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ABSTRACT

The magnetic environment of Mars is a complex and unique mix of draped inter-

planetary magnetic fields and localized crustal magnetic fields. The ionosphere of

Mars provides an obstacle to the solar wind, which results in an induced magne-

tosphere. Above the ionosphere of Mars is an extended neutral exosphere which is

readily ionized and these ions are picked-up by the solar wind. The interaction with

the solar wind is important for understanding all layers of the Martian atmosphere.

With this in mind, I developed methods for identifying and characterizing magnetic

waves at a range of frequencies and altitudes. An analysis of waves from 2 Mars

radii out to around 14 Mars radii was conducted to search for evidence of exospheric

escape in the form of ion cyclotron waves. Instead, whistler waves were observed in

the near-Mars environment. These waves are absent from Juno cruise data at 1.5

AU when Mars was more than 1 AU from Juno. This suggests these whistler waves

require Mars’ presence as an origin or amplifier and that Mars’ plasma sphere of

influence extends to at least 14 Mars radii.

The lower ionosphere includes a plethora of mechanisms that influence the

plasma characteristics and the generation of magnetic waves. I investigated lower

altitude signals initially as a rebuttal to previous work on Martian lightning. The

signals were not lightning-related, but were still of interest as these were the first 5

-16 Hz low altitude Martian waves identified. After a thorough investigation using

multiple MAVEN instruments, I found that many of these waves were associated

with electron precipitation. Electron precipitation is the dominant source of energy

input into the Martian nightside ionosphere and is known to cause auroral activity

on Earth. Waves are not present for all periods during which electron precipitation

is occurring, which suggests specific conditions and/or other drivers are required

to have su�cient free energy for wave emission. Further investigation is suggested.

Regardless, the magnetic waves provide a unique way to search through large mag-

netic field datasets to find time periods of high electron energy flux into the Martian
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atmosphere.



19

CHAPTER 1

Introduction

1.1 The Red Planet

Mars has captivated scientists and the general public for hundreds of years. From

Schiaparelli’s misidentified canals of water in the 1870’s and mysterious yellow clouds

to murderous aliens (e.g., War of the Worlds, Doom), the beliefs of what could be

found on Mars often surround the question of habitability. The fourth planet from

the Sun, the “Red Planet” is smaller than Earth and covered in iron-rich dust and

ice, yet has the most Earth-like climate in the Solar System. Mars orbits at around

1.52 AU from the Sun with a more eccentric orbit and a higher obliquity (axial

tilt) than Earth, which leads to increased seasonal variability. The surface pressure,

a meager ⇠6 mbar, varies seasonally and with altitude. Due to the over 30 km

range in elevation on Mars, the surface pressure can vary by around an order of

magnitude. This elevation range is partly due to such distinctive topographical fea-

tures as Olympus Mons, Valles Marineris, and the Hellas Basin, along with a strong

north-south dichotomy of planes and highlands, respectively. The lower pressures

found on Mars make it easier for materials, such as dust, to be transported across

the surface and up into the air (Cattermole, 1992). Table 1.1 contains some relevant

characteristics of Mars and their relation to Earth values.

The tenuous atmosphere responds more slowly to changes in temperature than

Earth’s atmosphere, but Mars’ lack of oceanic heat transport or a large reservoir of

moisture also means quicker surface temperature responses to solar heating. The

shorter radiative time constant of Mars leads to faster cooling and heating. The

abundance of CO2 and the species’ ability to transmit infrared radiation e↵ectively

introduces large diurnal temperature ranges in the lower level of the atmosphere.

In the case of little to no dust suspended in the air, the temperature of Martian air



20

Table 1.1: Characteristics of Mars
Mars Earth Ratio Mars/Earth

Mass 6.42 ⇥1023 kg 5.97 ⇥1024 kg 0.11
Equatorial Radius 3396 km 6378 km 0.53

Obliquity (Axial Tilt) 25.2° 23.5° 1.07
Major Atmospheric Gas CO2 (96%) N (78%) -

Surface Pressure 6 mbar 1 bar 0.006
Eccentricity 0.0934 0.01671 5.59

Semi-major Axis 1.52 AU 1.0 AU 1.52

is dominantly controlled by heat transfer from the surface by way of conduction or

convection. Therefore, significant temperature di↵erences would be found primarily

only close to the surface. However, with dust in the atmosphere, solar radiation

can be absorbed and heat the air during the day, while cooling is very e↵ective

during the night, which introduces large temperature variations at higher altitudes

instead of near the surface. In addition to the diurnal temperature variations, local

topography, such as the slope of a volcano or a crater, can cause large horizontal

temperature gradients and strong slope winds (Cattermole, 1992).

Through geologic evidence, including dendritic valley networks and alluvial fans,

we know the climate of Mars once supported flowing liquid surface water (Carr and

Head, 2010; Haberle et al., 2017; Wordsworth et al., 2015; Ramirez and Craddock,

2018; Carr, 1995, 1996; Irwin et al., 2005; Fassett and Head, 2008; Hynek et al.,

2010) and standing bodies of water (e.g., Fassett and Head, 2008). Some models

even demonstrate that oceans were once possible (e.g., Head et al., 1999). A thicker

and denser atmosphere could have sustained a warmer and wetter environment.

However, under the current surface conditions, liquid water would sublimate. Many

processes and characteristics of Mars led to a significant loss of atmosphere and the

subsequent climate change.

There is likely a connection between the disappearance of a thick Martian at-

mosphere and the shut o↵ of the planet’s dynamo. The dynamo maintained a

magnetic field via the molten rotating, convecting, and conducting core until, due

to the size of the planet, Mars’ core rapidly cooled and the dynamo shut o↵ ⇠4 Gya
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(Langlais and Quesnel, 2008; Frey, 2006). One theory is that the unmagnetized

crust within regions such as the Hellas and Argyre basins imply a cessation of the

internal dynamo and global magnetic field prior to the impacts that created the

features and erased remanent magnetization (Acuña et al., 1999; Lillis et al., 2008,

2013a,b). Impact crater aging then constrains the approximate time of the dynamo

shut o↵ (e.g., Lillis et al., 2008). Alternatively, volcanic magnetic field signatures

may imply a later time constraint (Lillis et al., 2006; Langlais et al., 2004; Hood

et al., 2010). Regardless, the shut o↵ of the dynamo, the cooling of the core, and

the related a↵ects to planetary evolution likely led to significant changes in climate

(e.g., Jakosky and Phillips, 2001; Chassefiére and Leblanc, 2004). Specifically, this

left Mars without an intrinsic planetary magnetic field (Acuña et al., 1998), which

had likely provided protection from the erosive solar wind and hindered the escape

of particles (e.g., Head et al., 1999). In Mars’ current magnetic environment, the

solar wind directly interacts with the Martian atmosphere and induces ionospheric

magnetic fields and currents (Brain et al., 2017).

Before ⇠3.5 Gya, the Sun was fainter by around 25% (Gough, 1981) and has in-

creased in luminosity over its lifetime (e.g., Sackmann and Boothroyd, 2002; Guedel,

2007). A fainter Sun presents a problem for producing climate models of ancient

Mars with long-term warm and wet conditions. However, extreme ultraviolet (EUV)

solar flux was higher during this faint young Sun period. This flux has decreased

since the Sun became a main sequence star (e.g., Ribas et al., 2005; Guedel, 2007;

Claire et al., 2012). Additionally, stars lose mass over time. The solar wind was,

therefore, likely denser and faster in the past (e.g., Wood et al., 2002, 2005). Though

the extent to which these factors were elevated in the past is not well constrained,

the solar wind and EUV solar flux significantly a↵ect atmospheric erosion (e.g.,

Dong et al., 2018; Scherf and Lammer, 2021; Wordsworth et al., 2013).

It remains unclear which processes have contributed to the atmospheric loss of

Mars the most. The first step to understanding ancient Mars is to understand the

current magnetic environment, atmosphere, and plasma behavior. Closely examin-

ing today’s Mars, through thorough analysis of in-situ data, enables scientists to
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improve models and extrapolate atmospheric loss processes backwards in time over

four billion years. The loss is then integrated over time to understand how the

climate of Mars changed so drastically.

1.2 Mars’ Magnetic Environment

There are several di↵erent aspects which contribute to the nature of the magneto-

sphere of a planet. The planets of the solar system are all subjected to the solar wind

and the Interplanetary Magnetic Field (IMF) that it carries (Brain et al., 2017). The

IMF direction and intensity help determine the global magnetic geometry and topol-

ogy. Some planets (e.g., the Earth) have intrinsic magnetic fields (Russell, 1995).

Though quite di↵erent from Earth’s, Mars’ magnetosphere has similar boundary

features, including a bow shock, magnetosheath, magnetopause, and magnetotail.

Fluid traveling at supersonic speeds encountering an obstacle will result in a shock

as it takes time for fluid farther back to receive information regarding the obstacle.

In this case, the ionosphere of Mars is the obstacle to the solar wind. The di↵erent

regions can generally be identified in magnetic field data by characteristic changes

in direction and magnitude of the magnetic field. “Upstream” of the Martian bow

shock or in the solar wind before reaching the bow shock, the typical magnetic field

magnitude is 3.5 ± 2.5 nT.

Figure 1.1 shows a diagram of Mars’ magnetic environment with di↵erent pres-

sure boundaries labeled. Though Mars has no global magnetic field, Mars does have

localized remnant crustal fields (Connerney et al., 2005). These fields are depicted

in the figure as near dipoles in the southern hemisphere on the dayside.

1.2.1 Crustal Magnetic Fields

The localized crustal magnetic fields (CMFs), which are strongest in the Southern

Highlands, create a unique magnetic environment and can cause regionally based

alteration to the ionospheric structure (Dubinin et al., 2016; Duru, 2020) and ion

escape (Dubinin et al., 2020; Curry et al., 2015; Li et al., 2011). This includes
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inflation or deflation of the ionosphere and enhanced structure compared to regions

without CMFs (Matta et al., 2015). A large hemispheric asymmetry exists in the

magnetosphere and ionosphere because of the interaction between the IMF and the

CMFs (e.g., Vaisberg et al., 2018; Dubinin et al., 2018).

Figure 1.1: A diagram of the Martian in-

duced magnetosphere with the Sun to the

left. The two near-dipoles on the south-

ern hemisphere of Mars are representing

crustal magnetic fields. This schematic is

reproduced from Brain et al. (2017).

The CMFs provide both small-scale

magnetic shields for the atmosphere and

access points for the solar wind (Brain

et al., 2017). Magnetic topology can be

separated into three categories: open,

closed, and draped. “Open” fields lines,

which connect to the IMF and the col-

lisional atmosphere, allow plasma and

energy exchange between the solar wind

and ionosphere. This access contributes

to plasma escape (e.g., Lillis et al., 2015;

Dubinin et al., 2008; Nilsson et al.,

2011), while other topologies can deflect

the solar wind and energetic particles

(Dong et al., 2015a; Fang et al., 2010).

“Closed” fields, which have both mag-

netic foot points intersecting the colli-

sional atmosphere, can result in trapped

and hotter plasma (Breus et al., 2004;

Nielsen et al., 2007; Flynn et al., 2017). “Draped” field lines, which connect to the

solar wind with both foot points, can reach low into the atmosphere and allow col-

lisional energy transfer (e.g., Liemohn et al., 2006). Overall, the complex magnetic

environment around Mars allows atmospheric escape usually associated with only

magnetized planets, like Earth (Brain et al., 2016).

Figure 1.2 shows a magnetic gradient map of Mars as measured by a twin fluxgate

magnetometer (MAG) system aboard the Mars Global Surveyor (MGS). Darker
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colors on the map represent stronger crustal magnetic fields and the change in

colors show alternating magnetic polarity. The reversals occur approximately every

100 km, though this width may be the result of the limited resolution of the MGS

data.

At about 400 km, the MGS MAG measured a magnetic field magnitude around

200 nT. This is an order of magnitude stronger than the greater anomalies on Earth

(Connerney et al., 1999). This could imply a very strong global magnetic field in

Mars’ past or the crust may have been strongly magnetized via thermoremanent

magnetization, which occurs when a rock cools below the Curie temperature (⇠840

K) in the presence of a magnetic field, even a weak one (Connerney et al., 1999;

Leweling and Spohn, 1997; Moskowitz et al., 2015).

Why is the magnetization organized the way it is? One hypothesis is that these

patterns could be caused by some process analogous to sea floor spreading on Earth

during repeated reversals of the dipole field. Sleep (1994) concluded that due to

Mars’ lower gravity, sea floor spreading would occur at higher than terrestrial rates,

making sea floor spreading capable of creating magnetic lineations on the observed

scale while the dynamo was still active. Connerney et al. (1999) proposes that the

southern hemisphere is ancient ocean floor and the northern hemisphere was re-

worked by impacts and other processes. Periodic folding of the crust and chemical

remnant magnetization has also been suggested, however the biggest obstacle re-

mains explaining the alternating magnetic signature in clear lineations (Connerney

et al., 1999; Yin, 2012).

1.3 The Martian Atmosphere

The tenuous atmosphere of Mars has several boundaries and regions of note (see

Figure 1.3). The homopause is the altitude above which di↵usion dominates over

large-scale mixing and each species of gas has a distinct scale height. This occurs

at approximately 120 km and is the boundary between the lower and upper at-

mosphere of Mars. Lower altitude systems and structures influence the induced
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Figure 1.2: A map of the crustal magnetic fields. Darker colors on the map represent
stronger crustal magnetic fields. A concentration of stronger fields is seen in the
southern hemisphere. Connerney et al. (2015b), Copyright National Academy of
Sciences, U. S. A.
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magnetospheric boundary (IMB). Atmospheric waves (Yiğit et al., 2015; England

et al., 2016; Liu et al., 2017) contribute energy to and alter the dynamics of the

upper atmosphere. Mars’ upper atmosphere includes the thermosphere (Bougher

et al., 2017) (⇠100 km - 200 km), above which collisions no longer dominate parti-

cle motion.

CO2, which represents 96% of the atmospheric composition, is only the domi-

nant neutral species below 300 km. Above this, O, O2, and N2 become the higher

density species (Jakosky et al., 2015b). Mars has low enough gravity that a neutral

exosphere (corona) of atomic species extends several Mars radii beyond the bow

shock (Anderson and Hord, 1971; Paxton and Anderson, 1992; Deighan et al., 2015;

Cha�n et al., 2015). These species are bound in non-collisional orbits, but are more

readily ionized. The ions near Mars can gyrate around the local magnetic field,

which can be quite weak, with gyroradii that are comparable to or larger than Mars

itself (Brain et al., 2016). This leads to their escape to space via the solar wind,

which advects the magnetic field lines on which the particles are gyrating away from

Mars.

The ionosphere, which overlaps with the thermosphere and exosphere, is a re-

gion of charged particles that exists primarily via solar EUV photoionization. The

ionosphere is further discussed in the following section.

1.3.1 The Ionosphere

The Martian ionosphere is a region of charged particles, or plasma, in the upper at-

mosphere and lower region of the magnetosphere (Russell, 1995). For an ionosphere

to exist there must be a source of ionization either in the form of photoionization or

impact ionization, which involve photons and energetic particles, respectively (Luh-

mann, 1995). The dayside plasma in the upper atmosphere of Mars is primarily

created by photoionization by solar EUV radiation (Hanson et al., 1977; Chen et al.,

1978; Fox et al., 1996; Withers, 2009). The total ion production rate is related to

chemical reactions and transport. On the dayside, the timescales of photochemical

processes decrease exponentially with decreasing altitude, while timescales of plasma
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Figure 1.3: There are many external and internal drivers that a↵ect the ionospheric
dynamics and energetics. Some di↵erences between the dayside and nightside iono-
sphere are shown. The electron densities are represented by the black lines. The
figure is adapted from Sànchez-Cano et al. (2019) and Lillis et al. (2021).
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transport increase exponentially. At the ionospheric density peak, the timescale of

plasma transport remains the longer of the two timescales (Cui et al., 2015).

Dissociative recombination, the process where electrons and ions combine to

create neutrals, occurs rapidly and the nightside ionosphere becomes more irregular

and patchy (Gurnett et al., 2008; Safaeinili et al., 2007; Němec et al., 2010, 2011;

Lillis et al., 2009; Withers et al., 2012; Jakosky et al., 2015b). On the nightside,

transport becomes more important, as new ions are not being created via photoion-

ization. However, electron precipitation generally dominates the energy input to the

nightside atmosphere (Fox et al., 1993).

Though both are highly variable, the top of the ionosphere occurs at approxi-

mately 500 km (Mitchell, 2001; Brain et al., 2006; Duru, 2009, 2020) and the iono-

spheric density peaks around 140 km (e.g., Hanson et al., 1977; Vogt et al., 2016;

Withers et al., 2012). On Earth, the ionosphere has distinct layers reaching from

around 60 to beyond 1,000 km (e.g., Schunk and Nagy, 2009). Layers are also ob-

served at Mars, but some are transient. There is a main layer of charged particles at

around 140 km (e.g., Withers, 2009), called the “M2 layer” (Rishbeth and Mendillo,

2004). The M2 layer is primarily generated by EUV photoionization of CO2 and

O into CO+
2 and O+ ions, respectively. However, O+

2 ultimately becomes the main

species through ion-neutral reactions (Matta et al., 2013).

The M1 layer is at lower altitudes, where x-ray photons photoionize neutrals. The

layer is not always observed in data (e.g., Fallows et al., 2015a,b), but is around 110

km. Sporadic layers exist even lower in the altitude, below the altitudes available

in the datasets used by the studies in this dissertation. Additionally, there is an

occasional density enhancement at ⇠160 - 220 km, which is sometimes referred to

as the M3 layer (Rishbeth and Mendillo, 2004; Mayyasi et al., 2018). There are

numerous topside ionospheric layers (Mayyasi et al., 2018, and references therein),

but exact causes and trends remain unclear.

The solar wind is the upper boundary of the ionosphere and has an essential

influence on the plasma and magnetic environment. Changes in space weather as

well as inter-annual and seasonal changes can produce variations in the ionosphere,
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including the altitude of the ionospheric peak (Withers et al., 2006). Additionally,

the CMFs create large local variations in the ionospheric densities (Nielsen et al.,

2007), including transient ionospheric layers (e.g., Mayyasi et al., 2018; Gurnett

et al., 2005; Matta et al., 2015; Kim et al., 2012; Kopf et al., 2008, 2017; Zhang

et al., 2015).

Understanding the properties and variability of the ionosphere is vital for un-

derstanding the atmosphere of Mars. The ionosphere additionally impacts the com-

munication/navigation between ground instruments and relay spacecraft, which is

vital to maintain for the safety of the data and instruments.

Figure 1.3 shows many of the external and internal influences on the ionosphere.

This figure also highlights the significant di↵erence between the dayside and night-

side ionosphere. On the nightside, plasma transport and electron precipitation be-

come important for understanding plasma behavior (e.g., Girazian et al., 2017; Lillis

and Brain, 2013; Lillis and Fang, 2015; Lillis et al., 2018; Niu et al., 2021).

1.3.2 Atmospheric Loss

There are several di↵erent aspects that drive the interactions between the external

environment and the atmosphere of Mars. They are often interconnected and a↵ects

of a single driver are hard to isolate.

Loss to Space

Neutrals and ions are lost to space through numerous processes (e.g., Lillis et al.,

2015; Brain et al., 2017; Grono↵ et al., 2020). Some examples of neutral and ion es-

cape are shown in Figure 1.4 and discussed below. The behavior of charged particles

are of primary relevance for this dissertation.

Solar wind pressure determines pressure boundaries and the expansion of the

atmosphere beyond the bow shock, where the atmosphere is more easily stripped

away. This pressure generally varies on time scales of days, but interplanetary

coronal mass ejections (ICMEs) and co-rotating interaction regions (CIRs) can cause
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variations on timescales of hours (Lillis et al., 2015). The polar winds on Earth are an

example of the solar wind impacting atmospheric escape. The interaction between

the solar wind and Earth’s atmosphere leads to stretched magnetic field lines and

outflows of H+ and O+ (Axford, 1968; Moore et al., 1997).

Figure 1.4: Various types of both hypoth-

esized and confirmed escape processes at

Mars. Credit: The Lunar and Planetary

Institute and LASP, created by D. Brain.

The orientation of Mars alters the

solar wind interaction with the global

plasma, because the magnetic and

plasma environments surrounding the

planet are not uniform. Solar EUV ra-

diation and solar energetic particle flux

contribute to heating and photoioniza-

tion, which both a↵ect loss rates and

the structure of the ionosphere. Martian

ionospheric plasma escape measured by

the Phobos 2 and Mars Express (MEX)

missions varied by orders of magnitude,

but were taken during di↵erent levels of

solar activity (Lundin et al., 1989; Fox,

1997; Barabash et al., 2007). Therefore,

examining data from di↵erent solar cy-

cles is especially important for a better understanding of how solar activity impacts

atmospheric loss.

Ions can be “picked-up” by field lines and carried away in the solar wind. These

ions are dubbed “pickup ions”. Ions produced by photoionization, electron impact

ionization, and charge exchange can follow open magnetic field lines and escape

into the solar wind. The ambipolar electric field, which is generated as a result of

charge separation between ions and electrons, also accelerates ions and they can

reach escape velocity (e.g., Collinson et al., 2015; Akbari et al., 2019). As ions are

picked-up, their gyration around the magnetic field results in a spatial distribution

referred to as a polar “plume” (Jakosky et al., 2015a; Fang et al., 2008; Dubinin
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et al., 2011; Dong et al., 2015b). In the Mars Solar Electric (MSE) coordinate

system, +X is antiparallel to the solar wind flow, the IMF lies in the X-Y plane

with a positive Y component, and the solar wind electric field is parallel to +Z. Ion

plume-related fluxes start in and flow through the northern +Z MSE hemisphere

(Dong et al., 2015b).

Prior to the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission, elec-

tron temperatures (Te), vital for understanding the behavior of the ionosphere and

the loss rates of thermal ions, were not well-known. MAVEN measurements show

higher values of Te than expected from modeling (Withers et al., 2014). Ergun

et al. (2016) demonstrates that elevated Te proves important for the acceleration of

ions out of the ionosphere via the ambipolar electric field and, therefore, thermally

driven escape is likely more important than previously predicted. With the EUV

radiation elevated in the past, thermal ion escape likely played a key role in the loss

of the atmosphere and could have been more important than it is today.

Flux rope detachment is another method for plasma escape. Anomalies in the

magnetic field have been observed and interpreted as parts of the magnetic field

folding in and creating a bubble or plasmoid that detaches from the Martian iono-

sphere. These plasmoids are usually called “flux ropes” (Hara et al., 2017). The

flux rope brings with it any plasma trapped in the field lines. Estimates show flux

ropes could be responsible for up to 10% of the present-day ion escape (Brain et al.,

2010).

High-energy atoms traveling in the anti-sunward direction impact the atmo-

sphere and eject atoms or molecules into space (Luhmann et al., 1992; Jakosky

et al., 2015a). This process is called “sputtering”. A fraction of ions produced

in the extended atmosphere and ionosphere do not escape and also impact neu-

trals causing escape (Chassefiére and Leblanc, 2004). The lack of a global magnetic

field impacts the e↵ectiveness of sputtering. Neutral species with su�cient energy

can exceed escape velocity and escape to space. This energy is often provided via

exothermal reactions and dissociative recombination. (Grono↵ et al., 2020).

Currently, dissociative recombination and ionospheric and pickup ion losses dom-
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inate atmospheric loss of Mars. O+
2 and O+ make up about 90% of the total present

heavy ion outflow from Mars (Lundin et al., 2011b). In the past, the processes

discussed varied in relative importance and at times may not have even been active.

This makes it di�cult to extrapolate backwards in time without knowing a detailed

history of all of the planet.

Loss to the Surface

Serpentinization is a hydrothermal alteration process that can result in the creation

of magnetite and can also store water. Chassefiére et al. (2013) modeled serpen-

tinization on Mars from 500 Myr to 800 Myr to test the plausibility of water loss

to serpentinization early in Mars’ history. The model was able to account for a loss

of ⇠500 m thick water global equivalent layer (GEL) and also was able to magne-

tize the southern CMFs to the correct magnitude. The alternating lineations of the

magnetic fields is not explained, however. Nevertheless, serpentinization could have

played a role in the loss of Mars’ atmosphere.

Some of the oxygen of early Mars was likely moved and stored in the crust via

oxidation and the formation of carbonates. In fact, Hu et al. (2015) suggest that

carbonate formation in open lakes is required for past Mars to have an atmospheric

pressure of ⇠1.8 bar. Carr and Head (2003) estimate about 50% of the oxygen could

have been lost to subsurface material.

1.3.3 Mars Atmosphere Conclusion

Some of the key processes of atmospheric loss have been identified, including at-

mospheric escape processes and geological processes, but there are still many un-

knowns. As the atmosphere is greatly impacted by the IMF, the solar wind, CMFs,

and space weather, the magnetic and plasma environments are key to understand-

ing these processes. The motion of plasma is constrained by the magnetic field, so

detailed knowledge of the spatial and temporal variations of the field is essential.
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1.4 Magnetic Field Oscillations and Waves

With linear wave theory, the changes over space and time as a physical quantity A

fluctuates by �A(x, t) can be written (e.g., Verscharen et al., 2019):

A(x, t) = A0 + �A(x, t) (1.1)

where A0 is the constant background value of the physical quantity. If the pertur-

bation acts as a wave, then:

�A(x, t) = IR[A(k,!) exp(ik • x� i!t)] (1.2)

where A(k,!) is the complex Fourier amplitude of A. A dispersion relation describes

the relationship between the the wavevector k and the angular frequency !. This

relation can be written:

!
2 = k

2
c
2
s
, (1.3)

where cs is the sound speed. This equation leads to a wave with period P = 2⇡/!,

wavelength � = 2⇡/k, and group velocity vg = �!/�k. The presence of a magnetic

field adds some complexity, but a dispersion relation still leads to wave solutions.

Dispersion relations become easier to derive under certain conditions, such as purely

parallel or perpendicularly (along the magnetic field) propagating waves.

Magnetic field (B) oscillations observed by MAG might not be naturally-driven

propagating waves. They could instead be standing structures, standing waves,

spacecraft-generated signals, or turbulence. The distinction between a wave and an

intermittent discontinuity is imprecise but for this dissertation, we consider a wave

event to have at least three consecutive oscillations (i.e., periods).

Waves can exhibit fluctuations in just electric fields (E) or in both electric and

magnetic fields. This dissertation utilizes magnetic field data and, therefore, only

focuses on those waves with both fluctuations (i.e., electromagnetic waves). Waves

are important because they propagate energy from one point to another and grow or

decay. Various properties of a wave, such as frequency, wavelength, and polarization,

reveal aspects about the local environment. For plasma waves, plasma density and
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pressure also e↵ect wave behavior (e.g., Kivelson, 1995; Goertz and Strangeway,

1995).

The Maxwell equations present a starting point for understanding waves in mag-

netized plasma. They are (from Kivelson (1995); Goertz and Strangeway (1995)):

r · E(x, t) = ⇢q(x, t)/✏0 (1.4)

r ·B(x, t) = 0 (1.5)

r⇥ E(x, t) = ��B(x, t)

�t
(1.6)

r⇥B(x, t) = µ0j(x, t) + µ0✏0
�

�t
E(x, t) (1.7)

In these equations, ⇢q is the charge density (Eq. 1.12), j is the current density

(Eq. 1.11), ✏0 = 8.854 ⇥ 10�12 F/m is the permittivity of free space, and µ0 =

4⇡ ⇥ 10�7 H/m is the permeability of free space. Some of the variables in these

equations are dependent on time (t) and position (x). Equation 1.4 is Poisson’s

equation, Eq. 1.5 is the divergence-free condition on B, Eq. 1.6 is Faraday’s law,

and Eq. 1.7 is Ampere’s law. Additionally, charge must be conserved as shown:

�⇢

�t
+r · j = 0. (1.8)

When treating the electrons and ions (s) as fluids, the relevant equations are:

�

�t
ns +r · (nsus) = 0, (1.9)

which is the continuity equation with no particle sources or losses and

�

�t
us + us ·rus �

qs

ms

(E+ us ⇥B) +
rps

nsms

=
F

0

nsms

, (1.10)

which stems from the momentum equation. Additionally, :

j =
X

s

nsqsus (1.11)
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⇢q =
X

s

qsns, (1.12)

where us is the drift velocity, ns is the number density, ps is the fluid pressure, and

F
0 is any force or forces other than pressure gradients and electromagnetic forces.

Di↵erent types of waves (i.e., di↵erent solutions to the dispersion relation) and

their associated equations can be determined through simplification of the equa-

tions based on surrounding conditions. For example, in cold plasmas where thermal

velocities become negligible, the Lorentz-force law dictates the motion of a charged

particle based on the electric and magnetic fields. The Lorentz-force law is:

FL = q(E+ v ⇥B), (1.13)

where q is the charge of the particle and v is the particle velocity. FL acts perpen-

dicular to the magnetic field and causes the particle to gyrate around the magnetic

field. The angular gyrofrequency or angular cyclotron frequency of particle ↵ (i.e.,

an electron or a species of ion) is:

!c↵ =
q|B|
m↵

, (1.14)

where |B| is the magnetic field magnitude and m↵ is the particle mass. The radius

at which these particles gyrate about the magnetic field lines is called the gyroradius

and is given by:

r↵ =
m↵v?

|qB| , (1.15)

where v? is the component of the particle velocity perpendicular to the magnetic

field. On plasma scale lengths much less than r↵, charged particles behave as if they

were not magnetized. Additionally, the gyrating motion is no longer important at

frequencies much greater than !c↵ .

Wave growth requires a source of free energy. All of these equations, however,

neglect any sources and losses. These changes to the system become more important

within the ionosphere. Any process that perturbs the equilibrium of the plasma
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and/or the field could provide enough energy for waves. Conditions that lead to

nonlinear growth are called “instabilities”. Beam and two-stream instabilities refer

to unstable plasma due to phase-space or distribution-space nonequilibrium. For

example, this could be in the form of temperature, velocity, or density anisotropies.

These instabilities are possible energy sources for waves, though, instabilities do not

guarantee the emission of waves.

Plasma waves were first observed at Mars by Phobos 2 (Grard et al., 1989, 1991).

Some known generation mechanisms include are solar wind generated turbulence,

Kelvin-Helmholtz instabilities, cyclotron instabilities, current-driven instabilities,

and energy injected by the Poynting flux associated with field-aligned currents (e.g.,

Trotignon et al., 1996; Penz et al., 2005, 2004; Kindel and Kennel, 1971; Catell,

1981; Ergun et al., 2006).

The limitations of single point data acquisition can make determining the exact

generation mechanism of a wave di�cult, but observations of waves can still be used

to understand the plasma environment and implications for energy transfer.

1.5 National Aeronautics and Space Agency’s Mars Atmosphere and Volatile Evo-

lution Mission

Part of this section is a partial reproduction of Section 2 of Esman et al., 2022,

which was submitted for publication March, 2022 to JGR: Space Physics.

The goal of the National Aeronautics and Space Agency’s (NASA) MAVEN mission

(Jakosky et al., 2015a) is to study the current Martian atmosphere and understand

the climate history. The spacecraft was launched from Cape Canaveral Air Force

Station, Florida on November 18, 2013. MAVEN arrived at Mars on Sept. 21, 2014.

The orbital procession of MAVEN allows for nearly full coverage of the planet in

longitude, latitude, and local solar time. MAVEN has provided an unprecedented

amount of simultaneous data collection at Mars. Of particular note are the MAVEN

Deep Dip campaigns, which were approximately week-long campaigns during which
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the spacecraft reached down to around 125 km above the surface. There have been

9 Deep Dip campaigns.

Aerobraking maneuvers to tighten the nominal science orbit and reduce the

apoasis began on Feb. 11, 2019 and completed in Apr. 2019. This increased relay

operations for the spacecraft. Gaps in the data exist for a number of reasons,

including the spacecraft or specific instruments entering safe mode, Deep Space

Network (DSN) interruptions, relay operations, and the limitations of instruments

(i.e. over-saturation or values outside the bounds of accurate measurements).

The instruments onboard MAVEN are briefly introduced below.

• The MAVEN MAG (Connerney et al., 2015b) is a dual fluxgate magnetometer

that provides magnetic field vector data at a 32 Hz sampling rate, su�cient for

observing oscillations up to the Nyquist frequency of 16 Hz. This instrument

is discussed in detail in Section 1.5.1.

• The Neutral Gas and Ion Mass Spectrometer (NGIMS) (Maha↵y et al., 2015)

is a mass spectrometer that measures the neutrals and ions of the Martian

atmosphere. This dissertation utilizes the densities of both.

• The Langmuir Probe and Waves (LPW) instrument (Andersson et al., 2015)

consists of two sensors mounted on separate ⇠7-m booms separated by an

angular distance of ⇠110°. When operating in Langmuir Probe mode, thermal

electron density (ne) and temperature (Te) are derived from the measured

current-voltage sweeps using the method outlined in Ergun et al. (2015) and

Ergun et al. (2021). Uncertainties in derived density and temperature at

periapsis are typically on the order of 10-20%, and are discussed in detail in

Ergun et al. (2021).

• The Solar Wind Electron Analyzer (SWEA) (Mitchell et al., 2016) is a hemi-

spherical electrostatic analyzer with deflectors, which measures electrons from

3 eV to 4.6 keV over ⇠80% of the sky (and a shrinking field of view with

energy above 2 keV) at a time cadence of ⇠2 - 4 seconds. The combination of
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SWEA and MAG data provide the pitch angles of solar wind and ionospheric

electrons.

• The Solar Wind Ion Analyzer (SWIA) (Halekas et al., 2015) measures the

density and velocity distributions of solar wind and magnetosheath proton

flow.

• The Solar Energetic Particle (SEP) (Larson et al., 2015) measures solar en-

ergetic particle input into the upper atmosphere and the resulting heating,

ionization, and sputtering. SEP can detect pickup ions of energies up to 100s

of keV and electron energies up to 1 MeV.

• The SupraThermal And Thermal Ion Composition (STATIC) instrument is

a toroidal electrostatic analyzer combined with a time of flight analyzer that

provides mass resolution of the primary ion species at Mars, including H+,

He++, O+, O+
2 and CO+

2 . STATIC is able to measure ions over a wide dy-

namic energy range, 0.1 eV - 30 keV, and electrostatic deflectors provide an

instrument field of view of 360x90°. More information about the STATIC op-

eration modes and instrument calibration can be found in McFadden et al.

(2015).

• The Imaging Ultraviolet Spectrograph (IUVS) (McClintock et al., 2015) mea-

sures global upper atmosphere and ionospheric characteristics via remote sens-

ing. IUVS is capable of imaging spectroscopy from 110 - 340 nm, with a

resolution of 0.5 - 1 nm.

• The Extreme Ultraviolet Monitor (EUVM) (Eparvier et al., 2015) measures

the EUV solar flux via three broadband radiometers made from silicon pho-

todiodes. As the instrument cannot observe at all wavelengths of the solar

spectrum and EUVM is pointed away from the Sun at periapsis, some of the

spectra is a modeled spectral irradiance created using a modified version of

the Flare Irradiance Spectral Model (FISM) (Chamberlin et al., 2007, 2008)

called FISM-Mars (FISM-M). The model is calibrated using measurements
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taken at Earth or in Earth-orbit and with EUVM data. EUVM measure-

ments are capable of constraining daily irradiance and tracking variability due

to solar flares. A more complete description of the EUVM data product and

how the EUVM spectra are obtained is discussed in Thiemann et al. (2016)

and Eparvier et al. (2015).

MAVEN data analyzed in this dissertation was acquired from Sept. 2014 through

Feb. 2019, which includes data from the northern autumn of Mars year (MY) 32 to

northern winter of MY 34. The time period includes one regional dust storm (MY

32), a local dust storm (MY 33), and the 2018 planet encircling dust event of MY 34

(e.g., Montabone et al., 2020; Girazian et al., 2019; Guzewich et al., 2019; Withers

et al., 2018).

We note that MAVEN data included in this dissertation starts during post-peak

solar cycle 24. Solar cycle 24 was the smallest sunspot cycle in over 70 years (e.g.,

Hathaway, 2015; Petrovay, 2020) and exhibited large shifts in the interior and ex-

terior behavior of the Sun. The prior solar minimum of 2009 was also abnormally

quiet and prolonged (e.g., Basu, 2013; McComas et al., 2013). As previously dis-

cussed, solar activity greatly a↵ects the Martian atmosphere and it is important to

investigate how the decrease in activity during solar cycle 24 a↵ects wave activity.

This is especially important as current solar minimums are likely more similar to

the past faint young star than other times of the solar cycle.

1.5.1 The MAVEN Magnetometer

There are many di↵erent types of magnetometers. The main factor for choosing one

type over another is the precision and field strength range required for the measure-

ments. The additional factor of mass is introduced for magnetometers included on

spacecraft. At Mars, magnetic field strengths are expected on the order of nanoteslas

and fluxgate magnetometers are used.

Fluxgate magnetometers have a ferromagnet with a coil around it. A current is

run through this to create a magnetic field. Rapid reversals of the current will, in the
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ideal case, completely cancel out the generated fields with anti-parallel directions.

If there is an external field, there will be a measurable change in the fields that will

not get cancelled. Having three of these ferromagnet setups allows the measurement

of three directions. The quality of the fluxgate is dependent on many factors. This

includes the quality of the iron core (e.g., temperature coe�cient, stability), the core

geometry (e.g., bar, square, ring), the electronics (e.g., noise), and calibration. For

the calibration of the cancellation of the generated fields, achieving a zero reference

field is very di�cult. (e.g., Rumbaugh and Alldredge, 1949; Acuña, 2002).

The exact specifications of MAVEN MAG are discussed in (Connerney et al.,

2015b). In summary, the fluxgate magnetometers onboard the MAVEN spacecraft

meet and exceed vector measurement requirements. The magnetometers have an

impressive heritage from over 78 magnetometers developed at NASA Goddard Space

Flight Center (GSFC) (Connerney et al., 2015b). All were constructed based on

fluxgate designs developed by Mario Acuña at GSFC (Acuña, 2002).

The magnetometer sensors are located at the very end of the solar array panels

on 0.66 m extensions (boomlets), totaling to a distance of approximately 5.6 m

from the center of the spacecraft body. This is to minimize the contribution of

spacecraft-generated magnetic fields in measurements. Having one magnetometer

on both ends of the spacecraft makes calibration easier and more e↵ective. As a

part of calibration, static or relatively constant spacecraft signals are estimated by

performing spacecraft roll maneuvers (MAGROLL) periodically during the mission.

MAGROLLs are described in detail in Connerney et al. (2015a).

MAVEN MAG has three main ranges. Range 0 is from 0 - 512 nT and range 1

extends to 2,048 nT. Finally, range 2 reaches up to 65,000 nT. The first two ranges

are used at Mars. The third was used for integration, testing, and operating in

ambient Earth fields. The range will automatically switch if the magnitude of the

magnetic field is getting close to the limit of the range. Measurement uncertainty

is half the digital resolution, which, for range 0, is 0.015 nT. Going up in range

increases the digital resolution, so theoretically the lowest range is the best choice

for measurements (Connerney et al., 2015b).
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Figure 1.5: This image shows the locations of the two fluxgate magnetometers
(inboard and outboard sensors) on the MAVEN spacecraft with coordinate systems
labelled (Connerney et al., 2015b).

There are several signals known to originate from the MAVEN spacecraft itself

(Connerney et al., 2015b). Specifically, ⇠0.1 nT signals associated with the reac-

tion wheels at known frequencies (0.1 - 10 Hz) and solar array switching (⇠0.5 nT

near-instantaneous discontinuities) are excluded from the studies within this disser-

tation. Thruster firings, which cause ⇠5 nT oscillations, are very infrequent, easily

identifiable, and are planned events.

1.6 Outline

The research presented in this dissertation is motivated by the following overarching

question: What/How can magnetic field waves tell us about energy transfer and

plasma conditions in Mars’ atmosphere?

In Chapter 2, I discuss the methods developed to identify wave events in large

MAG datasets. Chapter 3 is an investigation of the extent of Mars’ plasma influence

and whether or not waves far upstream of the planet can provide evidence of atmo-
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spheric escape. A comparison to past work that used MGS data from a di↵erent

solar cycle is also presented. In Chapter 4, I discuss the importance of searching for

electrical discharges in the Martian ionosphere and present a rebuttal to previous

work that presented evidence of extremely powerful lightning on Mars. Chapter 5

is an investigation of low ionospheric magnetic waves the were found as a direct

result of work done for Chapter 4. I examine datasets from multiple instruments

onboard MAVEN, present a hypothesis for the cause of the waves, and examine the

implications for atmospheric escape and energy transfer. I conclude with Chapter

6, mention unanswered questions from this dissertation, and discuss future missions

and theoretical work that may help answer these questions.
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CHAPTER 2

A Semi-Automated Method for Wave Searches

This is a partial reproduction of the Methods section from Esman et al. (2021).

Copyright 2021 American Geophysical Union. The method is similarly described in

Esman et al. (2022), which was submitted for publication in March, 2022 to JGR:

Space Physics.

Amulti-step process to identify periods of possible wave signals in MAG data was

developed for this dissertation. The data is initially in Mars-centered Solar Orbital

(MSO) coordinates in which +X points along the Mars-Sun line, +Y is antiparallel

to Mars’ orbital velocity, and +Z completes the right-handed coordinate system.

The data were transformed to a mean field coordinate system where Bk is in

the same direction as the mean field, Bt (transverse) is in the MSO Y-Z plane,

and Bn (normal) completes the right-handed system. The mean field is computed

as |B| =
q

B2
k +B2

t +B2
n
. The code is set up such that the rotation to mean field

coordinates is recalculated whenever the portion of data being examined is changed.

Fast Fourier transforms (FFTs) of each component of the magnetic field time

series were used to create a comparative and quantitative guide for a visual search

of waves. In this dissertation, Fourier analysis is conducted to transform signals to

the frequency domain. An example is shown in Figure 2.1. Each FFT overlapped

the previous FFT by a selected amount of time to ensure signals would not be lost

at the edges of FFTs. Should one want, the time window of each FFT could be

selected to exclude lower frequencies. For example, the time window of Figure 2.1

is only 10 seconds, so waves with periods longer than 5 seconds (i.e. frequencies

less than 0.2 Hz) are automatically excluded. Shorter time windows would further

exclude low frequencies.
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Figure 2.1: The left plot shows a 10 second period of the time series of the MSO
X component of the magnetic field from January 23, 2015. The plot on the right is
the FFT of the 10 seconds of data. Depending on the frequencies of interest, the
spectral power magnitude is then averaged over that range of frequencies. The time
window is then advanced, maintaining a fraction of overlap, for a new FFT and
average power calculation.

The power from the FFTs was averaged over the range of frequencies of inter-

est. Specific frequency ranges, window sizes, and window overlaps are discussed

separately for each study. FFTs were only calculated for continuous (i.e. having

equally spaced time intervals between each measurement) data intervals. The result

is a time series of magnetic fluctuation power for the entire input dataset, which

indicates periods of possible wave activity with enhanced spectral power when com-

pared to the overall average spectral power. In other words, if waves are present,

there is an enhancement in the FFT at the wave frequency, which translates to an

enhancement in power.

Visual inspection confirmed that none of the identified signals matched signals

known to originate from the MAVEN spacecraft itself (Connerney et al., 2015b),

which were discussed in Chapter 1. Because of the digital resolution of the MAVEN

MAG, we place a lower limit of 0.01 nT on wave amplitudes.

The initial search is then followed by wavelet analysis. Wavelet transforms are

similar to Fourier transforms, but provide time and frequency information through

power spectra. Morlet wavelets (Torrence and Compo, 1998) are used as mother

wavelets for the studies in this dissertation. Mother wavelets control the time and
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frequency precision of the transform. In fact, one can use a specific mother wavelet

such that the wavelet analysis simply becomes a Fourier transform. Mother wavelets

can be chosen based on edge e↵ects (e.g., ripples in frequency at the edge of the time

window), resolution requirements, and computational e�ciency. The Morlet wavelet

is a sine wave tapered by a Gaussian and provides su�cient time and frequency

resolution for these studies.

Wavelet analysis of the magnetic field of the identified signals revealed the ap-

proximate frequency of a wave signal through power spectra, while recalculated

FFTs for just the duration of the wave provided specific primary (i.e. most pow-

erful) wave frequencies. Broadband or temporally overlapping events can result in

power signatures over a broad range of frequencies and, therefore, waves with their

highest power at frequencies outside the frequency range of interest could be identi-

fied with this method. Two FFTs were taken for each of the wave signals to separate

perpendicular and parallel power and determine the ratio of the perpendicular to

parallel power (P?
Pk
) at the wave frequency. The dominant wave fluctuation direction

helps determine the wave mode of any identified waves.

The methods described here are used with the primary purpose of identifying

potential wave signals in magnetic field data. Further analysis is conducted for each

individual study.
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CHAPTER 3

Plasma Waves in the Distant Martian Environment: Implications for Mars’ Sphere

of Influence

This is an adapted partial reproduction of Esman et al. (2021). Copyright 2021

American Geophysical Union.

Key Points

• Waves near 1 Hz far upstream of the Martian bow shock are enhanced and/or

created by the Martian environment.

• Waves near the proton cyclotron frequency far upstream of the Martian bow

shock are intermittent and likely of solar wind origin.

• Mars’ plasma influence extends to at least 14 Mars radii.

Abstract

We identify magnetic waves in the initial insertion orbits of the Mars Atmosphere

and Volatile EvolutioN (MAVEN) mission spacecraft far upstream of the Martian

bow shock. Overall, the majority of the observed magnetic waves are elliptically

polarized and more perpendicular than parallel relative to the mean magnetic field.

We find and analyze numerous waves near 1 Hz. The handedness of these 1 Hz

waves tends towards left-handed as the angle between the solar wind velocity and

the magnetic field decrease. Similar waves are not seen in the Juno cruise data when

it passed Mars’ orbit (while Mars was more than 1 AU away). The presence of these

waves out to distances of 14 Mars radii as observed by MAVEN and their absence

in the Juno cruise data suggests the 1 Hz waves are amplified and/or created by the
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Martian environment. We also find a second, separate class of intermittent waves

with frequencies near the proton cyclotron gyrofrequency. These waves are primarily

right-handed polarized in the spacecraft frame. The spatial distribution of the waves

suggests no clear association with the well-known plume of escaping ions which flows

in the direction of the solar wind electric field. There are no obvious correlations

between the wave amplitudes and the direction of the local interplanetary magnetic

field or on their proximity to Mars. These characteristics lead us to conclude that

the majority of these near-proton cyclotron gyrofrequency waves are likely whistler

mode waves that are not directly associated with Mars.

3.1 Introduction

Mars has no global intrinsic magnetic field, but has localized crustal magnetic fields

(Acuña et al., 1998). The interaction between the solar wind and plasma envi-

ronment around Mars produces an induced magnetosphere, magnetosheath, mag-

netotail, and bow shock (Luhmann and Brace, 1991; Lillis et al., 2015; Bertucci

et al., 2011; Dubinin et al., 2006; Mazelle et al., 2004; Nagy et al., 2004). These

interactions lead to a number of ion escape processes, including pickup ions (e.g.,

Jakosky et al., 2015b; Brain et al., 2017; Curry et al., 2015; Dong et al., 2015b).

The hydrogen and oxygen corona encircling Mars extends beyond the bow shock

(Cha�n et al., 2015; Deighan et al., 2015) where neutrals are less protected and can

be ionized via charge exchange with the solar wind more readily. Together with a

plume of escaping ions (Dong et al., 2015b), the corona contributes to atmospheric

escape and the production of planetary pickup ions.

The presence and properties of plasma waves reveal aspects of the surrounding

plasma environment and energy transfer. In this work, we identify numerous mag-

netic wave events upstream of the Martian bow shock, where the typical magnetic

field magnitude is 3.5 ± 2.5 nT. Waves in this region could be produced by the

interaction of escaping ions with the background plasma of the exosphere. Com-

parisons with known upstream wave properties can confirm previously established
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plasma behavior and known escape processes. We test the distance of Mars’ plasma

influence by determining characteristics of observed waves and concluding which are

associated with Mars.

Our study is separated into two search regimes: 1) waves at frequencies near the

ion cyclotron frequencies of singly ionized proton, helium, and oxygen and 2) higher

frequency whistler mode waves up to 16 Hz.

Singly ionized proton, helium, and oxygen are known to exist in the near-Mars

environment (e.g., Dong et al., 2015b) and therefore waves observed in this environ-

ment could be ion cyclotron waves (ICWs) associated with the Martian corona and

Martian atmospheric escape. These cyclotron waves have well-defined frequencies

at fci =
qB

2⇡mi

, where q is the charge of an electron, B is the magnetic field, and mi

is the mass of the ion species i. We note that in this study, the term ICW, when

at the proton gyrofrequency, is not the same as proton cyclotron waves, which are

related to newborn pickup protons (e.g., Romeo et al., 2020; Halekas et al., 2020;

Ruhunusiri et al., 2016; Romanelli et al., 2016). B is observable using the MAVEN

MAG (Jakosky et al., 2015a; Connerney et al., 2015b). MAG measurements are

restricted to the local magnetic environment, which means that waves originating

from elsewhere may have had a very di↵erent magnetic environment at their origin

and, therefore, have frequencies not at the local fci. Additionally, the motion of the

observing spacecraft relative to the plasma alters the observed frequencies of some

wave modes because of the Doppler e↵ect. Regardless, due to plasma temperature

anisotropies, the presence of relatively narrow-band waves could indicate the pres-

ence of an ion species if the wave frequency is near the cyclotron frequency of that

species (Gary et al., 1993).

Whistler mode waves are observed upstream of interplanetary shocks and in the

solar wind within a heliocentric distance of about 2 AU (Lengyel-Frey et al., 1996).

Whistlers in space plasmas are generally produced by temperature anisotropies and

other wave-wave or wave-particle-wave interactions. These waves can energize parti-

cles, causing electron acceleration and aiding in the escape of ions from ionospheres

(e.g., Helliwell, 1965; Davies, 1990). A study of whistler mode waves at greater than
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16 Hz suggests on average, whistler waves are found to occur in the pristine solar

wind about 1.7% of the time, but this probability is dependent on the electron beta

and the electron temperature (Te) anisotropy, which could increase the probability

to 15% when Te?/Tek = 1.2 (Tong et al., 2019). The parallel and perpendicular

temperatures are defined relative to the local mean magnetic field.

Using Phobos 2 electric field data, Grard et al. (1989, 1991) presented uncon-

firmed whistler mode emissions within 0.3 Mars radii (RM). Harada et al. (2016)

presented clear observations of whistler mode waves at Mars and suggested that

they are driven by cyclotron resonance with electron anisotropies largely controlled

by the crustal magnetic field topology. The first confirmed whistler mode waves up-

stream of the Martian bow shock (Brain et al., 2002) had frequency (0.4 - 2.3 Hz),

amplitude, and wave propagation vector characteristics consistent with observations

at Mercury, Venus, Earth, and Saturn (Orlowski and Russell, 1995). Sometimes re-

ferred to as “1 Hz” waves, Brain et al. (2002) observed both left-handed (LH) and

right-handed (RH) whistler mode waves in the spacecraft reference frame.

Whistler mode waves are intrinsically RH circularly polarized in the plasma

frame of reference, while ICWs are LH circularly polarized. The polarization of

any wave, as viewed by a spacecraft, can be reversed depending on the solar wind

velocity vsw and the wave propagation vector k. In Howes et al. (2014), an equation

relating the spacecraft frame angular frequency !sc and the plasma frame angular

frequency !(k) (previously addressed by other work (Taylor, 1938; Fredricks and

Coroniti, 1976)) is derived:

!sc = ! + k • vsw (3.1)

In this convention, k is always positive with the sign of ! dictating propagation

direction. If k • vsw < �!, then !sc < 0 and the wave will appear to propagate

in the opposite direction in the spacecraft frame. Therefore, all circularly polarized

waves are included in both searches, regardless of handedness.

In this study, we analyze MAVEN data from an upstream region further than 2

RM from Mars, which overlaps with the neutral Martian corona that extends past 10
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RM (Cha�n et al., 2015). The occurrence rate of ICWs and whistlers in the distant

near-Mars region informs us about the planetary plasma distribution far from Mars

and the extent to which wave activity in the solar wind can be influenced by Mars.

This aids in the understanding of current atmospheric escape processes, the state of

the neutral Martian exosphere, the Martian sphere of influence, and subsequently

atmospheric loss that occurred in the past.

In Section 3.2, we discuss the primary dataset and comparison datasets in detail.

In Section 3.3, we discuss a multi-step process used for identification and character-

ization of wave events. In Section 3.4, we discuss the analysis of 93 higher frequency

wave events and comparisons made with MGS data. We also discuss our analysis

of Juno cruise data and the implications for the scope of Mars’ influence on wave

activity. In Section 3.5, we identify fifteen wave events of interest at frequencies

near ion cyclotron frequencies and discuss plausible origins. Finally, Section 3.6

summarizes our findings.

3.2 Data

Our dataset consists of MAG data from the first four orbits of MAVEN, which took

place from September 22nd through September 27th. These 35-hour insertion orbits

had apoapses of at least 13 RM (or about 44,000 km) and periapses as low as 450

km. We focus on data taken from upstream of the Martian bow shock for geometry

of the insertion orbits. Figure 3.1 shows a comparison between MAVEN orbits and

MGS pre-mapping orbits with the bow shock (BS) and magnetic pile-up boundary

(MPB) as determined using parameters from Trotignon et al. (2006) for reference.

The spatial overlap in the observations makes MGS perfect for comparison. We note

that MAVEN and MGS represent observations from di↵erent solar cycles. MGS

pre-mapping data (1997-1999) is from pre-peak solar cycle 22, part of the Modern

Maximum. These MAVEN observations took place during post-peak solar cycle 24.

As discussed in Chapter 1, it is important to investigate how the decrease in activity

of solar cycle 24 a↵ects wave activity.
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Figure 3.1: A comparison between MGS pre-mapping and MAVEN orbits in Mars
Solar Orbital (MSO) coordinates. The bow shock (BS) and magnetic pileup bound-
ary (MPB) are shown. The red circle is Mars and the black represents the nightside.
The first four highly elliptical MAVEN orbits are this study’s focus.

To avoid interference with spacecraft operations, only minimal science instru-

mentation was allowed to operate during Mars orbital insertion. MAG, IUVS (Mc-

Clintock et al., 2015) and SEP (Larson et al., 2015) were the only MAVEN instru-

ments active during the insertion orbits. None of the planetary and solar wind par-

ticle instruments of MAVEN were on. Therefore, there are no direct measurements

of ion densities or ion distributions at this distance. For context, we utilize solar

wind data from the Analyzer of Space Plasmas and Energetic Atoms (ASPERA-3)

(Barabash et al., 2006) instrument aboard MEX (Nielsen, 2004), which orbits Mars

with an apoapsis of 3 RM . The relevant solar wind MEX data is limited in time

and space, but provides a guide to the conditions during these orbits. Specifically,

there are 30 data points provided from Sept. 23, 2014 to Sept. 27, 2014, which help

confirm calm space weather.

The final dataset included in the study is part of the Juno spacecraft cruise

data. On the way to Jupiter, Juno crossed Mars’ orbit three times. These crossings

occurred in December 2011, April 2013, and December 2013; all during solar cycle
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24. MAG data is available at varying data sample rates (8 Hz, 16 Hz, and 64 Hz) for

these periods during which Mars was not present. Eleven days of data from these

crossings are used as a baseline for solar wind conditions near Mars’ orbit. Based on

our inspection of the data, the IMF conditions during the Juno Mars-orbit crossing

were nominal with no obvious space weather events. The Jupiter Energetic-particle

Detector Instrument, which measures energetic plasma, was not turned on until

2016.

3.3 Methods

We used the multi-step process described in Chapter 2 to identify periods of wave

signals. For this particular study, using the mean field coordinate system is advan-

tageous because it separates the wave components into fluctuations that are parallel

and perpendicular to the mean field. ICW and whistler-mode wave fluctuations are

perpendicular to the mean field. Another particularly convenient way of searching

for such waves is creating a time series of the rotation angle of a wave which is

calculated as

✓rot = tan�1

✓
Bt

Bn

◆
.

Periodic near-circular fluctuations appear as readily discernible repeating slanting

lines (i.e. monotonically increasing or decreasing angle over time) [cf. Figure 3c of

Cloutier et al. (1999)]. Henceforth, the waves with generally LH polarization in the

spacecraft reference frame will be referred to as LH waves, waves with generally RH

polarization will be referred to as RH waves, and intervals with extensive periods of

both LH and RH polarization will be referred to as mixed waves.

Additional analysis was conducted to provide further confirmation that signals

found were consistent with known characteristics of ICWs or whistler mode waves.

FFTs were calculated with varying window sizes for the entire dataset. The power

from the FFTs was averaged over the range of frequencies of interest for both of the

searches. Specific frequency ranges and window sizes are discussed in the following

subsections.
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Changing our definition of a wave from three to four periods would reduce the

final ICW search catalogue count by one. Changing our definition to two peri-

ods would certainly increase the number of possible wave activity events for both

searches, but might not change the end results once other criteria are applied. For ex-

ample, we confirmed that none of the signals matched the signals known to originate

from the MAVEN spacecraft itself (Connerney et al., 2015b) via visual inspection.

Such signals were discussed in Chapter 1. We note that it is likely some waves are

hidden by the reaction wheels, particularly for the higher frequency whistler mode

wave search. There is a lower limit of 0.01 nT on wave amplitudes.

As discussed in Chapter 2, wavelet analysis of the magnetic field revealed the

approximate frequency of the wave signals through power spectra, while recalculated

FFTs for the duration of the waves provided specific wave frequencies. A character-

istic of ICWs and whistler mode waves is that they have a majority of their power

perpendicular to the propagation direction. Two FFTs were taken for each of the

wave signals to separate perpendicular and parallel power and determine the ratio

of the perpendicular to parallel power P?
Pk

at the wave frequency.

The locations of the final catalog of waves for each search is examined in both

MSO and Mars Solar Electric (MSE) coordinates. In the MSE coordinate system,

+X is antiparallel to the solar wind flow, the IMF lies in the X-Y plane with a

positive Y component, and the solar wind electric field is parallel to +Z. The trans-

formation to this coordinate system is done using the IMF direction and assuming

a purely radial solar wind velocity. We therefore consider this transformation as im-

precise, but adequate for general MSE XYZ octant comparisons. Waves associated

with the ionization of the neutral exosphere are not confined to the northern MSE

hemisphere. However, plume-associated waves are limited to the +Z hemisphere as

the ion plume fluxes start in and flow through the northern MSE hemisphere (Dong

et al., 2015b).

For all of the wave intervals, we construct hypothetical IMF field lines from

MAVEN towards the planet to test for connections to the foreshock. The line is

constructed such that it intersects the average MSO location of MAVEN for the
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duration of the wave event and has a slope determined by the average magnetic

field in each MSO direction divided by the mean magnetic field for the wave event.

In other words, the values for X, Y , and Z are determined following the form:

X = Bx/|B| ⇤ ⌘ + xo, where ⌘ is a free parameter and xo is the MSO X location

of MAVEN. Waves on field lines that intersect the bow shock closer to Mars and

have shorter distances from their observed location to the intersection point are

plausibly Martian waves traveling away from the planet. Without plasma and solar

wind data, the damping scales for these waves are unknown. However, a ratio of

the linear damping rate to the plasma frame angular wave frequency of the order

10�3 to 10�2 would allow a wave to travel beyond 14 RM , which is plausible, but

dependent on plasma and solar wind conditions.

3.3.1 Methods: Higher Frequency Whistler Search

For the higher frequency search, multiple visual searches were guided by the FFT

technique previously discussed. The window sizes varied from 0.3 to 10 seconds to

ensure higher frequency waves could be identified despite power from lower frequency

waves. For window sizes greater than 3 seconds, there was a one second overlap,

ensuring that waves not centered in the window would still be identified. The power

from the FFTs was averaged from 0.5 - 16 Hz. This search and subsequent analysis

with wavelets and FFTs identified 93 wave events.

3.3.2 Methods: ICW Search

The search for and analysis of candidate ICW signals was necessarily more involved

as identifying and distinguishing between whistler mode waves and ICWs at near-

ICW frequencies requires extra steps.

FFTs with window sizes 30 seconds longer than three times the gyroperiods for

H+, He+, and O+ were calculated. The gyroperiods were calculated based on the

average magnetic field above 2 RM for the four orbits individually (3.5 ± 2.5 nT),

therefore window sizes for each ion species search were constant within an orbit,
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but not constant throughout the entire dataset. For each FFT, fci was calculated

from the average magnetic field within the window and the power from the FFT

was averaged from 1
2fci to 2fci. The relatively broad frequency range included in

the averaged power is chosen as the waves observed may not be locally produced or

may be Doppler shifted. Furthermore, it is known that waves associated with ion

cyclotron activity, e.g. ion/ion resonant instabilities (Gary, 1991), have frequencies

near, but not equal to, the local theoretical ion cyclotron frequency. We note that

the FFT windows used for guidance had 10 seconds of overlap.

The power spectra were analyzed further to assess their likelihood of being cy-

clotron waves. Candidate ICW signals were confirmed (or not) to be close to the

local ion cyclotron frequencies. Despite including the possibility of He+ and O+

ion cyclotron-related wave activity, the visual searches only returned intervals with

significant power near the proton cyclotron frequency. Henceforth, fc will be defined

as the local proton cyclotron frequency, which typically ranges from 0.01 to 0.1 Hz

for these orbits.

A hodogram of the Bt � Bn plane was plotted for each signal for a qualitative

test of the circular polarization of the waves. The approximate maximum amplitude

(“semi-amplitudes”), �B, of each wave is also catalogued through visual inspection of

the magnetic field three component time series after filtering the data to within 50%

of the wave frequency. The identified wave signals all have maximum amplitudes

between 0.1 - 0.4 nT. These small amplitudes and associated �B

|B| are within an order

of magnitude of previously observed upstream waves at multiple planets, including

Mars (Brain et al., 2002; Orlowski and Russell, 1995).

We also performed a minimum variance analysis (MVA) (Khrabrov and Son-

nerup, 1998; Smith and Tsurutani, 1976) to further quantify the ellipticity of the

waves. MVA calculates the maximum, intermediate, and minimum eigenvalues of

the covariance matrix of the magnetic field within a given interval. The normal-

ized direction of propagation (k̂ = k
|k|) can be estimated as the minimum variance

eigenvector. Additionally, the hodogram created from the maximum and interme-

diate variance components confirms the polarization determined from the Bt � Bn
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hodograms. We exclude all events with the ratio of intermediate and minimum

eigenvalues less than 5. Higher values of this ratio indicate less degeneracy and a

better determination of k̂ (Sonnerup and Scheible, 1998).

In summary, we used multiple methods to identify and characterize intervals of

low frequency wave activity in the extended Martian space environment. We found

fifteen elliptically polarized waves with frequencies within a factor of ten of the local

proton gyrofrequency. We next discuss the implications and interpretations of these

observations.

3.4 Results: Search for Whistler Mode Waves up to 16 Hz

Our search for whistler mode waves in the frequency range of 0.5 to 16 Hz resulted

in 93 wave events with frequencies from 0.5 to 1.85 Hz, which is at least five times

fc. For the rest of the paper, these waves will be referred to as the 1 Hz waves. The

wave event durations ranged from 3 seconds to 65 minutes, with a median duration

of 1.5 minutes. About 35% of the wave events consist of multiple wave packets

separated by time on the order of seconds. These are considered one event as the

wave packets are similar in power and frequency. There are 47 LH wave events, 16

RH wave events, and 30 mixed wave events. Figure 3.2 shows an example one of the

LH wave events on September 23, 2014. The plot shows the unfiltered magnetic field

magnitude B, Bk and B? = Bn + Bt filtered to within 50% of the dominant wave

frequency, the wavelets (Torrence and Compo, 1998) of the unfiltered data, and the

rotation angle (see Section 3.3). Monotonically increasing or decreasing rotation

angles over time indicates a near circular wave. The periodic bursts of relatively

faint power at approximately 3 Hz, seen most easily in the parallel wavelet, are an

example of reaction wheel-related signals. These signals e↵ect the rotation angle

and can partially distort natural waves.
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September 23, 2014 Left Hand Polarized Wave Example

Figure 3.2: This plot shows B? filtered to within 50% of the wave frequency, the
wavelet of the unfiltered B?, filtered Bk, the wavelet of the unfiltered Bk, the mag-
netic field magnitude, and the rotation angle for one of the LH waves on September
23, 2014. The relatively faint periodic bursts of power, seen in the parallel wavelet at
approximately 3 Hz, are reaction wheel driven. The wave activity is evident in the
wavelets as strong power near 1 Hz and in rotation angle time series as negatively
sloping lines.

Of the 93 waves, 89 of them (96%) had dominant power in the perpendicular

direction, which supports the theory that they are whistler mode waves. The semi-

amplitudes of the waves, as determined by halving the measured full amplitude,

range from 0.01 - 1.34 nT. Though there is no statistically significant trend between

distance and amplitude, there is a general decrease in amplitude with distance and,

given a larger dataset, the trend might be more pronounced. A decreasing trend

with increasing distance is more apparent in Figure 3.3, which shows the change in
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�B

|B| with distance from Mars. The clustering of RH waves closer to the planet may

be purely due to the IMF direction during observations, which is discussed below.

LH Wave
RH Wave
Mixed Wave

!B/|B| vs. Distance from Mars

!B
/|B

|

Distance from Mars [RM]

Figure 3.3: There is a decreasing trend for �B

|B| with increasing distance from Mars.
A linear fit, with a chi-squared error statistic of 0.828, estimates observable wave
activity out to 14.6 RM . The clustering of RH waves within 6 RM of Mars may be
purely due to the cone angle.

The calculated and extended IMF field lines that 91 of these waves were on (see

Section 3.3) intersect with the bow shock at an average of 5 RM . However, some of

the field lines intersect as close as around 1 RM . Two of the waves were on lines that

do not intersect the bow shock. There are no obvious di↵erences or trends in the

waves based on hypothetical IMF field line intersection distance. Additionally, there

is no clear pattern with MSO or MSE location other than the increased number of

events in the -Z -Y MSE octant, which is likely due to observational bias. We note
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that there are waves present in the +Z MSE, which could be related to the plume,

but there is no clear preference for the +Z hemisphere.

Figure 3.4 shows a comparison between results from Brain et al. (2002) and

this study. Both figures show the relationship between wave frequency and cone

angle. A negative frequency indicates a wave of LH polarization, while a positive

frequency is RH. These plots demonstrate that RH waves in the plasma frame of

reference are more likely to be Doppler shifted to a di↵erent handedness in the

spacecraft frame as the angle between the solar wind velocity and the magnetic field

decreases (i.e. the IMF is more radial), which is consistent with expectations (Brain

et al., 2002; Fairfield, 1974). The figure shows our results are well-matched to the

results of Brain et al. (2002) in both cone angle trend and LH preference, suggesting

these waves may be related in origin. Brain et al. (2002) suggests their waves

are shock or foreshock related based on characteristics similar to upstream waves

observed at multiple planets. Our limited dataset makes a comparison to many of

these characteristics impossible, especially those related to seasonality and plasma

data dependent factors. We note that Ruhunusiri et al. (2018) studied upstream

Martian 1 Hz wave seasonality using nominal science orbit MAVEN data. There

may be no significant di↵erences between our waves and those studied in Brain

et al. (2002). Therefore, it is plausible that our waves are shock or foreshock related

despite hypothetical IMF-bow shock intersection distances.
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Comparison with MGS Results: Cone Angle and Handedness

Figure 3.4: For these plots, positive frequency indicates RH waves, while negative
frequency indicates LH waves. As the IMF becomes more radial or as ✓B�x decreases,
RH waves undergo larger Doppler shifts and appear as LH waves in the spacecraft
reference frame. a) Figure 8 from Brain et al. (2002) b) Results for our LH and RH
waves (mixed waves are excluded).

As another check on the origin of the 1 Hz waves, Juno cruise magnetometer

data was also analyzed. Juno crossed Mars’ orbit three times, during which Mars

was greater than 1 AU away from the spacecraft. In total, eleven days of data near

Mars’ orbital distance were searched for wave events using the same FFT and visual

search method discusses previously.



61

-0.6

0.6
0.4
0.2
0.0
-0.2
-0.4

5
4

1
2
3

0.4
0.2

0.0
-0.2
-0.4

B ⟂
[n

T]
B ∥

[n
T]

B ⟂
Fr

eq
. [

Hz
]  

B ∥
Fr

eq
. [

Hz
]  

Ro
ta

tio
n 

An
gl

e 
[°]

|B
| [

nT
]

0.6

0.4

0.2

0.0
180
100

-100

0

-180

Log Spectral Pow
er [nT

2/Hz]  

21:1121:10
10 4000 20 5030ss

hh:mm

5
4

1
2
3

2

1

0

-1
-2

December 10, 2011 Juno Null Result Example

00

Figure 3.5: Juno cruise magnetometer data from one of three Mars orbit crossings
sans Mars on December 10, 2011. The panels show B?, the wavelet of B?, Bk,
the wavelet of Bk, the magnitude of the magnetic field, and the rotation angle time
series. There are no signals near 1 Hz or near the spectral power seen for identified
1 Hz waves (as shown in Figure 3.2). There is no clear slanting in the rotation angle
time series and therefore no coherent circularly polarized waves.

However, no higher frequency waves were found. Specifically, there were no

waves from 0.5 - 16 Hz within an order of magnitude lower in power than our 1 Hz

waves. Figure 3.5 shows an example of the Juno data with the same spectral power

scale used in Figure 3.2. Therefore, we conclude that Mars is necessary for the 1 Hz

waves in our study to be present in their observed form (i.e. power and frequency).

These waves are either Mars-originating or Mars-amplified waves. A linear fit of �B

|B|

estimates wave activity out to 14.6 RM (�B = 0 at 14.6 RM). The chi-squared error

statistic, calculated as the sum of the squared errors between the data and the fit,
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is 0.828, which is an overfit to the data, but statistically significant. Other methods

of fitting (i.e. non-linear fits) result in no roots. Regardless, it is clear that Mars

still influences plasma behavior to at least 14 RM .

3.5 Results: Search for Ion Cyclotron Waves

Fifteen waves were identified in the data using our methodology with frequencies

near the ion cyclotron frequency of singly-ionized protons. We first provide general

information for the waves, then discuss in detail characteristics and implications of

the waves separated by their spacecraft reference frame polarizations. Our primary

goal here is to distinguish between ICWs and whistler mode waves.

3.5.1 Trends of the Waves

All fifteen waves were at distances greater than 5 RM from Mars. All but one of

the waves occurred on September 25th, 2014. While the amplitudes of the waves

are small, they all have �B

|B| greater than 0.07 with amplitudes ranging from 0.1 -

0.4 nT. The amplitude of a wave depends on several parameters, including location,

density, and external conditions. We examine many of these parameters to check for

trends, utilizing the MEX data (see Section 3.2). The distribution of these waves

in MSO coordinates is shown in Figure 3.6a. Figure 3.6b shows the distribution of

the cyclotron waves in MSE coordinates.
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Figure 3.6: a) The location of all the wave events in MSO coordinates. The bow
shock (BS) and magnetic pileup boundary (MPB) are shown as determined using
Trotignon et al. (2006) parameters. The longest wave, the mixed wave, is represented
by multiple points. b) The location of the waves in MSE coordinates, with the same
format as a).

The Right-Hand Polarized Waves

A total of thirteen RH waves were identified. The occurrence rate of the RH waves

based on total duration of wave events over the total time spent beyond the bow

shock during the insertion orbits is about 0.5%. Figure 3.7 shows an example RH

wave and follows the same format as Figure 3.2. The positive slopes seen in the

rotation angle time series show this wave is RH in the spacecraft reference frame.

To determine the handedness of the wave in the plasma frame, plasma measurements

would be necessary and, as discussed in Section 3.2, those instruments were not yet
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turned on. The wave shown in Figure 3.7 has a frequency more than a factor of

five higher than the local proton cyclotron frequency. All of the RH waves have a

frequency between 2fc and 10fc.
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Figure 3.7: The magnetic field magnitude, Bk and B? filtered to within 50% of the
wave frequency, the wavelets of the unfiltered data, and the rotation angle for one
of the RH waves. The white lines on the wavelets are the calculated fc. Note that
the wave frequency is larger than fc. The vertical blue dashed lines show the time
window of the hodogram shown in Figure 3.8.

The hodogram, which is taken over the most powerful period of the wave, shown

in Figure 3.8 confirms the circular RH nature of the wave identified. The hodogram

shows the approximate amplitude of the wave to be about 0.25 nT, which yields
�B

|B| ⇡ 0.17. Though all of the waves have observable fluctuations in the perpendicular

direction, five waves have highest power in the parallel direction. The wave in Figure
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3.7 is an example of a wave event with more power in the perpendicular direction.

Five of the waves have |P?
Pk
| < 1. As whistler mode waves and ICWs have power

primarily in the perpendicular direction, we speculate that a mixture of wave modes,

including heavily damped slow modes, may explain the parallel power dominance.
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Sept. 25, 2014 RH Wave Hodogram Example
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Figure 3.8: The Bt - Bn hodogram of the

RH wave in Figure 3.7. Bk points into the

page. The chevrons show the direction of

progressing time and confirm the RH po-

larization. The hodogram was taken from

07:04:10 to 07:04:40 on Sept. 25, 2014.

Nine of the waves are in the -Z

MSE hemisphere and so are unassoci-

ated with the ion plume, while the four

waves in the +Z hemisphere may be.

Eleven of the thirteen waves are in the

-Y MSE hemisphere. These results may

be influenced by observational bias as

our data set is denser in the -Y and -Z

MSE directions.

Two of the waves are on calcu-

lated hypothetical field lines (see Sec-

tion 3.3) that do not intersect with the

bow shock, while all the others do. All

intersections with the bow shock oc-

cur at more than 4.4 RM away from

the planet, well beyond the foreshock

region. Brain et al. (2002) observed

whistler mode waves out to ⇠ 10 RM

from Mars with characteristics consis-

tent with shock and foreshock related wave generation. However, these RH waves

are inconsistent with some of the characteristics, such as the peak frequency trend

and the presence of sharp frequency cuto↵s.

The cone angle ✓XMSOB, which ranges from 0 - 180° over these orbits, is calculated

as arccos Bx
B for each of the waves. Lower ✓XMSOB indicates that the IMF is more

radial. Previous work has shown a correlation between increased solar wind ICW

activity and a more radial IMF (Jian et al., 2009, 2010), suggesting waves observed
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at higher ✓XMSOB may be driven by local pickup (Wei et al., 2014). However, the

RH waves show no correlation between wave amplitude or occurrence rate and cone

angle, which suggests that the radial IMF does not necessarily increase the strength

of these particular waves. The occurrence of the RH waves of this study tends

towards low (less than 20°) clock or elevation angles (arctan Bz

By
), as expected from

the IMF orientation and the spacecraft orbit remaining near the solar ecliptic.

If the waves were directly associated with the Martian coronae, one might expect

increasing amplitude with decreasing distance from the planet, because of higher ion

and neutral densities near the planet. There is no such trend with maximum ampli-

tude. Likewise, there was no qualitatively atypical values with solar wind density,

speed, momentum, or ram pressure (as limitedly observed by MEX). Increases of

these factors would mean an increase in energy, which would conceivably increase

wave amplitude, but these hypotheses are not supported. No obvious events or en-

hancements were found in the SEP data and there were no Mars-impacting space

weather events that would explain the peak in wave activity observed on September

25th, 2014.

Romanelli et al. (2013) showed that RH waves are unlikely to be ion cyclotron

waves from planetary pickup ions even with an unknown amount of plausible Doppler

shift between the spacecraft frame and plasma frame. This combined with the lack

of cone angle, distance, and amplitude trends, suggest that these waves are likely

produced by processes intrinsic to the solar wind and not related to Mars.

All of these null results suggest that the majority of the observed waves are

not directly associated with the Martian coronae, shock, or foreshock. The lack

of clear ICWs is contrary to previous work (Wei and Russell, 2006; Wei et al.,

2014). This may be reflective of the very limited dataset collected, a result of

seasonality, or a result of the weak solar cycle. Whistler mode waves are known

to occur in the solar wind and seeing solar wind-related whistlers at 1.5 AU would

be unsurprising (e.g., Lengyel-Frey et al., 1996; Tong et al., 2019). In fact, near-fc

frequency circularly polarized waves were identified in the Juno cruise data, which

confirms that these type of waves can be present without Mars. Our observations
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of the handedness, frequencies, and occurrence rates are consistent with solar wind

whistlers. Therefore, it is plausible that whistler mode waves driven by solar wind

temperature anisotropies (Te? > Tek or Ti? < Tik) are present during some, if not

all, of the RH wave events we observed. Therefore, we conclude these RH waves are

most likely solar wind driven whistlers.

The Mixed Polarization Wave

The mixed wave has a frequency of⇠fc. This particular wave lasts for approximately

50 minutes, during which MAVEN has travelled around 1,300 km. The slope of the

rotation angle indicates that this wave switches between RH and LH polarization in

the spacecraft frame. The mixed wave was on a near radial field line (cone angle of

20°) that would intersect with the bow shock at more than 18 RM from the planet,

assuming the bow shock extends that far and that there is a uniform magnetic field,

which is uncertain.

The switches in helicity, duration of the wave, radial field line, and low occurrence

rate (i.e. we only observed one) are consistent with low frequency wave (LFW)

storms as discussed by Jian et al. (2014). Additionally, LFW storms show preference

to rarefaction regions following fast solar wind (Jian et al., 2014). The mixed wave

occurs after a decrease of about 30% in solar wind speed and density after a peak

is reached in the MEX data about eleven hours prior. However, Jian et al. (2014)

specifically define LFW storms as events with more power in the perpendicular

direction than the parallel, which is not the case for this interval which has P?
Pk

=

0.12. Therefore, it is unclear if there is a connection between the mixed wave and

the events discussed by Jian et al. (2014). Regardless, the radial field and distance

from Mars suggests that the wave is solar wind driven.
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The Left-Hand Polarized Wave
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Figure 3.9: The LH wave shown in the same format as Figures 3.2 and 3.7. Note
that the wave frequency at times overlaps with fc.

Figures 3.9 shows the LH wave and follows the same format as Figures 3.2 and

3.7. The MSE location of the wave does not significantly di↵er with previous MGS

analyses of ICWs (Brain et al., 2002; Wei and Russell, 2006; Wei et al., 2014). The

average wave frequency is 27% larger than fc. For an ICW to be generated at

this frequency, the background magnetic field would need to be about 30% higher

(5.5 nT). The wave plausibly travelled along magnetic field lines from where the

background magnetic field was higher to the location where it was detected by

MAG. A change in the background field of 1.2 nT is not large, as this di↵erence

could be accounted for within the solar wind. In other words, the wave could also
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have been generated further from Mars, but then would be less likely to be related

to Martian ion escape.

The wave could have also been generated from within the bow shock. The

wave was on an IMF line that does intersect with bow shock but at more than

4.4 RM , suggesting the wave is possibly related to magnetosheath or magnetotail

waves. Ionospheric loss occurs through the Martian magnetotail, which consists of

accelerated cold ion beams and supersonic tailward-streaming heavy-ions (Lundin

et al., 1989; Rosenbauer et al., 1989). Previously observed waves propagating from

the magnetosheath to the upper atmosphere of Mars undergo shifts in amplitude

according to the changes in the background magnetic field (Fowler et al., 2018).

Though waves have been observed upstream, within, and downstream of the Martian

bow shock (e.g., Espley et al., 2006; Brain et al., 2002; Fowler et al., 2018; Orlowski

and Russell, 1995; Russell et al., 1990), the exact e↵ects of crossing the bow shock

are unknown. The extent and viability of upstream travel is dependent on plasma

properties and the angle between the wave vector and the solar wind, which remain

unknown.

An accurate vA, vsw, and k are necessary to establish how important the Doppler

e↵ect is for the waves. A meaningful estimate of k is not possible without plasma

data as too many assumptions are necessary otherwise. For the LH wave, with a

cone angle of 48°, it is plausible that the values are such that the Doppler e↵ect

is not negligible. Therefore, without plasma data, it is not possible to definitively

determine if this wave is an ion cyclotron wave driven by Martian ion pick-up or a

negatively Doppler shifted whistler mode wave.

3.6 Conclusions

Using FFTs and wave analysis tools, we searched for ICWs and whistler-mode waves

in data taken upstream of the Martian bow shock and at distances as far as 14 RM .

We found 93 waves at frequencies near 1 Hz. Some similarities were identified with

previous MGS work, however, our limited dataset makes many key characteristics
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(i.e. seasonal patterns) impossible to compare. As newly investigated in the Juno

MAG data, 1 Hz waves were not observed near Mars’ orbital distance in Mars’

absence. This demonstrates that Mars is necessary for the existence of these 1 Hz

waves, which adds to the evidence that 1 Hz waves previously observed at Solar

System planets are directly related to those planets. Furthermore, this shows that

Mars’ sphere of influence reaches to at least 14 RM and as the waves do not show

a strong trend of diminishing amplitudes by 14 RM , we conclude that Mars’ sphere

of influence may extend further.

Fifteen waves were identified near the local proton ion cyclotron frequency. Thir-

teen of these waves are right-handed whistler-mode waves driven by the solar wind.

Two of the waves are unclear in origin, but may also be solar wind driven. These

results were unable to constrain exospheric extent, atmospheric escape, or Mars’

sphere of influence.
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CHAPTER 4

Martian Lightning: A Response to Previous Research

Key Points

• The existence of lightning on Mars remains in question.

• There is no evidence of Martian lightning in magnetometer data from MAVEN

or MGS.

• Current technology at Mars is not capable of observing terrestrial-scale light-

ning.

Abstract

Schumann resonances are electromagnetic signals generated by lightning. If they

exist on Mars, Schumann resonances are expected to propagate through the iono-

sphere at 7-14 Hz. We conducted a search for 5 - 16 Hz signals below 400 km in

magnetic field data from both MAVEN and MGS. We find no evidence of Schu-

mann resonances. This is contrary to previous work by Ruf et al. (2009), who

identified extremely powerful signals that were hypothesized to be associated with

dust storm-supported lightning.

4.1 Introduction

A planet with an electrically conducting surface and a conducting ionosphere, po-

tentially forms a global waveguide to trap low frequency electromagnetic energy.

At Earth, lightning discharges with spatial scales on the order of kilometers create

broadband electromagnetic energy that resonates in this waveguide cavity. These
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resonances are called Schumann resonances (Schumann, 1952). On Earth, they ex-

hibit distinct peaks at extremely low frequencies (ELF) with fundamental frequen-

cies around 8 Hz and observable harmonics up to at least 44 Hz. The fundamental

frequency is determined by the distance between the planet surface and ionospheric

peak and the conductivity of both (Nickolaenko and Hayakawa, 2002; Beamish and

Tzanis, 1986; Sentman and Fraser, 1991; Grimm, 2002; Greifinger and Greifinger,

1976).

Both experimental (Eden and Vonnegut, 1973; Krauss et al., 2006; Aplin et al.,

2011) and theoretical work (Melnik and Parrot, 1998; Farrell et al., 1999; Renno

et al., 2003; Zhai et al., 2006; Izvekova et al., 2022) suggest that charge separation

su�cient for electrical discharges plausibly occurs in Martian atmospheric dust ac-

tivity (e.g. global storms, regional storms, and local dust devils). Both terrestrial

and martian instruments have detected changes in the magnetic field associated

with dust devils approaching to and receding from them (e.g., Houser et al., 2003;

Charalambous et al., 2021). Whether electrical discharges would be primarily large

scale, filamentary discharges similar to terrestrial thunderstorms, or primarily micro-

scopic scale, intergrain glow discharges is unknown (Farrell and Desch, 2001). Both

types of discharges potentially create broadband electromagnetic energy, but only

the large scale discharges likely to produce appreciable energy at ELF frequencies

(Farrell et al., 2000a) su�cient to contribute to Schumann resonances at Mars.

Regardless of the exact type of discharges that occur at Mars, the existence

and investigation of any such events would be important for several reasons. Along

with the intrinsic interest in a new discovery, these electromagnetic discharges could

cause alterations in the chemistry at the surface and in the atmosphere. Lightning

is the largest natural producer of nitrogen oxides in Earth’s troposphere with a

single flash resulting in a 7 kg change (Delory et al., 2006; Atreya et al., 2006).

In fact, lightning has been proposed as a possible explanation for the anomalous

abundance of nitric oxides at Venus (Krasnopolsky, 2006). The existence of Venusian

lightning has yet to be confirmed, though both radio and optical observations have

been interpreted as lightning (Ksanfomaliti, 1980; Russell, 1991; Russell et al., 1993,
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2006; Hansell et al., 1995). Lightning also posses a threat to future missions as

electrical discharges are potentially hazardous to instruments, rovers, and astronauts

(Hauck et al., 2002). Additionally, understanding the electromagnetic activity in the

atmosphere introduces the possibility of using such energy to probe for subsurface

cavities and conductivity (Grimm, 2002). Future missions which carry an instrument

capable of measuring electric or magnetic fields would benefit from information

regarding necessary sensitivities and expected signal amplitudes.

Several groups have created models to predict the likely characteristics of any

Schumann resonances at Mars using both analytical and numerical modeling tech-

niques (Sukhorukov, 1991; Pechony and Price, 2004; Molina-Cuberos et al., 2006;

Yang et al., 2006; Soriano et al., 2007; Simoes et al., 2008b,a). These models use

a variety of parameterizations for the surface conductivities, but in all cases (dis-

regarding the unrealistic case of perfect conductivity) the fundamental frequency

of the resonance is predicted to be ⇠7 - 14 Hz. An important aspect not included

in the models is the contributions from the CMFs. The CMF-driven fluctuations

in the structure of the ionosphere alter the structure of the waveguide resulting in

regionally based alterations to the expected range of frequencies.

Observing signals from atmospheric electricity at Mars has been a goal for many.

Ruf et al. (2009) used a receiver piggy-backing on the DSN to observe Mars at about

8.5 GHz and, by using the kurtosis of that signal, found significant energy at about

10, 28, and 32 Hz. These observations were interpreted as being produced by a

strong regional dust storm at Mars occurring at the time of the observation. How-

ever, the electric field associated with the implied Schumann resonances would have

to be approximately a thousand times greater than the electric field in terrestrial

thunderstorms (Ruf et al., 2009). Observations taken with the Allen Telescope Ar-

ray during a time lacking dust storms showed no signs of significant energy at the

expected frequencies of Schumann resonances as the only signals present were caused

by terrestrial radio frequency interferences (Anderson et al., 2012). Attempts at ob-

serving the broadband energy at radio frequencies of approximately 5 MHz by the

Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) onboard
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Mars-orbiter MEX also showed no significant power (Gurnett et al., 2010). Simi-

larly, there have been no successful attempts at direct optical imaging of electrical

discharges at Mars (e.g., Farrell et al., 2000b).

As discussed in Chapter 1, the variability of the structure of the ionosphere is

driven by many factors, including variability in the solar wind, the IMF, and the

space-radiation environment. The variability includes the location of the ionospheric

peak (e.g., Withers, 2009). Because of these known variabilities, the upper boundary

of the waveguide is far from a simple, idealized obstacle and our search is not limited

to 7 - 14 Hz. There have been observations of terrestrial Schumann resonances

leaking beyond the ionospheric peak (Simoes et al., 2011), albeit signals that were

considerably lower in strength than those observed within the ionospheric waveguide.

As the ionospheric conductivity changes with altitude, the wave energy generally

changes from being dominated by displacement currents to energy in conduction

currents. For these higher altitude regimes, the wave energy manifests as an Alfvén

wave. However, Greifinger and Greifinger (1976) showed that the energy in such a

wave is fairly constant for terrestrial altitudes above 100 km. Though variable, the

upper limit of the Martian ionosphere occurs, on average, at 400-500 km (Mitchell,

2001; Brain et al., 2006; Duru, 2009, 2020). All these factors considered, our search

is altitude-limited to below 400 km.

We analyze data from the MAVEN MAG for magnetic signals above 5 Hz at

altitudes below 400 km. In Section 4.2, we discuss the dataset used. In Section 4.3,

we discuss methods used to isolate signals of interest. In Section 4.4, we discuss

the results of the search, including a brief discussion of the results of the MGS

search. Finally, Section 4.5 contains the concluding remarks. We also comment on

the future of searches for Martian Schumann resonances. Details about the MGS

MAG analysis can be found in Appendix A.
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4.2 MAVEN Data

The MAVEN dataset consists of data from Sept. 2014 through Feb. 2019, which

includes data from the northern autumn of MY 32 to northern winter of MY 34.

Seasonal variability is influential to the climate and dust activity as the orbit of Mars

is relatively elliptical (see Table 1.1). This time period includes one regional dust

storm (MY 32), a local dust storm (MY 33), and the 2018 planet encircling dust

event of MY 34 (e.g., Montabone et al., 2020; Girazian et al., 2019; Guzewich et al.,

2019; Withers et al., 2018). These events, especially the MY 32 event, provide a

critical opportunity to search for signals during conditions more similar to Ruf et al.

(2009) conditions. The MY 29 (2009) dust storm was regional and highly variable,

but similar to the MY 32 event in optical depth change and season (near Ls = 230).

4.3 Methods

For our search of the MAVEN data, we used the process described in Chapter 2 for

the frequency range 5 - 16 Hz with 10 second windows which overlap by 1 second.

Data below 400 km was examined, which totaled more than 2,600 hours of data. As

before, visual inspection of events confirmed that none matched known MAVEN-

generated signals.

4.4 Schumann Resonance Search Results

Numerous 5 - 16 Hz signals of interest were found at altitudes less than 200 km.

However, we determined that none of these were Schumann resonances. Visual

inspection of the associated wavelets revealed that the waves were at frequencies

lower than 7 Hz and/or were too broadband in frequency to be Schumann resonances.

The following chapter, Chapter 5, presents our investigation of these ionospheric

signals and their possible origin.

The search of the MGS MAG also resulted in no identified Schumann resonances.

Three days exhibited narrow-band signals at appropriate frequencies, but were all
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determined to be spacecraft-generated signals (e.g., reaction wheels). The strongest

of the signals extended beyond 1 RM into the magnetosphere, demonstrating the

signal was from MGS. The other two signals maintained power in only one of the

spacecraft coordinate axes, even as the spacecraft was aerobraking. It is unlikely that

a naturally-driven wave would only appear in one coordinate axis during spacecraft

spinning and reorienting.

4.5 Conclusions

Terrestrial Schumann resonances detected at ground level have signal strengths on

the order of 0.001 - 0.01 nT (Füllekrug, 1995), so such signals were not expected

to be detected by our observations. However, if, as suggested by Ruf et al. (2009),

the electric fields producing the Martian Schumann signals are a thousand times

the electric fields in the terrestrial Schumanns, then such signals should easily be

discernible in our dataset. We conclude that any atmospheric electricity present at

Mars cannot produce Schumann resonances that are orders of magnitude greater in

power than the terrestrial ones. This search cannot preclude electric activity typical

of terrestrial Schumann resonances or atmospheric electricity (e.g. glow discharges)

that are not expected to produce Schumann resonances.

Our analysis of the MGS and MAVEN datasets resulted in no clear signs of elec-

trical discharges in the Martian ionosphere. In the MGS data, the signals discovered

within the expected range for Schumann resonances on Mars were determined to be

spacecraft-related. Interesting naturally-driven signals were found in the MAVEN

data, but were determined to not be Schumann resonances. We conclude that light-

ning a thousand times more powerful than terrestrial lightning does not occur on

Mars, which is certainly good news for current and future missions. Additionally,

the Ruf et al. (2009) signal has an origin unrelated to lightning.

Moving forward with the search for electrical discharges on Mars, it is important

to incorporate knowledge of the CMF contributions for a better understanding of

ionospheric behavior. We note that future missions would require a sensitivity
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significantly better than 0.01 nT to detect terrestrial-strength Schumann resonances

on Mars. Terrestrial- and smaller-scale electrical discharges on Mars have yet to be

ruled out or observed. In the following chapter, we conduct the wave search again,

but divide the frequency range into smaller ranges for a more detailed search. In

other words, frequencies are less likely to be drowned out in the average by the

power or lack of power in other frequencies with a smaller range. Additionally, we

focus on data below 200 km.
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CHAPTER 5

Martian Ionospheric Magnetic Fluctuations as Possible Indicators for Electron

Precipitation

This chapter is an adapted partial reproduction of Esman et al., 2022, which was

submitted for publication March, 2022 to JGR: Space Physics.

Key Points

• Martian ionospheric magnetic waves with frequencies between 3 - 13 Hz are

identified at altitudes lower than 200 km for the first time.

• The waves are primarily associated with nightside plasma density increases

and have electrons traveling downward along the magnetic field.

• We conclude that the waves are associated with instabilities created by electron

precipitation, which also causes impact ionization.

Abstract

We conduct a search for 5 - 16 Hz magnetic waves below 200 km and within the

Martian ionosphere using data from multiple instruments onboard the Mars Atmo-

sphere and Volatile EvolutioN (MAVEN) mission spacecraft. We present a case

study and an analysis of the 54 identified events to establish trends and posit a

hypothesis of the primary driver. Nearly half the wave events occur near the cusps

of strong crustal magnetic fields. A majority of the observed magnetic waves occur

on the nightside, are associated with greater fluxes of electrons traveling downward

along the local magnetic field compared to those traveling upward, and correspond

to increases in thermal plasma density. We conclude that suprathermal electron
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precipitation plays an important role in creating instabilities capable of generating

these wave events and that the resulting electron impact ionization leads to enhanced

planetary ion densities.

5.1 Introduction

Without a protective global magnetic field, the ionosphere of Mars interacts directly

with the solar wind and undergoes large spatial and temporal fluctuations (e.g.,

Shinagawa, 2000; Nagy et al., 2004; Brain et al., 2006; Withers, 2009; Dubinin et al.,

2018, 2019; González-Galindo et al., 2021). Though both are highly variable, the top

of the ionosphere occurs at approximately 500 km (Mitchell, 2001; Brain et al., 2006;

Duru, 2009, 2020) and the ionospheric density peaks around 125 - 150 km, depending

on SZA (e.g., Hanson et al., 1977; Vogt et al., 2016). Additional complexity is added

by the localized CMF (Acuña et al., 1998), which are strongest (thousands of nT

at the surface and hundreds of nT at spacecraft sampled altitudes) in the southern

hemisphere. The unique magnetic environment they create can cause alteration to

the ionospheric structure (Dubinin et al., 2016; Duru, 2020; Matta et al., 2015),

composition (e.g., Withers et al., 2019), and ion escape rates (Dubinin et al., 2020;

Curry et al., 2015; Li et al., 2011; Flynn et al., 2017; Lillis et al., 2015; Ma et al.,

2014) as the motion of plasma is a↵ected by the magnetic field. Therefore, there is

a particular interest in further understanding the e↵ects the CMFs have on lower

ionospheric dynamics.

As discussed in Chapter 4, terrestrial resonances related to kilometer-scale light-

ning activity are known to oscillate within and leak out of the waveguide-like region

between the ionospheric peak and the conductive surface of the planet with a fun-

damental frequency of around 8 Hz (Schumann, 1952; Nickolaenko and Hayakawa,

2002). Whether similar lower ionospheric resonances (related to lightning activity or

not) exist in the ionosphere of Mars is unknown. As magnetometer and plasma data

in the lower ionosphere had been limited to lander descents (Hanson et al., 1977) and

MGS pre-mapping orbits (Albee et al., 2001), the MAVEN mission (Jakosky et al.,
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2015a) provides an unprecedented opportunity to investigate ionospheric plasma

dynamics at lower altitudes and with multiple instruments.

This study focuses on higher frequency (relative to past work) magnetic field

waves and the lower ionospheric conditions and behaviors surrounding them. Plasma

waves in the ionosphere have been previously associated with ion escape processes

(Ergun et al., 2006; Dubinin et al., 2016; Lundin et al., 2011a), energy transfer with

the foreshock and solar wind (Collinson et al., 2018; Fowler et al., 2017; Halekas

et al., 2015), and atmospheric phenomena (Collinson et al., 2019; Gurnett et al.,

2005). Waves are also a possible indication of instabilities dispersing free energy via

wave growth. Further investigation of ionospheric waves is required to determine

seasonal, geographical, diurnal, or magnetic environment trends.

Due to the solar wind interaction, the ionosphere is usually very variable above

⇠250 km. Therefore, to avoid the e↵ects of this variability and thoroughly investi-

gate the signals discussed in Chapter 4, we limit our search to data below 200 km.

Additionally, we prioritize waves with frequencies greater than 5 Hz, as previous

work (e.g., Fowler et al., 2017, 2018; Collinson et al., 2018) already address lower

frequency (< 1 Hz) oscillations of the magnetic field. As a result, we analyze over

1,000 hours (from over 8,600 orbits) of MAVEN data from September 2014 through

the end of February 2019.

This paper presents a search for 5-16 Hz ionospheric magnetic field oscillations

and coincident changes as observed by multiple instruments onboard MAVEN. The

structure of this article is as follows. Section 5.2 discusses the instruments used in

this study. In Section 5.3, we discuss a multi-step process used for identification and

definition of wave events. In Section 5.4, we present a case study before discussing

the general characteristics of the wave events in Section 5.5. In Section 5.6, we

discuss and summarize our findings.
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5.2 Data

Our dataset consists of MAVEN data from Sept. 2014 through Feb. 2019, which

includes data from the northern autumn of MY 32 to northern winter of MY 34. The

1,124 hours of data below 200 km includes the 9 Deep Dip campaigns. Aerobraking

maneuvers to tighten the nominal orbit and reduce the apoapsis began on Feb.

11, 2019 and completed in Apr. 2019. The orbital precession of MAVEN allows

for nearly full coverage of the planet in longitude, latitude, and local solar time.

However, the coverage is not equal and 22% of the altitude-limited dataset was

collected during the night, 38% during the day, and 39% was at the terminator of

Mars. Here we define night as SZA greater than 120°, day as SZA less than 80°,

and the terminator as 80 - 120°. Additionally, data collected was slightly skewed

towards the northern hemisphere.

Several instruments were used for quantitative analysis in this study including

MAVEN MAG, NGIMS, LPW, and SWEA. The combination of SWEA and MAG

data provide the pitch angles of solar wind and ionospheric electrons.

STATIC (McFadden et al., 2015) was used for a qualitative substitute during

NGIMS data gaps and as a confirmation of NGIMS results. The “c6” data product

is utilized in this study, which consists of ion distribution functions measured as

functions of energy and mass, at 4s cadence. More information about the STATIC

operation modes and instrument calibration can be found in McFadden et al. (2015).

Further information about the above instruments is provided in Chapter 1.

5.3 Event Identification and Initial Analysis

We used the multi-step process described in Chapter 2 to identify periods of wave

signals at frequencies of 5 - 16 Hz in the MAG data. This range is chosen to focus

on a frequency range not investigated by other studies and based on the preliminary

search presented in Chapter 4.

FFTs were calculated with 10 second time series windows for the entire dataset

with each FFT overlapping the previous FFT by 1 second. This automatically
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excludes waves with periods longer than 5 seconds (i.e. frequencies less than 0.2

Hz). The power from the FFTs was averaged over the range of frequencies 5 -

16 Hz. The result was a time series of magnetic fluctuation power for the entire

dataset, which indicated periods of possible wave activity with enhanced spectral

power when compared to the overall average spectral power.

We identify each “wave” as a signal with at least three consecutive periods,

which is confirmed visually in the magnetic field data. Changing our definition to

four periods does not change the final number of wave events. Visual inspection

confirmed that none of the identified signals matched signals known to originate

from the MAVEN spacecraft itself (Connerney et al., 2015b). These signals are

discussed in Chapter 1. We also place a lower limit of 0.01 nT on wave amplitudes,

yet the smallest wave amplitude observed was 0.08 nT. These criteria result in a

final count of 54 wave events. The occurrence rate based on total duration of wave

events over the total dataset time is less than 0.03%.

Each of the events were examined using data from all the instruments discussed

in Section 5.2. We performed a thorough investigation of the magnetic field data.

Wavelets, as discussed in Chapter 2, of the magnetic field revealed the approximate

frequency of the wave signals through power spectra. Recalculated FFTs for the

duration of the waves provided specific primary (i.e. most powerful) wave frequencies

(henceforth referred to as just the frequency). Broadband or temporally overlapping

events can have power signatures over a broad range of frequencies and, therefore,

waves with highest power at frequencies below 5 Hz were also identified with our

methods. In other words, these events had enhanced power at both above and below

5 Hz. Nevertheless, only two events had frequencies less than 5 Hz. We keep these

events because they were identified via our search method and have power at higher

frequencies.

The mean field coordinate system separates the wave components into fluctu-

ations that are parallel and perpendicular to the mean field. Thirty-one of events

were categorized as compressional (P?
Pk

< 1) and 23 as transverse (P?
Pk

> 1).

Figure 5.1 shows an example of an event on July 27, 2016. The transverse
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Figure 5.1: A wave event on July 27, 2016 is shown. The average altitude and SZA
for the event are 196 km and 158°, respectively. The first panel is the transverse
magnetic field (B?) data filtered to within 50% of the wave frequency. The second
panel is the wavelet of the unfiltered B?. The third panel shows the parallel magnetic
field (Bk) data filtered to within 50% of the wave frequency. The fourth panel is the
wavelet of the unfiltered Bk. The final panel is the magnitude of the magnetic field.

magnetic field (B?) data and parallel magnetic field (Bk) data filtered to within

50% of the primary wave frequency (10.3 Hz) are shown along with wavelets of the

unfiltered data. The wavelets show that the power during the wave event has a

broad range of frequencies, but has highest power at above 5 Hz.

Due to the Doppler shift caused by the spacecraft motion, if the Alfvén speed

is less than MAVEN’s speed (vsc, 4.2 km/s at periapsis (Zurek et al., 2017)), the

magnetic field fluctuations may be a standing structure instead of a wave. In order

to di↵erentiate between these, we compare the local Alfvén speed to vsc. The Alfvén
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speed (Huba, 2018) (km/sec) is:

vA = 2.18⇥ 106µ�1/2
n
�1/2
i

B (5.1)

where µ is the ratio of ion mass to proton mass, ni is the ion density in cm�3, and

B is the magnetic field magnitude in Tesla. We assume charge neutrality and use

ni = ne.

Our calculations of the Alfvén speed can be separated into two categories: events

that have NGIMS O+
2 data and events that do not. For events that had O+

2 data,

the mass ratio was determined as µ = x ⇥ AO2 + (1 � x) ⇥ ACO2, where x = O+
2

density/ne and Ai is the atomic mass of species i rounded to the nearest whole

number. For events without O+
2 data, µ = 37.6, which is the average mass ratio for

all events with ion data.

Out of the 54 events, a total of 5 events have vA > vsc. Seven events have no

plasma data and vA was not calculated. The remaining 42 events have vsc > vA.

All vA are within an order of magnitude of vsc. Exactly which types of waves are

possible under these conditions is dependent on the plasma environment (i.e. plasma

beta, plasma frequency) and linear dispersion expectations for the frequency. We

continue to refer to our events as wave events or waves, even though there is a chance

that some may be standing structures. Table 5.1 shows characteristic averages and

standard deviations of the events.

Table 5.1: Average Characteristics of the 54 Identified Eventsa

Freq. (Hz) |B| (nT) �B (nT)b Duration
(s)

Altitude
(km)

vA (km/s)c

6.58 ± 2.16 52.35 ± 46.41 0.38 ± 0.24 23 ± 18 162 ± 17.47 2.63 ± 4.25
aThe quantities are presented in the format: mean ± standard deviation. bThe semi-amplitude (�B)
(i.e. peak-to-peak amplitude halved). cSeven events have insu�cient data for calculating this quantity.

5.4 Analysis of the Jan. 23, 2015 Wave Event

We present a case study of the wave shown in Figure 5.2, which occurred on January

23, 2015 in the northern hemisphere. All references to “Panels” in this section will
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be referring to Figure 5.2. Table 5.2 summarizes the basic characteristics of the

wave.

Table 5.2: Characteristics of the Jan. 23, 2015 Wave Event
Freq. (Hz) �B (nT) Duration Altitude (km) vA (km/s)

6.06 0.43 01:46:50 to 01:47:20, 30 s 161 0.82

The X-axes of the panels include the time (hours (hh), minutes (mm), and

seconds (ss)), the longitude (lon), latitude (lat), SZA, and altitude (alt). The mag-

nitude of the magnetic field and the Morschhauser (Morschhauser et al., 2014) CMF

model are shown in Panel a. The model predicts CMF amplitudes less than 10 nT

at MAVEN’s altitude, which is consistent with weaker CMFs in the northern hemi-

sphere. Panel b shows ne from LPW and the densities of O+
2 , HNO

+, CO+
2 , O

+,

and NO+ from NGIMS. There is a clear increase in the shown densities except for

O+, which instead decreases.

Panel c shows the suprathermal electron energy spectra. There is an increase

in energy flux near the beginning of the wave that persists for the majority of the

wave duration. Increases in energy flux are also seen before and after the wave

separated by large depletions. These depletions, or “electron voids”, are common

on the nightside and are the result of the absence of photoionizing EUV radiation

(Lillis et al., 2009; Adams et al., 2018; Fillingim et al., 2007).

Panel d shows the electron pitch angle distribution (PAD) for suprathermal

electrons of energies 50 - 200 eV. With the SWEA and MAG data, we are able

to determine if there are more electrons traveling parallel or anti-parallel to the

magnetic field. The magnetic elevation angle, ✓elev = arcsin(Br/|B|), is the angle

between the radial component of the field, Br, and the magnitude of the field. An

elevation angle of 0° indicates a horizontal field orientation, while an elevation angle

of +90° and -90° indicate a purely radial field orientation outwards and inwards,

respectively. If ✓elev > 0, then the parallel traveling electrons (pitch angle ⇠0

- 45°) are upgoing (away from the surface). If ✓elev < 0, then the anti-parallel

traveling electrons (pitch angle ⇠135 - 180°) are upgoing. Once we determine which
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population (i.e. anti-parallel or parallel) is upgoing and which is downgoing (towards

the surface), a ratio (⇣) of the average energy fluxes for upgoing to downgoing

populations can be used to determine if more electrons are precipitating or streaming

outwards.

For the duration of this wave ⇣ = 0.25 and ✓elev > 0. Therefore, SWEA

observations indicate there is electron precipitation during this wave event. The

one-sided loss cone observed during the wave period indicates an open topology

or a cross-terminator closed topology. However, the electron flux is so degraded

from collisions with the neutral atmosphere that a determination between these two

topologies is di�cult. Regardless of the specific topology, this electron precipitation

could enhance the local thermal plasma density via electron impact ionization (e.g.,

Schunk and Nagy, 2009; Xu et al., 2016; Cui et al., 2019; Adams et al., 2018; Lillis

et al., 2018).

However, it is unlikely that the density enhancement as observed by NGIMS,

LPW, and also STATIC (not shown for this event) can solely be accounted for via

electron impact ionization. Lillis et al. (2018) found that the CO2 electron impact

ionization frequency is lower below 200 km due to absorption and backscattering

via collisions with neutrals. Previous work (Fillingim et al., 2010) calculated the

ionization production rate, accounting for electron impacts and O+
2 dissociative re-

combination, among other important processes altering electron and ion densities.

They used electron energy spectrograms from the MGS MAG/Electron Reflectome-

ter, which are very similar to those produced by SWEA. Based on their calculations,

the upper limit of ion production rates is not su�cient to account for the ion density

increases observed by this study. As seen in Fillingim et al. (2010), the total ion pro-

duction rate under a photochemical equilibrium assumption and with no dynamics

is:

P = ↵effn
2
e
= 1.95⇥ 10�7(300/Te)

0.7
n
2
e
, (5.2)

where ↵eff is the dissociative recombination rate for O+
2 . Inputing values from the

case study results in a production rate of around 10 cm�3, which cannot explain the
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observed ion density increase.

Electron precipitation is also likely occurring during the other periods where

⇣ < 1 and yet MAVEN MAG did not observe any magnetic fluctuations. Electron

precipitation may be contributing to the wave generation via electron temperature

and velocity anisotropies, but cannot be the only driver present. Calculations using

the methods described in Harada et al. (2016) (Eqs. 1 - 5), which utilize the electron

velocity distribution, show there is high electron pitch angle anisotropy (A > 1), but

the lack of cyclotron resonant electrons results in no whistler mode wave growth.

We note that this anisotropy reduces to A = T?
Tk

� 1 in the case that the velocity

distribution is a product of Gaussians with di↵erent T? and Tk (Kennel and Petschek,

1966). Without the presence of resonant electrons, it is instead possible that waves

are penetrating from above the ionosphere and following open field lines to lower

altitudes while electrons are simultaneously streaming downwards along the same

field lines.

Panels e - h are a zoom in of the region between the two dashed vertical lines

shown on Panels a - d, which includes the wave. Panel e is a zoom in of Panel a,

where the CMF model is below the y-axis range. Panel f shows the magnitude of the

magnetic field filtered to within 50% of the wave frequency. The amplitude of the

wave is clearer with this filtering. Panel g shows the same densities from Panel b,

but they have been normalized (i.e. set to equal 1) at the time at which the electron

density reaches a minimum during the wave, which is also the first LPW data point

of the wave (01:46:52). The normalization helps show the factor of increase for each

species and does not show which species is most abundant. Notably, ne increases

by a factor of ⇠7.5. Finally, Panel h is a zoom in of Panel c.
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Figure 5.2: This is the Jan. 23, 2015 event. See Table 5.2 for more details. The
figure shows a) |B| and a CMF model, b) NGIMS ion densities (O+

2 , HNO
+, CO+

2 ,
O+, and NO+) and LPW ne, c) SWEA energy spectra, and d) PAD for energies
50 - 200 eV. The next panels are a zoom in to the wave with e) |B|, f) filtered |B|
to within 50% of the wave frequency, g) the densities from b) normalized to the
minimum density of each species during the wave, and h) a zoom in of c).
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5.5 Analysis of the 54 Wave Events

We now discuss key characteristics of the 54 waves.

5.5.1 Analysis of Event Locations

The locations of the waves are examined with respect to latitude and longitude

and, therefore, the proximity of CMFs. Figure 5.3 shows the locations of the waves

superimposed on a map of the CMFs (Connerney et al., 2005). The colors on the

map represent the change in the radial magnetic field at approximately 400 km over

the change in latitude. Darker colors represent a greater change and, therefore,

stronger CMFs. There are 26 wave events (48%) that took place near or at the

areas between strong crustal field arcades, which are known as “cusps”. Despite

more data being available in the northern hemisphere, there are 6 more events in

the southern hemisphere (30 events vs. 24 events).

Models have shown a focusing of plasma in cusps of the CMFs (Brecht and

Ledvina, 2012), while data show enhancements of electron density (Nielsen et al.,

2007). These waves may indicate processes that require the specific magnetic topol-

ogy of the CMFs. They could be related to O+ loss, as investigated by Lundin et al.

(2011b), who found a correlation between dayside CMFs and an increase in O+ flux.

However, only 5 of these 26 events were on the dayside. The increase in activity

near CMFs may instead be related to an increase in plasma density (Withers et al.,

2019), though this increase was only investigated at above 200 km.

Twenty-eight events are not at strong CMFs. Five of these wave events occur

far from any CMFs and, therefore, a driver that is not limited to strong CMFs is

necessary for these 5 events. Ferguson et al. (2005) and Lillis and Brain (2013)

show that the draped magnetotail fields are stronger than the weaker CMFs, which

results in more geographically uniform precipitation in the northern hemisphere.

Specifically, Lillis and Brain (2013) state that CMFs below ⇠15 nT at 400 km are

too weak to influence electron precipitation regardless of elevation angle. Therefore,

these events could be examples of cases where the draped fields dominate the weak
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Figure 5.3: Fifty-three wave events are shown as filled black circles and the case
study event is shown as a red star with black outline. The wave events are plotted
over a map of the CMFs, which is from Connerney et al. (2005), Copyright (2005)
National Academy of Sciences, U.S.A. Darker colors on the map represent stronger
CMFs. Many of the events occur on the cusps of the CMFs.

CMFs and readily allow electron precipitation.

5.5.2 Examination of Seasonal and Diurnal Trends

Based on solar longitude, 17 events occur in each of the southern summer and winter,

while 10 events occur in each of the southern spring and autumn. Because of this,

no clear seasonal trends are readily identified especially since any seasonal e↵ects

would also be co-mingled with SZA, IMF direction, local time, and proximity to

CMFs. The low number of identified events makes discerning any seasonal trends

di�cult.

Though unlikely to a↵ect waves at these (relatively high) altitudes, we note that



91

Figure 5.4: The distribution of SZA for the 54 events is shown. There are signifi-
cantly more events on the nightside (SZA > 120°).

none of the events were concurrent with the 2018 global dust event or the 2014

regional dust event (e.g., Montabone et al., 2020; Girazian et al., 2019; Guzewich

et al., 2019). Additionally, based on higher altitude MAG data, there were no

obvious events sunward of the bow shock (i.e., upstream) tied to these lower altitude

waves.

While only 22% of our dataset was at night, over half of the waves (54%) were

found on the nightside (SZA > 120°). There were 29 events during the night,

14 events at the terminator, and 11 events during the day. Figure 5.4 shows the

distribution of SZA for the events.

The nightside ionosphere patchiness and irregularity (Gurnett et al., 2008;

Safaeinili et al., 2007; Němec et al., 2010, 2011; Lillis et al., 2009; Withers et al.,

2012) likely facilitates plasma/wave instabilities, so the nightside trend is unsur-

prising. Additionally, more events occurring on the nightside is consistent with

electron precipitation occurring during the events, as electron precipitation gener-

ally dominates the energy input to the nightside Martian atmosphere (Fox et al.,
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1993). Therefore, it is plausible that all the nightside events were a↵ected by elec-

tron precipitation, just like the case study in Section 5.4. Several past works have

specifically examined Martian nightside electron precipitation and/or electron im-

pact ionization (e.g., Lillis et al., 2009, 2011; Lillis and Brain, 2013; Lillis and Fang,

2015; Lillis et al., 2018; Niu et al., 2021).

5.5.3 Topology of the Waves

SWEA and MAG data was used to determine the magnetic field topology based

on pitch angle-resolved electron energy shape parameters (Xu et al., 2017, 2019).

The magnetic topology is useful for determining connectivity to the dayside iono-

sphere. Table 1 in Xu et al. (2017) describes the motion of photoelectrons and solar

wind/sheath electrons for each topology on the dayside and nightside. Closed topolo-

gies involve the movement of photoelectrons, open field lines have photoelectrons

traveling in one direction and solar wind/sheath electron in the opposite direction,

draped field lines only involve solar wind/sheath electron motion, and voids are

nightside closed fields with a lack of photoelectrons. Cross-terminator closed field

lines are an example of transport of photoelectrons to the nightside of Mars.

Out of the 47 events for which the topologies were determinable, 20 were void

topology. The magnetic topology can allow or limit access of these ionizing electrons

(Lillis et al., 2017). As closed field lines limit access, it was unexpected that 43% of

the events were closed night topology. The presence of void topology on the nightside

of Mars is, however, expected (Shane et al., 2016). The closed topology is not ideal

for allowing waves from above the ionosphere to travel to these altitudes and a local

driver might be necessary. The automated determination of the topologies is based

on many aspects and di↵erentiating between topologies is sometimes di�cult due to

data limitations. Though a lack of photoelectrons would point to a void topology,

we cannot rule out the possibility of an alternate topology (i.e., open topology) (Xu

et al., 2017, 2019).
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5.5.4 Upgoing and Downgoing Suprathermal Electron Ratios

As discussed in Section 5.4, the magnetic elevation angle, ✓elev can be used to deter-

mine which population (parallel or anti-parallel traveling electrons) are upgoing and

downgoing. The ratio (⇣) of the average energy fluxes for upgoing to downgoing

populations reveals if more electrons are precipitating towards the planet (down-

going, ⇣ < 1) or streaming outwards (upgoing, ⇣ > 1). Figure 5.5 shows the

ratios for the 52 wave events that had pitch angle distribution information for the

calculation of ⇣. We o↵er the following general interpretations:

1) For a ratio near 1 (1.0 ± 0.5), the electrons are nearly isotropic, likely on

draped field lines, and not connected to the atmosphere. (12 events)

2) For ratios less than 0.7, there is a large flux of electrons precipitating and a

flux depletion for upward electron flux. (42 events)

3) Ratios greater than 1.5 indicate higher upward electron flux. On the dayside

and terminator, this likely indicates outflowing photoelectrons. (2 events)

It is clear that most of the events (92.3%) have more downgoing than upgoing

suprathermal electrons, which is again consistent with electron precipitation playing

a role in these wave events. The 4 events with ⇣ > 1 include two dayside events

and two terminator events, which would have upward photoelectron flux.

5.5.5 Thermal Plasma Changes

LPW, STATIC, and NGIMS o↵er information about the temperature and densities

of the electrons and ions during these events. With this data, we can determine

if there are increases or decreases that correspond to the waves. We define peaks

(troughs) as those where the temperatures or densities before and after the wave

are lower (higher) than during the wave. We find no clear Te trend as 14 events

occurred when Te peaked during the wave and 10 events occurred during Te troughs.

However, ne increases during 37 events. Eleven events have peaks in both electron

density and temperature. We note that LPW data are not available for 7 events.

Figure 5.6 shows the percent change in ne. We define the “pre-wave” change as
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Figure 5.5: The distribution of events with respect to ⇣, the ratio of the average
energy flux of the upgoing population to the downgoing population. Downgoing
means more electrons are precipitating towards the planet (⇣ < 1) and upgoing
means streaming outwards (⇣ > 1). Black is for SZA > 80 and gold is for SZA
< 80.
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the largest percent change from the 20 second average ne immediately before the

beginning of the wave to during the wave. The “post-wave” change is the largest

percent change from during the wave to the 20 second average ne immediately after

the end of the wave. The right-most bar on the plot shows the number of events with

percent increases by more than 500%. The largest increase included in this plot was

over 105%, a result of a very small density (⇠10 cm�3) increasing to a high density

(⇠105 cm�3). Two events are not included in the plot as their increase was from a

density of 0 cm�3 to a non-zero value, resulting in infinite increase. The majority

of the wave events increase in density during the wave and decrease (typically by a

smaller percent) after the wave. The large number (86%) of events with increases

in electron density is further evidence for electron precipitation activity.
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Figure 5.6: This figure shows the thermal electron density change from before to
during to after the wave. “Pre-wave” change as the largest percent change from the
20 second average ne immediately before the beginning of the wave to during the
wave. The “post-wave” change is the largest percent change from during the wave
to the 20 second average ne immediately after the end of the wave. The majority of
the waves correspond to increases in electron density.

NGIMS and STATIC data both support a general increase in ion density during

the majority of waves. The peaks seen in the ion energy and ion mass data from

STATIC show the presence of ions heavier than H+ and He+ are involved in all of

the events. Electron impact ionization is known to cause an increase in the densities

of CO+
2 , O

+, and O+
2 below 200 km on the nightside of Mars (Girazian et al., 2017).

As previously mentioned, electron impact ionization cannot be the only source of

increases in ion density.
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Significant variations in plasma density occur throughout the nightside as the

structure is more easily changed. Plasma flows crossing from day to night, flows di-

rected upwards by crustal magnetic fields, heating of the ionosphere, and turbulence

could all bring denser plasma to higher altitudes (Brain et al., 2006; Lillis et al.,

2009; Fox et al., 1993; Andrews et al., 2015). However, why the increase in density

occurs during the wave events remains unclear.

Figure 5.7 shows an example of STATIC data for the wave event discussed in

Section 5.4. The peaks in ion energy and mass extends beyond the wave duration,

despite the strongest region of the peaks clearly being associated with the wave seen

in the magnetic field.

Figure 5.7: This is an example of a wave with enhanced ion densities (the wave
discussed in Section 5.4. The first panel is the magnitude of the magnetic field and
the wave event can be seen around 1:47:00 with a primary frequency of 6.06 Hz. The
second panel is the ion energy from STATIC and a peak near 3 eV is seen before,
during, and after the wave event. The peak is strongest in power during the wave
event. The third panel is the ion mass from STATIC. The gap in the STATIC data
is due to a normal instrumental switch in sensitivity to avoid saturation.
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5.5.6 The Dynamo Region and Altitude Dependence

The dynamo region is a region of the ionosphere where the collisional time scale of

ions is short enough that ion motion is interrupted by collisions with neutrals, but

electron motion is primarily dictated by gyration around the magnetic field lines as

collisions with ions and neutrals are rare. The resulting di↵erence in ion and electron

motion leads to a current, which produces magnetic fields that alter the conductivity

and magnetic environment of the ionosphere (Lillis, 2019; Fillingim et al., 2010, 2012;

Opgenoorth et al., 2010). Above the dynamo region, collisional time scales become

long enough that particle motion is no longer dominated by collisions. The dynamo

region on Mars is around 130 km to 185 km (Lillis, 2019). Based on the altitudes

of the events, which range from 138 - 196 km, the majority of events are expected

to be in the dynamo region. A comparison of the gyrofrequencies and collision

frequencies indicate whether the charged particles are tied to the magnetic field or

if their motion is dominated by collisions.

We calculate the gyrofrequencies for O+
2 and electrons (f = qB

2⇡m) as well as

the collision frequency for CO2. The collisions between O+
2 and CO2 and between

electrons and CO2 are the primary magnetic and collisional interactions below 300

km. Neutral densities and electron temperatures are necessary for this calculation,

all of which are provided by NGIMS and LPW for 42 of the 54 events. Coe�cients

and equations for calculating ion-neutral and electron-neutral collisions are taken

from Schunk and Nagy (2009). Where the ratio of the O+
2 gyrofrequency over the

O+
2 -CO2 collision frequency is unity is the upper boundary of the dynamo region,

while a unity ratio of the electron gyrofrequency to the electron-CO2 collisional

frequency is the lower boundary. Figure 5.8 shows the separation of the events with

respect to the upper boundary (the vertical red dashed line) of the dynamo region.

All events are above the lower boundary of the dynamo region, as determined by

the electron gyro- and collisional frequency ratio. Thirty-seven (88%) of the events

with the necessary data for the calculation are clearly in the dynamo region. Three

events (to the left of the vertical line and above the horizontal line in Figure 5.8)
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unsurprisingly show that the dynamo region upper boundary is variable and can be

higher than 185 km. The five events with ratio greater than 1.0, seen to the right

of the vertical red line in Figure 5.8, are not in the dynamo region and, therefore,

the behavior of the ions for these events was still magnetically controlled. This

demonstrates that ions in magnetically controlled conditions are possible at altitudes

down to around 165 km.

Figure 5.8: The ratio of the O+
2 gyrofrequency to the O+

2 -CO2 collisional frequency
reveals which events are below the upper boundary of the dynamo region, as O+

2

is the primary ion at these altitudes. Ratio values greater than 1 indicate that the
behavior of the ions is magnetically controlled, while values less than 1 demonstrate
collisional dominance of ion behavior. The red vertical dashed line shows where
the ratio is equal to 1. The red horizontal dashed line shows the expected upper
altitude of the dynamo region and the y axis ends at the expected lower altitude
(Lillis, 2019).
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To test the dependence on altitude and the dynamo region, we searched for

events from 200 - 400 km using the same methods and criteria discussed in Section

5.3. This altitude range contains around 1,565 hours of data. A total of 32 events

were identified at these higher altitudes. Regardless, there is an increase in number

of events as altitude decreases, reaching peak number of events at 140 - 150 km. The

increase in event occurrence at lower altitudes may indicate the magnetization of the

precipitating electrons influences wave production. The 32 events above 200 km are

not included in further analysis, but we note that electron precipitation plausibly

causes upper atmosphere waves as well.

5.5.7 Possible Auroral Association

Proton aurora have been observed by IUVS as enhanced hydrogen Lyman-alpha

emission in altitude-intensity profiles of hydrogen from ⇠110-150 km (Deighan et al.,

2018; Hughes et al., 2019). These observations confirmed a previous hypothesis

(Halekas et al., 2015) that a penetrating proton population seen by SWIA was

related to proton aurora. Proton aurora are known to be caused by penetrating

solar wind protons and a series of charge exchanges (Deighan et al., 2018; Halekas

et al., 2017; Ritter et al., 2018). They exhibit a preference for low SZA and southern

summer solstice (solar longitude, Ls, 270°) (Hughes et al., 2019) while lasting for at

most a few orbits (on the order of hours) (Deighan et al., 2018).

A catalog of proton aurora is kept with timestamps which represent the earliest

onset of the aurora and is accurate to twenty minutes (A. Hughes 2020, personal

communication). Three of the wave events occur within that twenty minute time-

frame and within 30-50 km of the peak emission of the aurora. Therefore, it is

plausible that proton aurora is generated by the electron precipitation present dur-

ing these events. Only two out of the three events occur at low SZA and none

were near the southern summer solstice. However, all three events have ⇣ < 0.3,

confirming the presence of electron precipitation. Further investigation is required

to determine why only three events were coincident with proton aurora and whether

or not there is a true connection.
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Along with proton aurora, discrete and di↵use aurora have been observed at Mars

(Schneider et al., 2015, 2018; Haider and Masoom, 2019). Schneider et al. (2021)

discusses the three types of aurora, methods of detections, and the intricacies of

determining altitudes of emission and location of the auroral events. Di↵use aurora

emit at an approximated altitude of 100 km and below, are large (thousands of km),

and spatially homogenous. Discrete aurora emit at ⇠135 km, are highly variable

spatially and temporally, and can be associated with electron acceleration caused by

CMF reconfiguration via magnetic reconnection (Schneider et al., 2021). Magnetic

reconnection has reduced e�ciency below 300 km due to the collisional regime,

but supplies energy to the ionospheric plasma. This impacts the dynamics of the

ionosphere and ion escape (Cravens et al., 2020). Overall, discrete auroral events

occur more often near CMFs, with negative upstream IMF clock angles, and during

local evening hours. These are all discussed in detail in Schneider et al. (2021).

Twenty-six of the wave events were near strong CMFs, 31 events have negative

upstream IMF clock angles, 29 events were on the nightside, and 17 events are

below 150 km, which make discrete aurora a plausible driver for many of the wave

events. In fact, 7 events fall into all 4 of these categories.

We note that 57% of our wave events occur with negative upstream IMF clock

angle, but positive and negative IMF wave events have similar distributions of day

and night/terminator events. We use the same definition of clock angle as Schneider

et al. (2021) and DiBraccio et al. (2018) (i.e. the angle in the MSO Y-Z plane

from the +Z axis). As the IUVS instrument observes these auroral events using

limb scans, it is not always possible to know the distance to the auroral event (i.e.

MAVEN could be within the event) (Schneider et al., 2021). Therefore, some of

the waves could be associated with local discrete aurora events, which would be

consistent with more waves occurring at low altitudes.
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5.6 Conclusions

This study presents the first search for 5 - 16 Hz ionospheric magnetic wave at Mars.

A search through MAVEN MAG data and analysis using seven instruments onboard

the spacecraft resulted in the identification of 54 wave events of 3.45 - 12.68 Hz at

below 200 km. The identification of waves with frequencies less than 5 Hz is discussed

in Section 5.3. The characteristics discussed in Sections 5.4 and 5.5 all indicate

electron precipitation is likely an important contributor to the wave generation for

the majority of this study’s events. Electron precipitation could cause streaming

instabilities (e.g., temperature, velocity, and density anisotropies), which, provided

enough free energy, would result in an emitted wave. Preliminary analysis, using

the equations and method outlined in (Harada et al., 2016), suggests that electron

temperature anisotropies are insu�cient for wave generation. It may be a mixture

of heating, transport, CMF e↵ects, and ionization that are driving increases in the

plasma density. On Earth, electron precipitation contributes to auroral production,

impact ionization, bulk heating of the atmosphere (Schunk and Nagy, 2009), and

potentially the creation of atmospheric gravity waves via localized heating (e.g.,

Hunsucker, 1982). Understanding Martian electron precipitation events may lead

to the identification of phenomena analogous to known terrestrial events.

The evidence that the identified events in this study are associated with electron

precipitation includes that 1) the waves are found under all CMF conditions, 2) 80%

of the waves are found at SZA > 80°, 3) 92.3% of the waves have a higher flux of

downgoing electrons than upgoing, 4) 86% of the waves increase in thermal electron

density during the wave, and 5) the increase in planetary ions observed during

these events indicates possible electron impact ionization as a result of electron

precipitation.

There remain some unresolved aspects of this study. As there are electron pre-

cipitation events that occur with no observed magnetic field waves, electron precip-

itation may not have a causal connection to the waves. Instead, perhaps specific

magnetic field orientations that are more likely to allow electron precipitation can
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also increase wave generation via some other mechanism. An investigation into par-

allel and perpendicular velocity anisotropies (i.e., two-stream instability) and growth

rates for non-whistler modes will follow the completion of this dissertation. Based

on previous work by Fillingim et al. (2010) and equations therein, electron impact

ionization cannot explain the increase in ion density alone. Therefore, investigating

the ion density increase further is necessary.

Conducting a more detailed investigation into each individual event may re-

veal more clues about these waves and their drivers. Further analysis would be

enhanced by increasing the dataset spatially and temporally via available MAVEN

data, which extends more than two years beyond the dataset inspected in this study.

Future work involving statistical hypothesis testing of the correlation between the

occurrence of wave events and electron precipitation would help determine if there

is in fact a causal connection and may justify using magnetic waves to search for

electron precipitation events. Additionally, the relationship between these events,

the altitude at which they occur, and whether aurora are present should also be

investigated.
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CHAPTER 6

Conclusions and Future Work

This dissertation investigated the magnetic and plasma environments at Mars

using in situ measurements primarily obtained by NASA’s MAVEN spacecraft.

Through the analysis of magnetic fluctuations, we are able to develop a better

understanding of energy transfer in the Martian atmosphere. The plasma and

magnetic environments at Mars are impacted by and, in turn, impact atmospheric

escape processes. The IMF, solar wind interactions, CMFs, and space weather all

contribute to the overall structure of the ionosphere and energy deposition. The

variability of the magnetic field over small and long timescales can change which

processes are active and/or more e↵ective. All of these aspects are important to

our understanding of the loss of the Martian atmosphere and the transition in

climate from one that could support liquid water on the surface to one that cannot.

Through an analysis of data ranging from the solar wind to the ionosphere, we have

addressed the overarching question:

What/How can magnetic field waves tell us about energy transfer and plasma

conditions in Mars’ atmosphere?

In Chapter 2, a new and more e�cient technique for identifying periods of wave

activity in magnetic field time series data was presented. Using this technique, we

successfully identified magnetic wave events. The analysis that followed is summa-

rized below.

In Chapter 3, we identified and analyzed waves upstream of the Martian bow

shock. We found 93 waves at frequencies near 1 Hz as far as 14 RM from the planet.

Waves of similar amplitude and frequency are absent from Juno cruise data, which

demonstrates that Mars is necessary for the appearance of these waves at their

observed power. It is unknown whether Mars is the origin of the waves or simply
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an amplifier. The waves do not show a strong trend of diminishing amplitudes with

distance from Mars, so we conclude that Mars’ sphere of influence extends beyond

14 RM . Regardless of their origin, these waves show energy transfer from Mars out

to 14 RM . Similar 1 Hz waves have been observed near other planets in the solar

system and providing evidence that the waves identified in this study are connected

to Mars supports claims that those waves also have planetary origins.

Fifteen waves were identified near the local proton ion cyclotron wave frequency.

We concluded that the 13 right-handed waves were solar wind-driven whistler-mode

waves and the remaining 2 waves were of unclear origin. Due to the lack of plasma

data, the uncertainty surrounding the origin of these waves prevented any constraint

on exospheric extent or atmospheric escape. Contrary to previous work with MGS

data (Wei and Russell, 2006; Wei et al., 2014), there was a lack of potential ICWs.

This may a result of the limited MAVEN dataset collected, the season of data

collection, or of the weak solar cycle.

Without plasma data it is di�cult to determine some characteristics of waves,

such as propagation vector. This makes it di�cult to definitively determine the

wave mode and magnitude of the Doppler e↵ect. However, comparing magnetic field

data and the occurrence of waves in that data under di↵erent conditions can still

reveal clues about the plasma environment. Waves that exhibit left-hand or right-

hand polarization are easily identified in magnetic field data regardless of the lack

of plasma data. On its own, the presence of waves indicates energy transfer. This

dissertation has demonstrated the importance of looking at cruise data. Cruise data

allows us to compare conditions with and without the influence of planets. Cruise

data, along with data from past missions, should be included in investigations as

much as possible.

In Chapter 4, we conducted a search for Martian lightning in the form of Schu-

mann resonances in response to past work (Ruf et al., 2009) which interpreted a

signal as lightning-generated. We find no evidence of lightning on the scale implied

by the observations of Ruf et al. (2009). However, this does not rule out the exis-

tence of smaller scale lightning. In fact, terrestrial-scale lightning is undetectable
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by technology currently present at Mars. In order to detect such lightning, a more

sensitive magnetometer is required. This magnetometer, likely a search coil instead

of a fluxgate magnetometer, would ideally spend significant time within the lower

ionosphere. A ground-based magnetometer would be beneficial, but isolating it from

other instrumentation may be di�cult. Electric field waves or non-Schumann res-

onance signals may be a better method for finding lightning on Mars. Despite the

outcome of this search, there should still be concern for the safety of future instru-

ments and astronauts, as electrical discharges at Mars on smaller scales plausibly

exist within the dusty environment.

In Chapter 5, we present the results of the first search for 5 - 16 Hz Martian

ionospheric magnetic waves below 200 km. Data from seven instruments onboard

MAVEN were analyzed together. The analysis of all of these datasets indicates

electron precipitation as a contributing mechanism for energy injection into the

ionosphere and generation of the waves. The evidence includes that the waves were

found under all CMF conditions, the majority were found at SZA > 80° (i.e., ter-

minator or nightside), the majority have higher flux of downgoing electrons than

upgoing. The increase in planetary ions is likely only partially due to impact ion-

ization caused by the electron precipitation. This increase in planetary ions could

lead to an increase in atmospheric loss via pickup ions.

The following section discusses relevant questions unanswered or raised by this

dissertation. We also discuss potential future work for resolving these questions.

6.1 Future Inquiry

For brevity, the following is not an exhaustive discussion of all unanswered questions

on the topics of magnetic fields and waves at Mars, but aims to highlight many that

are relevant to this dissertation.

Many questions stem from the limited amount of data available to the scientific

community. With respect to the distant Martian environment, we will be unable

to determine how far Mars’ sphere of influence really reaches until data is gathered
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at distances greater than 14 RM . Additionally, in order to determine the origins of

the waves discovered, plasma data would be especially helpful for determining if the

waves are from Mars or the solar wind. To answer these questions, a new spacecraft,

which orbited at great distances from the planet, would be necessary. A comparison

to the sphere of influence of Earth may also provide some clues. Unlike at Mars, the

Earth’s global magnetic field likely alters the plasma sphere of influence. Regardless,

whistler waves have been observed upstream of the terrestrial bow shock. Measured

along magnetic field lines, the waves have been observed up to 5 Earth radii from the

bow shock and the wave amplitudes decrease with distance (e.g., ?Fairfield, 1974).

When searching for evidence of lightning on Mars, we must determine what is

necessary for detection and whether or not the instrumentation is feasible with re-

spect to cost and mass. Perhaps there is a better and readily available way to search

for relatively weak lightning signals. We will need to reduce contaminating instru-

ment noise on ground-based magnetometers and other instrumentation to isolate

weaker signals.

An understanding of the theoretical largest scale electrical discharge that could

be plausibly generated within a global, regional, or small-scale event helps constrain

sensitivity requirements. However, conclusions have been inconsistent. Experimen-

tal work by Harper et al., 2021 removed interactions between grains and surfaces

inconsistent with the Martian environment (e.g., containment walls). They de-

termined that small-scale discharges are plausible and that the maximum charge

densities distribution on the particles is on the order of 10�6 C/m2. They note these

small-scale discharges are potentially similar to discharges within terrestrial volcanic

vents. Theoretical work by Farrell et al. (1999) demonstrated that discharges were

possible within dust clouds on Mars, yet Barth et al., 2011 concluded that even an

increase in particle density by a factor of 10 would not be su�cient for the genera-

tion of discharges. Additional details about lightning throughout the solar system

can be found in Yair (2012) and Riousset et al. (2020). A mission with the specific

goal of looking for evidence of lightning may be required to bring the necessary

technology to Mars.
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In the nightside ionosphere of Mars, what conditions and processes are necessary

for electron precipitation events to produce a wave and how are the conditions

achieved? Waves and plasma behavior at higher altitudes may provide information

about lower altitude waves. The transition from planetary ionospheric plasma to

shocked solar wind plasma is a crucial but poorly characterized aspect of the Martian

atmosphere. Though variable, the upper limit of the ionosphere occurs, on average,

at 400-500 km (Mitchell, 2001; Brain et al., 2006; Duru, 2009, 2020). This boundary

layer is vital for understanding how space weather (e.g., ICMEs, CIRs, and other

shorter time scale solar events), the solar wind, the CMFs, and the lower atmosphere

system inject energy and drive the structure and dynamics of the upper atmosphere.

Data sets from both MGS and the MAVEN mission present the opportunity to study

magnetic field data from over eight Mars years (two sets of four consecutive years)

near and at this transition. Specifically, a thorough study of the altitude range

370 - 430 km would o↵er answers about the dynamics, drivers, and plasma motion

of the boundary layer.

Collecting statistics allows for analysis and identification of diurnal and seasonal

changes across Mars as well as the establishment of day and night baselines for

quiet time behavior at this transition altitude. With this baseline for comparison,

waves and instabilities would be easier to identify. With a defined baseline for

the boundary to the ionosphere, we can search for sources of energy injection into

the atmosphere as potential drivers for lower altitude waves. With an expanded

altitude range, statistical analysis, and established baselines, we will have a more

comprehensive understanding of electron precipitation-associated waves.

An improved version of the method discussed in Chapter 2 would be beneficial

for future studies. This could be achieved by adapting existing code to exclude

reaction wheel signals when possible and by introducing a new step which tests

for three consecutive wave periods. Additionally, the background power threshold

used for identifying intervals of likely wave activity is potentially variable over time.

An improvement must be made for e�cient searches of even larger datasets under

varying conditions. Ultimately, the search should involve datasets from other instru-
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ments. For example, automatically checking SWEA data for evidence of electron

precipitation would be useful for statistical analysis of those events.

For a more complete view of Mars, simultaneous spatially spread data points are

necessary. In fact, there have been calls for multi-spacecraft missions to Mars (e.g.,

Lillis et al., 2021). However, developing hypotheses, characterizing the ionosphere

over time with single active spacecraft, and improving wave search e�ciency via

this study will help future studies by providing a starting point and o↵ering specific

features/events of interest. This leads to suggestions for ideal instrument inclusions

and sensitivities for future missions.

As electron precipitation is the dominant source of energy for the nightside iono-

sphere, a better understanding of conditions necessary for wave emission and the

statistics related to this (e.g., occurrence frequency, altitude dependence, change

in densities and temperatures, etc.) will give insight into the nightside ionosphere

dynamics and energetics. This includes determining the frequency, duration, and

power of increases in free energy availability for wave generation. Understanding

how the magnetic field and plasma phenomena change will also help determine safety

measures for both instruments and astronauts.

Through a better understanding of the Martian magnetic environment and iono-

sphere, the community can expand work on comparative planetology. Currently, it

is not always obvious what parts (e.g., CMFs, magnetotail, polar regions) of Mars

could produce relevant or analogous phenomena to those seen on Earth or other

planets. It is vital to bridge the gap between the Mars, Venus, and Earth space

weather, magnetospheric, and ionospheric scientific communities by increasing col-

laborative projects.
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APPENDIX A

Supplementary MGS MAG Analysis for Chapter 4

Citation: Esman, T. (2015) Resonances from Atmospheric Electricity at Mars:

Results from MGS and MAVEN Magnetometer Observations, Advisor: A. Verbiscer

This appendix is a partial reproduction of unpublished research conducted for a

thesis submitted to the faculty of the University of Virginia in partial fulfillment of

the requirements for the degree of Bachelor of Arts in Astronomy-Physics.

This appendix contains details about the search for Schumann resonances con-

ducted using MGS MAG data. This work is relevant to Chapter 4.

A.1 MGS Data

The MGS spacecraft was active at Mars from September 1997 until November 2006.

The MGS MAG consisted of dual triaxial fluxgate magnetometers included in the

science payload, with sensors at the end of each solar array panel (Acuña et al.,

2001). Non-environmental signals from spacecraft components, notably the high

gain antenna, and the power subsystem and/or circuits on the solar array panels

were detectable by MAG. However, these are known, well-characterized signals.

There were two phases to the MGS mission; the pre-mapping phase and the

mapping phase (Albee et al., 2001). During the mapping phase, MGS circled in

a polar orbit in order to collect global images and data. In the time before this

phase, the MGS orbit was more eccentric and reached altitudes below the ionopause

(Cloutier et al., 1999). For this reason, our focus is on the pre-mapping phase (1997-

1999). Specifically, we focused on data from altitudes less than 400 km. During this

time period there were no global dust events (e.g., Shirley, 2015).

MGS MAG data are available in two coordinate systems; payload and sun-state,
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which is the same as MSO. MSO is relative to the Sun and emphasizes ionospheric

conditions. The payload coordinate system, which is the frame of reference oof the

spacecraft, is the most likely coordinate system to exhibit spacecraft interference

and contamination of the data, which can then be excluded from the search. As

the spacecraft rotates through space (as MGS did during its pre-mapping phases

at about one rotation every two hours), if a signal persists in a fixed direction in

spacecraft payload coordinates, it most likely originates from the spacecraft itself;

an environmental signal would not be expected to rotate with the spacecraft. The

data are labeled in the format ‘m##d###’, where the numbers following ‘m’ are

the year and the numbers following the ‘d’ are the day of year.

Once filtered to altitudes below 400 km, the data is severely limited compared

to the full MGS MAG dataset. For example, there are no remaining data available

from the night side. The majority of the data in the intervals were taken during

the northern Martian autumn (solar longitude, 180° < Ls < 270°) and none were

taken in the northern Martian summer (90° < Ls < 180°). This is particularly

important to note since Martian dust activity is known to vary with season (Heavens

et al., 2014). With both MGS and MAVEN datasets, the overall coverage for the

Schumann resonance search was 1997 - 1998 and 2014 - 2019.

A.2 Methods

Analysis of the MGS data was conducted prior to the development of the process

described in Chapter 2. Though the analysis was less extensive and not conducted

as a part of this dissertation, the results are relevant to the discussion of Martian

lightning and the MAVEN MAG results (Chapter 4). Therefore, these results are

briefly discussed here. Both FFTs and wavelet analyses were performed. The FFTs

were used as a visual check for any significant spectral peaks across the MGS dataset.

The data were examined in both sun-state and payload coordinates. Our investiga-

tion began with FFTs of 55 individual time intervals with data below 150 km as an

initial survey for any obvious spectral enhancements present near the ionospheric
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peak. The time windows of the FFTs were determined by the length of each inter-

val. No clear signals were found above the background spectrum, but wavelets of

the intervals revealed two potential signals, which are discussed in the next section.

The process proceeded with the rest of the MGS dataset up to 400 km, with an

additional 100 intervals. The increase in altitude resulted in one additional event.

A.3 MGS Schumann Resonance Search Results

Intervals from two days (m97d343 or December 9th, 1997 and m98d009 or January

9th, 1998) showed slightly elevated power in the 7 - 14 Hz range below 150 km.

The signal on m98d009 was approximately 3.6 minutes in length. In the payload

coordinate frame, the signal is entirely in the spacecraft payload Z-direction, which

follows the direction of spacecraft motion through the Martian atmosphere as it was

aerobraking (cf. Albee et al. (2001), Figure 4). Figure A.1 shows the m98d009 signal

signal in sun-state coordinates. The top panels (a-c) show that the comparatively

high frequency signals we are interested in are embedded in large scale variations

(⇠10 nT) at much lower frequencies. The filtered data in the middle panels (d-f)

show that there was a general background of ⇠0.1 nT peak-to-peak at frequencies

between 1 and 16 Hz. The bottom panels (g-j) show the wavelet spectra expressing a

similar story. Panels d and g show that the signal is only in the X-direction (towards

and away from the Sun), is about 0.2 nT peak-to-peak, and lasts for only about two-

thirds of the interval. FIgure A.2 shows the same signal in payload coordinates.

The signal from m97d343, shown in Figure A.3, is embedded in large scale, low

frequency ionospheric variations, but is itself quite low in amplitude (⇠0.2 nT peak-

to-peak) relative to the noise environment. It lasts about 34.5 seconds and is again

only seen in the Z-direction in the payload frame. This is shown in Figure A.3.

These modest signals shown in Figures A.1 - A.3 are all confined to one coordi-

nate axis in the payload coordinate system. The likelihood of an environmentally

produced signal being confined exclusively to one direction in the spacecraft frame

is extremely low. This is further validated given that MGS was usually moving
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(spinning or reorienting) during these aerobraking passes.

A single MGS event presented a particularly prominent, clear, narrow-band,

and powerful signal below 400 km. The signal, from m98d094, is shown in sun-state

coordinates in A.4. Spectral magnitude power is predominately in the payload X-

coordinate, though the same signal can be seen more faintly in the Z-coordinate and

very slightly in the Y-coordinate. In Z, the signal has a peak-to-peak of ⇠0.5 nT.

This signal was the most promising candidate for a Schumann resonance. However,

further investigation revealed that the signal extended for thousands of kilometers

into the magnetosphere. Therefore, it is clear that this signal is not lightning-related

and instead is of spacecraft origin. Based on the known amplitudes of reaction wheels

from MAVEN MAG (often at least 0.1 nT peak-to-peak (Connerney et al., 2015b)),

this signal is consistent with expected reaction wheel interference. We conclude that

this signal is of spacecraft origin and that the search of the MGS dataset resulted

in no evidence of Schumann resonances.

Data Availability: MGS MAG data is available at:

pds-ppi.igpp.ucla.edu/search/?sc=mars%20global%20surveyor%20(mgs)&i=mag.
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Zeitschrift Naturforschung, Teil A(7), pp. 149–154.

Schunk, R. W. and A. Nagy (2009). Ionospheres: Physics, Plasma Physics, and

Chemistry. Cambridge University Press, Cambridge, U. K.

Sentman, D. D. and B. J. Fraser (1991). Simultaneous observations of Schumann
resonances in California and Australia - Evidence for intensity modulation by the
local height of the D region. Journal of Geophysical Research, 96, pp. 15,973 –
15,983. doi:10.1029/91JA01085.

Shane, A. D. et al. (2016). Mars nightside electrons over strong crustal fields. J.

Geophys. Res.: Space Physics, 121, pp. 3808–3823.

Shinagawa, H. (2000). Our Current understanding of the Ionosphere of Mars. Adv.
Space Res., 26(10), pp. 1599–1608.

Shirley, J. H. (2015). Solar system dynamics and global-scale dust storms on Mars.
Icarus, 251, pp. 128–144.

Simoes, F. et al. (2008a). The Schumann resonance: A tool for exploring the atmo-
spheric environment and the subsurface of the planets and their satellites. Icarus,
194(1), pp. 30–41.

Simoes, F. et al. (2008b). Schumann Resonances as a Means of Investigating the
Electromagnetic Environment in the Solar System. Space Science Review, 137(1-
4), pp. 455–471. doi:10.1007/s11214-008-9398-0.

Simoes, F. et al. (2011). Satellite observations of Schumann resonances in the Earth’s
ionosphere. Geophysical Research Letters, 38(22). doi:10.1029/2011GL049668.

Sleep, N. H. (1994). Martian plate tectonics. Journal of Geophysical Research, 99,
p. 5639. doi:10.1029/94je00216.



137

Smith, E. and B. T. Tsurutani (1976). Magnetosheath lion roars. Journal of Geo-

physical Research, 81, pp. 2261–2266.
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