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We report the indirect detection of an induced magnetic field in the ionosphere of Mars and its effects on
the electron density behaviour. The observations were made by the Mars Advanced Radar for Subsurface
and Ionospheric Sounding (MARSIS) aboard Mars Express, in its Active lonospheric Sounding mode.
During several orbits on June 2006, the ionosphere showed an unusual behaviour, characterised by a
compression of the plasma above the main ionospheric peak as observed by the topside total electron
content, the plasma scale height, and the local plasma in the Mars Express surroundings. The com-
pression was most likely due to an induced magnetic field originating from the solar wind and measured
by the MARSIS antennas, which was able to penetrate into the ionosphere. In particular, for several
profiles, the density distribution can be clearly defined by two different plasma scale heights, which
indicates a transition region between both of them. From the balance of magnetic and thermal plasma
pressures and from a comparison with a numerical model of the Martian ionosphere, the hypothesis of a
penetrating induced magnetic field down to a transition altitude around 150 km is confirmed. This
compressed ionosphere has also been compared with data from other orbits in the same location and at
the same time period, i.e. 18.5 days of difference between first and last orbits, where there is no mea-

sured induced magnetic field, and the orbits show a clearly different behaviour.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The direct impact of the solar wind on the Mars environment
produces a bow shock (BS) (Edberg et al., 2008 and references

Mars Express (MEX) is the first mission of the European Space
Agency (ESA) to any planet. The spacecraft was launched on 2nd
June 2003 from the Baikonur Cosmodrome in Kazakhstan aboard a
Russian Soyuz rocket (Chicarro et al., 2004). One of the objectives
of the mission is to characterize in detail how the upper atmo-
sphere of Mars, and in particular its ionosphere, is affected by
external drivers such as solar wind events. Mars does not possess a
global-scale internal magnetic field (e.g. Acufia et al., 1998; Con-
nerney et al., 1999), and as a result, a direct and strong interaction
between the upper atmosphere and the solar wind takes place.

* Corresponding author.
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therein). After this shock, a magnetic pileup boundary (MPB) of
the interplanetary magnetic field (IMF) in front of Mars is formed,
essentially due to a pressure balance between the solar wind
thermal pressure in the magnetosheath and the induced magnetic
pressure (Dubinin et al., 2008b; Edberg et al., 2009). If one looks
into this boundary from the plasma point of view, it can be also
called the induced magnetosphere boundary (IMB), since it cor-
responds with the height where the plasma solar wind (energy of
ions and electrons) strongly decreases (Lundin et al., 2004). Finally,
the last and deeper boundary detected by Mars Express and Mars
Global Surveyor (MGS) is the photo-electron boundary (PEB)
(Frahm et al., 2006). This boundary marks the end of where the
IMF can penetrate into the ionosphere. The ionopause is the region
in which the solar wind plasma stops and the ionospheric plasma
begins (Cravens, 1997). In other words, it is the region where a
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Fig. 1. Measured magnetic field strength (solid line, bottom scale) and electron densities profiles (solid dots,

Orbiter spacecraft for three different orbits (from Fig. 12 of Russell, 1992).

upper scale) of the ionosphere of Venus by Pioneer Venus
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Fig. 2. Mars Express trajectory when MARSIS-AIS was in operation during the 5 orbits of this study. Left panel shows the latitude - longitude configuration. Medium panel
shows the Latitude - solar zenith angle distribution and right panel, the spacecraft evolution with solar zenith angle. Orbits with magnetic field are in blue in the three
panels, and orbits without magnetic field are in green. Pericenter is marked with a cross in all the cases. Data used in this study is indicated with a purple rectangle. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

pressure balance between the ionosphere (thermal electron
population) and the solar wind is found.

When the ionospheric thermal pressure is not large enough to
withstand the solar wind dynamic pressure, the ionosphere can
become magnetized, similarly to the Venus case (e.g. Shinagawa
and Cravens, 1989, 1992; Zhang and Luhmann, 1992; Russell, 1992;
Krymskii, 1992; Krymskii et al., 1995; Shinagawa, 1996; Shinagawa,
2004). The effect of this magnetisation on the electron density
vertical profile in the case of Venus is best illustrated in Fig. 1 of
this paper (Fig. 12 of Russell, 1992; Russell et al., 1983). The
stronger the magnetic field is at the top of the ionosphere, the
deeper it penetrates. The result is a clear compression of the
ionosphere, characterised by a lower scale height (Russell et al.,
1983).

A combination of magnetic field and electron density profiles
from the Pioneer Venus Orbiter (PVO) mission to Venus is shown

in Fig. 1. This figure shows clearly how the plasma scale height
reacts to the solar wind changes, as a result of a balance between
plasma and magnetic field pressures. The left panel shows the
ionospheric behaviour under a moderate magnetic field condition
(value of around 60 nT at the top of the ionosphere). When the
magnetic field is stronger (around 90 and 140 nT at the iono-
pause), the electron density profiles are completely different, as
seen in the middle and right panels, respectively. Due to pressure
balance, the topside ionosphere is compressed, resulting in a
smaller scale height. Therefore, the ionopause is localized at alti-
tudes closer to the planet. Such a plot has never been produced in
the Mars case, simply due to the fact that no mission at Mars has
ever performed these measurements simultaneously. Up to now,
only a few indications have been detected on the electron density
profiles (e.g. Fig. 2a and b on Withers et al. (2012) and Mendillo
et al. (2006)), as well as some plasma compressions in regions
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close to the periapsis after the arrival of a Coronal Mass Ejection
(CME) and its associated magnetic field (Dubinin et al., 2008a,
2008b; Opgenoorth et al., 2013). All these examples were dis-
cussed without any direct magnetic field measurement, however
with Mars Express, we attempt to overcome this difficulty by using
data from the Mars Advanced Radar for Subsurface and Iono-
spheric Sounding (MARSIS) instrument (Picardi et al., 2004). The
radar, in its Active Ionospheric Sounding (AIS) mode (Gurnett et
al., 2005), has collected ionograms from which one can derive both
the electron density and the magnitude of the local magnetic field
(Gurnett et al., 2005, 2008; Akalin et al., 2010). Thus, for a given
orbit, the magnetic field intensity at the location of the spacecraft
is available, allowing us to assess the effect of the solar wind
induced magnetic field on the shape of the topside ionosphere. In
this context, the aim of this paper is to study the role of the
induced magnetic field from the solar wind in the electron density
behaviour. For this purpose, five orbits are analysed in the same
location and very close in time: 3 with a clear induced magnetic
field and 2 with no evidence of magnetic field.

2. Dataset
2.1. MARSIS data description

The Mars Advanced Radar for Subsurface and lonospheric
Sounding (MARSIS) is a 40 m tip-to-tip electric dipole antenna
radar of low-frequencies (Picardi et al., 2004). When working in its
subsurface mode, the instrument works as a geophysical radar
sounding the subsurface of the planet. When working in its AIS
mode, the radar sounds the ionosphere from the maximum den-
sity peak up to the spacecraft position (Gurnett et al., 2005). In this
mode, the time delay of the signal is plotted against the carrier
frequency in the so-called ionograms, which contain a frequency-
dependent trace called “ionospheric echo”. By doing the inversion
procedure of the ionospheric echo (Sanchez-Cano et al., 2012;
Morgan et al., 2013), a vertical electron density profile of the
ionospheric topside between the spacecraft and the maximum
ionospheric ionization altitude can be obtained. The accuracy of
the electron density measurement is about + 2%, and the uncer-
tainty on the altitude apparent range is about + 6.8 km (Morgan
et al., 2008). The spectrogram is the final representation of the
MARSIS frequencies used (vertical axis) in the sounding along the
time for one single orbit (horizontal axis).

The eccentricity of the Mars Express orbit is one of the main
constraints for MARSIS operations because the periapsis is located
about 275-350 km and the apoapsis is around 11,000 km above
the surface (Chicarro et al., 2004). Since AlS is designed to analyse
the lower altitude plasma, a typical MARSIS ionospheric sounding
pass can only be done for altitudes less than 1200 km, which
means only about 20 min either side of the periapsis (Gurnett et
al., 2005), typically recording more than 300 ionograms per orbit.
In the ionograms recorded closer to periapsis, it is common to find
vertical lines at different frequencies called “plasma oscillation
harmonics”, which are the local plasma frequency and their higher
harmonics at the spacecraft altitude. These vertical lines become
more intense as MARSIS moves closer to the periapsis and are due
to distortions within the instrument preamplifier and produced in
response to the transmission of the sounding pulses (Andrews
et al., 2013 and references therein). The local plasma density has
been extensively used in many studies, e.g. the detection of the
ionopause (Duru et al., 2009) and is the key to derive the correct
height of the profile (Sanchez-Cano et al., 2012; Morgan et al.,
2013). Moreover, some ionograms contain additional and invalu-
able information registered as horizontal lines, which are called
“electron cyclotron echoes”. These lines are located on the left side

of the ionograms (low-frequencies) and are equally spaced in
delay time, and can be used to compute the magnitude of the local
magnetic field (Gurnett et al., 2008; Akalin et al., 2010). The
derivation of the magnetic field is based on the assumption that
the radar antennas generate an electric field which accelerates the
electrons in a magnetic field medium. The magnitude of the
magnetic field is derived from the measured value of the cyclotron
frequency (Gurnett et al., 2008; Akalin et al., 2010). If there are no
electrons close to the antennas, the radar will not record any
presence of magnetic field, even if there is one. The main limita-
tion of this kind of data is that MARSIS only measures the mag-
nitude of the magnetic field at the spacecraft position and the
direction of the magnetic field can only be retrieved after strong
assumptions, such as those made in Akalin et al. (2010). The
magnetic field measured by MARSIS is the sum of both internal
(crustal) and external magnetic fields in the ionosphere.

2.2. Data processing

The goal of this study is to assess the effect of an induced
magnetic field on the ionosphere. For that, five MEX orbits of the
northern hemisphere of the planet and very close in time, i.e. 18.5
days of difference between first and last orbits, were chosen with
similar conditions of solar zenith angle (SZA), solar longitude (Ls),
heliocentric distance, solar activity and solar cycle phase. All of
them correspond to the same geographical location (same latitude
and longitude, see more detailed information at the Annexed
tables), which is an area with no significant crustal magnetic field
anomalies (Cain et al., 2003). Moreover, in 3 of the 5 orbits,
MARSIS recorded a significant magnetic field in the full orbits as
identified by the cyclotron echoes in the ionograms, whose origin
is the solar wind since no crustal magnetic field is expected. In the
other 2 orbits, MARSIS did not record any notable magnetic signal
along the full trajectories. It could be the case that other orbits had
similar characteristics to those selected in this study. However, we
decided to use only the 5 closer ones to ensure the most similar
possible conditions. Therefore, differences in the behaviour of
those orbits can only be attributed to the presence of an induced
magnetic field. Table 1 summarises the main characteristics of
these 5 orbits, and Fig. 2 shows the orbit tracks through latitude,
longitude, solar zenith angle, and spacecraft altitude. Data used in
this study is framed by a rectangle in Fig. 2.

In order to obtain an ionospheric topside density profile from
the selected orbits, the following criteria are applied:

(1) Only that part of the orbit where MARSIS was working in AIS
mode can be used.

(2) Only data with similar latitudes and SZA in each of the 5 orbits
have been analysed.

(3) Only ionograms with local plasma harmonics were used. This
only occurs when the spacecraft is below the ionopause,
which has been defined as the so-called flow velocity bound-
ary (Duru et al., 2008).

(4) Only data with a clearly defined ionospheric trace has been
considered in order to get the real critical plasma frequency.

(5) For these orbits where cyclotron harmonics are present (see
above), the magnitude of the field was calculated from the
estimation of the cyclotron frequency, as described in Akalin
et al. (2010).

Fig. 3 shows the spectrograms of two orbits. The upper panel
corresponds to orbit 3140 (orbit with no measured magnetic field),
and the bottom panel to orbit 3184 (orbit with a measured mag-
netic field). In both cases, the yellow-green horizontal lines
between frequencies of 0.1 and 1.5 MHz correspond to the local
plasma harmonics at the spacecraft altitude (in the ionograms
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Table 1
Mars Express orbits characteristics. Main parameters of each orbit.

Mars Express orbit number 3129 3140 3151 3184 3195
Date (dd/mm/yyyy) 17/06/2006 20/06/2006 23/06/2006 03/07/2006 06/07/2006
Heliocentric distance (AU) 1.67 1.67 1.67 1.67 1.67
Ls (deg) 67.5 68.8 70.2 74.2 75.5
F10.7 (sfu, at 1 AU) 73 73 72 86 85
Latitude (North °) 4.9/34.0 2.2/33.0 —-0.1/33.1 6.9/31.3 4.9/331
Longitude (East °) 296 295 294 291 290
Spacecraft altitude (km) 306/412 307/387 309/359 314/356 316/385
Solar Zenith Angle, SZA (deg) 46/55 45/55 43/55 39/46 37/45
Number of analysed ionograms in 31 25 44 30 38
the selected region
Measured magnetic field (nT) at the 0 nT, except 4 profiles 0 nT in 14 profiles, 45/62 56/69 29/45 nT, except 6 profiles
location of the spacecraft with 25 nT and 25 nT in 11 with 0 nT
Crustal magnetic field (nT) from 1.5/10.7 1.8/9.2 2.0/9.0 0.9/2.9 0.6/3.2
Cain et al. (2003) model
Local electron density ( x 10° e~ /m3) 0.1/1.9 0.8/3.4 0.5/3.0 0.1/1 0.1/1.8
Peak altitude (km) 112/136 107/123 110/123 116/134 109/127
Peak electron density ( x 10" e~/ 0.9/1.2 1.0/1.2 11/1.3 11/1.3 11/13
m?3)
Topside Total Electron Content, TEC 0.4/0.7 0.4/0.6 0.4/0.6 0.4/0.6 0.4/0.6

(x 10" e~ /m?)
Plasma scale height (km) One scale height

(mean) ~64

One scale height
(mean) ~41

Two scale heights, in the Two scale heights, in
range 30 and 40-45 the range 35 and 45

Two scale heights, in the
range 30-40 and 40-50

these are vertical lines), the central bulge corresponds to the
periapsis of the Mars Express orbit, the yellow-green vertical lines
between frequencies of 1.5 and 3.5 MHz correspond to the iono-
spheric traces, and finally the data gap in both orbits correspond to
the time period when MARSIS was working in the subsurface
mode. Since these two orbits were acquired over the same region
and separated by only 13 days, the MEX orbit trajectory over the
planet was very similar for both cases. Therefore, the dissim-
ilarities in the spectrograms respond to changes in the ionospheric
behaviour and are not related to orbital/planetary variations from
one orbit to the next. In the first case (upper panel, no magnetic
field), MARSIS observed a more extended ionosphere, at least up to
700 km in the inbound leg (left) and up to 1200 km in the out-
bound leg (right), than in the second case (bottom panel, presence
of magnetic field) where the limit of the ionosphere was found
below 400 km for both sides. This difference in altitude is a sign of
the ionosphere compression due to the presence of an induced
magnetic field.

Similar differences also appear in the individual ionograms. In
Fig. 4, two representative ionograms from the pericenters of the
orbits in Fig. 3 are plotted. As mentioned above, the vertical lines
correspond to local plasma harmonics, while the horizontal ones
correspond to the electron cyclotron periods. The upper panel is an
example of a typical ionogram without a magnetic field mea-
surement, while the central panel is an example of an ionogram
with a measurement of the magnetic field. After the ionogram
inversion, the very final product is the vertical topside electron
density profile. Two examples of electron density profiles are
shown in the bottom panel of Fig. 4, selected such that the peak
density are at the same altitude. For similar conditions, a more
reduced density topside is found (red profile) for the magnetic
field case, similar to the observed compression in the spectro-
grams. This is translated into a smaller scale height in the profiles
where there is evidence of a magnetic field (Sanchez-Cano et al.,
2015b), as will be described later. All topside electron density
profiles used in this study are documented in the Annex.

Fig. 5 displays some useful parameters obtained from these
5 orbits. This figure is split into 2 panels, with the two orbits
without magnetic field on the left, and the three orbits with
magnetic field on the right. For both cases, subpanels from top to
bottom show the electron densities measured at the spacecraft
location and at the main ionospheric peak, the altitude of the main

ionospheric peak, the topside total electron content (TEC) that is
the electron density integrated from the peak height up to the
spacecraft altitude (Sanchez-Cano et al.,, 2015a), the measured
magnetic field by MARSIS at the spacecraft position and the
spacecraft height, respectively. We note that there are few data
with measured magnetic field in the left panel. We decided
however, to keep them as there are only a few measurements on
each orbit in comparison to the number of ionograms with null
magnetic field along the same orbit, and the magnitude of this
field is generally small in comparison to the orbits of the right
panel, where clearly the magnetic field is very significant in every
single ionogram and constant along the whole orbits. As Fig. 5
shows, the presence of a strong magnetic field does not affect the
region close to the main peak, as the peak density and peak alti-
tude are similar for both kinds of orbits. Regarding TEC, since most
of it is found in the vicinity of the main peak, this parameter
should not show an important change. However, for the orbits
where the magnetic field is stronger, a slightly smaller and more
variable TEC than in the case without magnetization is found (e.g.
SZA 48-50°). A reduction of this kind in the ionization implies a
more horizontal shape to the topside, which will show by defini-
tion, a reduction in the scale height. This topside density reduction
is analysed in detail in this paper.

2.3. Estimation of the plasma scale height

The scale height (H) is a very useful parameter to describe the
ionospheric structure, by characterising the shape of the electron
density vertical profile (Belehaki et al., 2006). This parameter
provides the height range over which the plasma density changes
by a factor e, and is defined as:

1 ddn o

H ne dz

In the case of hydrostatic equilibrium and a constant tem-
perature, the scale height has a very simple expression, which
depends mainly on the temperature and mean mass of the med-
ium (Eq. (2)):

kT
mg

)
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Fig. 3. MARSIS spectrograms of the two selected orbits. Upper panel: Mars Express orbit 3140 (orbit without magnetic field). Bottom panel: Mars Express orbit 3184 (orbit
within magnetic field from solar wind origin). Red arrows indicate the ionosphere length. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Date: 2006-06-20; Time: 21:46:36; Orbit: 3140
Lat.: 12.686 deg; Long.: 65.104 deg; Alt.: 307.446 km
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Fig. 4. Example of ionograms from the pericenter of the orbit for when there is not magnetic field at the spacecraft location (upper panel) and for when there is magnetic

field (medium panel). Both ionograms belong to the orbits of Fig. 3. The horizontal echoes of the second case are caused in last instance due to the presence of a magnetic
field at the spacecraft surroundings. In the bottom panel, two typical electron density profiles from these orbits.
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that all the panels have the same scale at each orbit, except the MARSIS magnetic field one.

where kg is the Boltzmann constant, T is the temperature of the
medium, m is its mass and g the gravity.

The ionospheric plasma is characterized by different regimes,
which have a significant impact on the scale height. We can
effectively distinguish between two regimes:

e In the upper part of the ionosphere, we can assume hydrostatic
equilibrium for the plasma and thus equate Eq. (1) and Eq. (2),
with T being the plasma temperature and m the average mass of
the ions (the major ion being O,* in the main ionization
region).

® In the chemical dominated region, i.e. at altitudes below ~180-
200 km, the production rate varies as the neutral concentration
just above the peak of production. If we consider that the speed
of the reaction of recombination between ions and electrons is
second order in electron concentration, then the scale height
that can be derived is half the scale height obtained from Eq. (2)
for the neutrals, where m corresponds to the mass of CO,, main
component of the Martian atmosphere, and T to the neutral
temperature.

The latter scale height is the one used by the Chapman theory,
which has been largely demonstrated to be the best formulation to
describe the Martian ionosphere behaviour in the photochemically-
controlled region (e.g. Gurnett et al., 2005; Pi et al., 2008; Némec
et al., 2011; Sanchez-Cano et al., 2013). Note that since both scale
heights have different meanings, their values are also different, the
plasma scale height being always larger than the neutral. Therefore,
both parameters allow retrieval of the temperature and behaviour
of the neutrals and of the plasma, as well as their response to the
solar wind inputs. The scale height obviously varies with altitude,
reflecting different processes at work at different heights.

In this paper, the plasma scale height has been used to study the
effect of the solar wind induced magnetic field in the ionosphere.
This parameter has been deduced directly from the electron density
profile. An example of plasma scale height is given in Fig. 6 for orbit
3151, where two scale heights were identified: 42 km just above the
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Fig. 6. Electron density profile number 169 of orbit 3151 from Mars Express. Black
dots belong to the photochemical-controlled part of the ionosphere, characterised
by a scale height of 42 km. White squares are the electron density points corre-
sponding to the ionospheric region controlled by transport and magnetic field. The
lower part of this region is characterised by a scale height of 29 km. A lower scale
height is an indication of the compression of the ionosphere due to a penetrating
induced magnetic field. White circles correspond to the rest of the profile.

ionospheric peak and within the photochemically-controlled region,
and 29 km, for the altitude above, in a region more dominated by
transport processes. The so-called transition altitude, which is
explained in the next subsection, is at the interface between those
two regions.

2.4. Estimation of the transition altitude for the induced magnetic
field

An important feature of the atmosphere-solar wind interaction
is the penetration (or not) of the induced magnetic field to the
plasma, and, if so, down to which altitude. Numerical simulations
have shown that for an induced magnetic field of about 30-60 nT,
the transition altitude is around 150 km (e.g. Shinagawa and Cra-
vens, 1989; Witasse, 2000). This is not a sharp transition, its width
being around 25 km. Our goal is to determine one typical value to
compare with the predictions of numerical simulations. Although
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Fig. 7. Plasma scale heights of the photochemical-controlled region of the iono-
sphere as a function of the latitude. Mars Express orbit 3129 in white dots and Mars
Express orbit 3151 in black dots.

there is not a clear definition, we define the transition altitude as
the altitude above which the ionosphere is no longer governed by
pure photochemical processes. Above this height, the dynamics
are strongly dependant on the penetration of an induced magnetic
field. To establish this limit, we have considered the transition
point where the density departs by an empirical value of 7% below
the slope defined by the scale height above the peak.

3. Results

An observable variation in the electron density distribution is
detected when a magnetic field is induced in the ionosphere, as
Figs. 3-5 and Table 1 have already demonstrated. In order to
analyse in detail the role of this magnetic field in the ionospheric
structure, we select examples of orbits with and without induced
magnetic field in the ionosphere, orbits 3151 and 3129 respec-
tively. An analogous behaviour was found for the other orbits (see
Annex). In particular, for orbit 3151 (magnetic field case), five
different regimes can be identified in the profiles:

1. lonograms 125-141 (latitudes 33.1-25.3 North degrees): No
ionospheric compression, diffusive equilibrium at high alti-
tudes, no clear effect of an induced magnetic field. Only a slight
ionospheric compression can be seen, corresponding to iono-
grams 132-133.

2. lonograms 144-152 (latitudes 23.8-19.8 North degrees): the
densities follow a constant scale height.

3. lonograms 156-173 (latitudes 17.8-9.3 North degrees): Here, the
plasma is clearly compressed, with a clear transition altitude.

4. lonograms 174-177 (latitudes 8.8-7.3 North degrees): the den-
sities follow a constant scale height.

5. lonograms 179-192 (latitudes 6.3 to —0.13 North degrees):
Again, a compression is detected, with a smaller amplitude than
for ionograms 156-173.

The ionosphere in orbit 3151 appears more compressed than in
orbit 3129, where a unique scale height is always found.

The plasma scale heights have been estimated for each ionogram
of both orbits, as explained in Section 2.3. Fig. 7 shows the results of
the scale height from the photochemical region (i.e. close to the
electron density peak) of each orbit, as a function of the latitude.
The scale heights are smaller in the magnetized case, being on
average between 30 and 40 km for orbit 3151 (back dots) and,
between 50 and 110 km for orbit 3129 (white dots). Moreover as
mentioned before, the induced magnetic field in the ionosphere
produced a very compressed region in that part of orbit 3151
defined as 3 (latitude range 17.8-9.3 North degrees). The profiles
belonging to this regime are characterised by two scale heights: the
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Fig. 8. Mars Express Orbit 3151: values of the two plasma scale heights found in
the profiles, as a function of solar zenith angle. Black squares: plasma scale height
of the photochemical-controlled region (region in the profile close to the peak).
White squares: plasma scale height of the region under the influence of the
magnetic field penetration (diffusive region, top part of the profile).

first immediately above the ionospheric peak in the photochemical
controlled region, and the second at higher altitudes, in the diffu-
sive region controlled by the induced magnetic field. Fig. 8 displays
these two kinds of scale heights found in this orbit as a function of
solar zenith angle. The photochemical region scale height is repre-
sented by black dots and the diffusive region scale height appears in
white dots. This second scale height is generally 10 km smaller than
the photochemical one, indicating the compressive role of the
induced magnetic field at higher altitudes in the profiles.

For that latitude region, the transition altitudes (see Section 2.4)
lie mainly in the altitude band 147-166 km, completely compatible
with results from modelling (e.g. Shinagawa and Cravens, 1989).
Tables in the Annex give the value of this transition altitude, toge-
ther with other parameters derived from both kinds of orbits.

The scale height and the transition altitude are good indicators
of the compression of the plasma, as explained above. Further in
this analysis, the pressure balance has been analysed for orbit 3151
since it is a useful parameter to diagnose the interaction between
the ionosphere and the solar wind (e.g. Zhang and Luhmann,
1992). The objective is to perform additional tests to evaluate if the
magnetic field could penetrate down to the transition altitude in
that orbit. Theoretically, the induced magnetic field penetrates
down to an altitude where the magnetic pressure equals the
plasma thermal pressure. Below, the thermal pressure is higher
than the magnetic pressure, and the magnetic field intensity
decreases to zero because of the magnetic diffusion effect. Since
the available dataset does not give access to all necessary obser-
vables such as a magnetic field profile and temperatures, the
pressure balance assumption has been used to find whether rea-
sonable values can be estimated for these parameters.

On one hand, the plasma pressure, P,, is given by:

Py = ncksT, 3)

where n, is the electron density, kg is Boltzmann's constant,
and T, the plasma temperatures. On the other hand, the magnetic
pressure, Ppg, is given by:
BZ
Pg=o— @)
s 2
where B is the intensity of the magnetic field and y, the per-
meability of the free space. After equating Eqs. (3) and (4) and
considering Eq. (1) for the plasma population of the region above
the main peak, the magnetic field intensity can be estimated as
follows:

B=/2p,mygn.H (5)
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where in this case, m is the average ion mass, which has been
assumed for the transition altitude: around 90% of O,* and 10% of
CO,* (e.g. Shinagawa and Cravens, 1989). It is important to remark
here that the estimation of both the scale height and the magnetic
field is done around the transition altitude only, where both
pressures are expected to be equal. The hypothesis is not valid
below or above this specific altitude.

The results are illustrated in Fig. 9, where the magnetic field
measured by the radar at the spacecraft location, at about 350 km
(solid black circles) for orbit 3151, and the estimated magnetic field
from the pressure balance, at about 170 km (white circles), versus
the solar zenith angle for the same orbit are plotted. At the tran-
sition altitude, on average, the calculated magnetic field is 27 nT,
while the averaged measured value by MARSIS at the higher alti-
tude is 51 nT. The results are again, fully compatible with earlier
results. To show the degree of penetration of this induced field,
Fig. 10 shows the values of the magnetic field calculated for the
transition altitude for orbit 3151 and for the other 2 orbits with
magnetic field of this study after following the same procedure
than in orbit 3151. The strongest magnetic fields, obviously, have
more power of penetration and therefore for those cases, the
transition altitude is found at lower levels. The balance between

70 T T T T T T
2
60 | /;\‘ B
1 o i
- &5k P T N |
o 50 T e AR § - G
£ N
= \‘/
]
& ?
g 0r ¢k 1
z H
@ R Pq q
2 30 [ N AR e P 1
@it PR 000 o6 Y\ od BN Pt \ Pad
fyaoa) N XP°0 ormmm0 Vot
Wby AN '8 \ o
].':2? T \ 1
Y é ‘22 /I 4
20 Tty 5 B
[ 1 v/
3 %
g
10 1 1 i | 1 1
42 44 46 48 50 52 54 56
SZA (degrees)

Fig. 9. Magnitude of magnetic field measured by MARSIS in orbit 3151 at the
spacecraft position (black dotted-line) and magnitude of the magnetic field at the
transition altitude derived from the pressure balance (white dotted-line) for the
same orbit, versus solar zenith angle.
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magnetic and thermal pressures gives therefore a good estimation
of the induced magnetic field in the ionosphere at the transition
altitude.

The data and the results were subsequently compared with a
model of the ionosphere of Mars (Witasse, 2000; Witasse et al.,
2002, 2003; Morel et al., 2004; Sanchez-Cano et al., 2015b). This
one-dimensional model is based on a coupling between a kinetic
and a fluid code. The kinetic part is a stationary Boltzmann
approach, which describes the energetic electron flux. The elec-
tron source may be either the incoming solar wind electrons or
photoelectrons due to EUV photo-ionisation. The fluid part is an
eight-moment time-dependent model which solves the transport
equations of the different charged species up to the heat flow. This
code has been extensively and successfully used to describe the
Earth’s ionosphere (e.g. Lummerzheim and Lilensten, 1994; Diloy
et al.,, 1996; Blelly et al. 2005). Its adaptation to the Martian con-
ditions requires several important physical changes in order to
take into account the interaction between the Interplanetary
Magnetic Field (IMF) that drapes the planet and the upper atmo-
sphere. The model computes, as a function of altitude, a number of
ionospheric parameters, including the electron and six ion den-
sities, vertical plasma velocities and temperatures and induced
magnetic field. The neutral atmosphere is basically taken from
Viking or Mariner conditions, depending on solar activity. How-
ever, some adjustments are made on the concentration profiles in
order to fit the ionospheric profiles, with a given imposed hor-
izontal magnetic field at the top of the ionosphere, in a case of a
magnetized ionosphere. The magnetic field value at the top is
chosen arbitrarily, typically in the range 20-100 nT, and is adjusted
consistently with the atmosphere in order to get the best fit on the
ionospheric profile.

For this comparison, one profile (from ionogram 169 of orbit
3151) was selected, and the results are shown in Fig. 11. Three
parameters have been plotted: the electron density (top panel),
the plasma temperature (middle panel) and the induced magnetic
field (bottom panel). For the modelling run, the geophysical con-
ditions (solar activity, solar zenith angle, heliocentric distance) of
orbit 3151 were chosen and set as input parameters in the model.
The magnetic field value at the top of the atmosphere (500 km)
has been set at 57 nT, such that it can match exactly the measured
value at 313 km.
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Fig. 10. Distribution of the magnetic field at the transition altitude, obtained from the balance of pressures versus solar zenith angle, for the 3 selected Mars Express orbits
with magnetic field. The colour-bar stand for the magnitude of this field. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
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Fig. 11. Comparison with a numerical model of the ionosphere. The data corre-
spond to the profile 169 from orbit 3151. The electron density vertical profile is
displayed on the top panel, where the data are labelled with white stars, while the
model is the dashed line. The comparison is excellent. The plasma temperature
profile is plotted in middle panel. In this case, the model is the solid dark line, and
the temperature deduced from the scale height in good agreement, around 580 K in
the altitude range 115-155 km. There is a reasonable agreement between data and
model. The induced magnetic field is given on the bottom panel. The model is in
solid dark line, and the two circles indicate the magnetic field measured locally by
the spacecraft (here at 313 km) and the magnetic field deduced from the pressure
balance at the transition altitude (here at 149 km). The match is almost perfect.

The comparison between model and data is remarkable for the
three panels. Regarding the electron density (top panel), the
comparison between the data and the model shows an almost
perfect match even in linear scale. A clear manifestation of the
good behaviour of the model to reproduce both the shape of the
profile as well as the electron density values, even with the pre-
sence of an induced magnetic field. One of the by-products that
easily can be retrieved both from the model and the data is the
temperature of the plasma population (electrons plus ions). From
the data, this parameter is obtained by using the definition of scale
height (Eq. (1)) and the assumptions about the ion composition as
described above. Note that only the plasma scale height calculated
for the closest region above the peak can be used in this equation.
This plasma temperature has been compared with the tempera-
ture profile deduced from the model (medium panel). In that
figure, the temperature deduced from the plasma scale height is in
the range 115-150 km. There is no possibility of obtaining a tem-
perature profile from a single scale height, only one temperature
value can be retrieved in the altitude range used to obtain that
scale height. There is reasonable agreement between data and
model (550 K at 137 km) and the results are consistent with those

presented in the Fig. 2 of Shinagawa and Cravens (1989) where a
value greater than 1400 K is reached at ~160 km for electrons.
Finally, in the bottom panel, the magnetic field profile obtained for
the ionospheric altitude acquired from the model (solid line) is
compared with the two only values obtained from the MARSIS
radar: the one measured at the spacecraft position (white circle at
313 km) and the one deduced from the pressure balance (white
circle at 149 km). At these altitudes the values of the magnetic
field are ~55nT and ~34 nT respectively, showing good agree-
ment with the model and with the results from previous studies
(Shinagawa and Cravens, 1989). These comparisons confirm the
hypothesis that for orbit 3151, an induced and horizontal magnetic
field is able to penetrate until an altitude of about 150 km, having
a clear influence on the distribution of the density in the iono-
spheric vertical profile.

4. Conclusion

This study has shown an analysis of data acquired by the
MARSIS instrument aboard Mars Express. These data, when
interpreted carefully and successfully compared with modelling,
indicate that an induced magnetic field can penetrate deep in the
ionosphere of Mars, and strongly compresses the plasma. We list
here the elements which are in favour of this conclusion:

- The ionosphere in the presence of a magnetic field is com-
pressed compared to the ionosphere in orbits where no mag-
netic field is measured (see Fig. 4). In particular in orbit 3151, the
vertical electron density profile exhibits a clear compression
identified in 14 ionograms, which is characterised by a general
smaller scale height (Fig. 6), and a change in scale height from
~40 to 45 down to ~30 km (Fig. 9). This is also confirmed with
the other 2 orbits within the magnetic field regimen (Tables in
Annex).

- A transition altitude is identified in orbits 3151, 3184 and 3195 at
150 km on average due to the penetration of an induced mag-
netic field in the ionosphere. This transition altitude is not found
in orbits 3129 and 3140 where no magnetic field was recorded.

- From the pressure balance, reasonable plasma temperatures
have been estimated. The value for the induced magnetic field
estimated at the transition altitude matches very well the
modelling results. The strongest magnetic fields have more
power of penetration and the transition altitude is found at
lower levels. As a consequence, the scale height is also smaller
for those cases.

MAVEN should provide an updated picture of this process at
work in the Mars’ ionosphere. In particular, the coupling between
the energetics and the magnetism can be further investigated.
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See Table 1A, Table 2A, Table 3A, Table 4A, and Table 5A.

Table 1A

Summary of the main characteristics of orbit 3129. From left to right: AIS profile
number, solar zenith angle, latitude, altitude of the Mars Express spacecraft,
magnetic field value deduced from MARSIS data and plasma scale height corre-

sponding to the photochemical-controlled part of the Martian ionosphere.

Profile SZA Latitude Spacecraft B field H
number (deg) (deg) altitude (km) measured (nT) (km)
115 46.20 34.01 412.19 0 110.40
116 46.24 3354 407.71 0 99.06
126 46.85  28.75 367.92 0 67.87
128 47.02  27.78 361.09 0 107.01
129 47.11 27.29 357.83 0 105.24
130 4720  26.80 354.65 0 75.04
131 4730  26.31 351.58 0 61.46
133 47.51 25.33 345.72 0 75.33
134 47.61 24.84 342.94 25.52 62.29
135 4773 2435 340.26 0 48.23
136 4785  23.86 337.68 34.03 70.32
138 48.09 2287 332.81 0 73.89
139 4822 2238 330.53 26.86 55.69
143 48.77 2039 322.40 0 49.64
144 48.92 19.89 320.63 0 64.13
145 49.07 19.39 318.95 0 54.60
146 49.22 18.90 317.38 0 70.62
147 49.38 18.40 315.91 0 58.13
149 49.71 17.40 313.28 0 51.26
150 49.87 16.90 31212 0 53.32
151 50.05 16.40 311.06 0 45.93
153 50.40 15.39 309.26 0 4437
154 50.58 14.89 308.51 0 49.64
156 50.95 13.89 307.33 23.35 45.60
161 51.94 11.38 306.20 0 44.00
163 52.35 10.37 306.47 0 46.53
164 52.56 9.87 306.77 0 55.42
167 53.22 8.36 308.28 0 72.72
170 53.89 6.86 310.73 0 49.82
173 54.59 535 314.11 0 49.10
174 54.82 4.85 315.45 0 53.81

Table 2A

Same but for orbit 3140.
Profile SZA Latitude Spacecraft B field H
number (deg) (deg) altitude (km) measured (nT) (km)
120 4479 3296 386.79 24.99 44.98
121 4484 3248 382.89 24.47 33.62
122 4489  32.00 379.07 23.82 34.54
125 45.05 30.55 368.20 23.82 34.22
128 4526  29.09 358.18 23.35 33.46
131 45.50 27.63 349.04 31.07 42.34
132 45.59 27.14 346.18 31.07 42.86
133 4569  26.65 343.43 0 40.62
134 45.78 26.15 340.77 0 44,58
136 4599 2517 335.76 29.78 36.27
139 46.33 23.69 328.99 24.47 37.84
143 46.85 21.70 321.37 29.78 41.81
147 47.42 19.70 315.38 0 37.24
150 47.89 18.20 311.97 0 42.61
153 48.40 16.70 309.49 0 42.03
154 48.57 16.20 308.87 28.58 41.33
155 48.75 15.70 308.36 0 40.82
161 49.89 12.69 307.44 0 47.26
164 50.50 11.18 308.40 0 37.23
165 50.71 10.68 308.92 0 49.90
168 51.36 9.178 311.12 0 4513
171 52.03 7.67 314.26 0 4311
175 52.97 5.67 319.89 0 45.33
178 53.69 4.17 325.18 0 44.05
182 54.69 219 333.68 0 44,74

Table 3A
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Summary of the main characteristics of orbit 3151. From left to right: AIS profile
number, solar zenith angle, latitude, altitude of the Mars Express spacecraft,
magnetic field value deduced from MARSIS data, plasma scale height correspond-
ing to the photochemical-controlled part of the Martian ionosphere and transition

altitude.
Profile SZA Latitude Spacecraft B field H (km) Transition
number (deg) (deg) altitude measured altitude
(km) (nT) (km)

125 4329 3310 374.89 49.28 3413 208.90
126 4333 3262 371.33 49.28 27.47 163.15
127 4337 3214 367.87 51.04 31.33 166.10
129 4347 3117 361.24 50.25 26.89 151.70
132 43.64 29.70 352.01 48.72 31.51 162.50
133 43.71  29.22 349.12 50.25 31.34 160.35
135 43.86 2824 343.65 48.45 2293 124.65
136 4395 27.74 341.07 48.45 35.76 171.65
137 44.03 27.25 338.58 48.45 29.29 172.10
138 4412  26.76 336.19 50.15 26.91 174.55
140 4432 25.77 331.71 48.72 27.45 153.20
141 4442 2528 329.62 48.72 26.30 133.15
144 4476  23.79 323.96 49.47 34.27 170.35
146 45.00 22.79 320.70 49.47 36.32 152.50
148 4527 21.80 317.84 50.25 43.19 166.50
151 45.69 2030 314.32 45.37 40.03 190.25
152 45.84 19.80 313.36 41.87 40.40 234.70
156 46.48 17.80 310.53 56.10 42.46 165.85
157 46.65 17.30 310.08 49.47 34.67 160.35
159 46.99 16.29 309.49 51.87 41.90 159.80
160 4717 1579 309.35 51.87 45.63 147.55
161 4736 15.29 309.32 51.04 48.06 155.45
164 4793 13.79 309.84 52.72 45.80 164.60
166 4833 12.78 310.71 51.87 4413 164.55
167 48.53 12.28 311.30 50.25 4493 151.20
168 48.74 11.78 311.99 54.97 47.73 153.05
169 4895 11.28 312.79 54.97 42.21 150.00
170 4916 10.78 313.69 59.55 38.88 161.00
171 49.38 10.28 314.70 62.14 41.92 157.70
172 4959  9.78 315.81 54.14 33.21 159.85
173 49.82 9.28 317.02 55.83 34.16 158.05
174 50.04 8.78 318.33 51.04 30.97 151.55
175 50.27 8.28 319.75 50.15 41.21 152.60
176 5050 7.78 321.27 50.25 40.91 161.30
177 50.73 7.28 322.89 50.25 4711 161.65
179 5120 6.28 326.44 53.33 46.89 173.35
183 52.18 4.30 334.77 53.33 40.82 163.65
184 52.43 3.80 337.10 50.25 42.50 160.50
185 52.68 3.31 339.54 51.04 46.85 154.20
186 52.93 2.82 342.08 49.47 4341 151.95
187 53.19 2.32 344.71 49.47 41.78 152.80
188 53.45 1.83 347.45 48.72 36.68 175.20
189 53.71 1.34 350.28 49.47 38.03 163.40
192 5450 -0.13 359.37 48.45 4248 164.05
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Table 4A
Same but for orbit 3184.

Profile number SZA (deg) Latitude (deg) Spacecraft altitude (km) B field measured (nT) H (km) Transition altitude (km)
140 38.90 31.27 336.14 59.55 31.79 174.35
144 39.07 29.30 328.62 59.55 35.49 170.70
146 39.19 28.30 325.47 57.63 33.36 173.15
147 39.26 27.80 324.04 56.71 36.15 184.90
151 39.58 25.81 319.36 56.71 35.13 162.55
154 39.88 2432 316.92 57.63 32.06 152.20
155 39.98 23.82 316.31 58.57 26.50 159.95
157 40.22 22.82 315.41 62.68 32.34 160.25
158 40.34 22.32 315.11 59.55 35.49 169.15
160 40.60 21.32 314.82 57.63 37.34 151.90
162 40.88 20.32 314.95 62.68 39.54 184.90
163 41.03 19.82 31517 59.55 27.63 150.60
164 41.18 19.32 315.49 58.67 37.08 182.00
165 4134 18.82 315.91 59.55 40.76 188.75
166 41.50 18.32 316.44 59.55 40.32 163.70
168 41.83 17.32 317.80 58.57 39.82 198.50
169 42.01 16.82 318.64 61.50 36.70 166.60
171 42.37 15.82 320.62 68.71 33.68 184.30
173 42.74 14.83 323.01 58.67 38.60 188.30
174 42.94 14.33 324.36 58.57 42.72 -
175 4313 13.83 325.82 59.55 46.85 150.90
176 43.33 13.33 327.37 59.55 51.58 164.35
177 4354 12.84 329.03 62.47 41.81 154.45
178 43,75 12.34 330.79 63.52 47.32 169.25
180 4418 11.35 334.61 61.50 42.90 160.40
182 44.62 10.36 338.83 59.55 44.74 155.05
183 4484 9.86 341.10 60.56 54.05 149.60
184 45.07 9.37 343.46 57.63 53.80 154.75
187 45.78 7.90 351.15 60.82 30.81 154.60
189 46.26 6.91 356.77 59.55 30.86 143.55
Table 5A

Same but for orbit 3195.

Profile number SZA (deg) Latitude (deg) Spacecraft altitude (km) B field measured (nT) H (km) Transition altitude (km)
140 37.33 3313 337.29 - 35.90 187.45
144 37.40 31.15 329.83 - 38.50 159.85
145 37.44 30.66 328.21 - 33.37 189.15
147 37.52 29.67 325.28 36.65 43.43 162.70
148 37.56 29.17 323.97 - 42.94 152.95
150 37.68 28.18 321.65 40.46 47.36 159.40
151 37.74 27.68 320.64 35.73 43.29 156.30
153 37.89 26.68 318.94 41.55 37.96 199.80
154 37.97 26.19 318.24 42.04 34.10 184.15
155 38.06 25.69 317.64 33.71 35.76 161.05
156 38.15 25.19 317.14 35.73 33.19 168.35
158 38.35 2419 316.46 35.03 38.45 -

159 38.46 23.69 316.28 36.35 39.61 -

160 38.58 23.19 316.19 34.86 45.35 -

163 38.95 21.69 316.56 38.30 39.31 -

164 39.08 21.20 316.89 - 38.83 -

165 39.22 20.70 317.32 33.08 34.98 180.25
167 39.51 19.70 318.49 33.08 37.26 -

168 39.67 19.20 319.23 - 36.33 165.70
169 39.83 18.70 320.08 36.34 34.75 -

170 39.99 18.20 321.02 35.17 40.34 -

171 40.16 17.70 322.07 41.02 36.90 158.15
172 40.33 17.20 323.22 39.01 38.39 165.45
173 40.51 16.71 324.48 42.39 43.19 169.65
175 40.87 15.71 327.29 43.88 37.50 -

176 41.06 15.21 328.85 44.66 40.58 -

177 41.26 14.72 330.51 38.30 36.11 170.65
178 41.45 14.22 332.28 40.34 3719 182.30
179 41.65 13.73 334.14 37.61 43.49 189.15
180 41.86 13.23 336.11 40.83 40.48 -

181 42.07 12.74 338.18 36.99 36.29 180.75
182 42.28 12.24 340.34 44.66 3740 172.70
184 42.72 11.26 344.98 37.61 41.97 195.00
185 42.94 10.76 34745 29.16 37.98 178.15
188 43.63 9.29 355.45 30.80 37.02 -

191 44.35 7.82 364.33 3248 4727 152.45
195 45.34 5.88 377.54 39.70 53.67 154.90

197 45.85 4.91 384.72 34.36 50.95 149.35
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