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Abstract

Mars is the fourth planet from the Sun and its interaction with the solar wind is a quite interesting subject to
study. While it is a rocky planet it doesn’t have an intrinsic magnetic field, but an ionosphere, created by the
photoionization of a relatively thin atmosphere. In addition there are magnetic ”patches” on its surface, remnants
of an ancient fossilized magnetic field. All these factors make the study of its interaction with the solar wind quite
intriguing.
In this work we tried to extract information about the electron population and the magnetic field intensity around
the planet, but also about the corresponding pressures to those magnitudes: electron–thermal– and magnetic
pressure respectively. Also, we tried to determine the position of the magnetic pileup boundary (MPB) and
compare it to the theoretical one, and lastly, we search for any possible structures along the MPB –both above
and below it– by analyzing the ratio of the above mentioned pressures.We used data collected by Mars Advanced
Radar for Subsurface andIonosphereSounding (MARSIS), in a period of almost 9 years – December 2005 to May
2014.

1 Introduction

Mars is the third bigger rocky planet in our Solar system after Earth and Venus. Its mean radius is about 3390km
and a result of its size, its gravity is much weaker than the Earth’s (3.7m · s−2 compared to the Earth’s 9.8m · s−2),
and also its atmosphere is much thinner too (its surface pressure is about 0.636kPa compared to the Earth’s
sea-level pressure 101.325kPa). Moreover, Mars doesn’t have a magnetic field surrounding the planet, as several
missions have proven: the Pioneer mission [Russell et al., 1979], the Mars Global Surveyor mission [Acuna et al.,
1998] etc. The only magnetic feature of the planet found is magnetic ”patches”, i.e. magnetized regions, scattered
on its surface, as seen in figure 1. They are believed to be fossils remnants of an ancient global magnetic field that
stopped at some point in the past [Arkani-Hamed and Boutin, 2004]. Therefore, since there is no magnetic field
surrounding Mars, we expect the solar wind to interact directly with its atmosphere.
Although the Martian atmosphere is really thin, it is thick enough for an ionosphere to be form. There are two

mechanisms creating the Martian ionosphere. The primary one is photoionization: as the solar light reaches Mars,
its extreme UV part carries enough energy to ionize the atmospheric CO2. In addition, the secondary mechanism
is the ”electron impact ionization”: the solar wind particles hit directly the atmospheric molecules, causing them
to lose electrons. The result both of the processes is the creation of an ionosphere. Subsequently, the ionosphere
acts as an obstacle to the path of the solar wind and as a result, the solar wind in that region slows down and gets
compressed. In general, in every compression of the solar wind around an unmagnetized, electrically conductive
body, two well-defined regions appear: the Magnetic Pileup Region (MPR), that lies between the Ionopause and
the Magnetic Pileup Boundary (MPB), and the Magnetosheath (MS), that lies between the the MPB and the Bow
Shock (BS). All these regions are seen in figure 2. It must be noted that each ”boundary” / transition region has
to be relatively thin compared to the other regions [Bertucci et al., 2012].
In addition, another feature that appears when the solar wind meets an obstacle is the deformation of the

magnetic lines when they eventually clear the object, as seen in figure 2. More details on that will be given in
sections 1.2 and 1.3. Here follows a brief description the three regions/boundaries –the BS, MS and MPR– and an
extended one for the object of interest of our study: the MPB.

1.1 Bow Shock (BS) and Magnetosheath (MS)

The MS is a region where in theory, is dominated by compressed, subsonic solar wind. In general, any object that
is impenetrable by the solar wind can create a MS, as long as it is big enough or has a strong magnetic field,
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Figure 1: Magnetic map of the Earth (left) and Mars (right). The Earth has a well-built dipolic magnetic field,
while Mars has magnetic ”patches” scattered on its surface. It must be noted that the two planets are
not in scale in the picture, as Mars has almost half the size of the Earth.

Figure 2: Schematic of the regions around Mars that were created due to its interaction with the solar wind. The
BS and the MPB delimit the MS, while the MPB and the ionopause delimit the MPR. In addition, we
see the deformation of the solar wind magnetic lines as they pass over Mars.
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able to create a big magnetosphere. The thickness of the Martian MS is quite small: studies from Moses et al.
[1988] and Nagy et al. [2004] stated that it is comparable to the proton gyroradius; therefore, atmospheric protons
are expected to be detected in the magnetosheath. Also, Bertucci et al. [2004b] reported superthermal electron
fluctuations withing the Martian magnetosheath; such a thing was not expected by the theory. Its possible source is
that the electrons were transferred there by waves that were created in the MPR; this idea is supported by studies
in other thin-magnetosheath object, such as comets (e.g. Tsurutani et al. [1999]).
As we mentioned above, the MS lies within the BS and the MPB. The BS is the layer where the supersonic solar

wind becomes subsonic and one of its major characteristics is its small width [Moses et al., 1988]. It must be noted
that the relevant sound speed in this case is the magnetosonic speed of sound.

1.2 Magnetic Pileup Region (MPR)

The MPR is the region where, due to existence of the obstacle (the planet and its induced magnetosphere), the
magnetic lines are piled up in their try to overcome it. As a result, the magnetic field in that region is 2 to 3 times
stronger than the MS [Acuna et al., 1998] and also the particle population that lies within it is completely different
than the MS, as the hot solar wind particles of the MS are replaced by cold planetary ions (especially O+ and O+

2 )
[Nagy et al., 2004]. When the solar wind eventually overcomes the ”obstacle”, the magnetic lines remain deformed,
as seen in figure 2. The MPR thickness in the dayside is a few hundred kilometers.

1.3 Magnetic Pileup Boundary (MPB)

The MPB is a ∼ 100km thick transition region that separates the MS and the MPR and it is mapped as a sharp
discontinuity of the characteristics of the two regions. The changes that take place are the following:

Magnetic field: The magnetic field intensity rises by a factor of 2 to 3 while its fluctuations decrease

Electrons: The electron population is increased while their temperature is decreased

Ions: The thermal solar wind ions (H+ and He++) are decreased by about one order of magnitude [Nagy et al.,
2004] while the planetary ions are increased

Of all the above mentioned characteristics, the most notable signature of the MPB is the magnetic one: the sudden
increase of the magnetic field intensity.
The first spacecraft that detected the MPB was Mars-5 in 1976 [Vaisberg, 1976], followed by Phobos 2 (e.g.

Eroshenko et al., 1990, Sauer et al., 1992), by Mars Global Surveyor (MGS) (e.g. Vignes et al., 2000, Bertucci
et al., 2003) and lastly by Mars Express (e.g. Fränz et al., 2006, Dubinin et al., 2007). Currently there are two
orbiters operating at Mars: the Mars Atmosphere and Volatile EvolutioN Mission (MAVEN) and the Mars Orbiter
Mission (MOM), but only MAVEN can provide a full database for the study of the MPB, as it is the only one that
carries a magnetometer and electron and ion analyzers.
The shape and the position of the MPB was studied by Vignes et al. [2000], Bertucci et al. [2005], Trotignon

et al. [2006] and Edberg et al. [2008]. It is found that in general it has the shape a conic section, described by the
equation:

r =
L

1 + ϵ cos θ
(1)

where r is the distance from the conic section focus to each point of it, L is the eccentricity and ϵ is the semi-
latus rectum. It must be noted that the focus of the conic-section-shape MPB is not in the center of the planet.
More on the parameters used will follow in section 2.2. In addition, until recently, the above equation was being
extracted using single-spacecraft measurements, but in 2007 the conic-section-shape was confirmed, with the first
two-spacecraft near-simultaneous measurements. During the Rosetta Mars flyby both the Rosetta and the Mars
Express took measurements of the environment around the MPB and confirmed its shape [Edberg et al., 2009b].
In this work we studied the electron numerical density, the magnetic strength intensity and their corresponding

pressures around Mars. Then we focused on the study of the MPB, using only the above mentioned magnitudes
and as a last step we calculated the ”ideal” temperature for the two pressures to be equal. In order to do so we
first created global maps of the electron density, the magnetic field intensity, and the ratio of the electron to the
magnetic pressure; the MPB was noted on all maps as well. Then we analyzed the same magnitudes along the MPB
in several layers, above and below the MPB. Lastly, we set the temperature as a free parameter and we set both
the pressures to be equal to each other, and we mapped the global temperature; an average global temperature was
calculated as well. We used data collected by the Mars Advanced Radar for Subsurface andIonosphereSounding
(MARSIS) through a 9-year period.
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2 Instrumentation, Database and Methodology

As we mentioned, we used the magnetic field intensity and the electron numerical density measured by MARSIS
over a period of 9 years. In this section we present the instrument operation along with some specifications about
it. In addition, we present some details about the database–dataset we used. Moreover we explain the methodology
we followed and the restrictions we set in order to come up with the final dataset that we used for our analysis.

2.1 Instrumentation

MARSIS is carried by the Mars Express Orbiter, that is part of the European Space Agency (ESA) mission ”Mars
Express”. Mars Express Orbiter was launched on June 2nd, 2003 and it started orbiting Mars about six months
later, on December 25th in the same year; it performs an elliptical orbit, with a period of 6.75 hours. The orbiter
mass is 1223 kg, where 116 kg of them is the scientific payload [Chicarro et al., 2004].
The instrument is a 40-meter-long dipole and it was deployed in two steps: the first of the two 20-meter-long

boom took place on May 4th 2005 while the second boom was deployed on June 14th 2005; it started collecting
scientific data in July of the same year. As its name denotes, MARSIS is a radar and as a radar, its operation is
based on soundwaves. A pulse is emitted, and as is reflected to the nearby objects, it returns to the instrument.
Then the instrument maps the strength of the returned pulse as a function of its frequency and its time delay,
as seen in figure 3 [Gurnett et al., 2005]. In the general case, combining subfigure A and B, we can see that
the returned pulse reveals the electron plasma oscillation ground state frequency, the electron cyclotron echoes,
the ionosphere and the Martian surface; in addition it can reveal echoes (e.g. ionospheric ones) and some of the
plasma oscillation harmonics as well. We must note that there are cases where some features do not appear on the
ionograms, as, for example, the non-appearance of the electron cyclotron echoes in the subfigure A.
The electron density is extracted by using the electron plasma oscillation, as seen in subfigure A. Each ”spike”

corresponds to an electron plasma oscillation: the most intense ”spike” denotes the ground state oscillation, while
the weaker that follow are the harmonics. It worth noting that the intensity is also connected with the frequency:
the most intense spike is the one of the smallest frequency, while as the harmonics are increased, the intensity drops
and the frequency rises. In order to extract the electron numerical density, the ground state of the oscillations –i.e.
the strongest, smallest-frequency spike– is used in the equation:

fp = 8980
√
ne Hz ⇒ ne =

fp
8980

(2)

Regarding the magnetic field intensity, it can be extracted if cyclotron echoes are visible in the ionogram, as seen
in subfigure B. The echoes are repeated in a specific rate, noted as Tc, and this rate matches the electron cyclotron
frequency, fc. Therefore, the magnetic field intensity is defined by using the cyclotron frequency in the equation
below:

fc = 28|B| Hz ⇒ |B| = fc
28

(3)

Note that in subfigure B the electron numerical density can also be defined, as the electron plasma spikes are
also visible. Those cases are special, as we can have the electron population and the magnetic field intensity
simultaneously; they will be examined more thoroughly, as we will show in our analysis.
Also, we must say that above described methodology is performed automatically and MARSIS database contains

the results of it. It was described here for purposes of complement, as a description of the instrument and some
theoretical background on its operation is necessary for our project.

2.2 MPB parameters

As we mentioned above, the MPB has the shape of a conic section (eq. 1) and it has the following parameters, as
they were extracted by Edberg et al. [2008]: ϵ = 0.92± 0.03 and L = 0.90± 0.06 MR

1. In addition, its focus lies
0.86± 0.11 MR towards the Sun, on the ”center-of-the-planet”–Sun line.

2.3 Database–Dataset

The dataset we used contained the electron numerical density and magnetic field intensity measurements, as were
measured by MARSIS from day 320 of 2005 to day 134 of 2014; the data collection frequency was 1 measurement per
7-9 seconds. The initial data matrix was 1 079 453 lines long and each line corresponded to one set of measurements:
time (year, day of year, hours, minutes, seconds), spacecraft altitude, spacecraft solar zenith angle (SZA), electron
numerical density and magnetic field intensity. In our study each line containing the above mentioned data for

1MR stands for Mars Radius
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Figure 3: Ionogram of the reflected MARSIS pulse. The ionograms map the strength of the return pulse along
with its frequency, in respect to their time delay from the time the pulse was emitted. In the subframe
A we can see that the returned pulse revealed the electron plasma oscillation (both the ground state and
some harmonics), the ionosphere along with an oblique echo of it and the Martian surface, while in the
subframe B the electron cyclotron echoes are revealed as well. Using the described methodology, the
electron numerical density and the magnetic field intensity are extracted.
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a specific time will be referred as ”dataline”, while each data cell (i.e. the magnetic field for a specific time) is
going to be referred as ”datapoint”. Also, for reasons of simplicity we ignore the fact that the datapoint for time
contains the 5 individual datapoints, as they were mentioned above; we will keep referring to the time dataline
as a datapoint. Therefore a dataline contains 5 datapoints: time, altitude, SZA, electron numerical density and
magnetic field intensity.
Here follow some specifications on some datacells:

SZA: In order to define the SZA, we must first define the planetocentric coordinate system: the Z-axis is defined as
the Martian rotation axis, while the X-axis is defined as the projection of the ”center-of-the-planet”–Sun line
on the Martian equator. The Y-axis is defined in such way so it completes the orthogonal coordinate system.
The SZA is defined as the absolute value of the angle measured from the Martian dayside equator (X-Y
plane, for positive X) to the projection of the position of the spacecraft to the X-Z plane, in a planetocentric
coordinate system. As the system uses the absolute value of the angle, the range of the angle is from 0
degrees, that corresponds to the spacecraft laying on any point of the dayside horizon plane, to 180 degrees,
that corresponds to the spacecraft laying on any point of the nightside horizon plane. The 90 degrees point
is right on top of the Martian poles, either the North one, or the South one.

Magnetic field intensity: The magnetic field intensity is given in nanotesla (nT )

Electron numerical density: The electron numerical density is given in electrons per cubic centimeter (cm−3)

Eventually, applying the filters and the restrictions that will be discussed below (subsection 2.4), the final dataset
was 348 768 datalines long.

2.4 Methodology

The initial dataset contained data that were useless for the purpose of our study, so filtering the data was necessary.
The filters that were applied are described below.

• Electron density: There are several sources of noise regarding the electron density measurement. The
primary one is electron thermal fluctuations, as they make the electron plasma spikes on the ionograms
wider. Therefore, the electron population is harder to be extracted. At low densities, the spikes start to
merge together –as the frequency resolution of the instrument is too low– and the determination of the
electron population is even harder, or, in some cases, impossible [Andrews et al., 2013].

In addition, there is a constant ”electron noise”, as MARSIS measurements are based on electrons movement.
If the measured electron density is large, i.e. over an order of magnitude compared to the electron noise,
then it can easily be ignored, as will be part of the measurements error. On the other hand, if the measured
electron density is small, i.e. same order of magnitude as the noise, then the noise must be ”cleared” from
the data. Therefore, we set the maximum electron noise level to be 35 electrons per cubic centimeter; any
measurement below that was ignored.

• Orbit filtering: The instruments operation design of Mars Express Orbiter was made in such a way that, in
some orbits the active instrument was changing during the closest approach to the planet. Therefore, there
were orbits that MARSIS was not operating during its periapsis and this lead to orbits with huge datagaps
while Mars Express was near the planet its MPB. Given the fact that the purpose of this work is the study
of the MPB and the region around it, these orbits are completely useless. So we set a minimum limit of 300
datalines per orbit; any orbits with less than 300 dataline were ignored.

Eventually, through the filtering described above, the data matrix was reduced to 348 768 datalines.

3 Analysis and Results

In this section we will present the analysis and the results of our study. We studied the electron population, the
magnetic field intensity and their corresponding pressures around Mars, as well above and below the MPB. Lastly,
we calculated a ”required” temperature in order the magnetic and the electron pressures to be equal. More details
about each step will be given in each subsection.
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Figure 4: Global map of the electron numerical density. The white dashed line denotes the MPB. We see that there
is a clear excess of electrons in the dayside, due to the electron impact ionization of the molecules of the
upper atmospheric layer. In addition, structures along the MPB do not seem to exist; further analysis
follows in a later subsection.

3.1 Electron density and Magnetic field intensity

Figures 4 and 5 present the electron numerical density and the magnetic field intensity respectively, in a ”global”
martian map. The grid is divided with respect to the SZA and the height over the martian surface and each bin
is 5 degrees ”long” and 50 km ”wide”; in addition, the color scale for each figure is shown in the right side of the
figure and the values are presented in a base-10 logarithm . We also added the MPB, as was defined by Edberg
et al. [2008]; it is denoted by the white dashed line. Lastly, we must mention that the value of each bin is extracted
by averaging all the values of the datacells that correspond to that specific bin, for each map respectively; the
black-colored bins denote lack of data.
As we see, in both of the images (4 and 5) the dayside tends to have higher values than the nightside, i.e the

magnetic field is stronger and the electron population is higher in the dayside. This is an expected feature, as both
the solar particles and photons ionize the particles of the upper martian atmosphere, creating both free electrons
and ions in a layer called ”ionosphere”. As the ionosphere acts as a conductor, the ideal case (i.e. if it was an ideal
conductor) would have been not to carry any magnetic field. Therefore, the external, solar wind magnetic field
must be canceled around the ionosphere. Since there is not a distinct boundary of the extension of the ionosphere
around the planet, we expect the above mentioned procedure to take place where the ion population is thicker. This
is achieved by currents, flowing from higher altitude: as the currents are being generated, they produce their own
magnetic field that cancels the solar wind magnetic field in low altitude, but add to it at high altitude. That way,
an induced magnetic field is being generated around Mars. The ion population density peak is at about 150 km
above the martian surface and therefore, we expect the magnetic field intensity there to be almost zero and rising
as the altitude is increased.
In conclusion, due to the fact that all of our measurements took place in an altitude over 200 km, we are detecting

a non-zero magnetic field and in addition, due to the solar wind we get a higher electron population in the dayside
that leads to a stronger magnetic field; both of these features are mapped in MARSIS measurements.
In addition, an inspection by eye in both figures reveals no variations in both density and magnetic that directly

correspond to the MPB; further analysis for that is presented in subsection 3.3. Also, a feature that is worth noticing
is the sudden increase of the electron population, in altitude over 600km and between 30 and 35 degrees. There
are a couple of possible reasons for it, e.g. a ”glitch” in the algorithm that extracts the electron number, a coronal
mass ejection (CME), but it might also be caused by a phenomenon that we overlooked; further investigation for
this feature is necessary.

Project in Physics and Astronomy 7



Pressure balance in the Martian ionosphere - Solar Wind interaction

Figure 5: Global map of the magnetic field intensity. The white dashed line denotes the MPB. We see that there is a
stronger magnetic field in the dayside than in the nightside, as expected, based on the electron population
map. As there are is an electron excess on the dayside, the magnetic field is stronger, due to the direct
connection of the two magnitudes. Also, there are no visible structures along the MPB; further analysis
will follow in a later subsection.

3.2 Electron and magnetic pressure

As we have already mapped the electron numerical density and the magnetic field intensity, we can calculate the
electron thermal pressure and the magnetic pressure respectively, as follows:

Electron thermal pressure
The thermal pressure can be defined, based on the temperature of the electron population, based on the
equation:

Pe = nekT (4)

where ne is the electron numerical density, k is the Boltzmann’s constant –equal to k = 1.38065·10−23 J ·K−1–
and T is the temperature. Regarding the electron temperature, both in situ measurements –by the Viking
landers– [Hanson and Mantas, 1988] and theoretical calculations [Choi et al., 1998] came to the conclusion
that the temperature of the Martian surrounding region rises from a couple of hundreds Kelvins at ∼ 100km
to 3000K for altitude over 200km, where it remains stable. Since our measurements are in altitude over
200km, we set the electron temperature to T = 3000K.

Magnetic pressure
The magnetic pressure of the magnetic field around Mars can be defined as:

Pmag =
|B|2

2µ0
(5)

where |B| is the intensity of the magnetic field and µ0 is the magnetic permeability of vacuum –equal to
µ0 = 4π · 10−7H ·m−1 ≈ 1.2566 · 10−6H ·m−1.

In order to calculate the two above-described pressures in a global scale, we kept only the datalines that contained
both the electron numerical density and the magnetic field intensity, i.e. both the electron numerical density
datapoint and the magnetic field intensity datapoint had a non-zero value. Then we calculated the median value
of all the values for the corresponding bins for both the electron population and the magnetic field intensity and

Project in Physics and Astronomy 8



Pressure balance in the Martian ionosphere - Solar Wind interaction

Figure 6: Global map of the electron to magnetic pressure ratio. The white dashed line denotes the MPB. We see
that the magnetic pressure is constantly higher than the electron pressure. Also, the electron pressure is
higher near the poles, but also, closer to the planet as well. Again, there are no visible structures along
the MPB, but further analysis will follow in a later subsection.

next, we used the equations 4 and 5 in order to calculate the two pressures for each bin. Finally, we calculated the
ratio of the electron pressure to the magnetic pressure for each bin. The reason for calculating the median instead
of the mean value, is that the median is a better ”estimator” of the mean, when extreme outliers are present. The
only problem that rises is when we have a small number of measurements for a bin and one of them has a large
value. This will ”push” the median off the real value. But this can be detected relatively easily, as the values of
the nearby bins will be much smaller, and therefore, we will be able to identify the false value and ignore it.
For this map we took into consideration only data lines that both the electron numerical density and the

magnetic field intensity were measured because, as the MPB is a transition area of two regions that have different
characteristics, we wanted to analyze the correlation and the connection the electron population and the magnetic
field intensity; the two pressures contain both of the magnitudes that we need for our analysis. Also, we ignore
anything that was affecting their measurement (e.g. software glitch, instrument malfunction).
Figure 6 presents the pressure ratio map and we can see that the magnetic pressure is constantly greater than

the electron pressure around the entire planet. Some sporadic bins where the electron pressure seems to be greater
(e.g. at 30-35 degrees and altitude over 1300km) were ignored as, as explained above, the lack of a ”smooth”
transition from the nearby bins towards them suggests that most probably there were too few data points for the
bin. Also, we see that the electron pressure is slightly higher at the poles, but also, in lower altitude as well. We
must note, again, that the temperature used for the calculation of the electron pressure, was extracted by a model,
rather than measured by in situ measurements, i.e. it is not measured but instead assumed.

3.3 MPB offset

The next step of our work was to calculate how the two pressures behave in layers higher and lower than the
theoretical MPB. We did so in order to find whether the MPB is diverged from its theoretical height, and also,
to search for additional variations of a magnitude that directly correspond to the MPB position. In order to do
so, we displaced the model MPB vertically and then we calculated the both of the two pressures along in, at
the displaced altitude. We used only datalines where both the electron numerical density and the magnetic field
intensity were measured, as we did for the mapping of the pressures ratio. In addition, regarding the MPB offset
maps characteristics, the offset height is ±800km from the MPB and each layer ”thickness” is 20km.
Figure 7 shows the electron numerical density and the magnetic field intensity for each layer, while the pressure

that corresponds to each magnitude is presented in figure 8. For one more time is clear that the magnetic pressure
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Figure 7: Magnetic field intensity and electron number density in layers around the MPB. In a lower altitude, at
about 600km lower than the MPB (−600km) both of the magnitudes are increased, while over −400km,
they remain almost stable.

is constantly higher than the electron pressure, even though both lay in the range of ∼ 10−10Pa. Also, we can see
that in lower altitude (at about −600km) there is an increase of both of the pressures, but above −450km both of
the pressures are almost stable.
Then, we calculated the ratio of the two pressures, Pe to Pmag for each layer; this it is presented in figure 9. We

see that in higher altitude (over −450km) the electron pressure is just 5% of the electron pressure, while in lower
altitude it reaches upto 15%; the median of the population is at 0.07, i.e. the average electron pressure around the
MPB is just 7% of the electron pressure.
Also, no structures (i.e. sudden changes in any of the two pressures) are visible close to the nominal MPB (as

described in 2.2). This suggests that either there are no changes in any of the two pressures, or the change of
the magnetic field intensity is balanced by the increase of the electron population (as described in section 1.3. As
numerous of papers suggest, the MPB exists and is well defined, therefore, the most possible explanation of this
feature is that the increase of the magnetic pressure is balanced by the increase of the electron population. In any
case, further analysis for that feature is necessary.
Our next step was to compare the results we got above with the results we would get if we have taken into

consideration all of the values, including those that their datalines lack datapoints. Therefore, we repeated the
same procedure using all the available data that were corresponding to each bin. Figure 10 shows the results of
both processes: in green is the results of the first process (i.e. both of the magnetic field intensity and the electron
numerical density should be present), while in blue is the results of the second process (i.e. averaging all the data
points for each bin, regardless the lacking data points in each data line).
There are a couple of interesting things that we can notice on that figure. The first is that the averaged data

might have some kind of structure at about −400km, a thing that was suggested by our previous analysis when
both the electron numerical density and the magnetic field intensity were measured simultaneously. In addition,
there is a discordance on the ”behavior” of the two ratios. The averaged measurements (from now on referred as
the ”blue line”) show some peaks at the −700km to −400km area that do not exist in the measurements where the
magnetic field intensity were measured simultaneously (”green line”), while on the other hand, on the area around
600km there is a spike on the green line that does not exist on the blue line. This denotes that any increases in the
electron population or the magnetic field intensity are caused by non natural processes (i.e. false measurements,
lack of measurements); if a natural process was creating those features, then both of the lines would follow the
same behavior.
In addition, this graph supports our choice to ignore the extreme values on the 30-35 degrees range, in altitude

over 600km. Averaging the data, we see in that region suggests that the electron density is high, but taking only
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Figure 8: Graph of the pressures calculated from the magnitudes in figure 7. The big difference in the two pressures
is obvious, but it worths noticing that both of the pressures are quite low: they are in the ∼ 10−10Pa
range. In addition, both of the pressures are increased a little at around −400km.

Figure 9: On this graph we see how the ratio of the two pressure behaves in different altitudes along the MPB. We
can see that there is no structure around the MPB; that means that either the MPB does not exist, or
the magnetic pressure increase is canceled by the electron increase, or even MARSIS data are incapable
of detecting the MPB structure. An interesting feature though is the ratio increase at −400km, that
denotes an electron increase.
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Figure 10: Display of the pressures ratios using data lines that contained both the magnetic field and the electron
population (green line) and using all the available data averaged (blue line). We can see that there are
no structures around the MPB, but there is there is a hint of electron increase in lower altitude, starting
at about −400km. As this is visible in both of the lines the possibility of an error in our analysis is
small, but further analysis on the error of each value is necessary.

data that both the electron population and the magnetic field intensity are present, we see that the electron density
is not as high as the averaged data. That means that when these extreme values are measured, the magnetic field is
not measured and this leads us to the conclusion that either the electrons were produced by some other source (i.e.
”excessive noise” from the electronics of the instrument) or the algorithm that is used to analyze the data cannot
extract the magnetic field if the electron density is high (i.e. the electron cyclotron echoes cannot be distinguished
if they are too close to each other). In any case, for the statistical analysis of our study, we ignore the measurements
since it is a special case.

3.4 Temperature for equal pressures

Lastly, since the electron pressure is connected with the thermal pressure of the electron population, we calculated
the temperature for which the two pressures would have become equal. In order to extract a relation for the
temperature, we combined the equations 4 and 5 as follows:

Pe = Pmag ⇒ T =
|B|2

2µ0nek
(6)

Finally, we mapped this relation for each bin, as shown at figure 11. We can see that the required temperature in
each bin is several thousands kelvin, proving how low the electron population is. In addition the temperature rises
as the altitude increases, denoting the decrease of the atmosphere density as we move to higher altitude. Another
–expected– feature of the map is the lower temperature at the poles: as the electron numerical density is higher
there, lower temperature is required in order to balance the two pressure. Moreover, we cannot see any divisions
between dayside and nightside; that might be a physical fact, i.e. there is no division, or we may need more data
for any structures to appear.
Lastly, we calculated that the mean global temperature required for the two pressures to be equal by averaging

the temperature of all the bins of the map. We found that the mean global temperature is T ≈ 38 900K. A
temperature that big is nonphysical for a planetary atmosphere and while it proves how low the electron density is,
it may also prove that the pressures do not necessarily balance around the MPB. In addition, the high temperature
may be caused by the hot electron population: the electron numerical density corresponds to the sum of both the
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Figure 11: Map of the required temperature so the electron pressure to be equal to the magnetic pressure. There
are two noticable features: the required temperature is lower at the poles, due to the bigger electron
population and also, it rises along altitude, due to the atmospheric rarefaction. In addition, there is
no any dayside–nightside division or any other structure. The calculated global average temperate for
equal pressures is T = 39 800K, which is nonphysical for a planetary atmosphere; it can only give us a
hint of how thin the atmosphere is, or that the pressures do not necessarily balance around the MPB.

cold and the hot electron populations and each of them has its own temperature. If the hot electron population is
comparable to the cold electron population and, moreover, the hot electron population temperature is much higher
than the cold one’s, then we should include the effect of the hot electron population in our calculations. We didn’t
into consideration that aspect because we assumed that both the numerical density and the temperature of the hot
electron population are negligible against the cold population.

4 Synopsis and Discussion

In this work we studied the electron population, the magnetic field intensity and their corresponding pressures as
well around Mars. Then we focused in the region around the MPB and also, in different height layers, both above
and below the boundary. In addition, we calculated the ideal temperature for the electrons so the two pressures
are equal.
The data we used were data of the magnetic field intensity and the electron numerical density, collected by

MARSIS in a 9-year period: December 2005 to May 2014. Those data were filtered in order to remove the electron
noise and to keep the data coming only from complete orbits. The latter filtration took place because Mars Express
Orbiter instrument operation was changing in some orbits, leading to the non-operation of MARSIS when it was
close to the planet and was crossing the MPB. Therefore we kept only orbits that MARSIS was operating during
the whole duration of the closest approach. The final length of the dataset was 348 768 datalines long.
In our analysis, we first created maps of the electron number population and the magnetic field intensity and

then we calculated the electron pressure and the magnetic pressure respectively, creating a pressures ratio map.
The ratio was the electron pressure to the magnetic pressure; for this map, we used only datalines in which both the
magnetic field intensity and the electron population were measured simultaneously. We did that because we wanted
to and investigate the connection of the two magnitudes (i.e. electron population and magnetic field intensity),
or, equally speaking, of two pressures. The maps were created in a SZA–altitude axis system (50km by 5◦ bins)
using a color scale for the values of each bin. In addition, on each map we added the MPB as it was calculated by
Edberg et al. [2008], mapped as a white dashed line.
Our next step was to investigate the pressure environment in different height layers so above as below the MPB.
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In order to do so, we created graphs for the electron population and the magnetic field intensity around the MPB,
and then we calculated each pressure respectively. For these steps we used again datalines that both the electron
numerical density and the magnetic field intensity were measured simultaneously. Then, we mapped the above-
mentioned-pressures ratio and we compared it with the pressures ratio that we would get if we used all the available
data. The x-axis of all the graphs was representing the MPB offset distance and the y-axis was the respectively
value of each magnitude. All the calculations were done for 20km-thick layers, from 800km below the MPB to
800km above it.
Lastly, we calculated the required temperature in order the two pressures to be equal, and we mapped it in a

global SZA–altitude map. Using the map temperature values we extracted the average planetary temperature.
From the analysis we found a dayside-nightside anisotropy on both the electrons population and magnetic field

intensity. This is caused by the solar wind, primarily via photoionization and secondarily, via a procedure called
”electron impact ionization”: as the solar wind particles hit the upper atmospheric layer, the atmospheric particles
are ionized and therefore, a free electron population is being created. Furthermore, as the whole planet rotates,
the electrons are co-rotating with it and as a result of that moving charge, an induced magnetic field is created. In
contrary, as the solar wind particles cannot reach the nightside atmosphere, both the magnetic field and the electron
population are weaker/lower. In addition, the electron population is higher at the poles and in low altitudes, while
the magnetic field seems not to have any structures.
Regarding the pressures –magnetic and electron– we found that the electron pressure is constantly less than the

magnetic one, on the entire planet. In our calculations we used an assumed electron temperature that was extracted
from models and some Viking measurements. In addition, any dayside-nightside pressure anisotropy, similar to the
previous maps, does not exist. Also, the electron pressure seems to be a little bit greater at the poles, and it can
be explained due to the increased electron population of that region; still, the difference of the two is about 1 to 2
orders of magnitude, so, even on the poles, the electron pressure does even not come close to the magnetic one.
Regarding the MPB and the region around it, we found that both the magnetic pressure and the electron pressure

increase at about 600km lower than the MPB (−600km) and then, they stabilize from −450km and beyond. Also,
for one more time is clear that the magnetic pressure is 1-2 orders of magnitude greater the electron pressure.
There is a hint of an increase of the electron pressure at about −600km, but it is not a concrete result as the
increase is too small and it can be considered that it lays within the statistical error. The ratio value closer to
the planet is about 0.15, while farther from it, it is stabilized at 0.05; its average value is 0.07. In addition no
structures (e.g. increase of the magnetic field intensity) were found in the region where the MPB was expected to
be in theory; that means that either there is no increase in the electron population or the magnetic field intensity,
and therefore the MPB does not exist, or that the instrument and the dataset that we used were insufficient to
reveal any structures. As previous studies (e.g. Bertucci et al., 2004a, Edberg et al., 2009b) found and defined the
MPB, we believe that either the database was indeed insufficient, or the change of the electron population and the
magnetic field intensity between the two regions was such, that the change of one magnitude variation canceled the
change of the other. Regarding the electron pressure increase at −600km, we can say that this is not the MPB and
most probably is a new feature. Even if we accept the fact that the MPB is a dynamical system that changes in
time and also it behaves differently in each hemisphere [Edberg et al., 2009a], we expect the average position of the
MPB to be where it is described in theory, as any fluctuations will fade out due to the long duration of our study.
Therefore, that increase is far enough from where the MPB position, therefore it might suggest the discovery of a
new region.
Also, we calculated the required electron temperature for the two pressures to be equal and we found it to be in

the range of 104K. The temperature at the poles is slightly lower, but this is something expected as the electron
population there is higher. Therefore, as the two magnitudes are connected linearly, in order to keep the pressure
stable, any change of one magnitude should be canceled by the other: an increase of the electron population should
be followed by a decrease of the temperature. So, lower electron population means higher temperature and vice
versa. In addition we can see that there is no dayside–nightside division, or any other kind of structures on the
temperature profile of the planet. The mean ”global” for the two pressures to be equal was calculated to 38 900K;
such a temperature is non physical for a planetary ionosphere2. A temperature that high can denote two things:
it gives us an idea of how low the electron population is around Mars, and also, it proves that the electron and
magnetic pressures do not necessarily balance around the MPB.
Lastly, it is worth mentioning an interesting instrumentation found of our study: the magnetic field could not

detected when the electron population was high. The proof of that comes from the comparison of the pressures
ratios we got when we used different methodologies. First we used datalines that both the electron numerical
density and the magnetic field intensity were measured simultaneously and then, we used the averaged values of
the both of the magnitudes. The curve corresponding to the averaged data shows a peak on the −600km region,

2For reasons of comparison, we note that the maximum ionospheric electron temperature for Venus, the hottest planet of the Solar
System, can be up to ∼ 10000K, in moderate high solar activity (specifically, after a type B flare) [Brace et al., 1979].
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while this is not visible on the curve of the other methodology. The −600km region is where the sudden increases of
the electron population took place, and this denotes that most probably the instrument lacks the ability to define
the magnetic field when the electron population is high. Of course, further study for this phenomenon is necessary.

5 Future plans

If we had the chance to continue this project, we would repeat our analysis using additional databases of different
instruments. That will give us the chance to have more data points, so any doubts regarding statistical features
of our findings would disappear. In addition, the use of different instruments will reveal any possible structures
or features that MARSIS could not detect. Moreover, any disadvantages of a specific database –e.g. MARSIS’s
incapability of determining the magnetic field in a high electron population– will come to surface and it will be
easier to be ignored.
In addition, we would like to continue our study for longer time and eventually have data in a longer time period.

That way, any dynamical or seasonal fluctuations of the MPB position will fade away, as the average position of
the MPB will be where the theory suggests. In case of a deviation of the MPB position, we will be sure that it
wasn’t caused by the instrumentation, so we will have a concrete evidence that the theory should be revised.
Also, we would like to include an electron analysis based on their energy rather than solely their population. It is

known that the higher energy an electron carries, the deeper can penetrate into a planetary atmosphere. Therefore,
by analyzing the electron population with respect to its energy, we may find regions of electrons carrying specific
energy. In addition, we will be able to determine the electron gyroradius and compare it with the MPB width.
That way we will be able to see whether the electron populations in the BS and the MPR are isolated from each
other, or if we have to take into consideration an ”electron leak” from one region to the other.
Another analysis that could take place as a continuation of our study is an ion analysis of the population around

Mars. First, with that analysis we will reveal any possible ion structures and features around the planet and second,
its comparison with the electron analysis we had already performed will reveal similarities and differences between
the two populations; this will reveal how the populations ”behave” on Mars. In addition, as an extra step, we can
group the ions in different weights/elements and different energy, in order to see if any fine structures of grouped
elements exist.
An additional step for our work can be the comparison of our results with other theoretical models for the MPB,

besides the one we used, by Edberg et al. [2008]. Given the fact that we didn’t find a solid evidence of the MPB
existence, first we would had to use additional databases that could give us the MPB position, and then try fitting
it on different models. The extra step on that would be a supplementary analysis on the conic-section values of
the MPB shape (as described in 2.2).
It would, also, be interesting if we try to correlate some of the MPB features with the solar activity. As we

mentioned, the MPB is a dynamical system, meaning its shape and position changes in time. Therefore, it is
possible for the MPB to be closer to the planet in periods with high solar activity due to the high electron pressure,
and vice versa. In addition, there may be changes in the electron and ions populations in the near-Mars environment
that could effect the position of the MPB and its structure (e.g. to be less or more detectable) but also the intensity
and the morphology of the induced magnetic field.
Lastly, we can make a case study regarding some ”extreme” values on the electron numerical density and/or

the magnetic field intensity, trying to correlate them with individual solar events, such as coronal mass ejections
(CMEs). The ideal scenario for this case study is to have the energy distribution of the electron population
in order to identify the CME electrons, as it carries electrons of higher energy than the ”typical” solar wind.
Furthermore, as the extra step of those case studies, we can correlate our foundings with the expected results; in
case of incompatibility, we will have a strong evidence that MARSIS needs calibration, or a better algorithm of
translating the raw data.
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