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Spacecraft
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Abstract The plasma environment of Mars is highly influenced by its crustal magnetic fields. In this
work, we investigate whether the crustal magnetic fields can be displaced from their original positions
due to advection by ionospheric plasma flow. The ranges of interest are altitudes between 200 and 1,000
km and solar zenith angles between 45° and 135°. We examine magnetic field data using measurements
from the Magnetometer (MAG) onboard the Mars Atmosphere and Volatile EvolutioN (MAVEN)
spacecraft. We conduct statistical analyses (~5 years of data) in order to investigate if horizontal shifts

are observed between the data and the crustal magnetic field model by Langlais et al. (2019), https://
doi.org/10.1029/2018je005854. We also show two case studies of individual measurements within a
specific region of Mars. The results show statistical and observational evidence that the crustal magnetic
fields are often being advected towards the night-side of the planet. The displacement seems to increase
exponentially as a function of altitude, reaching a horizontal shift of 100 km at 650 km altitude. Moreover,
we use measurements from the SupraThermal And Thermal Ion Composition (STATIC) instrument

in order to compare the dynamic pressure of ionospheric plasma flow to the magnetic pressure of the
crustal magnetic fields. There are two possible causes for the displacement: a forcing by external magnetic
pressure or an advection of the field to the electron fluid, which follows the ion fluid. In this paper, we
argue that by the observed relation between ion fluid and displacement, the latter explanation is more
probable.

Plain Language Summary Crustal magnetic fields keep information of a past time, when
Mars still had its own internal magnetic field generator. These structures do not tend to change in the
long-term, so several models have been built throughout the last decades with the aim of reproducing
the observed Martian fields. The crustal fields can influence the dynamics of the atmosphere. The region
of the atmosphere, which is dominated by atmospheric plasma (ions and electrons) is the ionosphere.
At Mars, the ionosphere lies at ~130 km and above. In theory, the flow of the plasma is able to move the
crustal magnetic fields in a process called advection. In this work, we indicate that this process happens
often at Mars. Our results may be important for improving crustal magnetic field models, and also for
estimating how much electricity the ionospheric plasma can conduct.

1. Introduction

Although Mars does not presently possess an intrinsic dynamo-generated magnetic field, remanent mag-
netic features are common in the planet's crust. Localized crustal magnetic sources on Mars were first dis-
covered by the Mars Global Surveyor spacecraft, in September 1997 (Acuiia et al., 1998). These small-scale
magnetic fields are mostly associated with the heavily cratered and ancient terrain of the Southern hem-
isphere and they indicate that magnetic activities had occurred in the planet's interior in the past (Acufia
et al., 2001; Connerney et al., 1999, 2004).

Several works have shown that crustal magnetic fields can prevent regions of the Martian atmosphere from
interacting directly with the solar wind (Brain, 2006; Mitchell et al., 2001). This provokes significant chang-
es in ionospheric parameters, such as composition (Withers et al., 2015), density (Gurnett et al., 2008), ion
flows (Fan et al., 2020), and escape fluxes (Fang et al., 2017), as well as changes in the heights of plasma
boundaries (Brain et al., 2005; Crider, 2004; Mitchell et al., 2001).
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At the same time, the interaction with the electromagnetic fields caused by the solar wind flow at high
altitudes can lead to an expansion of crustal field loops in the anti-solar direction and cause the formation
of magnetic flux ropes in the ionosphere (Brain et al., 2010; Hara et al., 2015, 2017; Vignes et al., 2004). The
magnetic flux ropes eventually detach and the ionospheric plasma contained inside them escapes from the
planet's atmosphere.

Here, we decide to investigate the opposite, namely whether the ionospheric flow can influence the crustal
magnetic fields on Mars at altitudes where the solar wind has no direct influence. In this paper, we specifi-
cally investigate whether an observed displacement of the magnetic fields is consistent with the direction of
the horizontal plasma flow, at low altitudes (~200—1000 km).

There are some similarities between this process and the formation of magnetic flux ropes by the solar wind.
However, at lower altitudes, the most likely physical cause is advection by ionospheric flow, while at higher
altitudes, it is best explained by an interaction with flowing solar wind plasma.

This paper is divided into seven sections. The next section is a summary of the theory behind our idea. In
Sections 3 and 4, the data and the methods used in this work are described. In Section 5, the results are
presented. Two case studies are shown in Section 6. The conclusions are given in Section 7.

2. The Advection of the Magnetic Fields

In an ionized environment, a plasma velocity field can provoke changes in a magnetic field. This process is
clearly expressed in terms of the induction equation, given as
B 1
a—:Vx(uxB)+—VzB, 1
o Hoo
where B is the magnetic field, u is the plasma velocity, y, is the permeability of free space, and o is the par-
allel electrical conductivity of the plasma. The induction equation states that the rate at which the magnetic
field changes in time depends on its advection by the plasma velocity (first term on the right-side) and its
diffusion through the plasma (second term on the right-side).

Advection is a physical process in which a quantity is transported by a velocity field, in the same direction of
the field. If the plasma has a very high conductivity (c — ), the magnetic field lines are carried along with
the flux, in the so called “frozen-in” condition, first introduced by Alfvén (1942). Conversely, if the plasma
is a poor conductor, the magnetic fields contained within it will diffuse over time. For a general discussion
of the advection of magnetic fields, see Davidson (2001), Lui (2018), and Wilmot-Smith et al. (2005).

Mars' ionosphere is composed of a plasma with finite conductivity, which means that the magnetic fields
are affected by both advection and diffusion. The parallel conductivity reaches 1000 S/m at ~200 km, and
increases very slowly with altitude, as can be seen in Figure 26.6a from Fillingim (2018).

As a first approximation, ionospheric plasma flow is supposed to be mostly horizontal and directed towards
the night-side of the planet because of the day-to-night pressure gradient. Besides that, we also assume that
the parallel conductivity is roughly constant in the selected range of altitudes. In a stagnant situation where
this condition happens, the magnetic field would always diffuse back to its original position if there is an
increase of dynamic or thermal pressure from the topside.

In the case of the Earth's magnetosphere, the plasma below the magnetopause has a very low resistivity,
such that pressure pulses acting on the magnetopause lead to a compression of the internal field on very
short time scales (Fowler, 2005). At Mars and Venus, pressure pulses are damped by the highly resistive ion-
ospheric plasma and an internal field can react on external pressure changes only on time scales of 30 min
to hours (Luhmann & Cravens, 1991). On the other hand, the thermal pressure in the ionosphere increases
with decreasing solar zenith angle, which leads to ion acceleration towards the night side. The electron fluid
partly connected to the ions and partly to the crustal fields must react to this acceleration.

A possible effect of the externally induced magnetic fields can also not be excluded, but the external field at
Mars usually leads to magnetization of the lower ionosphere, causing an internal magnetic pressure which
decreases with altitude (Ma et al., 2019). In principle, gradients in this magnetization could also cause a
displacement of the crustal fields, so this possibility is not ruled out.
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3. Data

The analyzed data are obtained by the NASA's spacecraft Mars Atmos-
phere and Volatile EvolutioN (MAVEN), detailed by Jakosky et al. (2015).
The data are selected for altitudes between 200-1000 km.

For the magnetic field, we use data provided by the Magnetometer (MAG)
instrument (Connerney et al., 2015), reformatted into common data file
format (CDF) and resampled at 4 s cadence, from October 2014 to Feb-
ruary 2020. We also use ion spectra for O" and Oj ions observed from
October 2014 to November 2018 by the SupraThermal And Thermal Ion
Composition (STATIC) instrument (McFadden et al., 2015).

The time ranges of the two data sets differ because not all of the ion data

180° have been processed yet, by the time of writing. However, it is important

to clarify that for the pressure analysis (Section 4.2) and the case studies

Figure 1. Illustration of the advection of magnetic fields on Mars, viewed  (Section 6), we use the same time range for both data sets (until Novem-
from the perspective of the North Pole (big dot in the center). The large ber 2018) for consistency.

arrows indicate the general day-to-night direction of ionospheric plasma

flow. The numbers refer to the solar zenith angles (SZA). The gray regions The STATIC instrument operates in different modes providing different

represent the SZA ranges used for defining the dawn-side and dusk-side data products with different mass, energy, angular, and time resolution.

data sets.

For our studies, we use the method described in Dubinin et al. (2017) and

interpolate the STATIC products C6, C8, CA, D1, CF, and CD to obtain

a joint product with 32 energy steps, 4 inclination angles, 16 azimuth
angles, 8 ion masses, and 4 s time resolution. The joint product is normalized such that the energy flux
integrated along each dimension agrees with the integral of each of the source products. From this joint
product, we determine the plasma moments density, velocity, and thermal pressure for the ion species H,
0", and O; corrected for spacecraft velocity and potential according to Frinz et al. (2006) and Lavraud and
Larson (2016).

In addition to the data, the crustal magnetic field model built by Langlais et al. (2019) is also used in our
analyses. This model combines magnetic field data from NASA's Mars Global Surveyor and MAVEN to
derive a high-resolution model of Mars' crustal magnetic field, based on equivalent source dipoles and
spherical harmonic functions. We should note that this model is obtained by long time averages of both
day-side and night-side observations, where effects of external magnetic fields have been largely filtered out.

Figure 1 illustrates the process of advection of the magnetic fields, which are dragged away in the day-to-
night direction, as well as the ranges of solar zenith angles (SZA) used in this work.

The data are selected for SZA between +45° and +135°. Here, we add a sign to the zenith angle, where pos-
itive values of SZA mark the “dawn-side” data set and negative values mark the “dusk-side” data set. The
data with SZA between +45° and 45° are excluded due to the strong induced magnetic field and turbulent
ionospheric behavior that exists in that region. The night-side data with SZA between +135° and 135° are
also not considered because of the weak ionospheric flow, which is unlikely to displace the crustal magnetic
fields.

We focus our data analysis on the radial component of the magnetic field (B,). The piled-up magnetic field
on Mars, which originates in the compressed interplanetary magnetic field (IMF) on the day-side of the
planet, is mostly horizontal and reaches intensities only up to a few nT in its radial component (Brain
et al., 2003; Withers, 2009). Therefore, B, is the component least affected by the day-side induced field
(Arkani-Hamed, 2004). Besides that, the cross-product u x B (Equation 1) is maximum for B,, under the
assumption of a horizontal plasma velocity u.

In Section 6, we use solar wind data for a brief discussion of upstream conditions. These data are measured
at the spacecraft position with the largest magnetopause normal distance from October 2014 to November
2018 (1 measurement per orbit). Velocity and density data are provided by the Solar Wind Ion Analyzer
instrument (Halekas et al., 2015), and IMF components are taken from the MAG instrument.
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4. Statistical Analyses

We perform two statistical analyses of long-term data to directly detect the effects of the crustal magnetic
field advection and to compute the relative forces between the moving ionospheric plasma and the mag-
netic field structures. The methodology and the results of the two types of analyses are presented in the
following subsections.

4.1. Shifting Technique

To search for evidence of advection on Mars means to search for a spatial shift of the crustal magnetic fields
along the mean plasma flow lines. In a first approximation, these flow lines are along the day-to-night par-
allels with constant clock angle. We develop a simple method based on the direct comparison between two
magnetic field maps, after one of the maps has been shifted, or displaced, longitudinally.

If we assume that the shift is towards the night-side and neglect the inclination of Mars, the shift vector
would be (s x cos(L), s x sin(L)), where s is total shift in degrees and L is the latitude measured from the
equator.

If we calculate the mean shift in the latitude range 0°—75° and take only the longitudinal shift, we make an
error in each bin of ¢ = s x sin(L). The mean error is then

[75 5 % sin(L) dL
075— =56% )
o sdL

Emean -

This would mean that we underestimate the true shift by 56%. If we would, for example, only consider the
range 0°-30°, the error would become only 25%.

In any case, we are always underestimating the true shift by this method. As we know, the best method
would have been to bin the data and the model values in a clock angle x SZA coordinate system, but this is
less intuitive than working in longitude x latitude grids.

Another way of justifying the choice of shifting the maps only in the east-west direction is because the
possible causes of advection do not have strong polar components. If the fields are displaced by ionospheric
plasma flow, this would be more easily observed in the east-west direction, because the azimuthal compo-
nent is the major contributor to the horizontal plasma velocity (see Figure S1).

If however, the fields are displaced due to the interaction with the solar wind, this would also be observed in
the east-west direction, because the solar wind travels in the Sun-Mars direction across the ecliptic. Since we
expect the total displacement of the magnetic fields to be small, a shift in the north-south direction would
be very hard to spot statistically.

Radial magnetic field maps of the data and of the computed model are produced for eight altitude ranges,
every 100 km between 200-1000 km. We use a regular grid, with bin sizes of 0.5° for both longitude and
latitude. The choice of small bin sizes is justified as we expect the displacement to be small.

As a consequence of the small bin size, there is a median of 2 data points per bin only. That means that the
effects of the changing external field and pressure may not cancel out for a single bin, but they will when
the statistical average over the complete map is taken.

MAVEN spacecraft has not yet covered all bins of that map, which means there are gaps in the data. For
a total of 216,000 bins per map, the number of bins with data points decreases with altitude, varying from
~110000 at lower altitudes to ~60000 at higher altitudes (Figure S2).

For each altitude range, the observations are subtracted from the magnetic field model, at every respective
bin, and the total sum of the residuals (AB’ [nT]) is calculated as

17
AB' = —% IBY - BY, 3)
Ji=1

where j is the number of bins that belong to both maps, and B" and B? are the radial components of the
model and of the observed magnetic field, respectively. AB’ is a qualitative index only. Bins with no data
points are not taken into consideration for this calculation.
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While the maps of MAVEN observations are kept in a fixed position, the maps of the magnetic field model
are shifted longitudinally between 5.0° (westwards) and +5.0° (eastwards), with steps of 0.5°. For each step,
a new AB' is calculated. This simple procedure is done for dawn-side and dusk-side data sets individually.
In total, we have 16 small data sets.

We assume that the minimum value of AB’ corresponds to a position where the magnetic field model match-
es the observations the most. If the advection of the crustal magnetic fields occurs often, we expect to see
the minimum value of AB’ at some offset different from zero, for each set of results. Besides that, we also
expect the offset to be directed towards the night-side, i.e., westwards at the dawn-side and eastwards at the
dusk-side (see Figure 1).

For each data set, the results of AB’ can be fitted to an inverted Gaussian function. We calculate the offsets
by taking the minimum AB’ of each fitted curve. At this point, we have one value of offset for each of the 16
data sets. We apply an exponential regression to the offsets.

In order to simplify the interpretation of the results, the longitudinal shifts (LS) in degrees are converted
into equivalent equatorial distances (EED) in km, as a function of altitude, according to the expression:

2x LS

EED = (r + altitude), 4

where r = 3393.5 km is the mean Mars' radius.

4.2. Pressure Analysis

To investigate the force balance between ionospheric plasma flow and the crustal magnetic fields, we com-
pare the pressures related to the advection process. On the one hand, the dynamic pressure of the ionospher-
ic flow “pushes” towards the night-side. On the other hand, the crustal magnetic structures compensate
with their magnetic pressure. If the dynamic pressure overcomes the magnetic pressure, the ionospheric
flow is more likely to move the magnetic field structures, dragging them with it.

For the calculation of the dynamic pressure [Pa], we use ionospheric data of low energy O* and O} ions ob-
tained by STATIC, which are the major contributors for Mars' ionosphere composition (Benna et al., 2015;
Carlsson et al., 2006). Its equation is given as

2

pu
pdyn = ) s (5)

where p [kg/m?] is the mass density of the particles and « [m/s] is their horizontal flow speed. u is calculated
as the vector addition of the median azimuthal velocity and the median polar velocity for each bin.

The magnetic pressure [Pa] is computed from the data as

BZ
Pmag = I’ (6)
0

where B [T] is the total intensity of the magnetic field and g, = 47 x 10”7 H/m.

The data are analyzed in terms of SZA x altitude, and classified according to the intensity of the crustal
magnetic field model calculated at an altitude of 400 km. Regions where B < 10 nT are defined as weak
magnetic fields (~68% of the total area) and regions where B > 10 nT are defined as strong magnetic fields
(~32% of the total area).

We use bin sizes of 40 km in altitude and 5° in SZA. The median numbers of data points per bin are 842 and
522 at regions of weak and strong magnetic fields, respectively, which is in accordance to the relative sizes
of the two areas.

The ratio between the dynamic and the magnetic pressures is calculated and plotted, so we can compare
their relative dimensions. These results are presented in the next section. The pressure plots can be seen in
Figure S3.
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Figure 2. Values of AB’' (blue points) for the given longitudinal shift (x-axis) at dawn-side, for each altitude range (stated in the top center of each plot). The red
curves are the fitted Gaussian functions. The minimum point of each curve gives the corresponding shift value, or offset, for the respective data set.

5. Results and Discussion

Next, we present the results from the shifting technique (Section 4.1), followed by the results from the pres-
sure analysis (Section 4.2).

Figures 2 and 3 show the values of AB’ (blue dots) and the fitted Gaussian (red curve) for each of the 16 data
sets, after they were shifted longitudinally every 0.5°. For both dawn- and dusk-side, we observe a larger
scatter of AB' for higher altitude ranges, most likely caused by the larger gaps in the data, i.e., less bins with
data points. Still, all sets of results present the same behavior and can be fitted by a Gaussian curve, where
the minimum value of AB’ points to a spatial offset different from zero.

Figure 4 shows the best fit offset values converted to EED as a function of altitude, where each offset value
is assumed to be in the center of its corresponding altitude range, e.g., at 250 km for the offsets at 200-300
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Figure 3. The same as in Figure 2, but for the dusk-side.

km. The bars are the standard deviations of the fits. The red and blue dashed curves are exponential regres-
sions of the dawn- and dusk-side offsets, and the green dashed curve shows the difference between absolute
values of the curves.

Statistically, the results of offset at dawn-side are only significant (larger than two standard deviations) from
400 km and upwards, whereas the results at dusk-side are significant for all analyzed altitudes. Therefore,
the results infer that the magnetic fields on Mars are indeed being advected.

A few remarks can be made from the results in Figure 4:

1. The absolute offsets generally increase with altitude, indicating that the crustal magnetic fields are being
displaced increasingly;
2. The offset directions are towards the night-side of the planet;
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3. The displacement is larger at the dusk-side than at the dawn-side,
which can be seen by the green dashed curve

/ For the purpose of comparison, the mean horizontal velocity of the ion-
ospheric plasma is calculated at each altitude range in a longitude x lati-
tude grid with bin size of 4°. The results are shown in Figure 5 (see Fig-
ure S1 for a glance on the different components).

/ The horizontal velocities increase towards the night-side as a function
! of altitude, with dusk-side values increasing at a higher rate. The simi-
larities between figures suggest that the horizontal velocity of the iono-
/ spheric flow might be correlated to the advection of the magnetic fields.

Based on the results and on the comparison between Figures 4 and 5, we
statistically infer that the magnetic fields are being advected in the same
direction of the day-to-night ionospheric flow, and that the magnitude of
" the displacement is a function of altitude. Although the advection rate is

low when we take into account the spatial dimensions of the problem,
this displacement might be relevant to detailed studies of Mars' crustal

magnetic fields.

Several studies have confirmed the existence of dawn/dusk asymmetries
on Mars' ionosphere, e.g., asymmetries related to ion escape fluxes (Kal-

Figure 4. Exponential regression of the longitudinal offsets for minimum
AB' at dawn-side (red) and at dusk-side (blue) with their respective
standard deviations. The difference between the absolute values of the
dusk-side and the dawn-side curves is represented by the green dashed
curve. The gray line serves as a reference for the zero offset. The axes are

equally scaled.

~300 —200 -100
Equivalent Equatorial Distance (km)

0 100 200 300 lio et al., 2006), ion densities (Benna et al., 2015), and electron densities
(Withers, 2009). We believe that these dawn/dusk asymmetries are also

depicted in the advection of the magnetic fields, but this requires further

investigation.

Here, we assume that the ionosphere and the crustal magnetic fields are
in corotation with the planet. Since the corotation acts against the ion
flow on the dawn-side, we could expect a slightly larger advection on the
dusk-side. This, and the fact that the horizontal velocities are larger at
dusk, may be the reasons why we observe dawn/dusk asymmetries in our
results, and more analyses should be done in order to fully understand

the asymmetries.

Based on the offsets shown in Figure 4, we give a rough estimate of the advection speed. Consider the alti-
tude range of 600700 km, on the dusk-side of the planet, and a displacement of the crustal field structures of
~120 km. If ionospheric plasma flow has about 6 h to act on the magnetic fields (from SZA = 0°to SZA = 90°),
we derive an average advection speed of ~6 m/s. This speed is much slower than the average horizontal
plasma speed of 1065 m/s and the corotation speed of 294 m/s, for the same altitude range on the dusk-side.

Next, we present the results obtained by the pressure analysis. Figure 6 shows the ratio between dynamic
and magnetic pressures as a function of SZA and altitude for regions of weak (top panels) and strong (bot-
tom panels) magnetic fields. Yellow represents the regions where the dynamic pressure dominates over the

magnetic pressure (ratio >1).

From the results shown in Figure 6, we see that the pressure ratio is <1 for almost all selected altitudes
and SZA ranges at regions of strong magnetic fields, which means that the dynamic pressure is generally
smaller than the magnetic pressure at those regions. Conversely, at regions of weak magnetic background,
the ratio is >1 for most of the SZA and altitude ranges, meaning that the dynamic pressure dominates over
the magnetic pressure. Also, we see that the dominance of the dynamic pressure at higher altitudes seems

to occur at larger SZAs.

In short, the results of the pressure analysis show that ionospheric plasma flow is more likely to cause the
advection of the crustal magnetic fields if they are located in a region where the magnetic field background
is weak. This is likely to be observed in the Northern hemisphere of the planet, for example.
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It is important to note that the pressure analysis is proposed as a quali-
9501 tative study with the aim of generally identifying where the advection of
the crustal magnetic fields is more likely to occur. In that sense, it is not
850 A accurate to claim that the advection occurs exclusively in regions of weak
magnetic field.
750 -
= 6. Case Study
E 650 -
~ We expect to be able to observe the advection of the magnetic fields on
% local scales. Therefore, a small region of Mars is chosen for a case study.
2 550 - Based on the results of Section 4.2 (Figure 6), we select a region of di-
g pole-shaped magnetic field with weak/moderate intensities in the North-
ern hemisphere, far from strong sources of magnetization. The region is
4507 located between 70°-90° E and 25°—45° N.
We browse through 57 sets of individual measurements of B, in the se-
3501 — Dusk lected region (orbital passes). Of these 57 passes, 33 occur in the dawn-
us side and 24 in the dusk-side. From the 33 orbital passes observed in the
250 - -- Difference dawn-side, 17 show a clear displacement of the magnetic field position
: : : : : when compared to the crustal magnetic field model at the same altitude.
=2 -1 0 1 2 Analogously, from the 24 dusk-side passes, 10 show displacement of the
Horizontal Velocity (km/s) field.
Figure 5. Mean horizontal velocity data of the ionospheric plasma at The 27 data sets that show displacement are fitted to a nearby position
dawn-side (red) and at dusk-side (blue), and the difference between where the total sum of the differences between the observations and the

the absolute dusk- and dawn-side velocities (green). The bars show the
standard deviation. The gray line serves as a reference for the null velocity.

model magnetic field (AB’) is minimum, like in the analysis described in
Section 4.1 (see Equation 3).

Now, three parameters are varied in order to determine the minimum

AB' with better accuracy: longitudinal shift, latitudinal shift, and rotation
angle. Assuming that the advection can displace the crustal magnetic fields at different rates for different
altitudes, the rotation angle is used for emulating the altitude effect, since the data set is shifted as a whole.
We rotate the data counterclockwise (from the North direction) around the point of lowest altitude within
the selected region.

We expect the direction of the best fit of each pass to roughly correspond to the average horizontal velocity
measured during the pass. From the 27 fits, 16 (59%) are at least in the same direction of the azimuthal
component of the ion velocity, and 9 (30%) lie within the same quadrant (i.e., NW, NE, SW, or SE) of the
horizontal velocity.

Figures 7 and 8 are two examples of passes in which the fitting direction lies within the same quadrant
of the average horizontal direction of the ionospheric flow. The first data set is from 7 May 2016, between
~1804-1809 UT, at the dawn-side of the planet. The second data set was obtained in 2 April 2017, between
~2220-2226 UT, at the dusk-side. In both cases, the altitude of the spacecraft decreases with longitude. Fig-
ure S4 shows the position and the altitudes covered by both passes.

In the figures, the magnetic field maps show the position of each data set (circles), as well as the position
where they are expected to be (triangles), according to the fits of the longitudinal and latitudinal shifts, and
the rotation angle. The arrows on the bottom right corner of each map indicate the direction of the median
horizontal velocity (‘7,,) of each data set and the direction of the fit, i.e., the direction in which the data set
is shifted from its undisturbed position.

In the dawn-side example (Figure 7), the AB’ of the unshifted data is 14.98 nT, while this value is 8.29 nT for
the fitted data, which corresponds to a reduction of ~45% in the residuals. The fit results in a displacement
of 1.5° E and 3.0° S of the magnetic field, with a rotation of 9° counterclockwise. The mean horizontal speed
is of 0.32 + 0.15 km/s, which is an average value according to Figure 5.
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Figure 6. Ratio between dynamic and magnetic pressures as a function of solar zenith angles and altitude. Panels of
regions of weak magnetic fields: ratio at (a) dusk-side and at (b) dawn-side. Panels of regions of strong magnetic fields:
ratio at (c) dusk-side and at (d) dawn-side. The abrupt change in the color scale defines where the dynamic pressure
overtakes the magnetic pressure.

For the dusk-side example (Figure 8), the values of AB’ of the unshifted and fitted data are 11.44 and 1.79 nT,
respectively. The fit has reduced the residuals by ~85%. The data set is displaced by 3.0° W and 3.5° S, with
a rotation angle of 8° counterclockwise. The mean horizontal speed is of 2.23 + 1.86 km/s, much larger than
the average for the corresponding altitude range.

The displacement of the crustal magnetic field seems to be correlated to the speed and direction of iono-
spheric plasma flow (i.e., larger displacement in the example where the horizontal speed is larger, both to-
wards the day-to-night direction of the ionosphere flow). One could argue that the observed differences are
a consequence of the induced magnetic field, once we are looking at individual measurements. However,
not only the magnitude of the magnetic field is different from the model, but also the shape of the structure,
suggesting a displacement.

To rule out the possibility that the displacements are being caused by upstream conditions of the solar
wind, we analyze solar wind data for the 16 orbits where the crustal magnetic field is displaced in the same
direction of the azimuthal component of the ion velocity. We compare the dynamic and magnetic pressures
of the solar wind during those orbits to the values of those parameters averaged from October 2014 to
November 2018. The analysis shows that only one of the passes does not lie within 2 standard deviations
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trajectory, colored by measured radial magnetic field, while the triangles
represent a shift trajectory with the minimum misfit with respect to the
crustal field model. The black and the white arrows on the bottom right
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Figure 8. Dusk-side example. Same caption as for Figure 8.
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of the dynamic and magnetic pressures, and therefore occur at unusual
upstream conditions. Moreover, there are no other large discrepancies
during those specific orbits.

From the results shown in the case studies, we infer that the displace-
ment of the magnetic fields in 15 of the 27 observed features is likely to be
the caused by the ionospheric flow. This corresponds to 55% of the cases
where we see displacement.

7. Conclusions

In this work, we search for advection of the crustal magnetic fields on
Mars and investigate the role of ionospheric plasma flow in the process.
First, we compare MAVEN magnetic field data from dawn-side and dusk-
side to a crustal magnetic field model (Langlais et al., 2019). We compute
the residuals on the data, after shifting the model magnetic field longi-
tudinally, and calculate the offsets at which the model fits the data best.

The results from the shifting technique for data at several altitude ranges
show the first statistical evidence of advection of the crustal magnetic
fields, in which the fields are being displaced towards the night-side of
the planet. We evaluate that the fields are being displaced as a function of
altitude at a low rate. We roughly derive an advection speed of 6 m/s, at
the mean altitude of 650 km, on the dusk-side of the planet.

The advection of the magnetic fields occurs at a higher rate at the dusk-
side than at the dawn-side. This implies that this process is influenced by
dawn/dusk asymmetries that should be further investigated.

We also analyze the ratio between the dynamic and the magnetic pres-
sures as a function of solar zenith angle and altitude. By comparing these
pressures, we show that ionospheric plasma flow could be the respon-
sible for the advection of the crustal magnetic fields at regions of weak
magnetic background.

For a case study, we browse through 57 sets of orbital passes on a region
of a weak/moderate crustal magnetic fields. We observe displacement of
the field in 27 data sets, from which 15 have the offset direction consistent
with the azimuthal component of the plasma velocity and occur at peri-
ods of average upstream conditions. This leads us to believe that we are
observing the advection of the crustal fields due to their interaction with
the ionospheric flow.

If we could take the case studies as a global reference, this would mean
that we can observe the displacement of crustal fields by ionospheric flow
around 26% of the time, at regions of weak/moderate magnetic fields, for
SZA near the terminators.

Presently, the calculations used for the case study require significant
amount of manual work. Future studies should improve those tech-
niques, as it would help us get a direct measure of velocity versus offset
as a function of altitude. Besides that, due to the great variability of alti-
tudes and SZA covered by the MAVEN orbit, the spatial coverage of the
spacecraft is still quite sparse. By limiting our longitude x latitude data
sets to specific ranges of altitude and SZA and a bin size of 0.5°, we end
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up with only a few data points per bin and many gaps in the maps. This means that more detailed analyses,
e.g., statistical studies of smaller regions, are not possible yet.

The advection process may be of considerable importance to studies that focus on the variability or on the
modeling of the crustal magnetic fields on Mars. The analyses presented in this work might prove to be
valuable tools for the estimation of the ionosphere conductivity on Mars. To our knowledge, this is the first
observation of magnetic field advection by ionospheric plasma flow in a planetary plasma. Therefore, the
ionosphere of Mars is an interesting laboratory to study this plasma physical concept.

Data Availability Statement

All data sets processed for this work are available at https://owncloud.gwdg.de/index.php/s/
nQ8iswdeGONNESY.
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