than 5 Hz (e.g., Votis et al., 2018).
Further, we eliminated signals that matched the MAVEN reaction
wheel frequencies and times, which are available publicly (Harter,
2022). All signals were compared with the reaction wheel data. See
Esman et al. (2022) for discussion of signals below 200 km and a
more in depth follow-up investigation (e.g., the addition of other
instrument data sets).

4.2 MGS “by eye” results

Thevisual search of theMGSMAGdata resulted in no identified
SR. Three days (m97d343 or 9 December 1997, m98d009 or 9
January 1998, and m98d094 or 4 April 1998) exhibited narrowband
(i.e., a couple Hz width) signals at appropriate frequencies, but
were all determined to be spacecraft-generated signals (e.g., reaction
wheels, which had not previously been specifically identified in
the MGS data). The strongest of the signals extended beyond 1
RM into the magnetosphere, demonstrating the signal was from
MGS. The other two signals maintained power in only one of the
spacecraft coordinate axes, even as the spacecraft was aerobraking.
Sections 4.2.1,4.2.2 discuss these three events in more detail.

4.2.1 Events limited to the ionosphere
Intervals from 2 days (m97d343 and m98d009) were especially

promising as the signals were observed at altitudes below
150 km. The signal on m98d009 was approximately 3.6 min in
length. In the payload coordinate frame, the signal is entirely
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FIGURE 2
MGS MAG data, altitude, and wavelets for m98d009 (9 January 1998) in payload coordinates. The first three panels (A–C) are the magnetic field in the
X, Y, and Z direction. The fourth panel (D) is altitude in km. These are followed by the corresponding X, Y, and Z direction wavelets (E–G). A signal at
around 12 Hz is visible in only the X-direction wavelet (E), indicating this is a spacecraft-associated signal.

in the X-direction. Figure 2 shows the m98d009 signal in
payload coordinates. Figures 2A–C show the magnetic field
strength. The comparatively high frequency signals we are
interested in are embedded in large scale variations (∼10 nT).
Figure 2D shows the altitude of the spacecraft at the time of
measurement. The Figures 2E–G show the wavelet spectra. The
signal is only visible in the X-direction wavelet (Figure 2E).
After filtering the magnetic field data to frequencies between
1 and 16 Hz, we find that the peak-to-peak amplitude is about
0.2 nT.

The signal from m97d343 is also embedded in large scale, low
frequency ionospheric variations, but is itself quite low in amplitude
(∼0.2 nT peak-to-peak) relative to the noise environment. It lasts
about 34.5 s and is only seen in the Z-direction in the payload frame.

As previously stated, the likelihood of an environmentally
produced signal being confined exclusively to one direction in the
spacecraft frame is extremely low. Therefore, we conclude these two
signals are spacecraft-generated. This is further validated given that
MGS was usually moving (spinning or reorienting) during these
aerobraking passes.

4.2.2 The magnetosphere-reaching event
A single MGS event presented a particularly prominent, clear,

narrow-band, and powerful signal below 400 km. The signal,
from m98d094, is shown in payload coordinates in Figure 3.
Spectral magnitude power is predominately in the payload X,
though the same signal can be seen in Y. In X, the signal has
a peak-to-peak of ∼0.5 nT. This signal was the most promising
candidate for a Schumann resonance.However, further investigation

revealed that the signal extended, continuous, for over a thousand
kilometers into the magnetosphere. Therefore, it is clear that
this signal is not lightning-related and instead is of spacecraft
origin. Based on the known amplitudes of reaction wheels from
MAVENMAG [often at least 0.1 nT peak-to-peak (Connerney et al.,
2015)], this signal is consistent with expected MGS reaction
wheel interference. We conclude that this signal is of spacecraft
origin.

4.3 MGS reanalysis results

Using the methodology described in Section 3, the reanalysis of
the MGS MAG data resulted in seven additional wave signals. This
analysis was completely separate to the “by eye” search discussed in
Section 4.2.

Four of the additional wave signals exhibited behaviors and
frequencies inconsistent with SR, but warrant future analysis. There
were three potential SR signals, which had not previously been
found by eye. See Table 1 for a list of the potential signals and their
detection method. Of these three, two (m97d347 or 13 December
1997 and m99d058 or Feb. 27, 1999) were coincidentally identified
by eye after investigating a peak in spectral power that occurred
15 min and 30 min later, respectively. The 97d347 signal started
at around 700 km and continues, fluctuating in frequency from
1–16 Hz, down to around 200 km and is only visible in the X-
direction payload.Therefore, them97d347 signal is likely spacecraft-
generated.

Frontiers in Astronomy and Space Sciences 05 frontiersin.org

https://doi.org/10.3389/fspas.2023.1162624
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Esman et al. 10.3389/fspas.2023.1162624

FIGURE 3
MGS MAG data, altitude, and wavelets from m98d094 (4 April 1998) in payload coordinates. The first three panels (A–C) are the magnetic field in the X,
Y, and Z direction. The fourth panel (D) is altitude in km. These are followed by the corresponding X, Y, and Z direction wavelets (E–G). The X-direction
(E) wavelet shows the strongest feature found in the dataset within our search criteria. The signal stays prominent in the X-direction and extends
beyond the bow shock. The signal is spacecraft interference.

TABLE 1 Potential SR Events Identified in theMGS dataset.

Day Approximate start time (hh:mm) Found by eye Found with semi-auto method Comments

m97d340 02:18 No Yes

m97d343 21:32 Yes Yes

m97d347 15:01 Yes No nearby spectral power peak

m98d009 06:02 Yes No Weak signal

m98d094 08:55 Yes Yes

m99d058 04:40 Yes No Found while looking at nearby spectral power peak

The m99d058 signal, seen in Figure 4, was perhaps the most
promising signal found during the reanalysis. Just barely above
400 km, the signal is seen prominently in the payload Y-direction
wavelet and veryweakly in theX-directionwavelet.The amplitude of
the oscillations are consistent (∼0.2 nT peak-to-peak) with reaction
wheels and the power never fluctuates between magnetic field
components. This is also likely a spacecraft-generated signal.

The signal fromm97d340 is a narrow-band signal thatmeets our
initial criteria, yet was not identified by eye. Figure 5 shows, similarly
to previous figures, that the wave is only present in one payload
direction and is a spacecraft-generated signal.

The semi-automated method was able to find two of the
previously identified signals (see Section 4.2). The third, m98d009
(Figure 2), was tooweak to be found by the semi-automatedmethod.
It is evident that the semi-automated method misses weaker waves,
which could be found with “by eye” analysis. Regardless, the time
series of spectral power still guided the search, resulting in additional

identified signals. Though clearly beneficial for finding signals, the
“by eye” analysis is biased by the data analyst’s judgement. The semi-
automated method missed half of the total identified MGS signals,
therefore we estimate another 86 signals could have been found via
“by eye” analysis of the MAVEN data. This addition would certainly
increase the statistical significance of the results. Developing a more
robust method for wave searches, while maintaining lower false
positives and finding as many signals as possible, is a priority for
the future.

4.4 InSight results

As the IFG was not a primary science instrument and was a
magnetometer with limited distance from other instruments on
InSight, noise was expected in the data. An initial cursory search
of the 20 Hz IFG data for 1 December 2018 was performed.
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FIGURE 4
MGS MAG data, altitude, and wavelets from m99d058 (27 February 1999) in payload coordinates. The first three panels (A–C) are the magnetic field in
the X, Y, and Z direction. The fourth panel (D) is altitude in km. These are followed by the corresponding X, Y, and Z direction wavelets (E–G). The
Y-direction wavelet (F) shows the strongest power of the signal, but it is also echoed in the X-direction wavelet (E). The signal is likely
spacecraft-generated as the power level stays consistent across the X- and Y-directions and the amplitude of the oscillations is consistent with
reaction wheels. This is an example of a signal found by eye, while using the semi-automated technique.

FIGURE 5
MGS MAG data, altitude, and wavelets from m97d340 (6 December 1997) in payload coordinates. The first three panels (A–C) are the magnetic field in
the X, Y, and Z direction. The fourth panel (D) is altitude in km. These are followed by the corresponding X, Y, and Z direction wavelets (E–G). The
X-direction wavelet (E) shows a strong feature. The signal is likely spacecraft-generated as it stays prominent in the X-direction only and extends up to
around 600 km. This is an example of a signal found using the semi-automated method, yet missed by the initial visual inspection.
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Unsurprisingly, the data artifacts were too significant in the
frequencies of interest and it was impractical to search for SR in
the IFG data. Multiple identified data artifacts are described in
Joy and Rowe (2019), including artifacts found in the low time
resolution data and/or the high time resolution data. The report also
indicates it is unlikely the artifacts will be removed from the high
time resolution data. Future missions may provide better ground-
or helicopter-based magnetometers on Mars.

5 An exploration of detectability limits

Terrestrial SR detected at ground level have signal strengths on
the order of 0.001–0.01 nT (Füllekrug, 1995), so such signals were
not expected to be detected. However, if, as suggested by Ruf et al.
(2009), the electric fields producing the Martian Schumann signals
are a thousand times the electric fields in the terrestrial Schumanns,
then such signals should easily be discernible in our dataset as the
wave power is proportional to the amplitude squared.

To provide a more quantitative response to our finding, we
follow the calculation done by Farrell et al. (1999) (Section 4; Eqs. 7-
10); Table 1) to estimate the lower constraint on power and upper
constraint on occurrence rate for SR on Mars. For a frequency (f)
range of 5–16 Hz, αSR = 31–100 s−1 (f = α/2π). We continue with
αSR = 100 s−1, as this leads to the highest possible SR amplitude.With
αVLF = 20,000 s−1, Farrell et al. (1999) calculate EV LF ∼ 60Qac

h
r
,

where Qac is the charge transported by the discharge process, h is
the height of the storm/dust devil, and r is the distance between
the observer/spacecraft and the center of dust activity. Therefore, we
find:

ESR ∼
60

20,0002
× αSRQac

h
r
= 0.0015 Qac

h
r
. (1)

Choosing the most intense Martian dust devil parameters from
Table 1 in Farrell et al. (1999) (h = 10 km,Qac = 2.5C) and a distance
to MAVEN of 200 km, a maximum ESR = 0.00019 V/m. We then
convert the radiated E field to a very simplified expected magnetic
field amplitude (B).

ESR = cBSR, (2)

where c is the speed of light. This leads to:

BSR = ESR/c = 6.25× 10−13 T = 0.625 pT, (3)

which is not observable by the fluxgate magnetometers at Mars.
However, using the result from Ruf et al. (2009), ERuf = 1000ESR and
BRuf = 0.63 nT. Therefore, the MAVEN and MGS magnetometers
would not be able to resolve the expected strongest SR from
dust devils, but would be able to find Martian SR from lightning
1,000 times more powerful than expected Martian dust devil
lightning. The following equations, Eqs (4), (5), show the resulting
SR amplitude from SR 1000 times more powerful than terrestrial
lightning would also be detectable. For this calculation, Qac = 3 as
used in Farrell et al. (1999).

E⊕ = 0.0015⋆ 3⋆
5
200
= 0.00011 V/m (4)

B⊕ = 3.7× 10−13 T = 0.37 pT (5)

Due to potential spacecraft magnetic noise and instrumental
offset variations, signals observed by MAVEN which are smaller
then 0.2 nT should be treated carefully. Nonetheless, MAVEN
MAG’s numerical resolution allows signals as small as 0.01 nT.
Taking this as the absolute lower limit for detectabilitywithMAVEN,
we set BSR = 0.01nT. Then, ESR = cBSR = 0.003 V/m. From ESR ∼
0.0015 Qac

h
r
(h = 10 km, r = 200 km), we findQac = 40 C. So, for the

MAVEN MAG to observe SR, the discharge must be at least 13.3
times the terrestrial thunderstormQac and 16 times themost intense
Martian dust storm Qac.

MAVEN travels at around 5 km/s and we have been using
r = 200 km. Only considering data at 200 km or lower for a
more conservative estimate, there were no discharges of 40 C or
greater within 200 km of MAVEN over 1,124 h. Assuming a non-
overlapping square area projected onto the surface ofMars, this very
roughly translates to 8× 109 km2 ground coverage over the 1,124 h.

Farrell et al. (1999) finds that the limiting charge density for
the Martian atmosphere is about 200 e/cm3. Unfortunately, for
the overwhelming majority of time, the electron density at our
lower limit altitude of ∼120 km is already beyond 200 e/cm3

[e.g. (Fowler et al., 2015)]. Depletions of electrons reaching higher
altitudes (160 km) have been observed, with a greater likelihood
of this occurring on the nightside [e.g. (Girazian et al., 2023)].
However, the exact occurrence rate and duration of these depletions
is not known and the depletions would have to correspond with dust
activity. This suggests that, similar to the occurrences at Earth, SR
detection at higher altitudes may be extremely rare.

Our analysis of the MGS MAG, MAVEN MAG, and InSight
IFG datasets resulted in no clear signs of electrical discharges in the
Martian ionosphere. With our imposed lower limit of 0.01 nT, our
study would have found SR 100 times more powerful than Earth
lightning. Therefore, any signals weaker than that could exist at
Mars. A weaker SR-related signal occurrence rate would still likely
be limited by the atmospheric density and dust activity.

In the MGS data, the signals discovered within the expected
range for SR on Mars were determined to be spacecraft-related.
Interesting naturally-driven signals were found in theMAVEN data,
but were determined to not be SR. The high time resolution IFG
data proved too contaminated for any effective search for SR. We
conclude that any atmospheric electricity present at Mars cannot
produce SR that are multiple orders of magnitude greater in power
than terrestrial ones. Additionally, the Ruf et al. (2009) signal likely
has an origin unrelated to lightning. This search cannot preclude
electric activity typical of terrestrial SR or atmospheric electricity
(e.g., glow discharges) that are not expected to produce SR.

An understanding of the theoretical largest scale electrical
discharge that could be plausibly generated within a global, regional,
or small-scale event helps constrain sensitivity requirements.
However, conclusions have been inconsistent. Experimental work
by Harper et al. (2021) removed interactions between grains
and surfaces inconsistent with the Martian environment (e.g.,
containment walls). They determined that small-scale discharges
are plausible and that the maximum charge densities distribution
on the particles is on the order of 10–6 C/m2. They note these
small-scale discharges are potentially similar to discharges within
terrestrial volcanic vents. Theoretical work by Farrell et al. (1999)
demonstrated that discharges were possible within dust clouds
on Mars. Additional details about lightning throughout the Solar
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System can be found in Yair (2012) and Riousset et al. (2020).
A mission with the specific goal of looking for evidence of
lightning may be required to bring the necessary technology to
Mars.

6 Conclusion

In this study, we conducted a search for 5–16 Hz signals below
400 km in the Martian magnetic field to determine if any lightning-
related Schumann resonances could be identified. No such signals
were found in themagnetic field data from theMarsGlobal Surveyor
(MGS) or Mars Atmosphere and Volatile Evolution (MAVEN)
missions. Future missions require a sensitivity greater than 0.01 nT
to detect terrestrial-strength SR on Mars. Ideally, the sensitivity
would be significantly higher for the detection of smaller-scale
electrical discharges and the signals that leak out of the ionospheric
cavity. This high sensitivity requirement introduces economic and
structural obstacles for spacecraft.

There are two primary methods for detecting SR: electric
and magnetic field measurements. A variety of antennae and
magnetometers have been used as sensors. To achieve the necessary
sensitivity at the required frequencies, a low noise induction
coil or search coil magnetometer with 10,000–100,000 turns of
copper wire is suggested (Sentman, 1995). A portable induction
coil magnetometer system capable of SR detection is presented in
Votis et al. (2018).Theweight of one of the developedmagnetic field
antennas is 2.2 kg, which is 10 times the weight of the Juno Waves
search coil (Sentman, 1995; Kurth et al., 2017). The limitations
that future missions searching for SR face are, therefore, primarily
weight, cost, and reducing noise from the main spacecraft and other
science instruments included in a payload. Further technological
advances may be necessary to make this feasible.

Additional missions that reach low into the ionosphere of Mars
would benefit this search and the overall understanding of the
Martian plasma environment. Reaching lower altitudes is difficult
for orbiting spacecraft, while landers, rovers, and helicopter/drone-
like missions can have increased noise contamination due to
multiple instruments being physically close. Again, technological
advancements may aid in mitigating these issues. For example, a
helicopter mission that could deploy a magnetometer on a long
boom could increase the distance between the magnetometer and
other instruments.

Terrestrial- and smaller-scale electrical discharges on Mars have
yet to be ruled out or observed. Electric fields or non-Schumann
resonance signals may be a better method for ultimately finding
lightning on Mars. The safety of instruments and astronauts remain
a concern, as electrical discharges atMars on smaller scales plausibly
exist within the dusty environment.
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