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Abstract

The NASA InSight lander has recorded many pressure drops attributed to convective vortices
during its first full year of data collection. However, although dust-carrying vortices (dust devils)
are a common phenomenon on Mars, they have not been observed in InSight images. On Earth,
magnetic signals associated with some dust devils have been reported. Data from the InSight
Fluxgate Magnetometer (IFG) provide the first opportunity for similar investigations on Mars.
Here, we evaluate whether magnetic signals are associated with daytime vortices. We
incorporate observations of environmental conditions, measurements of ground tilt from seismic
data, and data from the lander’s solar panels, and consider the potential for dust-laden vortices to
generate observable magnetic field signals. We find that 7.7% of pressure drop events greater
than 1 Pa show a resolvable magnetic field signal at the time of the pressure drops. The
resolvable magnetic signals, typically seen on the horizontal field components, are less than 1 nT
in amplitude, and have no clear correlation with local time, duration, or pressure drop magnitude.
During nine pressure drop events we found smoothly varying magnetic signals of at least 0.3 nT
on any one component. To investigate the origin of these magnetic signals we evaluated three
possible sources: solar array currents, ground and lander tilt, and triboelectric effects of lofted
dust. We find that SAC and tilt could contribute a change in the magnetic field but cannot solely
explain the observed signals. The observed changes in field strength could theoretically be
produced via triboelectric effects, but only in the case of exceptionally large dust devils that pass
close to the lander. The lack of imaged dust devils and the small number of observed magnetic
signatures despite numerous measured pressure drops is consistent with at most a small


mailto:sthorne@eoas.ubc.ca

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

Thorne et al., PSS, 217, 2022, accepted version

proportion of dust laden convective vortices at InSight and associated predicted triboelectric
effects.

Keywords: Dust devils, Convective vortices, Magnetic Fields, Mars, InSight, Triboelectricity

1 Introduction

The Interior Exploration using Seismic Investigations, Geodesy and Heat Transport (InSight)
Mars Lander touched down on November 26, 2018 in Elysium Planitia. It carries the Auxiliary
Payload Sensor Suite (APSS) that includes the InSight FluxGate magnetometer (IFG). The IFG is
the first magnetometer on the surface of Mars, and thus provides a unique opportunity to study
the static crustal and time-varying external magnetic fields below the martian ionosphere
(Banfield et al., 2018). To date, the crustal magnetic field strength, ~2000 nT, and direction as
well as diurnal magnetic field variations measured by the IFG have been investigated (Banerdt et
al., 2020; Johnson et al., 2020; Mittelholz et al., 2020). However, the IFG has also measured
aperiodic magnetic signals that occur over timescales of seconds to minutes. Here we use IFG
data, together with observations of environmental conditions around the lander by APSS
(Banfield et al., 2018), measurements of ground tilt from seismic data, and data from the
InSight’s solar panels, to evaluate whether magnetic signals are associated with daytime
convective vortices. Of specific interest is whether potentially dust-laden convective vortices,
i.e., dust devils, generate observable magnetic field signals at the InSight landing site.

Dust devils (DDs) were first observed on Mars in Viking Orbiter images and have been
subsequently imaged by many missions, either via direct imaging or by the tracks left from the
passage of DDs (Balme & Greeley, 2006; Thomas & Gierasch, 1985). Martian DDs provide an
important mechanism for dust injection into the atmosphere (Kahre, Murphy, & Haberle, 2006)
as well as for the vertical transport of heat (Renno et al. 2004), and have been proposed to
maintain current flow among atmospheric regions (Harrison et al., 2016). DDs also contribute to
global atmospheric conditions via their effects on convective circulation and a multi-year study of
martian DD heights found that they correlate seasonally with the thickness of the planetary
boundary layer, a descriptive measure of the vigor of convective atmospheric activity (Fenton &
Lorenz, 2015). The electrification of DDs could also affect martian habitability as they have been
purported to induce production of H>O2 which could be responsible for scavenging organic
material or reducing the residence time of methane gas in the martian atmosphere (Atreya et al.,
2006). Although that process has been shown to have limited impact (Kok & Renno, 2009), the
electric and magnetic signatures of dusty atmospheric structures need to be better assessed. DDs
are specifically important to planetary missions because of the possibility for dust deposition on,
or removal from, solar panels that in turn can shorten or extend mission operations, respectively
(Lorenz & Reiss, 2015), and their electromagnetic noise has been hypothesized to affect
communication equipment (Harrison et al., 2016).

October 2020 marked a full martian year of data collection by the pressure sensor instrument on
InSight, providing a set of 11,251 pressure drops which were recently compiled (Spiga et al.,
2021; Chatain, Spiga, et. al. 2021). The InSight landing site is the most active site for vortices of
all landed martian missions to date (Banerdt et al., 2020). Convective vortices are classified as
DDs if they loft dust, but the fraction of DDs to dustless vortices is not well understood (Lorenz
& Jackson, 2015; Spiga et al., 2016). To date InSight has not imaged any DDs despite targeted
surveys (Banfield et al., 2020; Lorenz, Spiga, et al., 2021) but DD tracks around the lander have
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been observed via satellite imagery (Perrin et al., 2020) and by InSight’s cameras (Charalambous
et al., 2021). A recent study of parameters inferred for a subset of these vortices together with
advective wind speeds suggests that high wind speeds at the InSight landing site may suppress
the formation of DDs (Jackson et al., 2021).

The uplift of a passing vortex is known to also affect seismic measurements (Lorenz et al.,
2015). InSight’s Seismic Experiment for Interior Structure (SEIS) instrument and the pressure
sensor have observed simultaneous seismic and pressure signals due to convective vortices
(Lognonné et al., 2020, Murdoch et al., 2021). One such observation also corresponds to a
newly-formed DD track that came within 19 m of the lander, and the track was imaged from the
lander’s camera and from orbit (Banerdt et al., 2020). These joint observations permitted
estimates of the vortex properties (e.g., diameter), as well as the elastic rigidity (compliance) of
the ground near the landing site.

On Earth, there have been two observations of magnetic signals from dust carrying vortices in
the form of ultra-low frequency electromagnetic emission in conjunction with the passage of a
DD, at distances up to 100’s of meters from the electromagnetic sensors (Farrell et al., 2004;
Houser, Farrell, & Metzger, 2003). The first such DD, reported by Houser et al. (2003) was
approximately 10 meters wide and 200 meters tall with continuous broadband electromagnetic
emission at frequencies below 50 Hz with peaks near 10 Hz, while the second reported by Farrell
et al., 2004 again detected magnetic emission between 1-10 Hz (see further Figures 3 and 4 in
Farrell et al., 2004), reporting a magnetic field of ~ 0.1 nT immediately outside the DD. One
possible origin for the magnetic field signals, discussed in the terrestrial literature is
cyclostrophic motion of triboelectrically charged lofted dust, behaving as a magnetic solenoid
(Farrell et al., 2006; Kurgansky, Baez, & Ovalle, 2007).

In this study we look for possible DD signatures in the magnetic field measurements recorded by
InSight. Assuming they can be tied to other meteorological information, they could help
constrain the subset of the convective vortices that are DDs (Houser et al., 2003). A few pressure
drop events have been found to exhibit magnetic signals; however the origin of these was unclear
(Charalambous et al., 2021; Johnson et al., 2020). A passing vortex, if a DD, could be observed
in IFG data via one or more of the following possible mechanisms: (1) Triboelectrically charged
lofted dust, as suggested for terrestrial DD magnetic emission (Farrell et al., 2006; Kurgansky,
Baez, & Ovalle, 2007), (2) Changing solar array currents as a result of entrained dust of a
passing DD obscuring the solar arrays (as observed at InSight during transits of Phobos (St&hler
et al., 2020), (3) Ground tilting resulting from the pressure lows at the center of convective
vortices (Lognonné et al., 2020, Murdoch et al., 2021) that changes the orientation of the IFG in
the ambient crustal magnetic field, and (4) similarly, wind-induced tilt of the lander as explored
previously for the seismometer on the lander deck (Murdoch et al, 2017, Panning et al., 2020).
The goal is therefore to establish, if, when, and why pressure drops at the InSight lander have
associated magnetic signals and in particular to evaluate whether any such signals can be
attributed to DDs. Here, we first identify the fraction of pressure drop events that have a
resolvable magnetic signature. These resolvable events and their characteristics are then used to
evaluate the four mechanisms through which a vortex or DD could create a magnetic signal.
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2 Resolvable Magnetic Signatures at the Times of Pressure Drops

2.1 IFG Data during pressure drops

From the set of 11,251 pressure drops over the first martian year of InSight data collection
(Spiga et al., 2021; Chatain, Spiga, et. al. 2021), we selected the 1061 events that exhibit
pressure drops of at least 1 Pa (Figure 1). This excludes small events unlikely to loft dust
(Lorenz, Spiga, et al., 2021).

Pressure Drop [Pa]

Sol

Figure 1. 1061 pressure drops greater than 1 Pa recorded by InSight during the first full Martian
year of observations. At sol 189 the IFG sampling rate for continuous data increased from 0.2 Hz
to 2 Hz (dark gray to light gray background transition) and at sol 426 the solar array current data
cadence increased from 0.0167 Hz to 0.25 Hz when recorded (light gray background to white
background). All events (gray), events with either continuous 2 Hz IFG data or 20 Hz data down-
sampled to 2 Hz (blue, N = 862), events with a standard deviation signal to noise ratio (SNR;) >=
2 (pink, N=66), and the subset (N =8) of SNR, >= 2 events with 0.25 Hz solar array current data
(black stars).

The continuous sampling rate of the IFG was initially 0.2 Hz, and on sol 189 it was increased to
2 Hz. For short timeframes of interest 20 Hz data can be requested and these are available for
some of the observed pressure drop times. Intermittent outages of the data acquisition electronics
for IFG (the Payload Auxiliary Electronics (PAE)) resulted in data gaps in the IFG and other
meteorological sensor data sets. For one 10-day interval, sols 261 — 269, the continuous sampling
rate was decreased again to 0.2 Hz because of downlink limitations just before solar conjunction
and a spacecraft anomaly (sols 270 — 283) led to a subsequent data gap until communication with
the spacecraft could be resumed. Further PAE anomalies occurred but were mostly addressed
within a time frame of a few hours.
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We initially used 0.2 Hz data (recorded or decimated from higher frequency data) to assess the
overall shape and structure of magnetic signals at the times of the pressure drops (e.g., Figure 2),
but found they lacked sufficient temporal resolution to characterize the magnetic field in detail
during pressure drops. Therefore, we retained 879 events for which either 2 Hz or 20 Hz data
(V6; Joy et al., 2019) were available, and the 20 Hz data were down-sampled to 2 Hz to create a
consistent data set, using the same approach applied to the IFG data set (Joy et al., 2019). We
inspected these 879 events by hand to identify any magnetic signals of artificial origin, i.e.,
lander activities, at the times of pressure drops. Such activities include the lander wake on/off
commands, communications, or movement of the lander’s robotic arm, all of which generate
magnetic signals that are not completely removed from the calibrated IFG data (Johnson et al.,
2020; Mittelholz et al., 2020; Thorne et al., 2020). 17 events had magnetic field signals with
clear artificial origins and were discarded, resulting in a final set of 862 events. Magnetic field
components are reported in the InSight lander level coordinate system in which X points north,
Y points east and Z points down (Johnson et al., 2020; Joy et al., 2019).

2.2 Event Identification and Resulting Statistics

Mars exhibits diurnal magnetic field changes as well as shorter period variations throughout a sol
(Mittelholz et al., 2020). As an example, we show the magnetic field for sols 529 — 539 (Figure
2); on one of these sols (534) a pressure drop with a resolvable magnetic field signal is seen
(Figure 2C, discussed more below). As discussed in Mittelholz et al. (2020), the diurnal cycle
(Figure 2A) has a peak in the early to mid-morning. This is attributable, at least in part, to wind-
driven ionospheric currents that in turn depend on atmospheric properties such as horizontal
wind speed and electron density (see review in Mittelholz et al., 2020). Increased noise in the
data is clearly seen on all sols between ~11:00 — 16:00 hrs, and this is inferred to result from
short time-scale variability in solar array currents (Johnson et al., 2020). Although the example
event occurs during a comparably "quiet” time (Figure 2A,B), during the event time frame
(Figure 2C) the background noise is substantial, requiring care in identifying any magnetic
signature of pressure drop events.
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|B[ [nT]

11.63 11.64 11.65 11.66 11.67 11.68
LTST [H]

Figure 2. IFG magnitude |B|, detrended over a full sol, plotted for 10 sols (529-539) with sol
534 (red), on which a convective vortex studied here occurs. (a) |B| over a full sol. (b) LTST
~11:00-16:00 with the time of event on sol 534 plotted in Figure 4A identified by vertical lines.
(c) |B| during the corresponding LTST for which an event was detected on sol 534 (shown in
Figure 4A), detrended over the time window shown to highlight the noise. Vertical lines show the
duration of the event (28.8 seconds).

We first assessed the typical variability in the field over the characteristic timescale of pressure
drops at all local times (Figure 3). We compared this with the local magnetic field variability
immediately before and after each of the 862 events, as well as with the variability during a
pressure drop to assess whether magnetic signatures during the times of pressure drops can be
distinguished from background fluctuations.

Pressure drop durations (twice the full-width-at-half-max, FWHM) were obtained via gaussian
fitting of a 200 second interval of detrended pressure data centered on the pressure drop peak,
following the methodology described in Murdoch et al. (2021). To capture the typical
background variability in the field on the time scale of pressure drops, each sol with 2 Hz data
first had a 60s running mean removed and was then divided into sections the length of the
average duration of pressure drop events (21.7 seconds). The standard deviation (o) in each field
component for each section was computed, binned into half hour local time bins, and the median
value of ¢ in each bin was computed (Figure 3). For pressure drop events, the local background
variability in each magnetic field component was quantified by the average o of the magnetic
field in windows 1.5 times the duration of the individual event, directly before and after the
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pressure drop (c°¢) (the dark grey shading in Figure 4). The magnetic field variability during
each event was characterized by the o during the pressure drop (™) (the light grey shading in
Figure 4).

0.6 5; 5 B; 120.0
—0.4 80.0
=

[a]

5 0.2 /w/ 40.0
0% 6 12 18 24 6 6 12 18 24 o 6 12 18 24°%°
LTST [H]

RONIVMTY Y LAYV X fieae e sodi g
J Ay Ay Ay

Figure 3. Median standard deviation in each magnetic field component, o, during (pink) and
directly surrounding (green) pressure drop events, as well as the ambient variability in the field
over the characteristic time scale of a pressure drop (black), all shown for the first year of the
mission and binned in 30 min local true solar time (LTST) bins. The number of pressure drop
events per bin is shown by gray bars. Blue stars are plotted below the x-axis at the local time for
each of the 66 events with a SNR,>= 2 in at least one magnetic field component. Orange stars
show the 9 events highlighted in section 2.3.

A Sol 534, LTST 11:65, Pd: -4.03 B Sol 652, LTST 12:37, Pd: -6.31  C Sol 530, LTST 11:01, Pd: -2.16 D Sol 661, LTST 11:55, Pd: -1.79

Bx 2Hz
N By 2Hz
Bz 2Hz

—— dec_pt2Hz

Pressure [Pa]

Jo| — pressure
gaussian fit

N v | S
AN O O S O O %l O ] o SN J N Q S L O ] o
L A e & P e S L S

Time [s]

Figure 4. A-D show 4 examples of pressure drop events with sol number, local time of pressure
drop peak, and pressure drop (Pd) in Pa identified by Spiga et al., 2021. Top row: North (Bx -
Red), East (By - Green) and Vertical Down (Bz - Blue) magnetic field components during each
pressure drop (light grey shading) and the surrounding background period (darker grey shading,

Event count
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1.5 times the event duration before and after the event). 2 Hz (colors) and decimated 0.2 Hz
(blackline) data after subtraction of a 60s moving average are shown. Bottom row: pressure
drop (blue) with gaussian fit (red). A and D have SNR, > 2 and SNRp,p > 1.8 in the By
component, B has SNR, and SNRp,p above their respective thresholds in all 3 components, and
C has SNR,>2 in By.

Overall, the variability in the ambient magnetic field increases substantially between noon and
4pm local true solar time on each sol (Figures 2,3). This is in part related to varying current
draws from the solar array panels and other lander activities (Johnson et al., 2020; Mittelholz et
al., 2020; Lorenz et al., 2020). The c immediately before and after an event, as well as during an
event, are similar in amplitude to the typical variability in the field. This suggests that, on
average, magnetic signals at times of pressure drops are not significantly different from those in
the immediate surrounding intervals or the typical background variability at that local time.
Furthermore, the typical variability in the vertical magnetic field component is much larger than
on the horizontal channels, typical ~0.5 nT between noon and 4pm LTST. This analysis also
shows that identification of signals in the IFG data is not trivial due to typical short-term
variability in the data.

As we had no a priori expectations as to how a DD might manifest in the IFG data, we used two
methods to quantify the signals during individual events. We first determined the signal to noise
ratio (SNR) for each of the 862 events to systematically identify those with a resolvable
magnetic signature. The signal for each event, as identified in the pressure data, was detrended
with a 60 second running mean (described above), to remove longer time scale variations
unassociated with the pressure drop. We defined the standard deviation signal to noise ratio
SNR; as the ratio 6™ / 6°*. We found that 66 of the 862 events recorded at 2 Hz had a SNR,
greater than or equal to 2 on at least one magnetic field component (Figure 1).

We also implemented a selection scheme in which we replaced o” and 6* with the maximum
excursion (i.e., the range or peak-to-peak amplitude) during and before/after the event
respectively and recomputed the SNR using these values, termed the SNRp2p. We found that this
method systematically resulted in the detection of fewer high SNR events c.f. the standard
deviation approach. To compare whether the two approaches identified similar populations of
events we first plotted empirical cumulative distribution functions for SNRp2p and SNR; (for each
component). We used these to determine the SNRp2p value that corresponds to the same number
of events with resolvable magnetic field signals as identified using a SNRs = 2. This resulted in a
SNRp2p = 1.8. We found that 46 of the 66 events (70%) identified using the SNR; = 2 were also
identified using SNRp2p = 1.8 indicating substantial, but not complete, overlap in the populations
(see details in Supplementary Table 1 and Catalogue). Although the SNRp2p might seem a more
obvious approach, noise in the IFG data can result in spurious range measurements and is more
sensitive to outliers. We thus chose to use the events identified using SNR, for further analyses.
Examples for three events are shown in Figure 4, and all events identified with either the
standard deviation or range approach are catalogued in the Supplemental Information.

The 66 high SNR events correspond to 6.2% of all pressure drops > 1 Pa and 7.7% of the 862
events with IFG data. In detail, we find that for most events only one magnetic field component
has a SNR, >= 2. For Bx, By, and Bz this occurred for 3.0% (N=26), 4.1% (N=35), and 2.7%
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(N=23) of the 862 pressure drops respectively (Figure 5). We further observe that resolvable
events have no clear correlation with local time, duration, and pressure drop magnitude (Figure
6). The local times of all 66 SNR. events (shown with blue stars in Figure 3) are seen to have a
similar local time distribution to that of the pressure drop events overall.

400 B 400 B | 400 B

SNR >=2
(23 events)

SNR>=2 300
(35 events)

SNR>=2 300
(26 events)

300

200 200 200

100 100 100

Number of Events

0 0

IR I R N R I I TR YRR IR IR YRR IR RN
SNR, SNR, SNR,

Figure 5. Histograms of the standard deviation signal-to-noise ratios (SNR,) for the north (Bx),
east (By) and vertical down (Bz) magnetic field components. The numbers of events with SNR,
>=2 are given. Seven events with SNR; >4 are not shown (2 in Bx, 2 in By and 3 in Bz).
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Figure 6. Pressure drop magnitude for events with SNR, >= 2 in the Bx magnetic field
component (colored dots), compared with the overall population of pressure drops greater than
1 Pa examined here. Pressure drop versus (a) event duration (2 x FWHM), and (b) local true
solar time (LTST). The results for events with SNR, >= 2 in By and Bz are similar.

We evaluated whether this occurrence rate of high SNR. events occurs randomly in the IFG data
set as follows. For every sol over the martian year with 2 Hz IFG, we computed a SNR for local
time sections of the sol with the length of the average duration of pressure drop events, by
dividing the o during the short section by the average o of the sections before and after it. We
found that for Bx, By, and Bz, a SNR, >= 2 occurred for 2.5%, 2.0%, and 2.3% of the 469808
segments, less than the occurrence rate of a SNRs >= 2 during the times of pressure drops. This
analysis confirms that our identification of events is statistically significant, and we reject the
hypothesis that our identifications are not associated with any events.

2.3 Magnetic Field Signals During Pressure Drops
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Our event detection method identified 66 pressure drop events, 8 of which have concurrent solar
array current data (see Supplementary Figure 1 and Section 3.1). These events are reported
together with figures and their statistics in the supplementary information catalog which also
includes the events identified only by the SNRp2r method and all events with pressure drop
magnitudes >= 3.8 Pa (123 events total as listed in Supplementary Table 1). The set of resolvable
events (as identified by both selection methods) and large pressure events was visually examined
for magnetic signals that varied smoothly during the pressure drop duration while also showing a
clear peak-to-peak signal of at least 0.3 nT on any one component. We found that only 9 events
matched these criteria. Three such events are displayed in Figure 4 (A, B, & D) and the
remaining 6 are shown in Figure 7. For these events, the components that show the smoothly
varying signals > 0.3 nT during the pressure drop are observed mostly Bx and By (consistent with
the lower noise level on these channels) and have an average peak-to-peak signal of 0.8 nT with
a maximum observed range of 2.7 nT (Bv in Figure 7F).

SOL: 520, LTST: 11.56, Pd: -1.4 SOL: 583, LTST: 11.15, Pd: -1.5

SOL: 37, LTST: 10.10, Pd: -1.7

LA B c
.
N
A

B [nT]

SOL: 378, LTST: 11.39, Pd: -1.0 SOL: 458, LTST: 12.61, Pd: -1.0 SOL: 443, LTST: 12.79, Pd: -1.0

~ D

Figure 7. A-F show Bx (red), By (green) and Bz (blue) for 6 resolvable events with smoothly
varying magnetic signals during the pressure drop in one or more component featuring a peak-
to-peak signal > .3 nT, plotted in the same style as top row of Figure 4. To highlight the
identified signals, components that did not fit our selection criteria have increased transparency.
The panels are titled with sol number, local time of pressure drop peak, and pressure drop (Pd)
in Pa as identified by Spiga et al., 2021.
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We consider these 9 events the best candidate examples of magnetic field signals during pressure
drops of the 862 events examined. Figures 7E and 7F show the challenges associated with
identifying signals in noisy IFG data. Although the remaining events with high SNR may contain
resolvable signals, the signals are either < ~0.1 nT or they occur during times of noisy magnetic
field measurements as illustrated by Figure 2. As shown in Figure 3, the 9 events cluster in local
time in the early part of the day and before the onset of the typical increase in variability in the
ambient magnetic field. This is in contrast to the local times of all 66 SNR events which have a
similar local time distribution to that of all pressure drop events.

3 Discussion

We investigate three possible sources of the resolvable magnetic signals during the times of
pressure drops: solar array currents, ground and lander tilt, and triboelectric effects. We then
synthesize these results drawing on other InSight observations related to dust movement and DD.

3.1 Solar Array Currents

We investigated whether there is a correlation between changes in the solar array currents and
magnetic signals to assess the possibility that a change in current caused by a DD leads to a
change in the magnetic field. This could occur if lofted dust carried by DDs directly reduces
solar incidence on the panels and thus leads to a drop in the current. Alternatively, increases in
the solar array currents are possible as dust within a DD can scatter sunlight onto the arrays
(Lorenz & Jackson, 2015). The effect could occur on either or both solar panels, depending on
the relative orientations of the passing DD, the sun, and the solar panels. The change in solar
array currents could have an attendant signal in the magnetic field measured by the IFG that
together could help discern dust-free vortices from DDs. Drops in solar flux due to obscuration
of solar cells by DDs have been observed on Earth (Lorenz & Jackson, 2015). At InSight,
magnetic signals have been observed at the times of drops in the currents generated by the solar
arrays during the Phobos and Deimos transits and the associated temporary darkening (Stéhler et
al., 2020).

The relevant solar array current (SAC) data for determining insolation are reported via 2
channels, 771 and 791. They indicate insolation on the east and west solar arrays respectively,
the magnitude of which is relayed through currents from each solar array (Lorenz et al., 2020).
Solar array currents were recorded at a sampling interval of ~30 seconds until Sol 426, when the
sampling rate was increased to 4 seconds. However, InSight SAC data are only recorded when
the lander is awake, i.e., not continuously (Lorenz et al., 2020) and long gaps in data coverage on
any individual sol are present (see Figure 4 in Mittelholz et al., 2020). Because of the
intermittent SAC data, a model of daily solar array currents generated to fit data gaps is fit to the
data points as discussed in Joy et al. (2019), and interpolated to the cadence of the IFG data to
correct IFG data for solar array currents. As a result, low frequency variations in the currents
drawn by InSight’s solar arrays are generally accounted for in the processing of magnetometer
data, but variations on the time scales of pressure drops are not modeled and could contribute to
IFG signals (Joy et al., 2019; Mittelholz et al., 2020).

To investigate whether the magnetic field at the time of a pressure drop is correlated with solar
array current signals, we required SAC data throughout the pressure drop and corresponding
flanking periods at a high enough cadence to resolve a change in current during the drop. We
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thus examined pressure drop events with durations greater than or equal to 8 seconds for which
0.25 Hz SAC data were available (i.e., on or after Sol 426), resulting in 73 events (see Figure 1).
This threshold for the pressure drop duration excludes the two DD events identified in the
Lorenz, Lemmon, & Maki, (2021) SAC survey.

Of the 73 pressure drop events that fit the SAC data criteria, only eight of them have magnetic
field components with a SNR; >= 2 and three of the eight also have a SNRp2p that exceeds the
SNRp2p = 1.8 detection threshold (including Supplementary Figure 1C). Of the eight events, the
magnetic signal is typically observed on only one of the X, Y, or Z IFG components, and not
consistently on a specific component (the first 8 events listed in Supplementary Table 1). IFG
signals are observed to be present both with and without concurrent SAC changes
(Supplementary Figure 1). Additionally, pressure drops with low IFG SNR; (unresolvable) are
commonly observed with and without SAC dips. We conclude that the SACs cannot be the only
source of magnetic field signal during pressure drop events.

3.2 Ground or Lander Tilt

3.2.1 Ground Tilt

Tilting of the InSight lander by ground motion could also be responsible for a change in
magnetic signal. As a DD or convective vortex is characterized by lower pressure in its center, its
passage can be observed as the negative load deforms the surface, generating ground tilt
(Banerdt et al., 2020; Murdoch et al., 2021).

The magnetic signal from a tilt of the lander due to ground motion caused by the low-pressure
field of a convective vortex can be approximated as a small rotation (o) in the magnetometer
orientation about a horizontal axis in the lander’s reference frame. This results in a change in the
orientation of the IFG with respect to the background crustal magnetic field, producing a change
in the individual components, but leaving the magnitude of the overall signal unchanged, i.e. the
new field B' = B +AB, where |B'| = |B| Some geometry and algebra yield an expression for AB = |
AB|

AB = B 4sin (%) cos (%)

We calculate values for AB for ground tilts up to 102 degrees assuming a surface field strength B
of 2000 nT at InSight (Johnson et al., 2020; Figure 8). Lorenz et al. (2015) reported terrestrial
observations of ground tilts of ~107 ° correlated with long period (>9 second) convective
vortices identified by pressure drops. This terrestrial value, if applicable at Mars, would result in
a AB of 0.0002 nT, too small to be resolvable by the IFG. At InSight, seismic observations
concurrent with pressure drops have been made because the seismometer is able to measure the
resulting ground deformation (Banerdt et al., 2020; Lognonné et al., 2020; Murdoch et al., 2021).
Stott et al. (2021) investigated ground tilt during the initial phase of the mission when the
seismometer was still on the lander deck. They reported a maximum peak-to-peak tilt of ~0.002°
on a three-months timescale, an estimate which captures motion of the regolith and thermoelastic
tilting of the lander, both expected to be much larger effects than ground tilts during vortex
events. This is supported by maximum ground tilt magnitudes between 10 ° and 10 ° for 492
vortex events (Figure 8 of Murdoch et al., 2021), all of which would have generated magnetic
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signals too small to be resolvable by the IFG (Figure 8). The ground tilt required to cause a
measured magnetic signal of 1 nT is ~0.03°, much larger than the expected or measured ground
tilt values, and we therefore exclude this mechanism as the cause for magnetic signatures during
pressure drops.
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Figure 8. Expected change in the measured magnetic field strength (4B) due to ground tilting of
the lander (rotation around a horizontal direction, Section 3.2.1) and wind-induced lander tilt
(Section 3.2.2). The reported terrestrial ground tilt (order of magnitude) from Lorenz et al.
(2015) with the associated predicted 4B is shown (orange star), as are the 66 predicted wind-
induced tilts at the time of high-SNR, pressure drops (gray) with the maximum (25.0 m/s wind
speed; see section 3.2.2) highlighted in green. Histogram shows ground tilts measured by
InSight’s seismometer (Murdoch et al., 2021).

3.2.2 Wind-Induced Lander Tilt

Another possibility is that the lander itself is slightly tilted due to wind loads. Considering, for
purposes of exposition, only the drag force on the side of the lander, the moment of this force
must be reacted against by the forces on the feet. The feet on the downwind side of the lander
place a stronger load on the surface than on the upwind side, and if the ground deforms
elastically to provide these different forces, the lander tilts slightly away from the wind. These
elastic loads on the ground caused by lander drag and lift are a significant source of noise for the
seismometer (e.g. Murdoch et al., 2017), even on the ground a meter or two from the lander. For
a deck-mounted instrument, such as the magnetometer, (and in the first days of the landed
mission the seismometer), the compliance of the deck to lander wind loads in part results from
elastic elements in the landing gear. The transfer function of wind speed to deck movement was
estimated by Panning et al. (2020) to be 2.1 x 1077 (m/s?)/(m/s)?. We can crudely estimate the
lander tilt as being this quantity divided by local gravity 3.7 (m/s?) — in practice the lander tilt
will depend on the wind direction with respect to the lander feet. For our 66 resolvable events,
the maximum windspeeds during the pressure drops range from 3.6 to 25.0 m/s. Thus, for a
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maximum gust of 26.5 m/s associated with a dust devil, the tilt is ~25.0° x 2.1 x 1077/ 3.7 = 3.6 x
107 radians or 0.002°. Per the foregoing discussion and computations of AB from tilts, such a
lander tilt can cause an apparent field change of 0.07 nT (Figure 8), and windspeeds would have
to reach ~95 m/s to cause the observed signals of AB ~ 1 nT. Therefore, while wind-induced
lander tilt can affect IFG measurements, to date, windspeeds are not sufficiently large to be the
only source of the observed magnetic signals.

3.3 Triboelectric Effects

A magnetic signal could also be generated by swirling charged dust grains entrained in the DD.
These grains may become electrically charged via triboelectric effects (contact electrification) in
which collisions will charge the particles, and a characteristic charge-to-mass ratio develops
(Farrell et al., 2004). This electrification, coupled with the differential movement of particles
based on their mass, leads to a magnetic dipole moment and an electric field with an associated
magnetic field emission (see Figure 1 in Jackson & Farrell, 2006). The spiraling motion of these
charged grains in cyclostrophic balance (in which the inward pressure gradient force balances the
outward centripetal force) can be modeled as current loops or a solenoid (Houser et al., 2003;
Lorenz, 2016). In this approximation, a DD with fixed parameters would produce a stable
magnetic field (see Figure 4 in Houser, Farrell, & Metzger, 2003). However, DDs have
constantly fluctuating cross-sectional areas, velocities, and inhomogeneous densities which
would result in dynamic magnetic fields (Farrell et al., 2004; Farrell et al., 2006; Lorenz, 2016).
Variations on this model have been invoked to explain the two terrestrial measurements of DD
magnetic signals (Farrell et al., 2004; Kurgansky et al., 2007), the largest of which was ~0.1 nT
(Farrell et al., 2004). Using this approximation, a large dust devil passing with a high density of
charged dust grains could be observed by InSight as a quasi-steady magnetic field mostly in the
vertical direction (B; in the lander level frame), possibly with a horizontal field component
generated by azimuthal asymmetries, such as multiple vortex cores (Lorenz, 2016).

Recall that no DDs have been detected by InSight’s cameras, and only a handful of faint shadows
on the solar panels have been detected (Lorenz et al., 2020). Furthermore, Jackson et al. (2021)
reported a maximum optical depth of T ~ 0.01 from InSight’s cameras at the times of the dustless
vortices. Therefore, a dust-filled vortex would exceed this value of t. We explore whether an as-
yet unobserved vortex containing lofted dust could produce signals in the magnetic field. We
consider the case of a 10 m diameter vortex with a dusty annulus, such that the dust content is
equivalent to a layer of dust around the perimeter of the vortex that is one particle thick. Thus, the
effective area of dust is equal to the circumference of the DD multiplied by the diameter of the
dust grains. Assuming a diameter of 2 um for dust grains, with a grain density 2700 kg/m?, the
mass density per meter height, p,, is ~0.17 kg/m. In reality, the dust is spread over a larger cross-
sectional area, for an annulus of width 1 m in a 10 m diameter vortex, this would correspond to a
number density of dust grains of ~3 x 10712 m™3. We further assume that dust has a charge-to-mass
ratio, Q/m, of 10 C/kg (Mendez Harper et al. 2017), the devil rotates once per second
(corresponding to a wall circumferential speed, vw, of 10w m/s, typical of intense vortices (Balme
& Greeley, 2006) and at the upper limit as reported for InSight’s vortex catalog by Lorenz et al.
(2021)). This corresponds to p,*Q/m* vy ~ 5.3 uA of current loop per meter height. The
solenoidal vertical magnetic field B inside the devil is then B = uox pp,*Q/m* vy, = 6.7x107° nT,
where 10 = 4107 Tm/A is the magnetic permeability of free space.
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To consider this calculation in the context of our most plausible candidate magnetic signals
(Section 2.3), we examined the 4.0 Pa convective vortex on Sol 534 (Figure 4A) to obtain
estimates for the event’s diameter, trajectory, and miss-distance. We applied the method of
Murdoch et al. (2021) that uses the simultaneous pressure and seismic measurements of
convective to place constraints on vortex properties and allow reconstruction of their trajectories.
The wind speed data (Supplementary Figure 2) shows an increase but no drop at the point of
closest approach which would be expected if the eye of the vortex passed directly over the
InSight lander. Furthermore, the absence of a sharp change in wind direction supports the
inference that InSight is not inside the vortex. The pressure data were fit using the model
described in Ellehoj et al. (2010), yielding a slightly different FWHM (11.9s) from the gaussian
fit (14.4s FWHM) described in section 2.2. Assuming that the advection speed is the mean
background wind speed of 1.9 m/s, the vortex diameter is ~23 m (background wind
speed*pressure drop FWHM) (Murdoch et al., 2021). Using seismic data (Supplementary Figure
2), the trajectory of the vortex is found to be in the NE direction during the full encounter, with a
closest approach at a distance of ~11.5 m (Figure 9). The seismic and pressure signals from the
predicted trajectory were then modeled and compared with the data (Supplementary Figure 3).
Given the close proximity of the event(s), the direct ground motion has also been included when
generating the synthetic data (see Murdoch et al., 2017 for details). The results show good
agreement (Supplementary Figure 3), supporting our trajectory estimate. We note that the
proximity of the vortex (the vortex wall just grazing the lander) puts it at the limit of the
modeling approach which assumes a far field point source. We attempted a similar analysis for
the event on sol 652; however, the simple point source model did not fit the seismic observations
well, likely due to the close approach of the vortex.
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Figure 9. Trajectory of the 4.0 Pa convective vortex on Sol 534 (Figure 4A). The grey dashed
line modeled trajectory is the straight line fit to the pressure and seismic data inversion results in
blue.

We substitute the derived diameter of this close approach event into the triboelectric model
calculation above and the resulting DD could generate a magnetic field of ~0.016 nT. Therefore,
for this candidate event, the magnetic signal is still an order of magnitude too small to generate
the observed signal of ~0.3 nT.

The following question arises: Can triboelectric effects cause a resolvable signature? To answer
this question, we explore the extent to which the parameters above - the DD diameter, wall
circumferential speed, vw, dust grain diameter, and the charge-to-mass ratio, Q/m - could
reasonably be varied. The predicted magnetic field scales linearly with each of these parameters
and an order of magnitude increase in total could explain the observed signal amplitudes.
Jackson et al. (2021) used models of the pressure and wind speed profiles for their catalog of
InSight’s vortices to infer intrinsic vortex parameters for a subset of events during which the
inferred closest approach distance was within a vortex diameter from the lander. While their
most extreme value for DD eyewall velocity of ~37 m/s is similar to our vy, they report
diameters reaching hundreds of meters (a maximum of ~517 m). Clearly this is not the case for
the event on sol 534, for which we can estimate the vortex diameter, but other vortices could be
larger. Furthermore, our estimate for dust grain diameter (2 um) is in line with observations for
fine atmospheric dust on Mars (Pollack et al., 1995); however, spectral observations during the
2018 dust storm by the Curiosity rover showed dust enhancement by particles ~3 times the
typical size (~8 um) (Lemmon et al. 2019). Terrestrial measurements of dust devil mean grain
diameter values range from ~90-100 um decreasing with height (Raack et al. 2018), although the
thin Martian atmosphere may poorly suspend larger grains comparatively (Merrison et al. 2004).
Dust grain diameters lifted by a large DD, especially closer to the ground, could therefore be ~5
times larger than we assume. For a constant optical depth, a dust devil comprised of larger grains
could allow for a larger signal as their area increases by the square of the grain radius while their
mass (and therefore charge density) increases by the grain radius cubed. Alternatively, if large
grains are not lifted far from the ground, a shallow toroid of swirling sand rather than a canonical
DD may vyield the observed magnetic field signature signals. Terrestrial measurements for Q/m
of sand and volcanic ash can reach maximum values of 10° C/kg (Tian-Li et al., 2014), while
experiments of the Mars dust simulant JSC Mars-1 tribocharged against stainless steel and
Teflon have generated Q/m ratios much larger (Sharma et al. 2008). The dust concentration could
also be higher. In conclusion, higher values for dust devil diameter, dust grain diameter, or Q/m
are plausible and could lead to triboelectrically-driven magnetic fields on the order of 0.1 nT
(Section 2.3), for a close DD trajectory.

3.4 Synthesis

We examined several mechanisms that could lead to magnetic signatures during pressure drops.
Our investigation of solar array current drops at times of resolvable magnetic signatures shows
that SAC changes are present both with and without magnetic signals (and vice versa) and are
therefore not the sole contributor to IFG signals. Furthermore, tilt of either the lander or the
ground resulting in re-orientation of the IFG with respect to the background crustal field can be
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ruled out because the expected and measured tilts reported at InSight are too small to create
magnetic signals of resolvable magnitude. Finally, although triboelectric effects are theoretically
possible, the estimates made in Section 3.3 indicate that these are not likely to frequently create
measurable magnetic fields unless the DD has a large diameter, a very close approach distance
and carries sufficient charged dust. A purely solenoidal (i.e. rotationally-symmetric) field from a
vertical dust devil would be a quasi-DC signal — increasing slowly from zero as the devil
approached, reaching a maximum and then declining. Therefore, if the slow approach and signal
generation of a magnetic field-generating vortex was considerably longer than the duration of
our pressure drop, our resolvable event detection methodology may not positively detect it.

Convective vortices can also be detected by a corresponding rise in temperature with a core
temperature rise of up to 10 K, although elevated temperatures are observed if the sensor enters
the vortex core (Ringrose et al. 2007). Because IFG measurements are sensitive to temperature
fluctuations (Mittelholz et al. 2020, Thorne et al. 2020), IFG sensor temperature data for all
events in Figure 4 were investigated, and we found no corresponding temperature signals. In the
case of the event on sol 534 for which we have a derived trajectory, this is consistent with a dust
devil that passed close to but not directly over the lander. Furthermore, as shown in Joy et al.
(2019), if temperature were the cause, then we should see similar relative changes in the 3
components from one event to another, whose amplitude just depended on the amplitude of the
thermal perturbation. This is not the case as can be seen from Figures 4 and 7, e.g. in Figures 4A
and 4B, even the signs of the perturbations to Bx and By are opposite. We thus rule out that
unmodeled temperature perturbations are responsible for the IFG signals

Although InSight has recorded a large number of pressure drops, there are relatively few with
resolvable magnetic signatures. Only 7.7% of pressure drops larger than 1 Pa correlate in time
with such magnetic signatures, which is only 0.6% of all recorded pressure drops. Furthermore,
given the frequency of pressure drops, it is remarkable that no characteristic DD has been
successfully imaged by the ongoing imagery surveys. While DD tracks have been observed
around the lander (Perrin et al., 2021), there have been no images of lofted columnar dust at the
InSight landing site to date. This is in stark contrast to other martian missions (Lorenz, Spiga, et
al., 2021). The dearth of imaged DDs and low proportion of observed magnetic signatures
despite numerous measured pressure drops is consistent with a small proportion of convective
vortices carrying lofted dust. In most cases with minimal entrained dust solar array currents are
largely unaffected with little to no contribution to IFG signals, and triboelectric charging likely
does not occur or is minimal.

The local environment at InSight may be a contributing factor to the lack of dust lifting
necessary for DD development. While aeolian activity has been reported at InSight including
surface creep of particulate and dust removal (Charalambous et al., 2021; Baker et al. 2021), and
dust deposition occurs, including critically upon the solar panels (Lorenz, Lemmon, & Maki,
2021), the requirements for saltation leading to DDs may be rarely met. Lorenz, Lemmon, &
Maki (2021) estimate that the dust lifting pressure drop threshold at InSight is roughly between
4 and 10 Pa, though they also acknowledge much higher dust lifting thresholds from other Mars
missions (6-40 Pa based on data from Pathfinder, Phoenix, and Spirit) and terrestrial
observations (20-80 Pa). Furthermore, based on the non-detection of DD’s by the InSight
camera, Jackson et al. (2021) calculated a localized dust lifting threshold of ~7 Pa. As shown in
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Figure 1, such a threshold would exclude most of the pressure drop events examined in this
study, even if the observed pressure drop is a lower limit for the actual central pressure drop. By
comparing vortex encounters parameters with advective wind speeds Jackson et al. (2021) found
evidence that high wind speeds at InSight may have led to the suppression of dust lifting for the
most vigorous vortices.

4 Conclusions

We analyzed the magnetic field at InSight at times of pressure drops during the first year of
observations to identify if pressure drops might correlate with a magnetic response. We found
coincident magnetic field signals, albeit rarely, as 7.7% of data during drops greater than 1 Pa
had a magnetic signal in any component. The mechanism that causes these signals is as yet
inconclusive, but is not indicative of ground or lander tilting in response to the localized pressure
drop (Murdoch et al., 2021). While dust laden convective vortices in close approach could
explain our resolvable events, especially those discussed in Section 2.3, our analysis indicates
that in general the magnetic signals expected from DDs are too small to be detected. In
summary, our observations show (a) no observed magnetic field signal for the vast majority of
pressure drops and (b) a few pressure drops, (~9, i.e. < 1% of the overall population of pressure
drops > 1Pa) with magnetic field signals < ~1nT, possibly corresponding to more dust laden
vortices that would have had to have passed close to the lander. Modeling of pressure and
seismic data for one of these 9 pressure drops on sol 534, suggests a vortex diameter of ~23m,
and indicates that nominal parameters for dust grain diameter, charge-to mass density, and a dust
content corresponding to ~3x1071? particles per m®, underpredicts the observed magnetic field
signal by an order of magnitude. The magnetic field signal depends linearly on all these
parameters, as well as on the dust-devil diameter and thus if triboelectric effects are indeed the
cause of the full signal during these few pressure drop events, larger values for one or more of
the dust parameters are required. The remaining population of events that appear to have an
enhanced magnetic signal (high SNR events, ~5% of the pressure drops > 1 Pa) compared with
the time intervals immediately preceding and after the pressure drop, are more difficult to assess:
some of these comprise very small signals (< ~0.1 nT) that could potentially be consistent with
DD related signatures, however larger signals, especially those > 1 nT would require DD
parameters outside the limit of current studies

A larger number of events with 2 Hz IFG data and 0.2 Hz solar array current data could
strengthen this investigation, as would an unambiguous event detection by InSight’s cameras to
provide a positive control. Analysis of the coincidence of solar array current signals and IFG
signals is limited by the intermittent nature of the SAC data. However, the DD solar panel
cleaning events which were anticipated have not yet transpired and the power constraints during
the current winter season resulting from the accumulation of dust on the solar panels have led to
IFG not collecting continuous data since late 2020. Further martian missions with meteorological
instruments and magnetometers, such as China’s Tianwen Zhurong lander, could also address
the magnetic signals associated with pressure drops and DDs (Du et al., 2020), as could
continued terrestrial studies like those of the MATADOR campaign in the Arizona desert (Renno
et al., 2004; Farrell et al., 2004). Further understanding of DDs can help explain why they have
not yet been imaged at the InSight landing site, while all other Mars surface missions with visual
cameras have imaged several cases of dust devils (Ferri et al., 2003, Ellehoj et al., 2010).
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