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ABSTRACT

The planet Mars has unique magnetic features among the solar system bodies. Al-
though the planet does not currently have an active dynamo that generates a global
magnetic field, like Earth has, there are regions in its crust which are strongly magne-
tized. Some of these magnetic fields have magnitudes comparable to magnetic fields
on Earth. Evidences suggest that the crustal magnetic fields on Mars are rema-
nent signatures from a Martian dynamo that was active in the past. These strongly
magnetized regions, above which “mini-magnetospheres” are formed, are what dis-
tinguishes Mars from the other planets of the Solar System. Like at Venus, the
interactions between the solar wind and Mars are mostly dominated by the proper-
ties of its ionosphere. However, Mars’ mini-magnetospheres influence the ionospheric
interactions, changing ionospheric parameters and disturbing or generating local and
global ionospheric currents. In this work, we propose that the crustal magnetic fields
of Mars not only interfere in the planet’s ionosphere, but that also the contrary can
happen, i.e., the ionosphere can disturb the crustal magnetic fields. We specifically
study whether the ionospheric flow is able to displace the crustal magnetic fields
by advection, dragging them in the anti-solar direction, along the day-to-night flow
of the ionospheric plasma. In order to identify advection of the magnetic fields on
Mars, we perform statistical analyses using data from MAVEN and MGS spacecraft
over long periods of time. MAVEN radial magnetic field data of the whole planet
are selected for the dawn-side and the dusk-side of Mars and compared to a crustal
magnetic field model, for altitude ranges between 200-1000 km. The results show
evidences that the magnetic fields are displaced and the cause for the displacement
is likely to be advection due to the ionospheric flow. We also use MGS radial mag-
netic field data to investigate the advection on small regions of the planet and with
a higher spatial resolution. We compare day-side data to night-side data at the orbit
altitude of ~400 km. The displacement of the magnetic fields seems to be correlated
to the distance from the magnetic field to the main patch of magnetization in the
Southern hemisphere of the planet. In order to have a general idea of the forces
involved in the advection of the magnetic fields, we compare the dynamic pressure
of the ionospheric plasma flow to the magnetic pressure of the crustal magnetic
fields. For this study, we use MAVEN magnetic field and ionospheric data between
200-1000 km and between 04:00-20:00 local times. The results indicate that the
advection of the magnetic fields is likely to be more expressive at the terminator
regions of the planet, above regions of weak magnetic field background, e.g., in the
Northern hemisphere of Mars.

Keywords: Mars atmosphere. Planetary ionospheres. Planetary magnetic fields. Re-
manent magnetization. Advection.
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ADVECCAO DO CAMPO MAGNETICO CRUSTAL EM MARTE
DEVIDO AO FLUXO DE PLASMA IONOSFERICO

RESUMO

O planeta Marte tem caracteristicas magnéticas tnicas dentre os corpos do sis-
tema solar. Embora o planeta atualmente nao tenha um dinamo ativo que gere um
campo magnético global, como o da Terra, existem regioes fortemente magnetiza-
das em sua crosta. Alguns desses campos magnéticos tém magnitudes comparaveis
aos campos magnéticos da Terra. Evidéncias sugerem que os campos magnéticos
crustais de Marte sao assinaturas remanescentes de um dinamo marciano que esteve
ativo no passado. Essas regioes fortemente magnetizadas, acima das quais “mini-
magnetosferas” sao formadas, sao o que distingue Marte dos outros planetas do
Sistema Solar. Como em Vénus, as interacoes entre o vento solar e Marte sdo pre-
dominantemente dominadas pelas propriedades de sua ionosfera. Contudo, mini-
magnetosferas de Marte influenciam as interacdes ionosféricas, alterando os para-
metros ionosféricos e perturbando ou gerando correntes ionosféricas locais e globais.
Neste trabalho, propomos que os campos magnéticos crustais de Marte nao apenas
interferem na ionosfera do planeta, mas que também o contrario pode acontecer,
ou seja, a ionosfera pode perturbar os campos magnéticos crustais. Estudamos es-
pecificamente se o fluxo ionosférico é capaz de deslocar os campos magnéticos da
crosta por adveccao, arrastando-os na dire¢ao anti-solar, ao longo do fluxo diario do
plasma ionosférico. Para identificar a advec¢ao dos campos magnéticos de Marte,
realizamos analises estatisticas usando os dados das espagonaves MAVEN e MGS
por longos periodos de tempo. Os dados da componente radial do campo magnético
da MAVEN de todo o planeta sao selecionados para o lado do amanhecer e do cre-
pusculo de Marte e comparados com um modelo de campo magnético crustal, para
faixas de altitude entre 200-1000 km. Os resultados mostram evidéncias de que os
campos magnéticos estao deslocados e a causa do deslocamento provavelmente é a
adveccao devido ao fluxo ionosférico. Também usamos dados da componente radial
do campo magnético da MGS para investigar a adveccao em pequenas regioes do
planeta e com uma resolugao espacial mais alta. Comparamos os dados diurnos com
os noturnos na altitude da érbita de ~400 km. O deslocamento dos campos magné-
ticos parece estar correlacionado a distancia do campo magnético ao principal bloco
de magnetizagado no hemisfério Sul do planeta. Para ter uma idéia geral das forcas
envolvidas na adveccao dos campos magnéticos, comparamos a pressao dinamica do
fluxo de plasma ionosférico com a pressao magnética dos campos magnéticos crus-
tais. Para este estudo, usamos dados da MAVEN do campo magnético e da ionosfera
entre 200-1000 km e entre 04:00-20:00 do horario local. Os resultados indicam que
a adveccao dos campos magnéticos é provavelmente mais expressiva nas regides do
terminadouro do planeta, acima das regides de fraco campo magnético de fundo,
e.g., no hemisfério Norte de Marte.

Palavras-chave: Atmosfera de Marte. lonosferas planetarias. Campos magnéticos
planetarios. Magnetizacao remanescente. Advecgao.
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1 INTRODUCTION

With the progress of space technologies, the human exploration of bodies other
than Earth in the solar system has become a matter of when, not if. Mars is the
4th planet from the Sun, Earth’s neighbor, and a long-term candidate for hosting
life. For numerous reasons, the red planet is considered an option for colonization
by humans in the near future (PETRANEK, 2015; DO et al., 2016). In this study, we
investigate the interaction of its ionosphere with its crustal magnetic fields, in order
to obtain a better knowledge of the whole Martian system and make contributions

to the scientific community.

This Master Dissertation is divided in five Chapters, with the Introduction as the
first one. Here, we introduce the general characteristics of Mars and the aspects of its
magnetic fields and its ionosphere that are related to this study. The subjects that
require further theoretical and mathematical approaches are explained in Chapter
2. In Chapter 3, the data and the instrumentation are described and the techniques
used to solve the problem are explained. The obtained results and their discussions
are presented in Chapter 4. Finally, Chapter 5 summarizes the conclusions of this

work.
1.1 General features of Mars

Along with the rest of the solar system, Mars was formed ~4.5 billion years ago,
by accretionary processes (BARLOW, 2008). The planet’s distance to the Sun ranges
between 1.38 to 1.67 Astronomical Units (~2.1 x10® to ~2.5 x10% km) and its
orbital period takes nearly 687 Earth days. Mars has a rotation period of ~24.7 h
and an inclination axis of 25.2° in relation to its orbital plane, which means the
planet has four distinct seasons throughout the year. Regarding the size, Mars has

~11% of the mass and ~53% of the radius of our planet.

The internal structure of Mars is inferred to be similar to that of Earth: a rocky
crust, a mantle, and a partially liquid metal core (BARLOW, 2008). The state of
the inner layers is uncertain and is being actively studied by the InSight mission
(PANNING et al., 2017). Current models of the planet’s interior imply a core region
of ~1794 km in radius and a composition that consists of iron, nickel, and sulfur
(PATER; LISSAUER, 2010). The core is surrounded by a silicate mantle and a thick
iron crust, which is thicker than Earth’s, in proportion. The average thickness of the

crust is ~50 km, with a maximum of 125 km.



Mars has two small and irregular moons, both discovered by Hall (1878). Phobos
is the largest and innermost, with approximate dimensions of 27 x 22 x 19 km and
actual orbital distance of 1.4 Martian diameters (~9.5 x10% km). Deimos is the
smallest and outermost, with about 10 x 12 x 16 km in size and actual orbital
distance of 3.5 Martian diameters (~2.4 x10* km). Their respective orbital periods
around Mars are ~7.7 and ~30.4 h. Their irregular shapes can be seen in Figure

1.1, as well as their relative sizes in comparison to the planet.

Figure 1.1 - Mars and its moons, Phobos and Deimos.

This is an assembly of pictures of Mars, Phobos, and Deimos, in scale. The mosaic of Mars
is made from a compilation of images captured by the Viking Orbiter 1. The pictures of
Phobos and Deimos are enhanced-color images from the Mars Reconnaissance Orbiter
mission.

SOURCE: Courtesy NASA /JPL-Caltech (2008).

Analyses of supposed Martian meteorites that reached Earth suggest that, while the
overall evolution of Mars and Earth are quite similar, there are important differences
between the two planets. For example, Mars lacks active plate tectonics and has a
higher volatile concentration in its dryer mantle, in comparison to Earth’s (PATER;
LISSAUER, 2010).

Mars had suffered a period of heavy bombardment and, as a consequence, its surface
is densely cratered. Its topography, shown in Figure 1.2, is characterized by a large
elevation range and many distinct morphological features, including three giant vol-
canoes in the Tharsis province, a massive canyon system called Valles Marineris,
and Hellas huge impact basin (SMITH et al., 1999). At the poles, there are ice caps,

composed by HoO and COs. The surface shows strong evidence that water may have



flowed on the planet in the past (SMITH et al., 2001).

The planet has a hemispheric crustal dichotomy, which leads to several differences
between the Southern and the Northern hemispheres (SMITH et al., 1999; SMITH et
al., 2001). As can be seen in Figure 1.2, most of the Southern hemisphere is heav-
ily cratered and elevated, while the Northern hemisphere has smooth topography
and lower altitudes. This suggests that the Northern hemisphere is younger than
the Southern one (ACUNA et al., 1999). The dichotomy boundary is not circular in
form and leading theories on its formation are a giant impact in the Northern hemi-
sphere, which melted the regional crust (WILHELMS; SQUYRES, 1984; MARINOVA et
al.,, 2008), or a large-scale mantle convection, with patterns that caused up-welling
in the Southern hemisphere and subsidence in the Northern one (ZHONG; ZUBER,
2001; ROBERTS; ZHONG, 2006).

Figure 1.2 - Topographic map of Mars from the Mars Orbiter Laser Altimeter onboard
Mars Global Surveyor spacecraft.
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The color scale saturates at elevations above 8 km. The indices show the major crustal
features: Valles Marineris canyon system (1); Hellas (2), Argyre (3), and Isidis (4) impact
basins; Tharsis Mons (5), Olympus Mons (6), Alba Mons (7), Tempe Terra (8), and Ely-
sium Mons (9) volcanic provinces; Vastitas Borealis lowlands (10), containing Amazonis
(11), Chryse (12), Acidalia (13), and Utopia (14) Planitiae; Arabia Terra (15); Noachis
Terra (16), and Hesperia Planum (17).

SOURCE: Adapted from Smith et al. (1999).



1.2 Crustal magnetic fields of Mars

The first measurements of localized crustal magnetic sources on Mars were made
by the National Aeronautics and Space Administration (NASA)’s Mars Global Sur-
veyor (MGS) spacecraft, in September 1997 (ACUNA et al., 1998). These small-scale
remanent magnetic anomalies were associated with the heavily cratered and ancient
terrain of the Southern hemisphere. Figure 1.3 shows the radial component of the

magnetic field (B, ), measured by the MGS spacecraft.

Figure 1.3 - Map of the crustal magnetic field of Mars.
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Contour map of the radial component of the magnetic field, observed at an altitude of
400 £ 20 km. Notice that the longitude axis is displaced when compared to Figure 1.2.

SOURCE: Acuna et al. (2001).

The strong magnetization in the Southern hemisphere indicates that magnetic activ-
ities occurred in the planet’s interior in the past. Consider Earth as an example. It
is known that dynamic physical/chemical processes occurring in Earth’s core region
are responsible for the continuous generation of a global magnetic field (ELSASSER,

1939). This dynamo mechanism is self-sustainable and it is currently also present in



other bodies of the solar system, like Mercury (NESS et al., 1976).

It is believed that Mars also had an active magnetic field dynamo during the first few
hundred million years of its history. However, unlike on Earth, the activities on Mars
had ceased between 4.1 and 3.6 billion years ago, causing the global magnetic field to
dissipate (ACUNA et al., 2001; STEVENSON, 2001; MILBURY et al., 2012; LILLIS et al.,
2013; VERVELIDOU et al., 2017). The reason for the cessation of dynamo activities on
Mars is thought to be related to giant impacts that substantially reduced the core-
mantle boundary heat flow, causing the planet’s core to have insufficient thermal
forcing to sustain a global magnetic field (NIMMO; STEVENSON, 2000; ROBERTS et
al., 2009).

The evidences for a previous active magnetic field on Mars are imprinted on the
magnetic signature observed on the planet’s crust. This happens due to the mag-
netic properties of ferrimagnetic minerals that are present in the crust. Ferrimagnetic
minerals have the capability of acquiring magnetization when subjected to an ex-
ternal magnetic field as they cool down (BUTLER, 1992). When this magnetic field
is removed, they still keep their magnetic moment. In other words, these minerals
retain information about the global magnetic field that was present by the time of

their formation.

Ferrimagnetic minerals are responsible for the magnetization on Mars’ surface, as
well as on Earth’s. This type of magnetization, known as remanent magnetization,
is the key for paleomagnetic studies, which investigate planetary features in the
past based on magnetic signatures of minerals (BUTLER, 1992). By analyzing Mars’
remanent magnetism, Connerney et al. (1999) and Connerney et al. (2004) could
infer that Mars’ magnetic dynamo had a larger magnetic moment than Earth’s
current geodynamo, which means that the global magnetic field must have had a

great intensity by the time the Southern hemisphere was formed.

From Figure 1.3, we see east-west-trending linear features of alternating magnetic
polarity and intense magnetization in the Southern hemisphere. Paleomagnetic stud-
ies suggest that these features are related to the occurrence of tectonic processes on
Mars, like those associated with mid-ocean ridges on Earth (HEIRTZLER; PICHON,
1965; CONNERNEY et al., 1999).

Although remanent magnetization can persist indefinitely, ferrimagnetic minerals
lose their magnetic properties when subjected to very high temperatures, above the
Curie temperature, which is usually ~800-900 K (BUTLER, 1992). Some examples



of when the Curie temperature can be reached are by meteorite impacts or by
volcanic lava flows. A leading idea on how the Northern hemisphere of Mars was
demagnetized is by a large meteorite impact, which melted the regional crust, rising
temperatures above the Curie point. Also, the weak magnetization observed in that
region indicates that dynamo activities were already ceased by the time of its thermal
evolution and crustal differentiation (ACUNA et al., 1999; ACUNA et al., 2001).

1.3 Representation of the crustal magnetic fields of Mars

The analysis of magnetic field data by itself is not enough when it comes to solving
problems related to the crustal magnetic fields of Mars. Raw data contain informa-
tion about external fields, are not corrected for altitude, and are contaminated by
signals generated over a large area of magnetized rock (MORSCHHAUSER et al., 2014).
Moreover, the characteristics of the Martian core field can be better understood if

the directions of crustal magnetizations are known.

In principle, crustal magnetizations can be associated with an empirical crustal
magnetic field model, which can be used to derive a high resolution map of the vector
components of the field, corrected for altitude variations (ARKANI-HAMED; DYMENT,
1996; ARKANI-HAMED, 2001). Crustal magnetic field models of Mars are extensively
used in comparative studies related to the magnetic field and magnetosphere of
Mars, as well as in studies of the general behavior of the Martian system. Therefore,
several empirical crustal magnetic field models of Mars have been developed by the

scientific community over the years, using different approaches.

The first published model, shown in Figure 1.4, was based on equivalent source
dipoles and it was built by Purucker et al. (2000). Later, Langlais et al. (2004),
followed by Langlais et al. (2010), used the same approach to improve that model
with the analysis of a larger data set and more appropriate parameters. Two other
models that directly solve for a magnetization distribution that fits the data are the
ones made by Whaler and Purucker (2005) and Chiao et al. (2006).



Figure 1.4 - First empirical model of the crustal magnetic field of Mars.
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Radial component of the magnetic field, at 200 km altitude, over-plotted on a topographic
map of Mars. The dark gray areas are regions of inadequate data coverage, which means
this very early model does not fully represent the actual crustal magnetic field and it is
no longer used nowadays.

SOURCE: Purucker et al. (2000).

Another way to solve the problem is by using spherical harmonic functions. These
functions can describe the magnetic potential associated with the field in a unique
way, which makes the spherical harmonic models more consistent than the models
created by the equivalent source dipoles method. Among them, we can mention
the ones built by Cain et al. (2003), Arkani-Hamed (2004), and Morschhauser et
al. (2014), which are properly discussed in Section 3.2 and compared in Subsection
3.4.1.

All models mentioned so far are built with data acquired by the MGS spacecraft.
Langlais et al. (2019) have recently published a new model of the field, in which
they use not only data provided by MGS, but also by NASA’s Mars Atmosphere



and Volatile EvolutioN (MAVEN) mission. The model consists of a combination
of both equivalent source dipoles and spherical harmonic functions and has higher

spatial resolution, accuracy, and robustness than the previous models.
1.4 Plasma

There are four common states of matter in our universe: solid, liquid, gaseous, and
plasma. The most basic difference between those states, for a given substance, is the
amount of kinetic energy — or temperature — of its constituent particles. The higher
the temperature, the less the atoms or the molecules are bound to each other. If a
gas has sufficient kinetic energy, this means that its atoms are able to overcome the
binding energy of the outermost orbital electrons, resulting in a substance composed
of ions and electrons, instead of neutral particles. This ionized gas is known as
plasma and it can be created either by raising the temperature of a substance or by

subjecting it to an ionization process (BITTENCOURT, 1995).

The layer where plasma is the dominant state in planetary atmospheres is called the
ionosphere. This layer is created by photoionization processes, in which solar extreme
ultraviolet and x-ray radiation are absorbed by atmospheric neutral components
(HARGREAVES, 1992). Electrons are ejected from the atoms or molecules, generating

ions in the atmosphere.

Another type of plasma studied in planetary sciences is the solar wind. This plasma
is a continuously emitted flux of protons and electrons and it is the result of the
supermagnetosonic expansion of the Sun’s atmosphere (HUNDHAUSEN, 1995). The
solar wind is highly conductive and it carries a magnetic field of solar origin, known

as the interplanetary magnetic field (IMF).
1.5 Mars’ ionosphere

Up to ~130 km altitude, the behavior of the Martian atmosphere is mostly dom-
inated by neutral species. The major atmospheric component is COy (~95.3%),
followed by small contributions of Ny (~2.7%) and Ar (~1.6%), and traces of Oq,
CO, H,0, and NO (NIER; MCELROY, 1977; FOX; DALGARNO, 1979).

Above ~130 km altitude, ionized components begin to play a significant role in the
behavior of the atmosphere, and this region is considered to be the bottom of the
Martian ionosphere. OF is the dominant ion up to 300 km altitude. Above that, OF
becomes similarly common (FOX, 2009; BENNA et al., 2015; WITHERS et al., 2015).



Figure 1.5 shows the altitude profiles of the density of the major ionospheric ions
at Mars, between 150-500 km altitude, for a solar zenith angle' (SZA) of 60°. The

altitude profiles of OF and O are represented by the rightmost red curves.

Figure 1.5 - Altitude profiles of the averaged density of ionospheric ions at Mars, at SZA
= 60°.
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The profiles are built from the data obtained by the Neutral Gas and Ion Mass Spectrom-
eter onboard MAVEN. The black curve represents the total ion density.

SOURCE: Benna et al. (2015).

According to Krasnopolsky (2002), O3 and OT are generated by a chain of chemical
reactions at the Martian ionosphere. CO5 molecules undergo photo-chemical pro-
cesses due to incident photons (hv), resulting in O and CO. The expression is given
by

COy+hv — CO+ O (1.1)

!The solar zenith angle (SZA) is the angle between the zenith and the position of solar incidence
at a given point on the planet. For example, if an observer is at SZA = 0°, this means that the Sun
is right above him/her; if another observer is at SZA = 180°, this implies that he/she is exactly
on the opposite side of the planet from the first observer.



O and CO produce primary ions (CO3, OF, CO™, and C*) and electrons (e). These
ions react with molecules and form the secondary ion OF . In summary, the reactions

that form the dominant ions in the ionosphere of Mars are

O+hv— OF +e (1.2)
Ot +COy — Of +CO (1.3)
CO+h— Ot +C (1.4)
CO; +0 — OF +CO (1.5)

Particles can acquire sufficient energy to overcome the gravitational attraction of the
planet, which results in atmospheric loss. Especially at Mars, the atmospheric losses
are of great importance for determining the evolution of the planet’s atmosphere
(LUNDIN et al., 1989; JAKOSKY et al., 2015). The escape occurs by several different
mechanisms, e.g., Jeans’ escape (CHAFFIN et al., 2014), photo-chemical loss (LILLIS
et al., 2015), atmospheric sputtering (LUHMANN et al., 1992; JOHNSON, 1994), ion
bulk escape (BRAIN et al., 2010), and ion outflow (FRANZ et al., 2015; HARADA et al.,
2017).

Due to the lack of an active magnetic field to contain and protect the gases, the
atmosphere of Mars has been constantly depleted by solar effects. The ionosphere
cannot retain the solar heat, and a large thermal gradient is generated between the
day-side and the night-side of the planet. Besides that, the plasma density is larger
on the day-side, as this is the region of incidence of solar radiation. Thermal and
density gradients in the ionosphere cause the plasma to diffuse from hot and dense
regions (day-side) to cold and rarefied regions (night-side), creating the ionospheric
flows (FOX et al., 1993; BITTENCOURT, 1995; BENNA et al., 2015; CUI et al., 2015).

1.6 Induced magnetic field on Mars

Every planet in the solar system is surrounded by a magnetosphere, a region formed
due to its interaction with the solar wind (KIVELSON; RUSSELL, 1995). When the
solar wind encounters a planetary obstacle, a bow shock is generated in front of
the magnetosphere, which deflects the supermagnetosonic flux around the magne-

tospheric cavity.

In planets with an active magnetic dynamo and developed atmosphere, like Earth

and Jupiter, the solar wind interacts directly with the planet’s magnetic field, creat-
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ing a magnetosphere of intrinsic nature. On the other hand, in planets that have an
atmosphere but no global magnetic field, like Mars and Venus, the magnetosphere
is considered to be induced (KIVELSON; RUSSELL, 1995; RUSSELL, 2001; LUHMANN
et al., 2004). Conducting systems existing in the planet’s interior or in its ionosphere
allow electric currents to flow through the body and interact with the incident solar
wind. This process creates forces which are responsible for decelerating and deflect-
ing the solar wind around a region similar to a magnetospheric cavity (KIVELSON;
BAGENAL, 2007).

Mars’ ionosphere is usually in a state in which the solar wind dynamic pressure,
typically ~1 nPa, exceeds the maximum ionospheric thermal pressure. This causes
the IMF to pile up into the ionosphere and drape around the planet (SHINAGAWA;
CRAVENS, 1992; NAGY et al., 2004). This process induces a mostly horizontal mag-
netic field with intensities of ~50 nT on the sub-solar point, at ~400 km of altitude.
The intensity of the radial component of the induced field is only a few nT for all
altitudes. (BRAIN et al., 2003; WITHERS, 2009).

1.7 The influence of the crustal magnetic fields on Mars’ ionosphere

Mars is a unique case in the solar system. Although it has an induced magnetosphere,
its crustal magnetic fields are sufficiently strong to interfere with the way that the
solar wind interacts with the planet. Over most of the Martian surface (~70%), the
influence of crustal magnetic field lines extends above 120 km altitude. In regions of
very intense magnetization in the Southern hemisphere, this influence extends above
1000 km altitude (BRAIN et al., 2003; BRAIN, 2006). These regions are commonly
called “mini-magnetospheres”, as their planetary origins resemble those of intrinsic
magnetospheres (KIVELSON; BAGENAL, 2007).

The mini-magnetospheres block portions of the Martian atmosphere from interacting
directly with the solar wind (MITCHELL et al., 2001). This prevents ionization pro-
cesses caused by solar radiation, which provokes significant changes in ionospheric
parameters (BRAIN, 2006), such as composition (WITHERS et al., 2015), electron den-
sity (WITHERS et al., 2005; GURNETT et al., 2008), ion density (MA et al., 2004), scale
heights (GURNETT et al., 2008), and escape fluxes (FANG et al., 2017). The crustal
magnetic fields also have a role in generating ionospheric dynamo currents, affecting
global ionospheric behavior (WITHERS et al., 2005; LILLIS et al., 2019).

Figure 1.6 shows the magnetosphere of Mars and its main plasma regions and bound-

aries, as well as an example of how a mini-magnetosphere can interfere in those

11



regions.

Figure 1.6 - Illustration of the Mars’ magnetosphere.
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Cartoon of the interaction between the solar wind and the Martian environment. The or-
ange region indicates the relative electron density of the ionospheric region. The blue dots
indicate the relative density of the solar wind ions in different plasma regions. The green
lines indicate an example of magnetic field lines due to a local crustal magnetization. The
labels represent the different plasma regions and boundaries of Mars’ induced magneto-
sphere. The abbreviations MPB, MPR, and PEB stand for Magnetic Pile-up Boundary,
Magnetic Pule-up Region, and Photo-Electron Boundary, respectively.

SOURCE: Brain (2006).

Brain (2006) calculated the theoretical shape of the Martian obstacle to the solar
wind when the mini-magnetospheres are taken into consideration. Figure 1.7 shows
this shape, which is highly irregular and asymmetric, due to the different intensities
and locations of the crustal magnetic fields that are spread across the planet. In
general, the Southern hemisphere consists of a much more salient obstacle to the

solar wind than the Northern hemisphere.
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Figure 1.7 - Cartoon of the Martian obstacle to the solar wind.

The shape is derived from a calculation of pressure balance between upstream solar wind
dynamic pressure and a combination of ionospheric thermal pressure and magnetic pres-
sure from crustal magnetic fields.

SOURCE: Brain (2006).

In a simple scenario of an induced magnetosphere, the IMF carried along by the
solar wind drapes around the planetary body and does not penetrate the ionosphere
(KIVELSON; BAGENAL, 2007). This means that there should be only one configura-
tion for magnetic field lines in an induced magnetospheric environment. However,
the existence of crustal magnetic fields on Mars implies three different magnetic
field topologies (BRAIN, 2006; BRAIN et al., 2007; WEBER et al., 2017). In this case,
there are not only draped IMF lines but also closed and “open” magnetic field lines.

Figure 1.8 illustrates the three different topologies.

The closed topology refers to the crustal magnetic field lines, where both ends of
the line are bound to the crust. The open topology refers to the magnetic field lines
that have one end on the crust and the other end connected to the IMF. Here, the
usage of the word “open” does not mean that the magnetic field diverges, but that

the crustal magnetic field lines get connected to the IMF lines.
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Figure 1.8 - Diagram of magnetic field topologies on Mars.
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Magnetic field lines configurations are (1) closed, (2) open and (3) draped.
SOURCE: Adapted from Weber et al. (2019).

The open magnetic field lines can form cusp-like regions, enhancing direct particle
and energy exchange between the solar wind and the lower portions of the Martian
ionosphere (LUHMANN et al., 2002; BRAIN, 2006).

1.8 Displacement of Mars’ crustal magnetic fields

An important process related to both magnetic fields and ionospheric plasmas is the
formation of “magnetic flux ropes”. At different environments throughout the solar
system, including at Venus and at Mars, there have been reports of cylindrical bodies
of magnetized plasma, characterized by twisted magnetic field lines and surrounded
by ionospheric plasma (RUSSELL; ELPHIC, 1979; CLOUTIER et al., 1999; VIGNES et
al., 2004; BRIGGS et al., 2011). This feature has been proposed to occur due to the

interaction between the solar wind and the planet’s ionosphere.

Brain et al. (2010) were the first to relate magnetic flux tubes on Mars with regions
of strong crustal magnetic fields. They reported large differences between MGS mag-
netic field data and a crustal magnetic field model. According to Cain et al. (2003),
small differences of 15-60 nT, at 400 km altitude, between measurements and the
model can be explained by the compressed IMF around the day-side ionosphere.
However, the feature observed by Brain et al. (2010) had a larger amplitude, which

led to the conclusion that it was a magnetic flux rope. The feature was observed just
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before the MGS spacecraft entered a region of strong crustal magnetic field, which
implies in the displacement of the crustal magnetic field in the anti-solar direction.
This means that the crustal magnetic field lines were being dragged towards the

night-side, and this was caused by the effects of the solar wind on the ionosphere.

Brain et al. (2010) also explained that the stretched crustal magnetic fields even-
tually detach and the ionospheric plasma contained inside them escapes from the
planet. Figure 1.9 illustrates this phenomenon. Inferring that this is a frequent pro-
cess on Mars, they estimate that ~5-10% of the total ionospheric loss is due to the
detachment of magnetic flux ropes. Hara et al. (2015) and Hara et al. (2017) re-
port MAVEN observations of magnetic flux ropes associated with crustal magnetic
fields on Mars. In these studies, they suggest that the detachments occur frequently
and that a single flux rope detachment can contribute up to ~10% of the total

ionospheric loss.

Figure 1.9 - Example of detachment of crustal magnetic field lines.

Schematic illustration of the ionospheric plasma removal process by the detachment of the
crustal magnetic field lines, due to the interaction with the solar wind. The Sun is to the
left. (a) Crustal magnetic field lines are still connected to the planet and are stretched
by the solar wind in the night-side direction. (b) Upper portions of the field lines are
detached, removing ionospheric plasma from Mars.

SOURCE: Brain et al. (2010).

So far, the detachment of magnetic flux ropes has been the only reported process of

displacement of crustal magnetic fields on Mars.
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1.9 Objectives of this study

We know that crustal magnetic fields perturb global and local ionospheric behavior.
In this study, we investigate whether and how ionospheric parameters influence the
crustal magnetic fields on Mars. In particular, we want to know if the ionospheric
flux drags the crustal magnetic fields, changing its local shape and magnitude, in a

process which is similar to the stretching of magnetic flux ropes.

The motivation behind this study is the discovery that MGS magnetic field measure-
ments from individual orbits can diverge significantly from the leading magnetic field
models (private communication with Dr. Markus Franz). If the solar wind can pro-
voke detachment of magnetic flux ropes, it is also possible that the ionospheric flow
can distort the crustal magnetic fields. This effect would then be seen at altitudes

lower than the solar wind may influence.
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2 THEORY

In this Chapter, a theoretical foundation for the development of this Master Disser-
tation is presented. First, a description of Mars’ coordinate systems is given. Next,
we present the basic physical principles of electromagnetism and plasma on which
this work is based. We also explain how the crustal magnetic field models are de-
rived from spherical harmonic functions. At last, the geometry of the advection of

the crustal magnetic fields on Mars is presented.
2.1 Coordinate systems

Just like in the case of Earth, universal coordinate systems have been defined for
the planet Mars. Here, we present two of the most accepted systems for the studies
of Mars. Also, we define the usual magnetic field components used for the studies of

planetary magnetism.

The first coordinate system is in accordance to the International Astronomical Union
and it is known as the planetocentric coordinate system (ARCHINAL et al., 2018). In
this system, the longitude is measured positive eastward and the latitude is defined
as the angle between the equatorial plane and a line from the center of the planet
to a given point (DUXBURY et al., 2011).

On Mars, this system is called areocentric, which refers to the Greek counterpart of
the Roman god of war, Ares. In the areocentric coordinate system, the 0° meridian
crosses the center of the Airy-0 crater, named after the astronomer Sir George Biddell
Airy, who has defined the Greenwich transit circle on Earth (VAUCOULEURS et al.,
1973). The areocentric coordinate system is used when the locations of the Martian
features are relevant to the study, like in the case of the crustal magnetic field

structures.

The second coordinate system is the Mars-centered Solar Orbital (MSO) cartesian
system. In the MSO system, the X-axis points from Mars to the Sun, the Y-axis
points antiparallel to Mars’ orbital velocity and the Z-axis completes the right-
handed system (VIGNES et al., 2000). This is especially useful for studies concerning
the interaction between Mars and the Sun and for referencing the planet’s location

on a solar system scale.

The studies of planetary magnetism also require a coordinate system to describe
the direction and magnitude of the magnetic fields. This coordinate system can be

cartesian or, more usually, spherical. In spherical coordinates, the magnetic field
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is defined by a radial component (B, ), which is positive upwards, a co-latitudinal
component (By), positive southwards, and a longitudinal component (B,,), positive
eastwards (BUTLER, 1992; CAMPBELL, 2003).

The co-latitudinal and the longitudinal components can be combined into a general

horizontal component (By,) as

By = /Bj + B2 (2.1)

The magnetic field magnitude (or the total magnetic field — B;) can be described in

terms of the horizontal and the radial components as

The use of spherical coordinates improves the interpretation of the planetary mag-
netic fields because this system makes the visualization of the direction of the mag-

netic field easier than in cartesian systems.
2.2 Fundamentals of electromagnetism

In this Section, we present the basic equations that constitute the foundation for
studies which are related to electromagnetism. The electromagnetic theory is broadly
approached by many authors, and here we choose to refer to Griffiths (1999) and

references therein.

Electrically charged particles, i.e., ions and electrons, generate electric fields, which
can be associated to an arbitrary point in space. For a charge @ [C], its electric field
E [V/m] is given by

L

=< 2.
4 o d? ( 3)

where g ~ 8.86 x 1072 F/m is the vacuum permittivity, d is the distance between
the charge and the point and d is a unit vector oriented away from () in the direction

of the point.

When another charged particle g is subjected to the electric field of @), their interac-
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tion gives rise to a force of attraction or repulsion, depending on the nature of the

charges. This is known as the Coulomb’s Force [N] and it is expressed by

The Coulomb’s Force leads to the motion of the charge ¢, which generates an electric

current I [A], given by

1=+ (2.5)

where At [s] is the time interval per which the charge flows through a cross section.

A steady current, i.e., a continuous flow with no charge variation, produces a con-
stant magnetic field. The Biot-Savart Law states that the magnetic field B [T] of a

steady line current at an arbitrary point is given by

4o dS x d
B="1 2.6

A7 s d? (26)
where 119 ~ 47 x 1077 H/m is the vacuum permeability, dS is a vector of an in-
finitesimal element of length along the path S, d is the direction of the vector from

the source to the point and d is the magnitude of this vector.

If a magnetic field is applied to a charged moving particle, the movement of this
particle is changed due to a force, known as the Lorentz Force. An external electric
field also influences the behavior of the particle. In general, considering both electric

and magnetic fields, the Lorentz Force [N] is expressed by

F, = q(E +ux B) (2.7)

where u [m/s] is the velocity of the particle. This equation implies that the particle
will be partially forced to move perpendicularly to both the directions of the external
magnetic field and its own velocity. Notice that if there is no magnetic field, the

Lorentz Force becomes the Coulomb’s Force (Equation 2.4).

The behavior of electric and magnetic fields is described by four universal laws,
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known as the Maxwell’s Equations. The first Equation is the Gauss’ Law, expressed
by

v.E=" (2.8)

where p [C/m?] is the electric charge density. The Gauss’ Law dictates that the
electric flux related to a volume is proportional to the amount of charge inside that

volume.

The second Maxwell’s Equation is the Gauss’s Law for magnetic fields, which is

analogous to the Gauss’ Law for electric fields (Equation 2.8) and is given by

V-B=0 (2.9)

The Gauss’ Law for magnetic fields states that the total magnetic flux that goes
through a volume is null, i.e., magnetic fields do not diverge. Therefore, the magnetic
field lines which are originated in a body always form a closed loop and the concepts

of open magnetic field lines and magnetic monopole do not exist.

The next equation is the Faraday’s Law, which is expressed by

VxE = —aa? (2.10)

The Faraday’s Law states that a time-varying magnetic field gives rise to a rotating

electric field, and vice-versa.

The fourth Maxwell’s Equation is the Ampeére-Maxwell’s Law, given by

V x B =y <J + 508;) (2.11)

where J [A/m?] is an external current density. The Ampére-Maxwell’s Law shows
that an electric current, either originated by external sources or by a time-varying

electric field, generates a magnetic field that rotates around it.
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2.3 Fundamentals of plasma physics

In this Section, we present the equations from the theory of plasma physics that
are necessary for the basic understanding of the advection of magnetic fields in a
plasma environment. The general references for this Section are the books written
by Bittencourt (1995), Davidson (2001) and Chen (2016).

A plasma is composed of electrically charged particles, which produce an electric
field, as stated by Equation 2.3. As seen in Section 1.5, thermal and density gradi-
ents in the ionosphere generate day-to-night plasma flows. An electric field flowing
through a cross-section induces an electric current density. In the presence of an
external magnetic field, the current density is given by the generalized Ohm’s Law

as

J=0(E +ux B) (2.12)

where u is the velocity of the plasma and o [S/m] is its electrical conductivity,

which is a measure of how strongly the ionosphere conducts electric currents.

Advection? is a physical process in which a quantity is transported by a velocity
field. The quantity that is advected can be a fluid, a scalar field, or even a vector
field, which is the case of the magnetic field. An example of advection in Space
Geophysics is the distortion of the Sun’s magnetic field lines by differential rotation,

which generates an azimuthal magnetic field (e.g., Choudhuri (2007)).

In a plasma environment, the advection of the magnetic field can be evaluated in
terms of the continuity (or induction) equation, which is derived from Equations
2.10, 2.11, and 2.12 as

0B
where 1 [m?/s] is the magnetic diffusivity, which is a term that depends on the
electrical conductivity of the plasma (LUHMANN; CRAVENS, 1991). The magnetic

diffusivity is given by

2 Advection should not to be confused with convection. Although the two processes are similar,
convection is applied to the movement of a fluid due to heat transfer among the particles or
molecules within the fluid.
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1
= — (2.14)
Moo

In physical terms, Equation 2.13 means that the rate at which the magnetic field
changes in time depends on its advection by the plasma velocity (first term on the

right-side) and its diffusion through the plasma (second term on the right-side).

If o is sufficiently large, i.e., in highly conducting plasmas, 1 can be disregarded and

Equation 2.13 becomes

%?:Vx (u x B) (2.15)

In this case, the magnetic field lines are “frozen” to the plasma and carried along
with it. This is what happens to the IMF, which is frozen to the solar wind, due to
the very high conductivity of the plasma.

On the other hand, if the plasma is not a good conductor, the diffusion term domi-

nates and Equation 2.13 becomes

~— =nV’B (2.16)

Here, the result is the decay of the magnetic field over time.

We consider Mars’ ionosphere to be composed by a reasonably conducting plasma,
so both advection and diffusion should occur. However, the conductivity of Mars’
ionosphere cannot be directly measured and its derivation is not straightforward.
This means that the continuity equation (Equation 2.13) cannot be easily solved for

the advection term.

Other parameters that can be calculated in a plasma are its dynamic, thermal, and
magnetic pressures (FRANZ et al., 2006). The dynamic pressure is the kinetic energy
per unit volume of the plasma particles, which means that this is a measure of the
force carried by the plasma velocity. The dynamic pressure [Pa] of an incompressible

fluid is given by

nmu

PDyn = ON. (2.17)
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where n [m™?] is the number density of the particles, m [kDa] is their atomic weight,
u [m/s] is the flow speed and N4 = 6.02214076 x 10> mol ! is the Avogadro constant.

The thermal pressure is a measure of the force per unit area carried by the kinetic
energy of the random particle motions. For a fluid in thermal equilibrium, the ther-
mal pressure [Pa] is given by the equation of state of an ideal gas, which is expressed

as

prn = nkpT (2.18)

where kg = 1.380649 x 1072* J/K is the Boltzmann constant and 7' [K] is the plasma

temperature.

The magnetic pressure in a plasma is a measure of the repulsion force per unit area
carried by the magnetic field lines in the direction perpendicular to the lines. The

magnetic pressure [Pa] is given by

5

PMag = 2,&() (219)

2.4 Representation of magnetic fields by spherical harmonic functions

As previously discussed, working with a crustal magnetic field model of Mars is
of great importance in order to evaluate the observations. The magnetic field can
be represented by fitting real data to a spherical harmonic expansion. Here, we
introduce the basic concepts for building this type of model, based on Granzow

(1983), Blakely (1996) and Arkani-Hamed (2004) and references therein.

Two of the Maxwell equations are fundamental to this theory: the Gauss’ Law for
magnetic fields (Equation 2.9) and the Ampere-Maxwell’s Law (Equation 2.11). If
we consider a current-free scenario, the magnetic field becomes irrotational and the

Ampere-Maxwell’s Law can be re-written as

VxB=0 (2.20)

The Helmholtz Theorem states that any conservative and irrotational vector field

that decays with distance can be expressed as the gradient of a scalar field. This

23



means that the magnetic field can be related to a magnetic potential V' as

B=-VV (2.21)

The substitution of Equation 2.21 into Equation 2.9 gives place to the Laplace’s

Equation, expressed as

V2V =0 (2.22)

The simplified solution for Laplace’s Equation is a magnetic potential model, ex-

pressed by harmonic spherical functions as

V(r,0,0) =a g: zn: (i)nﬂ (g cosmep + h"* sinme) P (cos 0) (2.23)
n=1m=0
where (7,6, p) is the observation point in spherical coordinates, a is the radius of
the reference sphere that contains the magnetic sources (a < r), g7 and h"* are the
Gauss’ coefficients, P"(cosf) are the associated Legendre’s functions of degree n
and order m, and N is the maximum degree chosen for the problem. N represents
the number of different geometries of spherical harmonics that contribute for the real
shape of the magnetic field. This means that a higher maximum degree is supposed

to give a higher accuracy to the model.

The components of the magnetic field are derived from the magnetic potential by

oV
B, = —— 2.24
T a,r ( )
10V
By =—— 2.2
T r o0 (2.25)
1 oV
B, =  rsind dp (226)

The Gauss’ coefficients g, and h]" are calculated by fitting the observations of the

magnetic field components to Equations 2.24, 2.25, and 2.26.
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2.5 The advection of the crustal magnetic fields on Mars

In this section, we describe the movement of the crustal magnetic field lines on Mars,

as they are advected by the ionospheric flux.

Figure 2.1 shows the sketch of a case where both advection and diffusion occurs. A
thin wire carries a current directly into the page, which generates a rotating magnetic
field, as stated by Equation 2.11. A uniform velocity field u drags the magnetic field,

advecting it in the direction which is parallel to the velocity, i.e., in the x-direction.

Figure 2.1 - Sketch of the magnetic field advection of a wire.

uy-—m—r

Magnetic field line

SOURCE: Davidson (2001).

We assume that the transport of crustal magnetic field lines by the ionospheric
plasma flow on Mars occurs similarly to what is shown in Figure 2.1, where both
advection and diffusion take place. Figure 2.2 illustrates the advection of the field

in two different views, using the MSO coordinate system.
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Figure 2.2 - Illustration of the geometry of the problem.
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Schematic drawing of Mars, showing the advection of magnetic field lines from above (left)
and from the the perpendicular view (right), in MSO coordinates. The arrows indicate the
general day-to-night direction of the ionospheric flux.

SOURCE: Author’s production.

According to our initial hypothesis, the magnetic field lines are advected in the
anti-solar direction, which is generally the direction of the day-to-night flow of the
ionospheric plasma. This means that the lines are supposed to move westward at
dawn-side and eastward at dusk-side. The maximum distortion of the field lines is

expected to happen in the terminator regions of the planet.

It should be mentioned that Figure 2.2 is only an empirical model of how the mag-
netic fields are expected to behave. In this work, we search for the first evidence of
the advection of the magnetic fields on Mars and, therefore, no mathematical model

for the movement of crustal magnetic fields on Mars has been proposed or built yet.
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3 METHODOLOGY

In this Chapter, the data and the crustal magnetic field models chosen for this
Master Dissertation work are described, as well as the statistical methods applied

for the investigation of the problem.
3.1 Data description

In this work, we analyze data gathered by the two NASA’s spacecraft MGS and
MAVEN. In this Section, these data are described.

MGS and MAVEN data are released by the Planetary Plasma Interactions Node
of NASA’s Planetary Data System and are publicly available at their webpage:
https://pds-ppi.igpp.ucla.edu/.

3.1.1 MGS data

MGS spacecraft was launched on 7 November 1996. Figure 3.1 shows an illustration
of the spacecraft. After MGS was inserted into Mars’ orbit on 12 September 1997,
the spacecraft went through a series of maneuvers in order to circularize and adjust
its orbit. These early mission phases lasted from 17 September 1997 up to March
1999, and were called Aerobraking and Science Phase Orbits (AB/SPO). They were
characterized by highly elliptical orbits of the spacecraft, varying periapsis altitude,

and sparse global coverage.

From 9 March 1999 until the end of the mission on 21 November 2006, the spacecraft
was in its Mapping Phase Orbit (MPO), in which MGS had a circular-mapping orbit
with nearly-constant altitude of ~400 km. The spacecraft reached an inclination of
93°, which means it covered the region between —87° and +87° of latitude. More
detailed information about the MGS mission is given by Acuna et al. (2001) and
Albee et al. (2001).

In this work, we analyze MPO data between 12 June 1999 and 2 November 2006.
Due to its Sun-synchronous orbit, the spacecraft only covered the 02:00/14:00 local
time (LT) plane. Therefore, these data have a very restricted altitude range and
local time coverage. On the other hand, the mission had a dense spatial coverage
and high spatial resolution, due to its longevity. In a 1°x1° area, MGS sampled

around 60 magnetic field measurements during MPO.

Magnetic field data were gathered by the Magnetometer and Electron Reflectome-
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Figure 3.1 - Artist’s concept of Mars Global Surveyor in orbit above Mars.

SOURCE: Courtesy NASA /JPL-Caltech (2002).

ter (MAG/ER) experiment, originally described by Acuna et al. (1992) for the Mars
Observer mission. MAG/ER instrumentation included two triaxial fluxgate mag-
netometers, which provided measurements of the magnitude and direction of the
magnetic field. Up to 32 samples/s could be acquired over eight dynamic ranges
with maximum fields between + 4 nT and 4+ 65536 nT. The digital resolution of 12
bits varied from 0.002 nT to ~33 nT, according to each range.

In order to minimize spacecraft-generated magnetic fields, each magnetometer was
placed in the external edge of articulated non-magnetic solar panels, about 5 m from

the spacecraft center. The data were calibrated and corrected as explained by Acuna

et al. (2001).
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3.1.2 MAVEN data

The MAVEN mission, which is broadly explained by Jakosky et al. (2015), has been
acquiring data on Mars since its insertion in the planet’s orbit on 21 September
2014. MAVEN spacecraft is illustrated in Figure 3.2. The altitude of the spacecraft
covers between 125-175 km in the periapsis, and ~6220 km in the apoapsis. The
spacecraft has an inclination of 75°, which means it covers latitudes between —75°

and +75°, which leaves the polar regions out of the measurement range.

Figure 3.2 - Artist’s concept of Mars Atmosphere and Volatile Evolution at Mars.

SOURCE: Courtesy NASA/GSFC (2014).

In a 1°x1° area, MAVEN has sampled between 1-10 measurements, considering
altitudes between 200-1000 km. In terms of local time, the most covered region lies
between 04:00-16:00 LT. Although MAVEN still has a sparser spatial coverage than
MGS at the time of writing, the data are better distributed in local time and in
altitude.

The data used in this study range between 10 October 2014 and 14 November
2018. This period covers the Transition Phase and the Science Phase of the mission.
Data gathered after this time range were not analyzed because they were either
not released or had not yet been processed by the time of this work. The remanent

magnetization on Mars mostly does not change over time, which means it is possible
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to study the crustal magnetic fields from data gathered by both MGS and MAVEN,
despite the different periods of time.

Magnetic field data are provided by the Magnetometer (MAG) experiment, de-
scribed by Connerney et al. (2015). Similarly to MAG/ER onboard MGS, MAVEN
is equipped with two triaxial fluxgate magnetometers. They acquire 32 samples/s
over three dynamic ranges with maximum fields between +512 and +65536 nT and

digital resolution of 15 bits.

On MAVEN spacecraft, the two MAG sensors are located on small fixed booms,
with an extension of 0.68 m, extending out from each end of the solar arrays. By
doing that, the sensors get the maximum possible distance from the rest of the
spacecraft (~5.6 m), in order to minimize spacecraft-generated magnetic fields. A
strict magnetic “clean” program ensured that these fields are small enough for the

experiment.

In addition to magnetic field data, we also use data of ionospheric components. The
SupraThermal And Thermal Ion Composition (STATIC) instrument, described in
details by McFadden et al. (2015), provides measurements of the energy spectra
of ion fluxes and the ion composition. Ion density, temperature, and velocity are
retrieved from the measurements. The data were previously processed and corrected

for the spacecraft velocity and potential, as described by Dubinin et al. (2017).

STATIC is composed of an electrostatic analyzer and a velocity analyzer, operating
over three dynamic energy ranges between ~0.1-30 keV, with a time resolution of 4
s. STATIC is mounted on a 2 m boom which directs the instrument’s field of view

into the direction of the spacecraft motion at periapsis.

Electron density and temperature data are obtained by the Langmuir Probe and
Waves (LPW) instrument (ANDERSSON et al., 2015). LPW consists of two sensors
located at the outer end of two 7.1 m long booms on the spacecraft. The instrument
measurements range between ~10%-10° ecm=3 for densities and 5 x 10%-5 x 105 K for

temperatures, with a time resolution of 4 s.
3.2 Crustal magnetic field models

As previously mentioned, three models for the crustal magnetic field of Mars are
used in this work. They are derived from expansions of spherical harmonic functions
that fit MGS observations.
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Cain model (CAIN et al., 2003) was published in 2003 and it is still the most
widespread and popular crustal magnetic field model of Mars in the present days.
The model is derived from vector magnetic field data obtained between 1997 and
2000 and goes up to degree and order 90. Two data sets are used to build the model:
the first one includes AB/SPO data and MPO night-time data, while the second one
contains only MPO data. The model is created with a least-squares minimization
technique developed for Earth field analysis, with a reference Martian radius of 3390
km. Cain model shows general agreement with the ovbservations for MPO altitude

(~400 km), but large discrepancies for altitudes below 200 km.

Arkani-Hamed model (ARKANI-HAMED, 2004) was published in 2004 and it has as
its main proposal to resolve small-scale weak magnetic anomalies. The model is
built from only the night-side radial component of the magnetic field, in order to
minimize the contributions from external magnetic fields. Night-time data acquired
during the first ~3 years of the MPO period are divided into two almost equal sets
and two spherical harmonic models up to degree and order 90 are determined for
each of them. The two models are well-correlated up to degree and order 62 and
the final result is derived from the averaging of these two models, up to this degree
and order, considering a reference radius of 3390 km. Arkani-Hamed model presents

higher accuracy but lower resolution when comapred to the precedent models.

Morschhauser model (MORSCHHAUSER et al., 2014) was published in 2014, several
years later than Cain and Arkani-Hamed results. The model is based on the entire
MGS vector magnetic field data set, from 1997 to 2006, and it goes up to degree and
order 110. They use data from MPO night-side data set, from AB/SPO night-side
data set below 348 km, and from AB/SPO day-side data set below 200 km. The
data are uniformly distributed in a sphere with a reference radius of 3393.5 km. Data
outliers and static external fields are properly treated, data are weighted, and the
model is regularized by a least-squares algorithm to approach an absolute measure.
Moreover, expansions with maximum degree and order of 10 and 5 are chosen for

night-side and day-side external magnetic field models, respectively.

In terms of amount and variety of data, Morschhauser model is the number
one among the three, followed by Cain and Arkani-Hamed models, respectively.
Morschhauser model is also the most modern and robust, and reproduces the Mar-
tian crustal magnetic fields with a rich level of detail. For these reasons, we expect
that this model fits the magnetic field data acquired by MAVEN better than the

other two.
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Later in this work, we show a direct comparison among these three crustal mag-
netic field models (Subsection 3.4.1), in order to select the most appropriate for our

subsequent analyses.
3.3 Software

The data selection and the data matrices used in this work are made with the Cluster
Ton Spectrometer and Mars Express/Venus Express Analyzer of Space Plasma and
Energetic Atoms Analysis Tool Interactive (CCAT1), version 4.9.2. The software is
an interactive interface, specialized in the analysis of data obtained by MAVEN,
MGS, and other space missions. CCATi is written in the Interactive Data Language
(IDL) and is developed by the Max Planck Institute for Solar System Research.
More information on CCAT1 is available at the website: http://www2.mps.mpg.de/

projects/mars-express/aspera/ccati/.

The plots presented in this Chapter and in Chapter 4 are produced by the au-
thor in the programming languages IDL, version 7.1, and Python, version 3.7. For
the plots produced in IDL, Coyote (FANNING, 2011) library is used. For the plots
produced in Python, Matplotlib (HUNTER, 2007), NumPy (OLIPHANT, 2015), and
SciPy (VIRTANEN et al., 2020) libraries are used.

3.4 Data and model reduction

First of all, we have to select which crustal magnetic field model is the most appro-
priate for our analysis and which component of the magnetic field we should use.
In this Section, we show how the model and the component are chosen and explain

the criteria used for the choices.

For simplicity, MAVEN data are gridded above Mars’ surface with bin sizes of 1°x1°

in latitude and longitude. The data have a time resolution of 4 s.
3.4.1 Comparisons among crustal magnetic field models

The CCATI software is used to calculate the spherical harmonic equations for the
crustal magnetic field models of Mars (Equations 2.23, 2.24, 2.25, and 2.26), based
on the Gaussian coefficients of the models. Then, we produce maps of the median
of the differences between the magnetic field measured by the spacecraft and the
magnetic field model (AB).

The data in these maps are selected for two altitude ranges of 200-400 km and 400-
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1000 km. We only use data from the years of 2015 and 2016, because this time range
is enough to cover the whole latitudinal range of the MAVEN orbit. The maps are
produced for SZA between 120°-180°, which lies within the night-side of the planet.
This analysis is restricted to the night-side only, due to the presence of an induced

magnetic field in the day-side, which could affect the interpretation of the results.

For each model (Arkani-Hamed, Cain, and Morschhauser), we produce magnetic
field maps showing the absolute values of AB (|ABJ) for the total magnetic field
(By, Equation 2.2), the horizontal component (B}, Equation 2.1), and the radial
component (B,). We choose to show absolute values of AB in this comparison study
because we are only interested in the magnitude of these values, and not in the

direction of the differences.

Since the maps showing the same component for different crustal models are vi-
sually too similar to each other, histograms of |AB|, respective to each map, are
also produced to quantify the differences between each model and the observations.
Figure 3.3 shows the histograms of |AB| for B;, By, and B, at the altitude ranges
of 200-400 km and 400-1000 km. Each histogram bin represents 4 nT.
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Figure 3.3 - Histograms of |AB| for Arkani-Hamed, Cain, and Morschhauser models of the
crustal magnetic field of Mars.
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Histograms of |AB| for By (top), Bp (middle), and B, (bottom), at altitudes between
200-400 km (left) and 400-1000 km (left), and SZA between 120°-180°.

SOURCE: Author’s production.

From Figure 3.3, we see that the Morschhauser model has the lowest number of large
|AB| and the highest number of small |[AB| at an altitude range of 200-400 km. This
means that the Morschhauser model presents the smallest overall |AB| among the

three models.
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Also from Figure 3.3, we cannot observe relevant discrepancies among the models
at an altitude range of 400-1000 km. This was expected because the models were
produced with data obtained by MGS spacecraft, i.e., low altitude data, and they
all aim for a good reproduction of the magnetic field at the altitude of MGS orbit, at
the expense of resolution at higher altitudes. Still, the Morschhauser model presents

slightly less data points for any |AB| than the models from Arhani-Hamed and Cain.

If advection occurs in the ionosphere of Mars, we suppose that its magnitude is very
small. Therefore, we do not want to use a crustal magnetic field model with a large
overall |AB|. This could bias our investigation by hiding the effects of advection.
Our criterion is to select the model with the smallest overall |AB|. For this reason,
we decide to choose the Morschhauser crustal magnetic field model for the following

analyses.

When comparing maps and histograms among B;, B, and B,, regardless of the
model, B, shows the lowest |AB| values. In the next Subsection, the magnitude and

the two components of the magnetic field are compared in more detail.

3.4.2 Comparisons among different components of the observed mag-
netic field

After selecting the crustal magnetic field model, we select the most appropriate
component of the field for the study of advection. In order to perform this task, we
make a comparative analysis, similar to what has been presented in the previous

Subsection.

MAVEN data from 10 October 2014 to 14 November 2018 are selected for the altitude
range of 200-400 km and divided into day-time and night-time subsets. Figures 3.4
and 3.5 show the maps of |[AB| for the total magnitude and for the horizontal and
radial components for day-time and night-time, respectively. Figure 3.6 shows the

respective histograms, with each bin representing 4 n'T.
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Figure 3.4 - Maps of the day-side |AB| for the magnitude and for the two components of
the magnetic field of Mars, using the Morschhauser model.
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Figure 3.5 - Maps of the night-side |AB| for the magnitude and for the two components
of the magnetic field of Mars, using the Morschhauser model.
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Figure 3.6 - Histograms of |AB| for the magnitude and for the two components of the
magnetic field of Mars, using the Morschhauser model.
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Due to the induced magnetic field on the day-side of the planet, the maps of Figure
3.4 present higher values of |AB| than the maps of Figure 3.5, in general. This
becomes evident in Figure 3.6, where |AB| values are mostly around 35 nT in the

day-side and around 10 nT in the night-side.

In Figure 3.4, we observe that the highest values of |AB| in the maps of By, By,
and B, are related to regions of strong crustal magnetic fields (see Figures 1.3 and
1.4 for maps of the crustal magnetic field of Mars). These regions are more affected
by the induced magnetic field, which leads to higher values of |AB|. On the other
hand, the larger values of |AB| observed in the maps of Figure 3.5 do not seem to

be related to the regions of strong crustal magnetic fields.

Furthermore, we can observe larger values of |AB| in the maps of B, and Bj, than
in the maps of B,, for both Figures 3.4 and 3.5. This means that the magnitude
and the horizontal component of the magnetic field are more affected by external
influences than the radial component. In the day-side, this difference is very evident
in Figure 3.6, as the distribution for B, falls faster than for B; and Bj. In the night-
side, although the two components and the magnitude behave very similarly to each
other, we can see that B, has more data points with low |[AB| and fewer data points
with high |AB| than B; and B}, meaning that B, presents the smallest overall |[AB|

among the three.

Since we do not want our results to be biased by external influences, we choose to
investigate the advection of the magnetic fields with the magnetic field component
that presents the smallest overall |AB|. Accordingly, most of the next analyses are

performed using B,.

Another factor that promotes the choice for B, regards the Lorentz Force (Equation
2.7). Due to the vector product between the ionospheric plasma velocity and the
magnetic field, we expect to observe evidence of the displacement of the magnetic
fields in the components that are perpendicular to the ionospheric flow. Considering
that the day-to-night ionospheric flow is mostly horizontal, we assume that B, is
always perpendicular to the flow, while By, is only perpendicular for some latitudes
and/or longitudes. Therefore, the advection of the magnetic field by the ionospheric
plasma flow is more likely to be observed in the radial component of the magnetic
field.
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3.5 Preliminary analysis of data

In this Section, we make a preliminary analysis of AB and ionospheric flow velocity
as a function of altitude and local time. We choose to use local time instead of SZA,
in order to spot any asymmetries between dawn and dusk. We also analyze the
ionospheric flow as a function of longitude and latitude. The plots are made using
MAVEN data from 10 October 2014 to 14 November 2018, with a time resolution
of 4 s and at the altitude range of 200-1000 km.

Low energy OF velocity data from STATIC are used to calculate the horizontal
speed of the ionospheric plasma flow. The horizontal speed (vy,) is calculated as
the sum of the azimuthal (vg) and the polar (v,) components of the velocity data
in spherical coordinates. The sign (positive or negative) is given by the sign of vj.
Positive values of v, represent eastward velocities, while negative values refer to

westward velocities. The equation for the calculation of vy, is given as

v = /v + V2 (3.1)

We decide to use OF ions for this work as it is one of the dominant species on
Mars’ ionosphere (see Section 1.5). Also, we do not consider the radial component
of the velocity, but only the horizontal component, since we are interested only in

the influence of the horizontal ionospheric flow over the magnetic fields.

Magnetic field data are used to calculate AB values. Now, we are interested in
the direction of the fluctuations and use AB instead of |AB|. Figure 3.7 shows the
plots of AB and OJ horizontal speed. In general, AB values are very small in the
resolution of 20 km x 0.5 h, ranging between -3 nT to +3 nT. There is a higher
variation on the fluctuations of the magnetic field at low altitudes, although the

intensities of the fluctuations are similar to the intensities at high altitudes.

We observe two very distinct regions in the AB plot from Figure 3.7: the region
between 06:00-10:00 LT, with the highest negative values of AB, and the region
between 15:00-20:00 LT, with the highest positive values of AB. These two regions
can be roughly approximated to dawn and dusk sides. Also, we see these variations
in the magnetic field earlier at higher altitudes than at lower altitudes. In summary;,
this plot shows that the observed magnetic field is weaker than expected at the

dawn-side and stronger than expected at the dusk-side.
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Figure 3.7 - AB and Oj signed horizontal speed as a function of altitude and local time.
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From the OF horizontal speed plot, we see that the ionospheric speed increases with
altitude. There are two periods of the day when the speed reaches its maximum
values: between 02:00-09:00 LT, with high negative values (westward), and between
14:00-22:00 LT, with high positive values (eastward). This confirms the day-to-night

flow of the ionospheric plasma.

In order to better understand the magnitude and direction of the flow over crustal
magnetic field structures, we analyze the horizontal velocity of OF ions as a function
of longitude and latitude. In order to do that, we select data at the altitude range of
200-400 km, for dawn and dusk sides. The calculated horizontal velocity vectors are
averaged every 15°x15° and visually represented by arrows. The arrows are plotted

over maps of the crustal magnetic field model, calculated at an altitude of 300 km.
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The final plot is shown in Figure 3.8.

Figure 3.8 - Maps of modeled B, overplotted with arrows of OF horizontal velocity.
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Generally, the ionospheric plasma flow follows a day-to-night direction, in agreement
to Figure 3.7. The flows are faster and ordenated above weak crustal magnetic fields,
especially at the Northern hemisphere. Above regions of strong magnetic fields, the

flows are slower and they seem to spin around the magnetic structures.

The flow directions are more disturbed at the dawn-side than at the dusk-side,

which becomes very clear around the equatorial region. This means that there are
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asymmetries in the ionospheric behavior between dawn and dusk sides.
3.6 Applied methods

In this Section, the methods used for the study of the advection on Mars are
described. As previously stated, the analyses concerning AB are made using the
Morschhauser model of the crustal magnetic field of Mars with the radial compo-

nent.

To investigate whether the ionospheric plasma flux displaces the crustal magnetic
fields of Mars, we look at the day-side of the planet, where the plasma density is
higher. We select MAVEN data from 04:00 LT up to 20:00 LT, which roughly covers
around 2 h before sun-rise (~06:00 LT) and 2 h after sun-set (~18:00 LT). We divide
this data set into dawn-side (04:00-12:00 LT) and dusk-side (12:00-20:00 LT). This
division is only a first approximation because we do not take into consideration the
inclination of the rotation axis or the precession of the planet in order to define

when MAVEN orbit crosses dawn and dusk over the four years of data.

As in Section 3.5, MAVEN data are selected for the altitude range between 200-
1000 km, as the latter is the altitude up to which the crustal magnetic fields have an

influence on Mars. Therefore, this is the region where we expect to observe advection.

MGS data set is divided into a day-side set (~14:00 LT) and a night-side set (~02:00
LT), as these are the only two periods covered by the spacecraft during MPO. These
data were gathered at altitudes of ~400 km.

3.6.1 Shifting technique

The first method used to investigate the problem is the “shifting technique”. We
develop this method as a direct and simple comparison between two magnetic field
maps after a longitudinal shift is applied to one of them. The aim is to investigate
whether the crustal magnetic fields show evident displacements along the direction of
the ionospheric flow when analyzed over a long period of time. If these displacements
can be observed, this would mean that the magnetic fields are being advected by

the ionospheric flow, due to the reasonable conductivity of the ionospheric plasma.

First, we analyze MAVEN data, which are gridded in maps of latitude x longitude
with bin sizes of 0.5°. We decide to decrease the bin size, in comparison to the
analyses in Subsection 3.5, because we expect the advection to displace the crustal

magnetic fields for very small distances from their sources.
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We plot B, for the dawn-side and the dusk-side magnetic field data. For a first
estimate of the asymmetries among the dawn-side map and the dusk-side map,
we subtract the bins of the dusk-side map from the bins of the dawn-side map,
disregarding the bins that belong only to one of the data sets. Each data set is
analyzed for four altitude ranges, every 200 km (200-400 km, 400-600 km, 600-800
km, and 800-1000 km).

Each bin in the dawn-side and in the dusk-side maps contains between 3-10 data
points. The induced magnetic field has an arbitrary horizontal orientation, such that
it cancels out when there is a sufficient number of data points per bin. Because the
number of data points per bin is small for MAVEN data, the external field contribu-
tions are not completely averaged out. However, we consider that these contributions
do not affect the movement of the magnetic fields, but only its magnitude. For this
reason, we disregard further effects caused by the induced magnetic field for this

analysis.

We now investigate whether there is a displacement between the observations (dawn-
side and dusk-side data sets) and the magnetic field model on a global scale. We
produce maps of the radial component of the magnetic field model for the same
altitude ranges of the dawn-side and dusk-side data sets. Then, we overlap the
maps of the magnetic field model and the observed magnetic field and subtract the
magnitude of the latter map from the former one, disregarding the bins that belong

only to one of the maps.

We calculate an arbitrary parameter that consists of the sum of all the abolute

residuals from the subtraction of the two maps. This new parameter is defined as

1 J
AB’maven = }Z |BY, — BY; (3.2)
i=1
where j is the number of bins that belong to both maps and BM and B? are the
radial components of the model and of the observed magnetic field, respectively.

Then, we shift the crustal magnetic field map in the longitudinal direction by 0.5°
and subtract the map of the observed magnetic field from it, calculating a new
AB’vaven. The shift is made longitudinally because this is the direction we expect

to see the movement of the magnetic fields.

This process is repeated for every 0.5° between -5.0° (westward) and +5.0° (east-
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ward). The maps of the observed magnetic field are not shifted at any point, which

means that we always compare a fixed map to a shifted map.

This shifting technique is applied for dawn-side and dusk-side maps, for the four al-

titude ranges. In total, there are eight shifted sets, each with 21 values of AB’\iaven.

We assume AB’\aven is composed of the sum of the induced day-side magnetic field
and the possible displacement of the crustal magnetic fields. If advection occurs, a
minimum value of AB’\iavenN is expected at some shift value different than zero. For
example, if the minimum value of AB’yaven is observed at a shift of +1.0°, this
means that the observed magnetic field fits the crustal magnetic field model best if
they are offset by +1.0°. This implies that the observed magnetic field is 1.0° farther

to the east than where the magnetic field model predicts it would be.

In other words, if a minimum value of AB’\aven is observed at some shift value
different than zero, this would indicate that the crustal magnetic fields are being
advected. The offset corresponding to the minimum AB’y\aven should be coherent
with the expected direction of the dragging of the magnetic field, i.e., westward for
the dawn-side analysis and eastward for the dusk-side analysis, according to Figure
2.2.

It is important to clarify that the AB’yaven values are only qualitative results, even
though they are represented by numbers. We are not interested in the values them-
selves, but only in their relative magnitudes. The AB’\aven parameter (Equation
3.2) is defined analogously to the first moment in mathematical statistics (HOEL,
1984). The first statistical moment, also known as the arithmetic mean of a set of
numbers (), is the sum of all of the numbers (z;) divided by the amount of numbers
(y). It is defined as

zy:xi (3.3)

In the case of AB’\iaven, we take x; as the difference between the radial components

of the model and of the observed magnetic field at the point .

After a global scale analysis, we decide to use the shifting technique to investigate
smaller regions of the planet, individually. Seven anomalous regions are selected,
in different positions of the map and with different shapes and intensities of the

magnetic field. The seven anomalies have in common a dipolar configuration, i.e.,
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they present both inward (B, < 0) and outward (B, > 0) magnetic fields. These

anomalies are named Al to A7 and their locations are shown in Figure 3.9, in a

global map of the modeled magnetic field at 300 km altitude.

Figure 3.9 - Map of the location of the seven selected anomalies.
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SOURCE: Author’s production.

The general characteristics of each magnetic anomaly are summarized as follows:

Al —

A2 —

A3 —

A4 —

A5 —

A6 —

Low latitude region, medium size, strong magnetic field, and surrounded

by the main magnetized portion of the crust.

Middle latitude region, medium size, moderate magnetic field, and isolated.

Middle latitude region, medium size, moderate magnetic field, and isolated.

Low latitude region, small size, moderate magnetic field, and near other

magnetized regions.

Low latitude region, large size, moderate magnetic field, and near other

magnetized regions.

Low latitude region, large size, strong magnetic field, and near other mag-

netized regions.
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AT — Low latitude region, medium size, strong magnetic field, and next to the

main magnetized portion of the crust.

Due to its yet sparse coverage, MAVEN data cannot reproduce the anomalous re-
gions when they are plotted with bin sizes of 0.5° or smaller, in local-scale maps.
For this reason, we choose to use MGS magnetic field data for the analysis of these

regions, because a higher spatial resolution can be achieved.

The crustal magnetic field model made by Morschhauser et al. (2014) was built
based on MGS data, as explained in Subsection 3.2. The model does not take into
consideration the advection of the magnetic fields on Mars. Therefore, it is likely
that the model contains the effects of the advection on MGS data, which would
affect its comparison with the day-side magnetic field data from MGS. To overcome
possible bias by the crustal magnetic field model, we decide to apply the shifting
technique comparing MGS day-side data to MGS night-side data.

We produce maps with a time resolution of 4 s and bin sizes of 0.1° of longitude and
1.0° of latitude. We choose a larger bin size in terms of latitude because the shift
is made only longitudinally, which means we are not concerned with latitudinal
changes. The data present a strong orbital bias, so a latitudinal smoothing was
performed for every 10 bins. The grids contain between 20-80 data points, which

means that the external field contributions are averaged out in this analysis.

The method of overlapping and subtracting the maps is applied for MGS data.
Now, the shift is made in steps of 0.1°, between -2.0° and +2.0°. For every shift, we

calculate a new parameter AB’\qs, analogous to AB’yiaveN, as

1

J
AB'vigs = = Y |BY, — BP, (3.4)
1

1=

where BY and BP are the radial components of the night-side and of the day-side

magnetic field, respectively.

Besides the anomalous regions, we also apply the method for a global map of MGS
magnetic field data. In the end, there are eight shifted sets, each with 41 values of
AB’MGS-

For both MAVEN and MGS analyses, we fit a Gaussian function to each shifted set.

Based on the best fit, we present the results of the shift value where AB’ is minimum,
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for each set. The error in the results is calculated as the standard deviation of the
best fit.

3.6.2 Pressure analysis

In general, the advection of magnetic fields in a moving plasma is a complicated
problem, because it is influenced by the conductivity of the plasma (WILMOT-SMITH
et al., 2005; LUI, 2018). In Mars’ ionosphere, the conductivity of the plasma cannot
be directly measured, and its derivation is not straightforward. Besides that, the
conductivity changes significantly with altitude and there are still not enough studies
that calculate this parameter for Mars’ ionosphere. For these reasons, the continuity
equation (Equation 2.13) cannot be solved, and the advection of the crustal magnetic

fields cannot be directly quantified.

To get a general idea of the relative forces between the moving ionospheric plasma
and the crustal magnetic fields, we decide to analyze the pressures involved in the
advection process, using MAVEN data. The crustal magnetic fields generate a mag-
netic pressure. On the other side, the ionospheric flow opposes the magnetic field
structures with a dynamic pressure. If the dynamic pressure exceeds the magnetic
pressure in one spot, this means that at that spot, the ionospheric plasma flow is

strong enough to cause displacement of the magnetic fields by advecting them.

The aim of the pressure analysis is to investigate whether there are regions on Mars
where the dynamic pressure is generally larger than the magnetic pressure. In order
to do that, we analyze data as a function of local time and altitude. MAVEN data are
selected for local times between 04:00-20:30 LT and for altitudes between 200-1020

km.

We estimate the dynamic pressure (Equation 2.17) based on data of low energy O3
ions since this is one of the dominant species at Mars’ ionosphere. We use density and
horizontal speed data, as well as an atomic weight of 32 Da. The magnetic pressure
(Equation 2.19) is calculated with the total magnitude of the crustal magnetic field
model, as our aim is to investigate the pressure due to the crustal magnetic fields

solely.

We also investigate the magnitude of the local thermal pressure, in order to validate
our analyses. If the thermal pressure is much larger than the dynamic pressure, it can
disturb the ionospheric flow (e.g., turbulence) and, therefore, prevent the advection

of the magnetic fields. For the thermal pressure (Equation 2.18), we consider density
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and temperature data of both electrons and low energy O3 ions.

The data are sorted according to the local crustal magnetic field intensity, in order
to analyze different scenarios. At 400 km altitude, we define “low intensity crustal
magnetic field” when the magnitude of the B, is below 10 nT, and “high intensity

crustal magnetic field” when this value is above 10 nT.

We create local time x altitude grids for the data, with bin sizes of 0.5 h and 20 km,
respectively. Figures 3.10, 3.11, and 3.12 show the data plots as a function of local
time and altitude, for weak magnetic fields on the left panels and strong magnetic

fields on the right panels.

Figure 3.10 shows the temperatures of OF ions on the top and of electrons on the
bottom. OF ions have a more accentuated vertical gradient of temperature than
electrons, in general. At low altitudes, the ions present lower temperatures than
the electrons. At medium and high altitudes, the temperatures increase more for
the ions. Between 640-940 km, at ~12:00 LT, OF ions above low crustal magnetic
fields present very low temperatures, which could be related to the magnetic field
intensity. The temperatures decrease around dawn and dusk, creating a shape of
“U” in all of the four plots.
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Figure 3.10 - Temperature as a function of local time and altitude.
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Figure 3.11 shows the density plots, similarly to Figure 3.10. Again, the vertical
gradient is more accentuated for O than for electrons. However, unlike the temper-
ature case, the density of the particles decreases with altitude. The densities above
regions of intense magnetic fields are higher than above regions of weak magnetic
fields. Around the terminator regions, the densities are higher than at around noon,

and the plots also display the “U” shape.

Figure 3.12 presents the horizontal speed of OF ions on the top panels and the
magnitude of the crustal magnetic fields on the bottom panels. The horizontal speed
of OF ions increases with altitude and higher values are achieved above regions of
weak magnetic fields. At dawn and dusk sides, the speed decreases, creating the
“U” shape on the plot. The magnitudes of the magnetic fields are mostly uniform in
local time, which is expected as only the crustal magnetic field model was considered.
The small discrepancies are due to the different locations of the spacecraft since the

model magnetic field was calculated in the spacecraft position.

Every parameter plot of OF ions and electrons presented in Figures 3.10, 3.11, and
3.12 show the characteristic “U” shape. This means that the regions of dawn and

dusk present very distinct features when compared to the noon region.
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Figure 3.11 - Density as a function of local time and altitude.
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Figure 3.12 - Horizontal speed and magnetic field intensity as a function of local time and
altitude.
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Figures 3.13 and 3.14 display the number of samples per bin for each parameter plot
presented in this subsection. MAVEN data coverage as a function of local time and
altitude is large and there are no significant discrepancies among the sampling of

O7F ions or electrons.

Figure 3.13 - Number of samples per bin as a function of local time and altitude for elec-
tron parameters.
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Figure 3.14 - Number of samples per bin as a function of local time and altitude for O;
parameters.
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Regarding the comparison among O3 and electron data, we infer that STATIC per-
formance is more stable than LPW performance. STATIC is a shielded instrument,
while LPW is not. Above 500 km, LPW shows a clear reduction of sampling, which
could be related to external factors, like solar incidence. Although the sampling is

reduced, there are still enough samples per bin for the statistical analyses.

For both species, the number of samples per bin between 200-220 km and between
920-940 km is not sufficiently high and should not be taken into account for the
analyses. Between 940-1000 km, the spacecraft does not gather data for the local
time range of 04:00-20:00 LT.

At last, the data are used to calculate the pressures, which are also presented as
a function of local time and altitude, for both ranges of crustal magnetic field in-
tensity. In order to investigate the relative importance of the ionospheric flow on
the crustal magnetic field structures, we calculate the ratio between the dynamic
and the magnetic pressures. To investigate how large is the thermal pressure when

compared to the dynamic pressure, we also calculate the ratio between these two.
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4 RESULTS AND DISCUSSION

In this Chapter, we present and explain the results of the shifting technique and
of the pressure analysis, described in Section 3.6. We discuss how the results are

related to the advection of the magnetic field.

With the shifting technique, we compare the magnetic fields from the data and from
the crustal magnetic field model built by Morschhauser et al. (2014). In this analysis,
we use the radial component of the magnetic field, because this component is the

least affected by external sources.

Figures 4.1 to 4.5 and Table 4.1 show results from the shifting technique applied
to MAVEN data, described in Subsection 3.6.1. Figures 4.1, 4.2, 4.3, and 4.4 show
maps of B, at dawn and dusk sides, and the difference between the first two, at each

corresponding bin.

Figure 4.1 shows the maps for the altitude range of 200-400 km. Because the MAVEN
spacecraft has a dense spatial coverage at this altitude range, distinctions between
the dawn-side and the dusk-side maps can be seen by the human eye. There are
large differences between the two time periods of the day, especially above regions
of high crustal magnetic fields. These differences can have intensities of around half

the value of the local magnetic field.

Figure 4.2 shows the maps for the altitude range of 400-600 km. For this altitude
range and upwards, we observe that MAVEN coverage is not uniform and there are
regions where the coverage is clearly poor. At dawn-side, these gaps occur more
often at around -30° of latitude. At dusk-side, the less covered regions are located
at around +15° and -50° of latitude. Unfortunately, two of those areas are located
above high crustal magnetic fields in the Southern hemisphere. This means that the
analyses regarding these important regions between 400-1000 km are affected by the
low data coverage of MAVEN.

In Figure 4.2, we also see higher differences in the magnetic field between dawn-side
and dusk-side above regions of high crustal magnetic fields. However, in Figures 4.3
and 4.4, which show the maps for the altitude ranges of 600-800 km and 800-1000
km, respectively, this visualization is not possible anymore. In these last Figures,
the spatial coverage is so irregular that only a few bins share the same location in

dawn-side and dusk-side regions.
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Figure 4.1 - Maps of B, at the altitude range of 200-400 km.
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Figure 4.2 - Maps of B, at the altitude range of 400-600 km.
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Figure 4.3 - Maps of B, at the altitude range of 600-800 km.
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Figure 4.4 - Maps of B, at the altitude range of 800-1000 km.
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From the colorbar ranges seen in Figures 4.1, 4.2, 4.3, and 4.4, we evaluate that the
magnitude of the differences of the magnetic field between the dawn-side and the
dusk-side are at least 40% as large as the actual magnitudes of the magnetic field.
As mentioned in Section 1.6, the radial component of the induced magnetic field at
Mars is at most a few nT for all altitudes. This means that the differences we see in
these maps are higher than the magnitudes of the induced field and are unlikely to
be related to them.

Figure 4.5 presents the best-fit Gaussian curves, applied to the offset results of
the shifting technique with MAVEN data. The results obtained for the analysis of
800-1000 km data are more irregular than for the other data sets and this can be

explained by the smaller number of samples per bin at this altitude range.

Table 4.1 shows the offsets that correspond to the minimum AB’y\aven, obtained
by the Gaussian fits from Figure 4.5. The errors represent the standard deviation of
the Gaussian fits.

Since negative values correspond to westward offsets and positive values correspond
to eastward offsets, the directions of the offsets in Table 4.1 are in agreement with
the expected direction of transport of the crustal magnetic field lines, i.e., westward
at dawn-side and eastward at dusk-side (Figure 2.2). Additionally, for the same
altitude range, the longitudinal offsets at dawn-side and at dusk-side have similar

magnitudes.

Table 4.1 - Longitudinal offsets for minimum AB’\avEN.

Altitude range | Offset at dawn-side | Offset at dusk-side
200-400 km —0.33° £ 0.06° 0.37° £ 0.05°
400-600 km —0.83° £0.07° 0.89° £ 0.05°
600-800 km —1.41° £ 0.12° 1.48° £ 0.08°
800-1000 km —2.40° £ 0.61° 2.62° 4+ 0.40°

The angular displacements of the magnetic field relative to their source positions on
the surface become larger at higher altitudes. This means that the crustal magnetic
fields are being draped. This draping is not influenced by the induced magnetic field,
because the latter is too weak to move the crustal fields. Therefore, these results

indicate that the crustal magnetic fields are being draped by advection.
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Figure 4.5 - Plots of the best fit of AB’yaven to a Gaussian function.
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There are gaps in the maps of Figures 4.2, 4.3, and 4.4, due to the low coverage of
MAVEN spacecraft in those regions. These regions that contain gaps are not ana-
lyzed, which could affect the results of the shifting method. Although we consider
the draping of the magnetic field to be likely caused by advection due to the iono-
spheric flow on Mars, an analysis with larger spatial coverage is necessary to confirm

that our results are correct.
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Based on the results of Table 4.1, we calculate the rate at which the draping of the
magnetic field structures increases with altitude. First, the absolute longitudinal
offsets are converted to equivalent distances in km, according to the corresponding
altitude. We simplify the calculation by considering the offsets to be taking place at
the equator, with a planetary radius of 3393.5 km.

Figure 4.6 presents the absolute longitudinal distances for minimum AB’yavgn and
their error bars (standard deviation), at dawn-side and dusk-side, as a function of
altitude. The data points are located at the average altitude for each altitude range,
e.g., at 300 km for the altitude range of 200-400 km.

Figure 4.6 - Plot of the linear regression of the absolute longitudinal offsets for minimum
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As a first estimate, we perform a linear fit of all of the absolute offsets, weighted by
the inverse of the squared standard deviation related to each offset. The data points
for the altitude range of 800-1000 km are much further from the linear regression than
the other points in Figure 4.6. This could be attributed either to the lower MAVEN
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coverage on this altitude range or to the type of regression that is performed. It
is possible that the rate at which the magnetic fields change with altitude is not
a linear function, but a polynomial function of a higher degree or an exponential
function. Nevertheless, it can be seen that the offsets or equivalent distances are

very well fitted by a linear dependence on the altitude range of 200-800 km.

The angular coefficient of the linear equation represents the rate that we are in-
terested in. Then, for each km upwards in altitude, we calculate that the magnetic
field lines are 0.2 km farther in longitude. Therefore, at higher altitudes, the mag-
netic field structures seem to be more disturbed due to the advection than at lower
altitudes.

Figures 4.7 to 4.9 and Table 4.2 present the results of the shifting method applied
to MGS data. Figures 4.7 and 4.8 show the maps of MGS day-side and night-
side magnetic fields of the seven anomalies selected in Subsection 3.6.1. From the

distribution of B, seen in the maps of the anomalies, we can make some observations:

A1 — It does not present clear changes in shape, but B, slightly increases during
the day, in the south.

A2 — B, decreases during the day, but its shape does not change.

A3 — Its shape changes during the day, especially in the parts where B, is posi-

tive. Its magnitude decreases in the day-side.

A4 — Tt presents changes in shape and in magnetic field intensities. During the
day, the intensities decrease where B, is positive and increase where B, is

negative.

A5 — B, decreases in the north region and increases in the south region during
the day.

A6 — It behaves similarly to Al.

AT — It behaves similarly to A2.

As we can see, some magnetic fields of the anomaly regions become more intense
during the day, while some others become weaker. Also, some of them show changes
in shape, while some others do not. We infer that A1 and A6 anomalies present
the same behavior because both of them have very strong magnetic fields. However,
we still cannot take any conclusions on which processes control the behavior of the

other regions solely from their magnetic field maps.
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Figure 4.7 - Maps of B, for A1, A2, A3, and A4 anomalies.
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Figure 4.8 - Maps of B, for A5, A6, and A7 anomalies.
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Figure 4.9 presents the best-fit Gaussian curves, applied to the offset results of the
shifting technique with MGS global and local data. Table 4.2 shows the offsets that
correspond to the minimum AB’y\gs, obtained by the Gaussian fits from Figure 4.9,

with the errors as the standard deviation of the Gaussian fits.
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Figure 4.9 - Plots of the best fit of AB’\igs to a Gaussian function.
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Table 4.2 - Longitudinal offsets for minimum AB’yias.

Region Offset
Global | —0.07° +0.01°
Al —0.07° £ 0.01°

A2 0.65° £0.01°
A3 1.06° £ 0.02°
A4 0.21° £0.01°
A5 —0.25° £ 0.01°
A6 —0.61° £ 0.01°
AT 0.16° £0.01°

The directions of the offsets of the global map and of A1, A5, and A6 anomalies are
westward, contrary to the expected direction of transport of the crustal magnetic
field lines at dusk-side, according to what is shown in Figure 2.2. This could be
possibly explained by the existence of local ionospheric currents opposite to the

general day-to-night ionospheric flow.

Positive offsets can be observed for A2, A3, A4, and A7 anomalies, which are all
eastward, as expected. These offsets range from 0.16°+0.01° up to 1.06°+0.02°. This
range includes the results of MAVEN dusk-side analysis between 200-600 km (Table
4.1), which goes from 0.37° +0.05° to 0.89° +0.05°. Then, these results indicate that

the eastward offsets from MGS data are a consequence of advection.

Based on MGS results, we calculate the possible advection speed of the crustal
magnetic field lines, considering an altitude of 400 km and a planetary radius of
3393.5 km. A shift of the magnetic field by 1.0° corresponds to a distance of ~66
km at this altitude. We take into account that the ionospheric flow has acted on the
crustal field lines over a period of up to 2 h at the point of observation. The period of
2 h is defined as the period between 12:00 LT, when the ionospheric plasma begins
to flow due to the pressure of the upstream solar wind, and 14:00 LT, when the
MGS spacecraft has gathered the data.

We derive an advection speed of ~10 m/s, at maximum. The ionospheric horizontal
speed at 400 km, above regions of strong magnetic field, is ~1000-2000 m/s, shown

by Figure 3.12. Therefore, the advection of the magnetic fields is a very slow process,
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about 1% of the ionospheric plasma flow speed.

Next, we present the results of the pressure analysis. As described in Subsection
3.6.2, we use MAVEN data to calculate the pressures related to the advection of the
magnetic fields, as a function of local time and altitude. Dynamic, magnetic, and
thermal pressures are analyzed in order to find the regions where the ionospheric

plasma flow dominates over the magnetic field structures.

Figures 4.10 to 4.12 show the pressures and their ratio as a function of local time
and altitude, for regions of weak magnetic fields (B; < 10 nT) on the left panels and
strong magnetic fields (B; > 10 nT) on the right panels.

Figure 4.10 presents the dynamic, the magnetic, and the thermal pressures. The
magnetic pressure on regions of strong magnetic fields is comparable to the typical
solar wind dynamic pressure of 1.0 nPa, at 400 km of altitude. Statistically, the
dynamic and the thermal pressures by themselves do not exceed the typical solar

wind dynamic pressure.

From Figure 4.10, we see that the magnetic pressure decreases with altitude, but it
is constant for all local times since it does not depend on external factors. Both the
dynamic and the thermal pressures increase above regions of strong magnetic fields,

due to the higher density and temperature of OF ions at those regions.

Regarding the plots among the regions of different magnetic field intensities, it seems
that the plots at regions of strong magnetic fields are displaced upwards compared
to the plots at regions of weak magnetic fields. For the magnetic pressure, this is
evident from Equation 2.19, because this pressure depends only on the magnetic
field, which decays exponentially with altitude. As for the dynamic and the thermal
pressures, this relation is not straightforward from Equations 2.17 and 2.18. However,
as stated in Subsection 1.7, strong magnetic fields disturb ionospheric parameters,
provoking changes in density, temperature, and speed of the ionospheric plasma.
For this reason, we observe that the plots at regions of strong magnetic fields are

displaced upwards.
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Figure 4.10 - Dynamic, magnetic, and thermal pressures as a function of local time and

altitude.
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Figure 4.11 presents the ratio between the thermal and the dynamic pressures. For
all altitudes and local times chosen for our analyses, the thermal pressure is at least
twice the dynamic pressure. The ratio is mostly between ~2-20, but it can be larger
than that at around 12:00 LT.

At regions where the thermal pressure is much greater than the dynamic pressure,
the ionospheric flow can be highly disturbed due to turbulence. This means that the
advection of magnetic field structures might be difficult to spot or might take place

very slowly and subtly at those regions.

Figure 4.11 - Ratio between the thermal and the dynamic pressure as a function of local
time and altitude.
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Figure 4.12 presents the plots of the ratio between the dynamic and the magnetic
pressures. From this Figure, we observe that there are regions where the dynamic
pressure is larger than the magnetic pressure and regions where the opposite hap-

pens.
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Figure 4.12 - Ratio between the dynamic and the magnetic pressure as a function of local
time and altitude. The color scale ranges between 0.01-5.0.
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Above weak magnetic fields at around 12:00 LT for all altitudes, the dynamic pres-
sure is much lower than the magnetic pressure by at least one order of magnitude.
The local time range in which this occurs becomes wider with altitude. Before 06:00
LT and after 18:00 LT, the ratio is smaller than 1.0, at low altitudes. At the other
zones, the dynamic pressure is comparable or even greater than the magnetic pres-
sure, reaching a ratio of 5.0 around 06:00 LT and 18:00 LT, at middle altitudes.
This means that the advection of the magnetic fields is likely to be more expressive
around 06:00 LT and 18:00 LT, because the magnetic field structures do not impose

very strong barriers against the plasma flow at those regions.

On the other hand, above regions of strong magnetic fields, the dynamic pressure is
generally smaller than the magnetic pressure. The magnetic pressure is at least two
orders of magnitude greater than the dynamic pressure before 06:00 LT and after
18:00 LT, at low altitudes, and around 12:00 LT, at high altitudes. Surrounding the
low ratio zone around 12:00 LT, there is a region where the ratio increases, forming

an “U” shape. However, in this region, the magnetic pressure is still at least twice as
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large as the dynamic pressure. This means that the advection of the crustal magnetic

fields might occur more slowly and less evidently above regions of strong magnetic

fields.

The main point of Figure 4.12 is to show the relative importance that the dynamic
pressure of the ionospheric flow has over the crustal magnetic field structures. In
general, the ionospheric flow has more influence above regions of weak magnetic
fields than above regions of strong magnetic fields. In other words, it is more likely
that the advection of magnetic fields by the ionospheric flow happens in a more

expressive way where the “magnetic background” is weak than where it is strong.

In a rough approximation, we can say that Mars’ Northern hemisphere has a weak
magnetic background, while the Southern hemisphere has a strong magnetic back-
ground (see Figure 1.3). In this scenario, we expect to observe the displacement of
local strong magnetic field structures at the Northern hemisphere more clearly than

at the Southern hemisphere.

Taking into consideration the results from the pressure analysis, Figure 3.9, and the
description of the magnetic anomalies in Subsection 3.6.1, we can further discuss
the shifting results of MGS data. In order to make the discussion easier to follow,
we show once more the location of the anomalies selected for the shifting technique
in Figure 4.13, which is the same as Figure 3.9. The yellow area in Figure 4.13
represents the main patch of magnetization of the Martian crust, i.e., the region

with the strongest magnetic field background.

To present a different point of view about the shifting results of the individual
anomalies, we sort Table 4.2 by ascending distance from the center of the yellow

region and show the sorted results in Table 4.3.
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Figure 4.13 - Map of the location of the seven selected anomalies.
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SOURCE: Author’s production.

Table 4.3 - Longitudinal offsets for minimum AB’\igs (anomalies only). Sorted by as-
cending distance from the center of the region with the strongest magnetic
background.

Region Offset
Al —0.07° £0.01°
AT 0.16° £ 0.01°
A4 0.21° £ 0.01°

A5 —0.25° £ 0.01°
A2 0.65° £ 0.01°
A6 —0.61° += 0.01°

A3 1.06° £ 0.02°

From Table 4.3 results, we notice that the absolute offsets generally increase with
the distance of the anomalies from the region with the strongest magnetic field
background in the crust (yellow region in Figure 4.13). This implies that there is

a correlation between the displacement of the magnetic fields and the magnetic
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background in which these fields are located.

A2, A6, and A3 anomalies present the largest absolute offsets among the results
from Table 4.3. From Figure 4.13, we see that A2 and A3 anomalies are located at
middle latitude regions of the Northern hemisphere and isolated from other crustal
magnetizations. This means that they are in a region with a very weak magnetic

background on Mars.

Another anomaly that presents a large absolute offset is A6. A6 anomaly has a very
strong magnetic field intensity and, when compared to its surroundings, we can
consider that this anomaly is also located at a region with a very weak magnetic

background.

These results confirm that the advection of the magnetic fields is more expressive
in regions with a very weak magnetic background, as inferred by the results of the

pressure analysis.

The fact that some anomalies present offsets that are in the opposite direction to
the expected might be a consequence of the effects of the magnetized regions on
the ionosphere dynamics, especially on the creation/disturbance of local ionospheric

flows. However, to confirm this hypothesis, further studies should be performed.
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5 CONCLUSIONS

In this Master Dissertation, we analyze MAVEN and MGS spacecraft data in order

to investigate the possible occurrence of crustal magnetic field advection on Mars

by the ionospheric plasma flow. The main conclusions obtained in this Dissertation

are listed below:

1 —

There are clear asymmetries between the magnetic field configuration on
dawn-side and on dusk-side, especially above regions of strong crustal mag-
netic fields. These asymmetries are not caused by the induced day-side
magnetic field. At the time of writing, MAVEN spacecraft does not have

enough coverage to make this feature very clear at altitudes above 400 km.

The results of the shifting technique with MAVEN data imply that the

magnetic fields are being advected because:

a — the absolute offsets at dawn-side and at dusk-side are similar for the

same altitude range;

b — the directions of the calculated offsets are in agreement to the expected

directions of displacement of the magnetic fields, and

c — the absolute offsets increase with altitude, which means that the mag-

netic fields are being draped.

We calculate that the rate at which the draping of the magnetic field
increases with altitude is of 0.2 longitudinal km per each km in altitude.
We also estimate a possible advection speed of ~10 m/s at 400 km of

altitude, which is only ~1% of the ionospheric plasma flow speed.

The pressure analysis shows that the thermal pressure is too large in com-
parison to the dynamic pressure at around 12:00 LT, which means it is
unlikely that we can observe any advection of magnetic field structures at

this local time.

The regions where the magnetic field background is weak (e.g., the North-
ern hemisphere of the planet) might present more expressive and clear
observations of advection of the magnetic field structures. This might hap-
pen because the ionospheric plasma flow has more influence above those

regions.
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6 — The results of the shifting technique with MGS data show that the absolute
offsets increase with the distance of the anomalies from the region with the

strongest magnetic field background in the Martian crust.

7 — Some of the results of the shifting technique with MGS data show longitu-
dinal offsets in the direction that is opposite to the expected. This might
happen due to the existence of local ionospheric currents opposite to the

general day-to-night ionospheric flow.

In summary, we show evidence of the displacement of the crustal magnetic fields on
Mars caused by the ionospheric plasma flow. Our results indicate that the advection
of the magnetic fields is more likely to be observed at regions with a very weak

magnetic field background.

As a suggestion, we propose that the advection of the crustal magnetic fields on
Mars should be taken into consideration by the crustal magnetic field models that

are to be built hereafter.

In a future work, it would be interesting to focus the analyses on regions with weak
magnetic field background and restrict the selection of dawn-side and dusk-side to a
smaller range of local times, centered at 06:00 LT and at 18:00 LT, respectively. With
such refinements, we might be able to observe expressive displacements of the crustal
magnetic fields and determine which other parameters dictate their occurrence. This

study will be possible when MAVEN spacecraft has gathered more data.
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