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, Francisco Gonzalez-Galindo® (),
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!Space Sciences Laboratory, University of California, Berkeley, CA, USA, *Department of Earth and Space Sciences,
University of California, Los Angeles, CA, USA, 3Instituto de Astrofisica de Andalucia, Granada, Spain, “Laboratoire de
Météorologie Dynamique, Paris, France, 5Department of Earth, Ocean and Atmospheric Sciences, The University of
British Columbia, Vancouver, British Columbia, Canada, (’Planetary Science Institute, Tucson, AZ, USA, 7Laboratory for
Atmospheric and Space Physics, University of Colorado Boulder, Boulder, CO, USA

Abstract wWe model expected dynamo currents above, and resulting magnetic field profiles at, InSight's
landing site on Mars, including for the first time the effect of electron-ion collisions. We calculate their
diurnal and seasonal variability using inputs from global models of the Martian thermosphere, ionosphere,
and magnetosphere. Modeled currents primarily depend on plasma densities and the strength of the neutral
wind component perpendicular to the combined crustal and draped magnetic fields that thread the
ionosphere. Negligible at night, currents are the strongest in the late morning and near solstices due to
stronger winds and near perihelion due to both stronger winds and higher plasma densities from solar EUV
photoionization. Resulting surface magnetic fields of tens of nanotesla and occasionally >100 nT may be
expected at the InSight landing site. We expect currents and surface fields to vary significantly with changes
in the draped magnetic field caused by Mars' dynamic solar wind environment.

Plain Language Summary In the upper atmospheres of planets, solar extreme ultraviolet (EUV)
radiation produces ions and electrons. Electric currents flow whenever electrons and ions move differently
from each other, due to their opposite charges and different masses. When neutral wind causes this
differential motion, it is called a dynamo current. Here we simulate these dynamo currents above the NASA
InSight Mars lander, resulting from magnetic and collision forces acting upon ions and electrons in the
Martian upper atmosphere. We find that modeled currents primarily depend on (a) the density of electrons
and ions and (b) the strength of the neutral wind component that is perpendicular to the combined
draped and crustal magnetic field that sits within the Mars ionosphere. Negligible at night, predicted
currents are the strongest in the late morning and near solstices, due to stronger winds, and near Mars'
closest approach the sun, due to both stronger winds and higher plasma densities from solar EUV
photoionization. Resulting surface magnetic fields of tens of nanotesla and occasionally >100 nT may be
expected at the landing site. We expect currents and surface fields to vary significantly with changes in the
draped magnetic field caused by Mars' dynamic solar wind and space weather environment.

1. Introduction
1.1. Dynamo Currents

Dynamo currents are an intrinsic feature of planetary ionospheres. They arise from the differential motions
of electrons and ions, in the presence of a magnetic field, that result as the two populations respond differ-
ently to the same set of forces. Collision and Lorentz forces usually dominate at altitudes where the most
plasma exists to supply currents (Heelis, 2004). For the case of Venus, Earth, or Mars and starting in the
upper mesosphere (say 60 km), the motion of electrons and ions is dominated by collisions with neutrals,
that is, electron and ion winds are essentially identical to neutral winds, and hence, regardless of the avail-
ability of plasma, current flow is negligible. However, as altitude increases, the collision frequency with neu-
trals decreases, and gyromotion around magnetic field lines becomes relatively more important. Since
electron gyrofrequencies are ~50,000 times higher than ion gyrofrequencies for a common ion such as
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0,% (Mars' dominant ionospheric ion), the critical altitude above which gyromotion dominates over colli-
sions is many scale heights lower for electrons than for ions. The region in between the electron and ion cri-
tical altitudes is known as the dynamo region. Here electrons gyrate around magnetic field lines more
frequently than they collide with neutrals or ions; they are said to be “magnetized.” Ion motion, however,
is still dominated by collisions with neutrals and hence by neutral winds. This differential motion of oppo-
sitely charged particles is called a dynamo current. At still higher altitudes, collisions become negligible, and
the Lorentz force is typically considered the dominant force acting on the plasma. In this case, electrons and
ions drift together, and current flow reduces again.

1.2. Earth Versus Mars

The degree of overlap between the altitude ranges of (a) the dynamo region (i.e., where conditions allow
currents to flow) and (b) the photo-produced ionosphere (i.e., where sufficient plasma density exists) deter-
mines the magnitude of currents that flow, whereas the neutral wind circulation and geometry and topology
of magnetic fields determine the directions and patterns of those currents. In this regard, Earth and Mars are
very different, largely because of their different magnetic environments. The dynamo region occurs at much
higher neutral densities (lower altitudes) on Earth due to the strong dipolar magnetic field (IBI~10° nT),
spanning 70-120 km, partially overlapping with Earth's E region (90-150 km) and well below the main F
layer (>200 km). In contrast, Mars' dayside ionosphere has much weaker fields (a 30-50 nT dominantly
horizontal induced field and localized crustal fields up to 1,000 nT; e.g., Brain et al., 2003). Thus, the dynamo
occurs at lower neutral densities (higher altitudes), starting around 110-120 km up to 180-200 km and there-
fore overlapping significantly in altitude with the main M2 layer of the ionosphere (e.g., Withers et al., 2012),
enabling stronger currents to flow than on Earth.

1.3. Prior Work

Withers et al. (2005) first identified the dynamo consequences of Mars' magnetic fields and made rough
estimates of current densities. They noted that the magnetic fields produced by currents could be compar-
able to the “background” magnetic field and hence modify it, unlike at Earth where the global dipole field
is too strong to be significantly perturbed. Fillingim et al. (2010) examined the nightside ionosphere where
electron precipitation creates localized ionization patches and calculated that winds could drive dynamo
current densities as high as 1 uA/m?, using simple assumptions like a constant neutral wind of 100 m/s, uni-
form in altitude. Fillingim et al. (2012) also estimated the surface-level magnetic perturbation due to these
currents. Opgenoorth et al. (2010) calculated dayside ionospheric conductivities, which directly relate to
ionospheric currents, using an atmospheric model and magnetic field data from Mars Global Surveyor down
to 100-km altitude. These studies commented on the double-peaked nature of the Pedersen conductivity,
and thus Pedersen current, profiles at Mars in contrast to Earth. Riousset et al. (2014) addressed the issue
of currents modifying fields by conducting a self-consistent multifluid simulation of the complex currents
that may flow around idealized crustal dipole and crustal loops due to a uniform neutral wind. Mittelholz
et al. (2017) showed that the latitudinal structure and strength of the dayside global external (i.e., noncrustal)
field at ~400 km, averaged over the duration of MGS mission, was similar to the field predicted by a simpli-
fied model for currents driven by neutral winds, thus suggesting the influence of winds on the Martian iono-
sphere. More detail on prior work can be found in the recent review by Fillingim (2018).

1.4. Expectations for InSight Fluxgate Magnetometer

The purpose of this study is to use similar methodology (with some improvements) to Fillingim et al. (2010)
to calculate expected current patterns in the ionosphere above the InSight lander (Banerdt & Russell, 2017),
which landed on Mars on 26 November 2018 carrying the first surface magnetometer (Banfield et al., 2019).
Here, instead of making simple, static assumptions about the magnetic field and neutral wind (e.g., Fillingim
et al., 2012), we use more realistic assumptions from time-dependent models of Mars' global plasma interac-
tion, ionosphere, and upper atmospheric wind patterns, evaluated above the InSight landing site at Elysium
Planitia (135°E, 4.5°N). We predict magnetic field strength and direction at the surface and its diurnal and
seasonal variability. Despite the many assumptions made in this study, these predicted magnetic fields
should be instructive in interpreting the field InSight measures and helping to understand their origins.
At the time of writing, InSight magnetic field data was not yet adequately calibrated nor released publicly,
SO we present no comparisons.
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Figure 1. Model inputs used in this study for conditions above the InSight landing site. (a) Neutral densities of the four
primary species at northern summer (Ls = 90°) and winter solstice (Ls = 270°). (b) Plasma densities at several local
times at Ls = 90°. (c) Electron temperature profile assumed, and dayside measurements made by MAVEN LPW at solar
minimum conditions. (d) Magnetic field components in Mars Solar Orbital coordinates at the InSight landing site from
the BATS-R-US simulation at three altitudes, starting at 9:30 am. (e and f) Neutral wind vectors at 130- and 170-km
altitude as a function of local time and season. Wind vector arrows are as though latitude is on the Y axis. LPW = Langmuir
probe/waves.

2. Model Inputs

The inputs to our model are summarized in Figure 1. Neutral densities (Figure 1a), plasma densities
(Figure 1b), and neutral winds (Figures le and 1f) are taken from the Mars Climate Database v5.3
(Millour et al., 2017), a curated library of simulations of the Martian atmosphere, from ground to exosphere,
performed using the Laboratoire Meteorologie Dynamiques Mars Global Circulation Model (LMD-MGCM;
Forget et al., 1999; Gonzalez-Galindo et al., 2013). The database is queried for 61 altitudes above the plane-
tary surface (90 km, 92 km, ..., 208 km, 210 km), 37 “seasons” (Solar longitude, Ls = 0°, 10°, ..., 350°, 360°; Ls
= 0° corresponds to northern spring equinox), and 73 local times (0:00, 0:20, ... , 23:40, 24:00).

Magnetic fields (Figure 1d) are taken from a time-dependent, multispecies, single-fluid
Magnetohydrodynamics (MHD) simulation of the Mars-solar wind interaction using the BATS-R-US model
(Ma, 2004; Ma et al., 2017; Ma et al., 2015; validated against Mars Atmosphere and Volatile EvolutioN
(MAVEN) measurements), over one full rotation of the planet while solar wind and interplanetary magnetic
field (IMF) conditions were kept constant. Solar wind density, temperature, and velocity were 4 cm~3, 3eV,
and 400 km/s, respectively. The IMF vector was a typical Parker spiral configuration By = 1.634 nT, By =
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a) [} ] o —2.516 nT, B, = 0 nT in Mars-Solar-Orbital coordinates. These values are
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200 ¢ I E InSight's primary mission near solar minimum. The modeled crustal field
£ 1oy Y S 7 are primarily eastward, ~20 nT at 100 km and decreasing with altitude
% 160 F I Dynamo  J (Figure 1d). The draped fields across the dayside are largely southwest-
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< 120FE" '/"/ """""""""""""""""""""""" InSight rotates toward local noon where magnetic pileup is the greatest.
100k Thus, there is a “contest” between the comparable-strength but oppo-
80 . ) . sitely-directed crustal and draped fields, resulting in an X line or recon-
102 10° 10 10° 10° nection point, whose altitude decreases as morning progresses toward
Collision- and gyro-frequencies, s* noon. Between 9:00 and 10:00, this point decreases rapidly in altitude
from above 200 km down to ~120 km, causing the field in the ionosphere
b) 520 £ Thin lines exclude electron-ion collisions 3 above InSight to turn rapidly from eastward to southwestward, reaching a
200 E 1 maximum just after noon. The draped field then turns westward, weaken-
€ 180k ] ing as InSight rotates away from the subsolar point. Between 16:00 and
; Hall 18:00, the reconnection point rises (more slowly than it fell) back above
B 160 Gpedersen E 200 km, and the crustal field direction (east) dominates again as dusk falls
% 140 7 and becomes night. This particular run is for solar cycle minimum and
120 . spring equinox conditions. For simplicity, we assume these magnetic
100 3 fields apply to all Mars seasons. It is ~9:30 a.m. at the InSight landing site
80 . . . . at the start of the MHD simulation, hence the discontinuities visible in

10°  10*  10° 107 107 10° Figure 1d and later in Figure 4.

Conductivities, S/m

Electron temperature is a necessary input to electron-neutral and

Figure 2. Electrodynamic quantities in the Mars upper atmosphere simu-  electron-ion collision frequency formulas (Schunk & Nagy, 2009) but is
lated by the BATS-R-US model and the Laboratoire Meteorologie calculated by neither LMD-GCM nor BATS-R-US. We therefore approxi-
Dynamiques Mars Global Circulation Model at 14:00 hr local time and Ls = mate such profiles by a hyperbolic tangent function (Figure 1c), fit to

0°. (a) Altitude profiles of gyrofrequencies for electrons and ions (Q2e, 2;)
and collision frequencies for ion-neutral (vj,), electron-neutral (vey,), and
electron-ion (ve;) interactions and the resulting dynamo region. (b) Altitude

match the LMD-MGCM neutral temperatures at 100 km and to match
average measurements from the MAVEN Langmuir probe/waves experi-

profiles of Hall and Pedersen conductivities. Thin lines show the same ment (Andersson et al., 2015) at solar minimum conditions, appropriate

quantities ignoring the effects of electron-ion collisions.

for InSight's primary mission. In this work we have only taken horizontal
winds from the LMD-MGCM, as vertical winds are typically more than
one order of magnitude smaller (Gonzalez-Galindo et al., 2009). We make the simplifying assumption that
the ionosphere is entirely O, (it accounts for >90% of the density at these altitudes; Benna et al., 2015) and
that electron and ion densities are equal, that is, quasi-neutrality holds.

It is important to note that the magnetic field draping pattern with respect to the neutral wind field will
likely play a pivotal role in determining the amplitudes and directions of induced currents. Our assumed
upstream solar wind IMF conditions, which directly influence the draping pattern within the ionosphere,
are only one example of such conditions.

3. Methodology

For each point in our 61 X 37 X 73 model parameter space of altitudes, seasons, and local times, respectively,
we first calculate the important frequencies that define the dynamo region: the gryofrequencies of electrons
(Qe) and ions (£2;) and the collision frequencies (ion-neutral [v;,], electron-neutral [v,,], and electron-ion
[vei])- Ion-electron collisions are ignored because the negatively charged electrons can be “pulled” along
by the positively charged ions with an efficiency that can be comparable to being “pushed” along by colli-
sions with the moving neutrals, but the electrons’ “pull” on the much heavier ions is negligible. Collision
frequencies are calculated according to Chapter 4 of Schunk and Nagy (2009): v,; is given by equations
4.57 and 4.140, v;,, by equation 4.146 and Table 4.4, and v,,, by Table 4.6. These gyrofrequencies and collision
frequencies as a function of altitude, for an example case of 14:00 hr local time and Ls = 0° (Figure 2a), show
that (a) the dynamo region spans ~130 to ~185 km and (b) the electron-ion collision frequency (ignored by all
previous studies) is comparable to and often exceeds the electron-neutral collision frequency and so should
be included.
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Having identified the dynamo region, we now calculate the wind-driven currents within this region. Section
S1 in the supporting information contains a full derivation of the current vector Jyinqg as a function of all the
properties of the system we are considering: neutral densities and winds, in addition to ion densities and
electron densities and temperatures

Jwina = B[o,Uxb+0,U"], 1)

where vector quantities are bolded, U™ is the component of the neutral wind vector perpendicular to the
magnetic field, whose magnitude is B and unit vector is b, and where o, and oy, are the total Pedersen and
Hall conductivities respectively, defined as o, = op, e + 0p; and o, = oy — On Where oy, Opi, Oh e, and
on,1 are the separate electron and ion conductivities:

1 1 a+p(l+a
opi = Né? N — Al = ) +all, )
MVin (1 + 171) MeVen ((1 +oa) + ﬁ) 1+
o Neé? 1+« 3)
pe — ’
o\ o +
- Ne2Q; 1 at+pl+a @
b 2 2
Vin <1 + ?—;) MiVin MeVen ((1 +a)’ + %:)
Ne*Q, 1
Ohe = > 2 o | (5)
meVs, (1 + OC) =+ VTE
where
eB eB
Qi=—,Qe=—, (6)
m; Me
Vei MeVei
= g eV ™)
Ven ﬁ mivi

Here Q; and Q. are the ion and electron gyrofrequencies, m; and m, are the ion and electron masses, e is the
electron charge, and N is the total ion and electron density (assumed equal). « and 8 are dimensionless
quantities: « reflects the importance of electron-ion interactions relative to electron-neutral collisions and
B the importance of electron-ion interactions to ion-neutral interactions. Note that  is also proportional
to the mass ratio of electrons to ions so is typically much smaller than a.

The current equation (1) above may appear unusual to readers familiar with Hall and Pedersen currents in
the context of electric fields representing the driving source, where the Pedersen current is perpendicular
to the magnetic field and the Hall current is perpendicular to both the magnetic and electric field.
However, in this study the driving force is the Lorentz force due to wind, proportional to U X B; hence,
the Pedersen current is perpendicular to B, and the Hall current is proportional to U x B X B, which is
-B’U™*. Hall currents typically dominate over much of the dynamo region except at its lower and upper
edges (Figure 2b). Furthermore, we can quantify the effect of including electron-ion collisions in our treat-
ment: a reduction of Hall and Pedersen conductivities by up to 19% and 75%, respectively (Figure 2b).

Supporting Information S1 also derives currents due to the electric fields, plasma pressure gradients, and
gravity force (all calculated in the MHD model). These currents’ combined magnitude is ~10% of
wind-driven currents. Equation (1) is used to calculate three-dimensional currents above InSight as a func-
tion of altitude, local time, and season. We also calculate the magnetic field at the planetary surface due to
these currents, making the assumption that the currents are horizontally uniform (i.e., only varying
vertically) since (a) the dominant wind patterns simulated by the LMD-MGCM vary on length scales of
~10° (corresponding to ~600 km) and (b) the currents flow mostly at <180-km altitude, that is, the
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Figure 3. Altitude profiles of (a) magnetic field (solid: total field, dashed:
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(b) are vectors of magnetic field and wind at these two seasons.

contributions of currents from geographically adjacent regions with
different wind vectors can be neglected. In addition, in this approxima-
tion, only horizontal components of the current system produce fields
on the surface. Therefore, in spherical polar coordinates and SI units,

o0

Bif’:%g‘]@(z)drv Be:—/%fﬁp(z)d’% B, =0 (8)

0

where ug is the permeability of free space. Section S2 contains a derivation
of the above expressions.

4. Results and Discussion

Let us first examine an example snapshot of the system to demonstrate
how magnetic fields and winds interact to produce dynamo currents.
Figure 3 shows the system at 2 p.m. local time at both northern summer
solstice (Ls = 90°) and winter solstice (Ls = 270°), showing that the same
draped magnetic field pattern (Figure 3a) interacting with neutral winds
with different directions (Figure 3b), can result in very different currents.
For Ls = 90°, the neutral wind is close to parallel to the magnetic field
(Figure 3b, inset), meaning that both terms in equation (1) are very small,
so the resulting currents are also very small in the horizontal direction
(dashed lines in Figure 3c). In contrast, for Ls = 270°, the wind has a
similar magnitude but makes a significant angle with the magnetic field
vector. This results in substantial horizontal current densities, up to 2
uA/m? around 140-km altitude. A comparison of thin versus thick lines in
Figure 3c also shows the degree to which inclusion of electron-ion colli-
sions is necessary to accurately calculate dynamo currents. The largest
effect of including these collisions (~30%) is seen for radial currents which
do not, in this approximation, produce surface fields, thus the effect on
surface fields is on the order of 10%

Figure 4 shows how our modeled dynamo currents, and the resulting
surface magnetic fields, vary diurnally and seasonally. As equation (1)
implies, currents are primarily determined by the strength of the iono-
spheric magnetic field, by the strength of the wind components perpendi-
cular to that field, and by the conductivities (equations (2)—(5)), which are
proportional to plasma density. Several features in Figure 4 are worth
discussing. First, significant currents tend to be a dayside phenomenon
due to the weak nightside ionosphere on Mars providing far fewer current
carriers. However, it is worth noting that the ionospheric simulations in
the Mars Climate Database do not self-consistently calculate the nightside
ionosphere, that is, they ignore electron impact ionization, which has
been shown to locally increase ionospheric density significantly, though
still rarely above 5% of dayside densities (Girazian et al., 2017a; Girazian
et al., 2017b; Lillis et al., 2011; Némec et al., 2011; Safaeinili et al., 2007).

Second, the reversal in the eastward component of magnetic field between 09:00 and 10:00 local time is
due to the reversal in the magnetic field above InSight discussed in the second paragraph of section 2, that
is, the dynamic contest between comparable-strength eastward crustal field and westward draped IMF
would not occur for an eastward IMF. Third, current densities tend to be larger in the morning than the
afternoon. This is due to typically stronger thermospheric morning winds over the InSight landing site
(see Figures 1e and 1f). Fourth, and related to the previous point, larger currents are expected at the solstices
compared with equinoxes due to the stronger interhemispheric flow between the winter and summer poles
at these times of year. Fifth, currents are the strongest near perihelion (Ls = 250°) because (a) stronger winds
occur near solstices as just mentioned, (b) winds are driven by stronger solar heating (40% higher than
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Figure 4. Diurnal and seasonal variability of modeled dynamo current density and resulting surface magnetic fields at the
InSight landing site. (a)-(d) show the cardinal seasons (Ls = 0°, 90°, 180°, and 270°). Vertical dashed lines mark the local
time on Elysium Planitia when the MHD simulation starts. (e) and (f) show seasonal variation at local times 8:00 and
13:00. Y axes represent both surface magnetic field (blue and red lines for polar and azimuthal components, respectively)
and altitude.

aphelion), and (c) higher solar EUV produces greater ionospheric densities and hence conductivities, as is
also the case at solar maximum compared with solar minimum. Indeed, CO, photoionization frequencies,
and hence plasma densities and conductivities, can vary by a factor of ~4 over the combination of
seasonal and solar cycle variations. Sixth, the peak altitude for currents varies by 10-15 km over the
Martian year due to the expansion and contraction of the neutral atmosphere (Figures 4e and 4f). Finally,
and as shown also in Figure 3, there are times of day when plasma is available and winds are significant
but come close to parallel or antiparallel to magnetic fields and current densities consequently become
small, as is seen for Ls = 90° around 2 p.m. local time (Figure 3).

The direction and strength of the predicted magnetic fields at the landing site shown in Figure 4 should not
be taken as directly predictive of any kind of average day or year. The direction of currents on a given day,
and hence the direction of resulting magnetic fields on the ground, will be dependent not only on the wind
patterns as mentioned above but also on the magnetic field draping pattern in the dayside ionosphere and its
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interaction with the moderate crustal field above InSight. The strength of the draped field is dependent
weakly on the strength of the IMF but mostly on the solar wind dynamic pressure, which is converted to
magnetic pressure as the IMF piles up around the conducting obstacle of Mars' ionosphere (e.g., Brain
et al., 2010). Both the solar wind pressure (SWP) and the IMF direction at Mars are highly variable
(Marquette et al., 2018). During quiet solar periods, SWP is typically steady over a few days, whereas
IMF direction changes significantly in less than a day. During disturbed periods of higher solar activity,
SWP and IMF direction can change dramatically in hours or less. However, while the current directions
react significantly with the direction of the draped field, the current magnitudes do not. The draped field
can vary by an order of magnitude in strength (Lillis & Brain, 2013), but the resulting change in current
densities is much smaller: multiplying the draped field by 0.3 and 3 results in maximum surface fields just
~15% lower and ~5% higher, respectively. In other words, thermospheric winds are the main drivers of
dynamo current magnitudes.

5. Conclusions

We have calculated expected wind-driven dynamo current densities in the thermosphere/ionosphere above
the InSight landing site in Elysium Planitia and the resulting surface magnetic fields, using electrodynamic
theory and inputs from global models of the Martian thermosphere, ionosphere, and magnetosphere. We
have also shown that electron-ion collisions, previously ignored, should be considered. We conclude that
magnetic fields of tens of nanotesla and even occasionally >100 nT originating in the dynamo region may
be present at the InSight landing site. If (as is hoped) fields caused by the lander itself can be subtracted from
the data to a degree of accuracy comparable to tens to 100 nT, fields due to wind-driven dynamo currents
should be detectable by the InSight Fluxgate Magnetometer

We have shown that these modeled currents and surface fields primarily depend on plasma densities (caused
by solar EUV photoionization) and the strength of the neutral wind component perpendicular to the mag-
netic field. We have examined their diurnal and seasonal variability, demonstrating that they are a dayside
phenomenon, with strongest currents each day typically occurring in the late morning due to stronger winds
and each year occurring near perihelion due to both stronger winds from solar heating and higher plasma
densities from solar EUV. Lastly, we expect a high degree of variability in the direction but not strength of
currents and surface fields due to changes in the draped magnetic field pattern in the dayside ionosphere
due to Mars' highly dynamic solar wind and IMF environment.

Data sets

Allinput data are contained in the supporting information. The MAVEN LPW data used in this study may be
downloaded from the Planetary Plasma Interactions node of the Planetary Data System (https://pds-ppi.
igpp.ucla.edu/search/view?f=yes&id=pds://PPI/maven.lpw.calibrated).
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