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Thesis directed by Prof. David Brain 

 

Solar energetic particles (SEPs) are both a hazard to human spaceflight and a source of 

energy to planetary atmospheres. Since Mars lacks a global magnetic field, Mars may be more 

susceptible to this type of radiation than Earth. This thesis investigates the precipitation of SEPs 

at Mars via a combination of model predictions and observation. 

First, a 3-D Monte	Carlo	test	particle	and	energy	degradation	simulation	called	

ASPEN	(Atmospheric	Scattering	of	Protons,	Electrons,	and	Neutrals)	was	developed	to	

describe	SEP	transport	in	inhomogeneous	magnetic	fields	and	precipitation	into	an	

atmosphere.	ASPEN	was	applied	to	predict	ionization	above	Martian	crustal	fields,	finding	

that	crustal	fields	attenuated	the	low-energy	range	of	the	spectra	measured	at	the	peak	of	

the	2003	“Halloween”	SEP	event. 

Next,	ASPEN	was	used	to	study	the	transport	of	10-200	keV	electrons	in	the	near	

Mars	environment,	from	the	solar	wind	to	atmospheric	entry.	While	precipitation	was	

predicted	to	be	favored	into	magnetic	cusps,	the	simulation	predicted	a	fraction	of	

energetic	electrons	can	enter	closed	field	regions.	This	is	because	the	particles	are	affected	

by	non-adiabatic	mechanisms	as	well	as	curvature	and	gradient	drifts,	which	are	

proportional	to	particle	energy.	

Finally,	the	total	energy	flux	incident	on	Mars	from	EUV,	solar	wind,	and	SEPs	was	

calculated	using	MAVEN	spacecraft	data	during	the	declining	solar	cycle.	On	average,	the	

energy	flux	from	extreme	ultraviolet	radiation	(EUV)	exceeded	that	of	solar	wind,	and	solar	
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wind	energy	flux	exceeded	SEP	energy	flux.	Solar	wind	ion	energy	flux	could	sporadically	

become	comparable	to	EUV	energy	flux,	but	not	exceed	it	by	a	margin	sufficient	to	displace	

EUV	as	the	dominant	source	of	the	dayside	ionosphere.	On	the	other	hand,	SEP	ions	did	

reach	an	intensity	comparable	to	solar	wind	electrons	and	are	possibly	sufficient	to	

increase	nightside	ionization.	These	observations	were	contextualized	with	seasonal	and	

solar	cycle	variation,	and	compared	to	predictions	of	energy	fluxes	at	ancient	Mars.	
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Chapter 1  

Introduction 

 
The sun radiates considerable energy through the solar system as light and plasma. At 

times, additional plasma is violently ejected and can produce extremely energetic charged 

particles in “solar storms”. This energy can be destructive to life as we know it. Ultraviolet light 

and energetic charged particles can ionize and dissociate molecules, disrupting biological 

processes and presenting a hazard to human spaceflight. Ionizing radiation can also drive and 

influence planetary atmospheres. Since the intensity of solar radiation and frequency of solar 

storms varies over time depending on the magnetic activity of the sun, it is thought ionizing 

radiation could have been much more intense in the past based on observations of similar stars to 

the sun. Could solar storms have shaped the evolution of planetary atmospheres? While Mars is 

an arid and desiccated planet today, multiple spacecraft have found evidence that water used to 

flow on the surface of Mars billions of years ago. Despite uncertainty over whether the climate 

of ancient Mars was cold or warm, there is increasing evidence that Mars once had a thicker 
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atmosphere that was lost to space. How much of this loss to space is owed to the more frequent 

solar storms of a young sun? 

In this Introduction, I will briefly discuss solar emissions associated with space weather. 

Next I discuss how the search for life on Mars transformed into the search for water, and how we 

know that Mars used to have a thicker atmosphere and an active dynamo. Then I present a 

detailed discussion of the current state of Mars’ atmosphere, ionosphere, and interaction with the 

solar wind, followed by a description of the current and past atmospheric escape processes. 

Finally, I review observations of increased atmosphere escape during space weather events, and 

describe how the role of SEPs in these events is ambiguous. In this context, I present a roadmap 

of the work done in this thesis to investigate the role of SEPs at Mars. 

1.1. Space weather: A summary 

Solar emissions can be described as constant or episodic, depending on the source, and 

vary depending on the solar cycle. The term “space weather” refers to these emissions and the 

overall conditions of the heliosphere that can affect any object in the solar system. Steady 

emissions like extreme ultraviolet (EUV) radiation and charged particles in the solar wind can 

ionize the constituents of planetary atmospheres to produce an ionosphere. Episodic solar 

transients like flares, coronal mass ejections (CMEs), and stream interaction regions (SIRs) can 

drive rapid changes in EUV and the solar wind, as well as releasing high-energy solar energetic 

particles (SEPs). As a plasma, the solar wind is interleaved with the interplanetary magnetic field 

(IMF) and serves as the medium through which solar transients propagate. Variations in the solar 

wind and IMF can influence transport of solar transients in the heliosphere, and the overall solar 

wind interaction with ambient or absent planetary magnetic fields. 
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I will now summarize the solar drivers. Solar EUV is the part of the solar spectrum with 

wavelengths between 10 nm and 120 nm. The solar wind is a stream of electrons, protons, and 

alpha particles released from the sun into the interplanetary environment. It originates as coronal 

plasma that is accelerated to supersonic speeds via an effective radial de Laval nozzle from the 

declining gravitational force over heliocentric distance [Parker 1958]. Solar wind density and 

velocity is variable depending on coronal source and may be classified into “slow” and “fast” 

solar wind streams.  

Solar transients like flares, CMEs, and SIRs can drive changes in the solar wind and 

EUV, and release SEPs. Solar flares cause sporadic rapid increases in EUV and soft X-rays (0.1-

10 nm). CMEs, boluses of plasma ejected from the sun, can propagate outwards from the sun as 

an interplanetary coronal mass ejection (ICME). SIRs are the compressed plasma formed from 

when a fast solar wind stream overtakes a slow solar wind stream, and are also called corotating 

interaction regions (CIRs) if they are observed for multiple solar rotations. Each of these 

transients can produce SEPs, which are mainly protons and electrons with energies from tens of 

keVs to up to several GeV. SEPs may be accelerated by the moving shock source ahead of a 

CME or the local shock source at a solar flare or SIR site. While they are related to CMEs and 

SIRs, observations of SEPs (SEP events) do not necessarily coincide with observing these 

phenomena. SEPs can travel along the IMF far from the acceleration source. Occasionally SEP 

events may be sufficiently energetic to be measured on the Earth’s surface, leading to an increase 

in neutron detector counts. These are called “ground-level enhancements” (GLEs) and they 

usually follow intense flares and extremely fast CMEs (e.g. Nitta et al. [2011]). 

All solar emissions are controlled by the solar cycle, the 11-year period during which the 

solar magnetic fields reverse polarity. When the sun is in “solar minimum”, there are few 
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sunspots, more polar coronal holes to supply high speed solar wind, and accordingly more 

frequent SIRs [Schwenn 2006]. Few CMEs and even fewer GLEs occur. EUV emissions are at 

their lowest. As the solar magnetic axis begins to shift in the “rising” phase of the solar cycle, the 

quadrupole terms in the magnetic field become significant and more sunspots appear. The 

waviness of the heliospheric current sheet increases, suppressing GCR flux in the solar system 

[Potgieter 2013]. The polar coronal holes become less prevalent and the solar wind becomes 

dominated by the slow solar wind and CMEs. Coronal heating increases, leading to increased 

EUV and soft X-ray irradiance. The solar cycle peaks at “solar maximum”, before entering the 

declining phase and eventually approximating a dipole at solar minimum again, although 

inverted relative to the initial orientation. 

Sunspot number is a useful proxy to track the solar cycle (Figure 1.1). The occurrence 

rate of solar flares and CMEs correlate with the sunspot number, but this correlation becomes 

poor at high sunspot numbers (SSN > 100) and the coefficient varies for different solar cycles 

and solar cycle phases (e.g. Gopalswamy et al. [2020]). 

 
Figure 1.1: The sunspot number from 1750 to the present. Credit: SILSO. 

1.2. Mars: From habitability to absent magnetic fields 

Mars has been a premier target for the search for life on other worlds. However, six 

decades of research has revealed a frozen desert world with signs of an ancient water cycle that 

expired approximately three billion years ago. The atmosphere is thin compared to Earth, having 
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a surface pressure of ~6 millibar, and consists of carbon dioxide followed by trace quantities of 

nitrogen, argon, monatomic oxygen, diatomic oxygen, and carbon monoxide [Nier et al. 1976].  

While remnants of an ancient magnetic field are embedded in the crust, there is no active 

dynamo to currently sustain an intrinsic magnetic field like Earth’s. This section will describe the 

astrobiological context of Mars, from life-detection and evidence of water on the surface, to 

evidence for ancient climates that suggest a thicker atmosphere lost to space, to the magnetic 

field that was lost early in Mars history. 

1.2.1. Search for life 

The pair of Viking landers tested Mars soil for signs of organic molecules and 

metabolism, but the results were ambiguous [Klein 1978]. Only water, carbon dioxide, and 

chlorine-bearing organic molecules were detected by the Gas Chromatograph-Mass 

Spectrometer (GC-MS) instrument. Measured chlorohydrocarbons were attributed to cleaning 

agents, while tests for photosynthetic and heterotrophic respiration were suspicious for abiotic 

reactions [Biemann et al. 1976]. These discoveries quenched the likelihood of even bacterial life 

and powered speculation that the Martian soil was rich in metal hydroxides or “superoxides”. 

However, the required concentration and production rate of superoxides would have to be 

unreasonably high to both explain the results and overcome UV destruction rates [Levin and 

Straat 1981]. This mystery wasn’t solved until the Phoenix Lander accidentally discovered 

significant perchlorates, anions commonly used in rocket fuel [Hecht et al. 2009]. Reanalysis of 

the Viking results suggests that heated perchlorate could have rapidly reacted with ambient 

organics within the instrument to produce dichloromethane (Figure 1.2) [Navarro-Gonzalez et al. 

2010]. Unambiguously Martian organic molecules have since been found by the Mars Curiosity 

rover [Freissnet et al. 2015] and in the original Viking results [Guzman et al. 2018]. 
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Figure 1.2: A demonstration of the likely fate of organic molecules in the Viking GC-MS. 
Snapshots from a personal video recording of sodium perchlorate decomposing when exposed to 
heat. Credit: R. Jolitz. 

1.2.2. Search for water 

Following the Viking results, there was a cooling of interest in Mars exploration. Aside 

from the Phobos-2 mission that lasted eight months, there was no successful return to Mars until 

the formation of the Mars Exploration Program in 1993. Given the low likelihood of active 

biology on the surface of Mars, the program goal was to seek signs of past life. The foremost 

theme of this search was embodied by the log line, “follow the water”. 

The evidence for flowing water at Mars is manifold. It can be helpful to organize by 

geological era: Noachian (4.1-3.7 Gya), Hesperian (3.7-3 Gya), and Amazonian (3.7 Gya to 

present). Figure 1.3 shows the locations of fluvial features colored by geographic era, alongside a 

map of aqueous mineral deposit detections.  
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Figure 1.3: Map of fluvial features colored by era (red - Noachian, Noachian-Hesperian in 
yellow, Hesperian in black, Hesperian-Amazonian in pink, and Amazonian in black) from 
Alemanno et al. [2018] (top) and a map of mineralogical features from Ehlmann and Edwards 
[2014]. Both figures use the MOLA topographical map as a background. 
 

Pre-Noachian geological history has been erased due to the Late Heavy Bombardment, 

but likely was when the global dichotomy formed, which is the ~3 km elevation difference 

between the ancient heavily cratered southern hemisphere “highlands” and the presumably 

younger northern hemisphere “lowlands” [Frey et al. 1998]. The Noachian is strongly associated 

with the presence of stable aqueous environments. The strongest geological evidence is the 

valley networks, geological formations that resemble terrestrial drainages. Valley networks were 
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first identified in images from Mariner 9 [McCauley et al. 1972] and have since been intensively 

mapped and studied (e.g. Fassett and Head [2008]). Orbiters have identified globally widespread 

phyllosilicates, minerals associated with aqueous alteration of basalt that include clays [Poulet et 

al. 2004]. Some have argued that the sediments and fewer craters in the northern lowlands are 

evidence of a vast ocean with a shoreline coincident on the dichotomy boundary (e.g., Di Achille 

and Hynek [2010]), but this hypothesis is controversial and continues to be debated [Dickeson 

and Davis 2020]. 

There is a puzzling lack of widespread carbonates that date to the Noachian. Widespread 

water in contact with atmospheric carbon dioxide should lead to widespread carbonate deposits. 

Several explanations have been put forth to explain this, such as that flowing water and the 

associated aqueous alteration was subsurface and not in contact with the atmosphere (e.g. 

Ehlmann et al. [2011]), that acidic waters suppressed carbonate formation or weathered existing 

carbonates (e.g. Bullock and Moore [2007]), or that carbonates are spectrally concealed by 

phyllosillicates and/or buried deeper in the crust (e.g. Wray et al.[ 2016]). 

In the Hesperian, valley network formation rates declined. Instead, episodic and large 

outflow channels occurred more frequently, representing episodic release of subsurface water or 

ice [Rodriguez et al. 2015]. More localized deposits of phyllosillicates, sulfates, chlorides, and 

carbonates are associated with lacustrine environments below sitting lakes [Ehlmann and 

Edwards 2014]. The presence of sulfate, likely from dissolved volcanic sulfur dioxide in water, 

is particularly suggestive of the formation of acidic environs [Bibring et al. 2006], supported by 

the Opportunity rover’s finding of “blueberries”, spherical hematite concretions [Squyres et al. 

2004]. 
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Finally, the Amazonian has a distinct lack of aqueous alteration mineralogy. The 

recognizable fluvial features are attributed to ice-related flows, such as glaciofluvial valleys (e.g. 

Fassett et al. [2010]), and can be unrelated to water, such as gullies (e.g. Pilorget and Forget 

[2016]). Liquid non-briny water is globally unstable at modern Mars, and ice is only stable 

below the surface as permafrost and interleaved with carbon dioxide ice at the poles (e.g. Bibring 

et al. [2004]). While recurring slope lineae (RSLs) were recently discovered and hypothesized to 

be evidence of active water processes in the modern era, the apparent correlation with hydrated 

salts is likely an instrumental artifact [Vincendon et al. 2019] and the topography isn’t consistent 

with a groundwater source [Chojnacki et al. 2016]. Instead, they may occur due to dry processes 

such as granular flows (e.g. Dundas [2020]). For further details on Mars geological features 

organized by era, see Carr and Head [2010]. 

1.2.3. Search for an ancient habitable climate 

The geological record shows that Mars went through a likely shift in climate at the end of 

the Hesperian around three billion years ago. Many models have been developed to explain how 

fluvial activity was sustained in the past, as the current atmospheric pressure and temperature 

cannot support stable surface water. The models initially could broadly be split into “warm and 

wet”, which assumed Mars had a much denser carbon dioxide atmosphere that produced a 

greenhouse effect and warmed the surface enough to stabilize surface water (e.g. Pollack et al. 

[1987] and Craddock and Howard [2002]), and “cold and dry”, which assumed all aqueous 

features are groundwater processes that occurred in a continuously cold climate (e.g. Gaidos and 

Marion [2003]). While cold-dry models had difficulty forming rivers, warm-wet models have 

been unable to heat the Mars surface with a dense carbon dioxide atmosphere alone [Kasting 

1991]. Some warm-wet models have stabilized surface water by assuming significant volatile 
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inventories of hydrogen or methane (e.g. Ramirez et al. [2018]). Hypotheses of episodic 

warming to sustain a cold but wet Mars have been put forth [Fairén 2010, Kite et al. 2014], as 

well as snow and ice driven climates [Wordsworth et al. 2015]. Recent models have suggested 

that snowmelt rather than rainfall could better explain the distribution of valley networks (Figure 

1.4). However, no climate model to date completely fits the available geological evidence, and 

the present geological records does not necessarily require prolonged and/or global water activity 

[Kite 2019]. If Mars was only episodically habitable, any potential ancient organisms and 

associated biosignatures would be concentrated in specific lacustrine or hydrothermal 

microenvironments [Westall et al. 2015]. 

 
Figure 1.4: Maps of valley networks as predicted by a model for warm-wet (top) and cold-icy 
(bottom) climate scenarios from Wordsworth et al. [2015]. Green marks where each model 
matches observed valley network locations, while magenta/orange shows where the model 
overpredicts/underpredicts the formation of valley networks. While the warm-wet model predicts 
fewer valley networks than the cold-icy model, neither model completely matches the 
observations. 
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Although the warm and wet Mars hypothesis has declined in likelihood, evidence for the 

requisite thicker atmosphere has increased. Enrichment in heavier isotopes has been observed in 

Earth-based telescope observations of hydrogen (e.g. Owen et al. [1988]) and in-situ 

measurements of nitrogen (e.g. McElroy et al. [1976]). Mass-sensitivity in these isotopes imply 

loss to space, as the mass separation means the gases were removed after reaching an altitude 

where the isotopes could gravitationally separate. Further evidence for escape-associated 

fractionation has been found in Martian meteorites [Greenwood et al. 2008] and surface rocks 

[Mahaffy et al. 2015]. 

Isotope ratios are not the sole evidence for atmosphere loss. The presence of escaping 

hydrogen atoms has been observed [Anderson and Hord 1971], and the earliest ionosphere 

measurements by Mariner 4 were used to constrain a photochemical model that predicted 

substantial escaping fluxes of oxygen atoms [McElroy 1972]. The solar wind convective electric 

field was postulated to sweep up or “scavenge” ionospheric constituents [Cloutier et al. 1969], 

which was later confirmed by observations from the Phobos 2 mission [Lundin et al. 1990].  

While isotopic fractionation and modern atmosphere escape processes are clear evidence 

for loss to space, past carbon dioxide and water could have also been sequestered in the 

subsurface. However, carbonates are oddly rare on the surface as mentioned previously, and 

searches for subsurface water are currently limited to detecting near-surface (<1 m) ices 

[Feldman et al. 2004] and possible radar detections of subglacial lakes [Lauro et al. 2021]. Thus, 

it is useful to estimate how carbon dioxide and water escaped to space to establish lower limits 

on the ancient Mars atmosphere density and pressure. This was the primary goal of the Mars 

Atmosphere Volatile Evolution (MAVEN) mission. 
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1.2.4. Search for magnetism (or lack thereof) 

Before further discussing atmosphere escape, it is important to address the topic of 

whether Mars has a magnetic field. Older than the search for water at Mars was the search for 

planetary magnetism. Mariner 4, the first spacecraft to successfully execute a flyby at Mars, was 

equipped with a magnetometer. At the point of closest approach (~3.9 RM), no magnetic 

disturbance occurred, meaning either there was no intrinsic dipole moment from interior sources, 

or there was and it was four orders of magnitude weaker than Earth’s [Smith et al. 1965]. 

Mariner 4 also did a radio occultation while passing by Mars, allowing a determination of the 

peak ionospheric density and altitude [Kliore et al. 1965]. These findings guided the 

development of gasdynamic models that assumed Mars lacked intrinsic magnetism and instead 

that the pressure balance of the ionosphere stood off the magnetic field at an “ionopause” 

[Spreiter et al. 1970]. However, the Mars 2 and Mars 3 spacecraft recorded a magnetic 

disturbance nearby to Mars, which was considered possible evidence of a weak intrinsic field 

[Dolginov et al 1973]. While this disturbance was shown to be replicable in a gasdynamic model 

without an intrinsic field [Russell et al. 1984], controversy continued until Mars Global Surveyor 

(MGS) arrived at Mars. 

MGS found no evidence of an intrinsic dipole field. However, MGS did discover strong 

magnetism bound to the planet’s crust in specific regions of the southern hemisphere (Figure 1.5) 

[Acuña et al. 2001]. These “crustal fields”, also called crustal anomalies for their unexpected 

appearance or remanent fields for having acquired the signature from no longer present magnetic 

fields, are evidence of a dynamo that expired in the early Noachian before the formation of the 

Hellas, Utopia, Argyre, and Isidis impact basins [Acuña et al. 1999]. While crater dating 

[Arkani-Hamed 2004, Lillis et al. 2013, Vervelidou et al. 2017] and analysis of meteorites 

[Weiss et al. 2008] are in close agreement that the dynamo ceased ~4.1 Gya, higher-resolution 
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analysis of the crustal anomalies has identified a later magnetization signature that suggests the 

dynamo was present 3.7 Gya [Mittelholz et al. 2020]. The timing of dynamo cessation(s), the 

role of impactors in activating or deactivating the dynamo, and the field strength remain open 

questions. 

 
Figure 1.5: Map of the radial component of MGS-observed magnetic field from Acuña et al. 
[1999]. 

1.3. Thermosphere, ionosphere, and solar wind coupling at Mars 

Whether or not Mars had a habitable climate in the past, substantial atmosphere has been 

lost to space. This section will describe the structure of the atmosphere, ionosphere, and solar 

wind interaction of Mars in preparation for a discussion of atmosphere escape. 

1.3.1. Atmosphere structure 

Our understanding of the structure of the Martian atmosphere has improved markedly 

since the Viking missions made the first in-situ measurements. The atmosphere is a dynamically-
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coupled system that can be roughly classified in three regimes: the lower atmosphere (0-50 km), 

the middle atmosphere (50-100 km), and the upper atmosphere or “thermosphere” (100-200 km). 

Temperatures decrease from the surface to the lower boundary of the thermosphere, and then 

increase (Figure 1.6). The high temperatures in the thermosphere are caused by EUV-induced 

ionospheric processes, specifically by dissociative recombination of the ionospheric constituents 

at higher altitudes (>120 km) and quenching of metastable atmospheric constituents in the lower 

altitudes [Fox and Dalgarno 1979]. Meanwhile, gravity waves, thermal tides, and dust storms 

originate in the lower atmosphere. Water vapor is also trapped in the lower atmosphere in the 

absence of dust storms and must be converted into hydrogen gas to diffuse upwards [Yung et al. 

1988]. The middle atmosphere mediates the lower atmosphere and thermosphere by conveying 

waves and dust upwards, radiating heat via CO2 15 μm emission, and redistributing heat globally 

by winds [Bougher et al. 2017a]. 

 
Figure 1.6: An altitude profile of the temperatures inferred from accelerometer data during the 
descent of the Vikings 1 and 2, Mars Exploration Rovers (MERs) Spirit and Opportunity, 
Pathfinder, and Phoenix [Smith et al. 2017]. 
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Global circulation models (GCMs) have been developed to describe the processes within 

the atmosphere, e.g. Mars Thermosphere GCM (MT-GCM) [Bougher et al. 1999] or Mars 

Global Ionosphere Thermal Model (M-GITM) [Bougher et al. 2015]. Since EUV strongly heats 

the thermosphere, there is significant seasonal, solar cycle, and flare-sensitive variability. When 

Mars is at perihelion and/or when the sun is in a solar maximum phase, the thermosphere 

expands. As Mars travels further from the sun and/or the solar cycle wanes, the thermosphere 

contracts [Bougher et al. 2017a]. This trend is observed in both the models and data (Figure 1.7). 

Recent analysis based on MAVEN observations, which has taken place during solar minimum, 

have found that seasonal variation drives temperature variability of ~70 K [Bougher et al. 2017b] 

and that an X-class flare drove a ~70 K increase of temperature to ~310 K [Jain et al. 2018]. 

 
Figure 1.7: Temperatures as a function of season (solar longitude Ls) and solar cycle (SMAX: 
solar maximum, SMOD: solar moderate, SMIN: solar minimum) [Bougher et al. 2015]. Lines 
are from M-GITM and markers from pre-MAVEN spacecraft measurements. 
 

Although the upper atmosphere is typically defined as the region between 100 km and 

200 km, the choice of upper boundary is actually arbitrary and case-dependent. For atmospheric 

escape, a frequent choice of upper bound is instead the bottom of the exosphere, or the exobase. 
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The exosphere is an effectively collisionless region of space mostly consisting of dissociated 

and/or escaping atmospheric constituents. The exobase is the altitude where an atom can cross 

the exosphere in one mean free path, or rexobase such that ∫ 𝑁(𝑟)𝜎𝑑𝑟!
"!"#$%&!

~1 for exosphere 

density N and scattering cross-section s. Assuming a fixed scale height H, this expression 

reduces to the altitude such that N(rexobase)sH = 1. Since solar activity can cause the 

thermosphere to contract or expand, the exobase altitude can vary by tens of kilometers. In 

addition, the use of the exobase as a fixed boundary for escape studies may introduce 

inaccuracies. Atoms can diffuse from ~30 km below the exobase and supply additional escape, 

particularly if they scatter preferentially forwards rather than isotropically [Fox and Hac 2009]. 

1.3.2. Ionosphere 

In general, EUV radiation photoionizes and photodissociates the upper atmosphere of 

Mars. The resulting dayside ionosphere was first measured via radio occultation by Mariner 4. 

Subsequent missions (Mariners 6, 7, and 9) carried UV spectrometers that observed emissions 

from carbon monoxide (Cameron bands, Fourth Positive Bands), ionized carbon dioxide (UV 

doublet, Fox-Duffendack-Barker), atomic oxygen (1304-Å, 1356-Å, and 2972-Å), and atomic 

hydrogen (Lyman alpha) [Barth et al. 1971]. The carbon monoxide and ionized carbon dioxide 

emissions were recorded in the upper atmosphere (<220 km), while the atomic oxygen and 

hydrogen emissions extended far from Mars by 100s of kilometers and multiple Mars radii 

respectively. These latter emissions are produced by the oxygen and hydrogen coronae, the 

components of the Martian exosphere. In-situ measurements of the atmosphere and ionosphere 

were subsequently determined from the Viking landers upon descent [Nier et al. 1976]. Although 

carbon dioxide was the dominant atmospheric constituent, singly charged diatomic oxygen (O2+) 

was the primary ionospheric constituent due to rapid conversion of CO2+ into either CO2 or O2+. 
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Figure 1.8 shows the vertical structure of the atmosphere and ionosphere as observed by Viking 

1 and modeled by Fox and Dalgarno [1979]. 

 
Figure 1.8: Altitude profiles of the neutral and ionized constituents of the Martian atmosphere 
from Fox and Dalgarno [1979]. Viking 1 data is plotted with markers on the left and dashed lines 
on the right, while modeled atmospheric and ionospheric densities are plotted as solid lines. 
 

In the absence of EUV irradiance, the nightside of Mars has a patchy ionosphere 

associated with both plasma transport from the dayside and energetic particles “precipitating”, or 

traveling into and depositing their energy in the atmosphere. Zhang et al. [1990] showed the peak 

electron density in Viking observations of the nightside was low or below detection thresholds. 

While irregular and diffuse radar reflections found by MARSIS were suggested to be associated 

with vertical regions of the crustal fields [Gurnett et al. 2008], plasma transport from the dayside 

by horizontal transport via thermal pressure gradients and ion-neutral coupling with winds can 

also supply nightside ionospheres [Nemec et al. 2010, Adams et al. 2018]. 

1.3.3. Solar wind interaction with Mars 

Since Mars has an ionosphere but lacks an intrinsic global magnetic field, the incoming 

solar wind flow induces currents in the ionosphere to form an induced magnetosphere. Much like 

at Venus, solar wind plasma is shocked, decelerated, and deflected around the resulting magnetic 

fields (see Nagy et al. [2004] for further details). This near Mars plasma environment goes by 

two main names, the Mars-solar wind interaction region and the induced magnetosphere [Espley 
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2018]. Figure 1.9 shows a schematic of the region alongside measurements of magnetic fields 

and electron spectra from a spacecraft passing through the region. The supersonic solar wind 

approaching a stationary planet forms the bow shock, a collisionless boundary that separates the 

solar wind from the shocked solar wind. Within the shock is the sheath or magnetosheath, a 

highly turbulent region that spans roughly a proton gyroradius. This is where mass loading 

begins to influence the magnetic fields, causing them to drape as substantial newly-ionized 

stationary exosphere particles are incorporated into the plasma and slow the convective flow 

[Dubinin et al. 1997, 2017]. 

 
Figure 1.9: Schematic of the Mars-solar wind interaction [Nagy et al. 2004] (left) and plasma 
data (electron flux, electron spectra, magnetic field magnitude, magnetic field variability, 
spacecraft altitude) recorded by the MGS spacecraft with vertical bars to indicate the spacecraft 
crossing the bow shock (BS), magnetic pileup boundary (MPB), and the ionospheric main peak 
(Nm) [Acuña et al. 1998] (right). 
 

The shocked solar wind density then drops precipitously within the magnetic pileup 

region, which is significantly less turbulent and dominated by planetary heavy ions. The clear 

delineation between the magnetosheath and magnetic pileup region is thin and known by many 

names: in order of decreasing usage, the magnetic pileup boundary (MPB) since the magnetic 

fields rapidly rise in magnitude as they have “piled up” [Crider et al. 2000, Vignes et al. 2000], 
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the induced magnetosphere boundary (IMB) since it separates the interplanetary and near-Mars 

plasma environments [Lundin et al. 2004], the protonopause for reduced proton densities [Sauer 

et al. 1995], the planetopause by analogy to a cometopause [Riedler et al. 1989], and more. 

Below the magnetic pileup region is the ionosphere. The delineations used to separate these 

regions are the photoelectron boundary (PEB), which is the altitude below which electron spectra 

is dominated by photoelectrons with energies of 10s of eV [Mitchell et al. 2001], and the 

ionopause, a boundary initially described by the pressure balance between the ionosphere and 

incident solar wind (e.g. Spreiter et al. [1970]). Draped fields stretch behind Mars to form the 

magnetotail, which can be separated into two tail lobes, Marsward and anti-Marsward, separated 

by the tail current sheet or plasma sheet [DiBraccio et al. 2018]. 

There is considerable variability in the boundaries, leading to changing dynamics. The 

bow shock and MPB are often approximated as a fixed boundary, usually a fitted axisymmetric 

conic model (e.g. Trotignon et al. [2006]). However, the bow shock can vary from the fitted 

model by up to half a Mars radius (0.5 RM) under nominal conditions [Acuña et al. 1998]. 

Crustal anomalies also change the solar wind interaction, pushing the IMB and bow shock 

outwards from Mars in regions of strong magnetism [Edberg et al. 2008]. EUV irradiance, solar 

wind dynamic pressure, and placement of crustal anomalies have also been observed to shift the 

bow shock [Gruesbeck et al. 2018]. 

1.3.4. Magnetic topology 

When discussing precipitating particle populations as in this thesis, magnetic topology 

terms are useful. Soon after the discovery of the crustal anomalies, electron spectra above the 

anomalies were found to have dropouts or “voids” when rotated on the nightside, and would be 

populated by photoelectrons when rotated on the dayside [Mitchell et al. 2001]. It was inferred 
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that these spectra were measured on “closed field lines”, or magnetic fields that are entirely 

disconnected from the solar wind and instead connected to Mars on both termini. Flux “spikes” 

also interleaved these voids, particularly where the magnetic field was strongly directed away 

from or towards Mars. These spectra were analogized to Earth cusp regions. Krymskii et al. 

[2002] later suggested these regions could reconnect to produce “open field lines”, with one field 

line terminus connected to Mars and the other to the solar wind. 

Brain et al. [2007] introduced the magnetic topology formalism for MGS data, 

identifying magnetic field measurements as either closed, open, or draped based on electron 

pitch angle distributions. In this approach, open and closed field topologies were determined 

with respect to the atmosphere rather than the Martian crust. Closed fields were identified by 

either the absence of fluxes or the presumably collisional depletion of both field aligned and anti-

aligned electrons, open fields by the absence of field-aligned or anti-aligned electrons, and 

draped fields by the absence of any pitch angle dependent depletions. The distribution of closed, 

open, and draped field lines is geographically dependent, with closed fields clustered over the 

crustal anomalies and open fields distributed elsewhere (Figure 1.10). This approach has since 

been applied to MAVEN data [Weber et al. 2017] and combined with an electron shape 

parameter to infer magnetic topology from the presence/absence of photoelectrons [Xu et al. 

2014, 2019]. While this is not a strictly accurate definition of open field lines, which require 

connectivity to the crust, it is useful for describing regions where particles may precipitate and/or 

escape. 
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Figure 1.10: The frequency of measuring open field lines at 400 km from MGS [Brain et al. 
2007] (top) and between 200-450 km from MAVEN [Xu et al. 2019] (bottom) that connect to the 
dayside of Mars (left) and the nightside of Mars (right) as a function of geographic latitude and 
longitude. 

1.4. Atmosphere escape 

The prior section discussed the neutral and plasma flows at Mars from surface to space, 

providing a basis for discussing atmosphere escape. Figure 1.11 shows a schematic of the solar 

drivers at Mars and several escape processes. There are four main channels for escape: thermal 

escape, which is most effective on hydrogen atoms; photochemical escape, which is effective on 

O2+; ion escape, which scours all ionosphere constituents; and sputtering, an episodic cascade 

process that preferentially drives escape of oxygen. 
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Figure 1.11: A schematic of the energy inputs to Mars (EUV, solar wind, SEPs, CMEs), the 
neutral escape processes (in blue: Jean’s, photochemical, sputtered neutrals, corona/exosphere), 
and the ion escape processes (in red: escaping pickup ions, precipitating pickup ions, aurora, ion 
outflow, cusp ion outflow). Credit: CU/LASP. 
 

A neutral atom will leave an atmosphere provided it has a speed above escape velocity, 

an altitude above the exobase, and a trajectory directed away from the planet. Escape velocity 

can easily be calculated as 𝑣#$% = ,2𝐺𝑀/𝑅, which is ~5 km/s above Mars. This escape velocity 

is much less than the escape velocity of atoms at Venus or Earth, which is part of the reason why 

atmosphere escapes from Mars more easily than Venus and Earth. A hydrogen atom, an oxygen 

atom, an oxygen molecule, and a carbon dioxide molecule have escape energies of ~0.1 eV, 2.1 

eV, 4.2 eV, and 5.7 eV respectively. 

1.4.1. Thermal escape 

Thermal escape, also called Jean’s escape, occurs when the thermal energy of an atom 

meets or exceeds the escape energy. Assuming an atmospheric temperature between 140 K and 

350 K per prior spacecraft observations during different phases of the solar cycle [Bougher et al. 

2015] and that the temperature can rise by ~70 K during an X-class flare [Jain et al. 2018], the 



23 

 
 

average thermal energy of an atmospheric constituent is roughly 0.01-0.03 eV for a nominal 

thermosphere and can rise by an additional ~0.01 eV during a solar event. While this thermal 

energy is far smaller than the requisite escape energies for atomic oxygen or molecular 

constituents, it is comparable to the escape energy of hydrogen atoms. The total fraction of 

escaping atoms can be calculated by integrating the Maxwell-Boltzmann distribution above 

escape velocity (Figure 1.12) and halving the resulting cumulative probability to account for half 

of the particles traveling downwards instead of upwards. For nominal temperatures 140-350 K, 

this fraction is 0.01-3% and rises to 0.2-6% for a solar flare. 

 
Figure 1.12: The Maxwell-Boltzmann distribution function of atmospheric hydrogen atoms for 
different atmospheric temperatures, with a black vertical line drawn to show the small fraction of 
the distribution above escape velocity. 
 

Thermally escaping hydrogen is the source of the extended hydrogen corona [Anderson 

and Hord 1971]. Measurements of hydrogen abundance can be made via observation of the 

Lyman alpha emission (e.g. Chaffin et al. [2014]), solar wind ions that have reacted with the 

hydrogen exosphere to become hydrogen atoms and reconverted into protons close to Mars (e.g. 

Halekas et al. [2015]), and energized pickup hydrogen (e.g. Rahmati et al. [2017]). Escape rates 

are subsequently estimated by using a derived coronal temperature. Jakosky et al. [2018] 

estimated a modern escape rate of ~1-11 x 1026 hydrogen atoms per second using these methods, 
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which is equivalent to removing a global layer of water that is 2.6-25 meters thick. This estimate 

is uncertain due to the significant variability of the hydrogen exosphere. While the corona is 

usually described as a 1-D spherically symmetric exosphere [Chamberlain 1963], this model 

underestimates hydrogen densities near to Mars and overestimates them far from Mars [Chaffin 

et al. 2015]. The corona is also seasonally influenced, increasing in extent when Mars is in 

southern summer [Halekas 2017]. Dust activity can also drive increases in the escaping hydrogen 

by a factor of 10 [Chaffin et al. 2021]. 

1.4.2. Photochemical escape 

Photochemical escape is the process in which an exothermic chemical reaction produces 

a particle that is sufficiently energetic to escape. Dissociative recombination is the main process 

that drives the escape of oxygen, nitrogen, and carbon atoms [Chassefière and Leblanc 2004]. 

Ionized constituents (O2+, N2+, and CO+) recombine with an electron and then split into 

constituent atoms. For example, when O2+ dissociatively recombines, the resulting oxygen atoms 

may have energies of 0.4-3.5 eV [Kella et al. 1997]. These nonthermal or “hot” oxygen atoms 

form the oxygen corona (Figure 1.13). Many studies have modeled the oxygen corona at Mars 

and estimated the hot oxygen production rates (e.g. Chaufray et al. [2007], Lee et al. [2015]). 

The corresponding hot oxygen escape rates are predicted to increase with EUV irradiance (e.g. 

Cravens et al. [2017]). Lillis et al. [2017] used MAVEN observations of electron temperature 

and O2+ densities to estimate hot oxygen escape rates of 1.2-5.5 x 1025 atoms per second 

depending on season and EUV irradiance. 
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Figure 1.13: Modeled hot oxygen corona densities [Lee et al. 2015]. 

1.4.3. Ion escape 

Ion escape is the broad collection of processes that involve acceleration of ionospheric 

constituents to escape velocities by electric fields. Ion outflow is the low energy (<1 keV) 

population of ions that escape down the magnetotail while pickup ions or “plume escape” is the 

energetic (>1 keV) population that escapes along the direction of the motional electric field. Ion 

escape can also vary locally and episodically, depending on the source. Given the presence of 

crustal fields, many studies have investigated the influence of crustal fields on ion outflow. 

While most agree that the crustal anomalies contain elevated heavy ion fluxes, some argue that 

crustal anomalies inhibit escape by trapping the fluxes (e.g. Lundin et al. [2011]) or enhance 

escape by uplifting the ionospheric plasma to higher altitudes (e.g. Dubinin et al. [2020]). Data 

and models have also predicted potentially significant cusp ion outflow [Poppe et al. 2021]. On 

the other hand, episodic plasma waves may also be able to drive escape via wave-particle heating 

[Ergun et al. 2006, Fowler et al. 2020].  

Many missions have estimated ion escape rates. The earliest measurements were made by 

the ion spectrometers aboard Mars 2, 3, and 9, for which an escape rate of ~1024 O+ per second 

was estimated [Vaisberg and Smirnov 1986], followed by measurements aboard Phobos 2 of 
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“cold” ( <100 eV) and “auroral” (~keV) escaping oxygen in the magnetotail to estimate a rate of 

~1025 O+ per second [Lundin et al. 1989, 1990]. The Ion Mass Analyzer (IMA) aboard Mars 

Express also observed ion escape, but at a significantly lower rate of ~1023 O+ per second. 

[Barabash et al. 2007]. This was revised upwards to ~1024 O+ per second after the software was 

updated to include low energy ions [Lundin et al. 2008, Ramstad et al. 2015], which agrees with 

MAVEN-observed ion escape rates [Brain et al. 2015, Dong et al. 2017]. 

The presumed driving mechanism of ion escape before MAVEN arrived was ion outflow 

from cold ions leaving the planet in a variety of mechanisms [Dubinin et al. 2011] and auroral-

like ions that had been accelerated by the J x B force in the current sheet behind Mars [Dubinin 

et al. 1993]. However, pickup ions were predicted to be a significant outflow channel in many 

models, appearing as a distinctive “plume” along the direction of the convective electric field 

(e.g. Najib et al. [2011]). Indeed, energetic oxygen ion beams now known to be associated with 

this flow had been measured by Phobos 2 (e.g. McKenna-Lawlor et al. [1992]). Unfortunately, 

searches for the pickup ion plume in IMA data were inconclusive since the spacecraft’s orbit and 

instrument field-of-view hindered the likelihood of a successful observation [Liemohn et al. 

2014]. MAVEN observations ultimately confirmed the existence of the plume (Figure 1.14), 

estimating that it accounted for ~23% of escaping >25 eV O+ ions [Dong et al. 2015]. Plume 

escape flux is characteristically invariant with EUV irradiance although the energy of the 

accelerated particles increases with EUV [Dong et al. 2017], while tailward ion outflow 

increases with EUV irradiance (e.g. Dubinin et al. [2017]). With the plume included, MAVEN 

observations were used to estimate heavy ion escape rates of ~1024 ions per second [Brain et al. 

2015, Dong et al. 2017]. 
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Figure 1.14: Measured O+ fluxes [Dong et al. 2015] (left) and modeled O+ trajectories [Fang et 
al. 2008] in the XZ plane. 
 

While pickup ion escape is the acceleration of heavy ions via the convective electric field 

away from the planet, the same mechanism can accelerate the ion back towards the planet. The 

precipitating particle re-enters the atmosphere with significant energy (10 eV - 100 keV) that is 

distributed as recoils in atmospheric constituents, which is theoretically sufficiently to energize 

the impacted atoms above escape velocity [Johnson 1990, Luhmann and Kozyra 1991]. This 

mode of escape, called “sputtering”, is very difficult to measure, due to the effective invisibility 

of recoils relative to the thermal energy. The primary indirect evidence for sputtering loss is 

argon fractionation, which requires that 40-60% of atmospheric argon was lost to space [Slipski 

et al. 2016, Jakosky et al. 2017]. MAVEN’s observations of precipitating heavy ion fluxes have 

been used to infer sputtering-induced escape rates that are orders of magnitude below the 

photochemistry-associated escape rates (~1023 O+ per second) [Leblanc et al. 2015, 2018]. 

However, MAVEN observations to-date are confined to solar minimum and models have shown 

that EUV may have a strong control on sputtering. However, many such models were derived 

from Luhmann et al. [1992], which used a gasdynamic model to estimate precipitating oxygen 

fluxes (e.g. Leblanc and Johnson [2002]). Recent models that account for mass-loading find 
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significantly suppressed precipitating oxygen fluxes even in solar maximum phases [Chaufray et 

al. 2007]. 

1.4.4. Ancient escape 

While we have reviewed the modern escape mechanisms, there are two additional 

channels of escape that are irrelevant to modern escape but relevant to ancient Mars: impactors 

and hydrodynamic escape. Impactors like meteorites, comets, and asteroids can add and subtract 

material from planetary atmospheres. Although impactors likely helped initially supply the 

atmospheres of all inner solar system planets, fast impactors that were more common in the early 

Noachian might have ejected considerable atmosphere from Mars due to the low mass and radius 

of the planet [Melosh and Vickery 1989, Brain and Jakosky 1997]. Hydrodynamic escape, also 

called “blowoff”, occurs when EUV heating and the planetary hydrogen inventory is significant 

enough that the volume of escaping hydrogen exerts drag on heavier atmospheric constituents 

[Hunten 1973]. It can be considered an extreme case of Jean’s escape, as EUV energy is supplied 

in excess of the thermal energy and instead converted into kinetic energy [Chassefière and 

Leblanc 2004]. The required conditions are likely common in primordial planetary atmospheres 

and have been observed at exoplanets [Tian et al. 2005]. Evidence of hydrodynamic escape in 

the early solar system is currently limited to the fractionation of xenon isotopes at Mars and 

Earth [Hunten et al. 1987, Pepin 1994]. 

1.4.5. Current loss to space 

Summing over the active escape processes, the current total atmospheric loss of hydrogen 

and oxygen atoms is roughly 2-3 kg/s [Jakosky et al. 2018]. Dissociative recombination produces 

the most significant escaping fluxes of oxygen atoms, followed by ion escape and sputtering. 

This rate is not reflective of all sources of loss, such as photochemical escape of nitrogen and 
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carbon atoms, and thermal deuterium loss, and does not account for episodic influences such as 

CMEs, gravity waves, and plasma waves. The modern rate can be extrapolated back in time to 

estimate escape in the young solar system. Observations of main sequence stars early in their 

lifetime like the ancient sun show they are dimmer in overall luminosity, the famous “faint 

young sun” problem. Despite this overall reduced luminosity, these stars also have a higher 

magnetic activity due to a more efficient dynamo driving rapid rotation rates, which produces 

more intense X-ray and EUV emissions [Güdel 2007]. These modern escape rates were 

extrapolated backwards given the higher EUV irradiances to estimate that either 0.8 bar of 

carbon dioxide or a 23 meter global equivalent layer of water have been lost [Jakosky et al. 

2018]. When combined with estimates for impact ejection to space and deep subsurface 

sequestration, ~1.3-3 bars of carbon dioxide are estimated to have been lost from an ancient 

Mars atmosphere [Jakosky 2019]. 

1.5. Space weather at Mars 

While atmospheric loss rates and projections to ancient times generally incorporate the 

increased EUV emissions present in the solar system, the early sun also released a faster solar 

wind and likely had more frequent CMEs. Evidence of more frequent energetic SEP events in the 

early solar system can be seen as enhanced spallation in meteoric grains dating to the early solar 

system [Caffee et al. 1987]. Given this relevance, many studies have investigated the 

atmospheric and ionospheric response of Mars to space weather events. In general, ion escape 

rates increase by a factor of 10 during CME passages [Futaana et al. 2008, Jakosky et al. 2015] 

and ~2.5 during SIR passages [Edberg et al. 2010, Nilsson et al. 2011]. Flares can cause 

significant atmospheric heating [Jain et al. 2018], leading to increases of hydrogen escape by a 

factor of 5 [Mayyasi et al. 2018] and oxygen escape by 50% [Thiemann et al. 2018]. 
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Unfortunately, observations of thermal and photochemical escape are infrequent and sensitive to 

noise, making it difficult to determine how much increased escape is due to the flare, CME, or 

SEPs.  

Projecting the role of space weather at early Mars requires estimating atmospheric escape 

in response to more frequent events. However, disambiguating the influence of each space 

weather process (flare, CME, SEPs) on in-situ processes is difficult, particularly for more 

infrequently measured neutral escape processes (e.g. hydrogen and oxygen corona). Models are 

often useful to predict the response of a system to specific processes, but there is significant 

variability based on the included physics. For example, for the September 2017 space weather 

events, a MHD simulation predicted escape that was increased by a factor of 10-20 while a 

hybrid model for the same event estimated an increase by a factor of 2.5 [Lee et al. 2018]. 

Current existing models of space weather at Mars do not usually include SEPs and their 

associated effects. Those that do are often applied to predicted surface dose rates (e.g. Gronoff et 

al. [2015]) or atmospheric ionization (e.g. Sheel et al. [2012]). However, a simplified 1-D model 

of protons slowing in a pure monatomic oxygen atmosphere scaled to the total atmospheric 

density of Mars was used to estimate that SEP protons could increase heating in the Martian 

atmosphere by ~20% [Leblanc et al. 2002]. It was also shown that SEP protons would be 

unhindered by all but the strongest crustal fields. SEP electrons have not been investigated by 

any of these models. 

1.6. Thesis roadmap 

This thesis intends to disambiguate the role of SEPs in the larger scheme of space 

weather influences on atmospheric escape, with particular emphasis on how the Mars-solar wind 
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interaction and crustal fields affect SEP transport. The work presented in this thesis is organized 

into five chapters as follows: 

Chapter 2 (Model of SEP transport and energy deposition): Description of the 3-D Monte 

Carlo test particle and energy degradation simulation that is applied in Chapters 3 and 4. 

Chapter 3 (SEP proton ionization in crustal fields): Predictions of how crustal fields 

influence atmospheric ionization from SEP proton precipitation. 

Chapter 4 (SEP electron transport): Predictions of how the solar wind interaction with 

Mars and the crustal fields influence SEP electron transport and precipitation. 

Chapter 5 (Inventory of solar driver energy input): Calculated relative energy input of 

SEPs compared to EUV and solar wind as recorded by MAVEN observations during the onset of 

solar minimum. 

Chapter 6 (Conclusion): Summary of the work completed in the thesis and a speculative 

estimate of energy input at ancient Mars.
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Chapter 2  

Model of SEP transport and energy degradation 

 

A 3-D Monte Carlo test particle model called ASPEN (Atmospheric Scattering of 

Protons, Electrons, and Neutrals) was developed for the work presented in this thesis. The model 

was initially developed to count collisions of energetic (10 eV – 5 MeV) protons and hydrogen 

atoms in the Martian thermosphere and subsequently extended to predict relativistic motion and 

include electron collisional physics. The simulation applies Monte Carlo methods by 

randomizing individual particle collision probability to estimate average energy deposition into a 

planetary atmosphere for a large number of particles, while simultaneously accounting for 

motion in prescribed 3-D inhomogeneous electromagnetic fields (Figure 2.1). 
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Figure 2.1: Simplified schematic of ASPEN tracing a particle moving in the IMF near Mars and 
precipitating into the atmosphere, colliding and imparting energy to the atmosphere. 
 

This chapter is based on sections of two papers published in the Journal of Geophysical 

Research - Space Physics [Jolitz et al. 2017, 2021]. Due to the increasing capabilities of the 

model, these sections were combined and updated to describe the current state of ASPEN. First 

the chapter will contextualize the need for ASPEN’s development with a discussion of prior 

existing particle energy degradation and plasma interaction models, and explain why the test 

particle and collision-by-collision approaches were chosen. Then an overview of ASPEN will be 

provided, with subsections describing solving Lorentz force equations for each particle and the 

collision-by-collision energy degradation method, followed by a description of all possible 

simulation inputs. Finally, prior model validation and current model applications unrelated to 

SEPs will be mentioned. 



34 

 
 

2.1. Background 

This section will review current approaches used in modeling energy degradation and 

plasmas. The drawbacks and advantages of each approach are discussed, and provide rationale 

for the development of a new simulation. 

2.1.1. Prior energy degradation models 

 
Many models have been developed to study energy degradation of energetic particles in 

planetary atmospheres. The approaches can be broadly categorized as stopping power 

approximations, kinetic Boltzmann equation solvers, or collision-by-collision Monte Carlo 

models (Table 2.1). Stopping power approximations, also called the continuous slowing-down 

approximation (CSDA), assume energy is gradually lost in proportion to the atmospheric density. 

While the CSDA is easily estimated, it can mishandle inelastic processes that cause discrete 

energy loss. The accuracy of the CSDA depends on the estimated loss function, which can 

include corrections for multiple collisional processes (e.g. Porter and Green [1975]) and 

backscattering (e.g. Kallio and Barabash [2000]). Alternatively for high energy particles, 

Model type Advantages Disadvantages 
Continuous slowing 
down approximation 
(CSDA) 

Easy to calculate, can be 
parameterized using results of 
other approaches. 

Assumes continuous energy loss, 
difficulty in modeling inelastic 
collisions, does not estimate energy 
partitioning into processes 

Kinetic Boltzmann 
equations 

Most accurate, accounts for 
energy partitioning into 
processes, predicts distribution 
functions of both projectiles and 
targets. 

Equations often require a simplified 
geometry or magnetic field 
configuration 

Collision-by-
collision 

Accounts for energy partitioning 
into processes, can be easily 
combined with a test particle 
algorithm 

Computationally intensive. 

Table 2.1: Table comparing different energy degradation approaches 
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collisions are sufficiently frequent that the energy loss may be approximated as continuous loss 

[Sheel et al. 2012]. 

Kinetic Boltzmann equations (also called “multistream” or “transport” equations) have 

the advantage of describing the energy deposition and transport of energetic particles in a self-

consistent manner. Unlike CSDA, the collisional conversion of protons to hydrogen atoms and 

vice versa can be easily described by a set of coupled Boltzmann equations. Such models include 

the Trans* model series, initially developed for Earth [Lummerzheim and Lilensten 1994, 

Lilensten and Blelly 2002] and since adapted to many other planets (e.g. Aeroplanets, Gronoff et 

al. [2012]), which solve the differential equations iteratively over altitude for predefined 

boundary conditions [Galand et al. 1997]. Alternatively, a stochastic direct simulation Monte 

Carlo method can be used to solve the equations [Shematovich et al. 1994, 2011]. Unfortunately, 

the equations assume a 1-D plane parallel atmosphere and absent or simplified magnetic field 

configurations. 

In collision-by-collision Monte Carlo simulations, random numbers are used to estimate 

the collision probability of atoms and decrement the energy per collision for a given individual 

particle. The process is repeated until the particle is considered “thermalized” or below an energy 

threshold, and then repeated for a large number of particles. This is the most memory-intensive 

simulation type, since a particle may undergo thousands of collisions before thermalizing. 

However, collision-by-collision simulations are also the most amenable to studies of beam-

spreading (e.g. Davidson [1965]), differential energy input into various collision processes (e.g. 

Kallio and Barabash [2001]), and magnetic field influence (e.g. Lillis et al. [2008]). Since this 

thesis primarily intends to investigate how the complex configuration of the Mars-solar wind 

interaction affects SEP precipitation, this was the approach chosen. 
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Studies of high energy particles sometimes use Geant4, a package which includes several 

modules to describe hadronic interactions, pair production, particle showers, and more 

[Agostinelli et al. 2003]. This package is integrated into Planetocosmics [Desorgher et al. 2006], 

which has been applied to several studies estimating surface dose rates and ionization [Dartnell 

et al. 2007, Gronoff et al. 2015]). However, Geant4 is not usually applied in aeronomical studies 

of particles with energies below 1 MeV since Geant4 outputs do not distinguish between 

collisional processes. For example, atmospheric ionization rates may be estimated by taking the 

output altitude profile of energy deposition and dividing by an average pair production energy of 

35 eV (e.g. Gronoff et al. [2015]). In addition, Geant4 applies the CSDA to solve for multiple 

elastic collisions. Because of these issues, we deliberately chose to not use Geant4. 

2.1.2. Prior plasma models 

As with collisional energy degradation models, there are many models of plasma 

interaction. In the analysis of plasma at Mars, there are four primary kinds of simulations: 

magnetohydrodynamic (MHD), hybrid, particle-in-cell (PIC), and test particle. 

MHD models are derived from gasdynamic models, which were developed in the 1960s 

to solve conservation of mass, momentum, and energy equations for a solar wind flow into a 

fixed “ionopause” boundary [Spreiter 1966]. Although gasdynamic models could replicate the 

bow shock and magnetosheath of Mars, they neglected dissipative processes such as magnetic 

induction and mass loading [Russell et al. 1984]. Increasing computational capacity in the 1990s 

drove the development of MHD models that could capture these effects [Tanaka 1993]. MHD 

models approximated plasmas as a self-neutralizing fluid and solve continuity, momentum, 

magnetic induction, and energy equations to obtain plasma parameters. Many MHD models exist 

and have been applied to the Mars system [Ma et al. 2004, Harnett and Winglee 2003, Terada et 
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al. 2009, Najib et al. 2011]. They differ from each other in a variety of ways, ranging from the 

solver used to approach the system of equations, whether each ion species is approximated by the 

same or individual momentum and energy equations, and how many terms of the 

magnetohydrodynamic equations are included. 

While mostly effective at predicting the local plasma environment at Mars, it is important 

to mention that MHD models will not describe wave activity or finite gyroradius effects. These 

effects are captured in hybrid models, so-named because they model ions as macroparticles and 

electrons as a massless charge-neutralizing fluid. Many hybrid models have been developed for 

the Mars system to describe kinetic effects of solar wind protons and ionospheric oxygen [Brecht 

and Ledvina 2006, Kallio et al. 2006, Bößwetter et al. 2007, Modolo et al. 2016]. Hybrid models 

have continued to increase in complexity, such as incorporating two charge-neutralizing fluids to 

represent ionospheric and solar wind electrons and finite ionospheric conductivity [Modolo et al. 

2016] and including magnetic diffusion [Jarvinen et al. 2018]. Hybrid models have the advantage 

of self-consistency and describing proton kinetics across the shock. However, they are highly 

computationally intensive, causing them to have lower resolution and/or limited domains 

compared to MHD models. PIC models go a step further than hybrid simulation by self-

consistently solving for the motion of all energetic particles, and are accordingly known as 

“fully” kinetic simulations. However, they can only be applied in simplified magnetic field 

configurations due to the computational complexity (e.g. magnetic cusps in Poppe et al. [2021]). 

MHD, fluid, and PIC simulations self-consistently account for the influence of charged 

particles on the ambient magnetic and electric fields. However, a charged particle population 

sometimes does not require self-consistent modeling because it isn’t sufficiently dense to alter 

ambient electromagnetic fields. This is true for SEPs. Even at the peak of the 2003 Halloween 
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event, the lowest energy channels of ACE/SWEPAM measured fluxes of ~6 x 105 ions cm-2 s-1 

(47-66 keV) and ~3 x 105 electrons cm-2 s-1 (45-62 keV) [Malandraki et al. 2005], giving an 

effective plasma density of ~0.001 cm-3. Although this calculation inaccurately implies a fluidic 

description of SEPs, it shows that the effective plasma density of SEPs is three orders of 

magnitude below nominal solar wind densities (~3-10 cm-3). As the density of ambient plasma 

only increases closer to Mars due to mass loading, self-consistent modeling descriptions should 

never be required for SEPs. 

When self-consistent modeling is unnecessary, a test particle model is ideal. Test particle 

models describe plasmas as collections of individual particles moving in a prescribed magnetic 

field by the Lorentz force. Test particle models have been used before in predicting SEP 

transport at Mars (e.g. Luhmann et al. [2007], McKenna-Lawlor et al. [2012], Kallio et al. 

[2012]). For the prescribed magnetic fields used in ASPEN, magnetic and electric fields from a 

multifluid MHD (MF-MHD) simulation are used (further details in Section 2.3). 

2.2. ASPEN overview 

Each particle is single-stepped in prescribed electric and magnetic fields until the 

calculated likelihood of collision with atmospheric constituents along its path exceeds a random 

number. When that occurs, the consequences of the collision are determined (e.g. energy 

imparted to the atmosphere) and the particle begins moving again. The process repeats until the 

particle energy falls below a given energy threshold or the particle exits the simulation 

boundaries. The simulation boundaries are assigned based on the application. For tracing test 

particles in the overall Mars-solar wind interaction, the domain is limited by the range over 

which the prescribed MHD fields are defined and accurate. Modeling collisions calls for a 

simulation domain that is focused on the atmosphere, so it is appropriate to choose a radially-
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defined domain with an upper altitude limit above the exobase and a lower altitude limit below 

the thermalization altitude. In addition, an energy threshold is useful to avoid excessive 

computational burden incurred by simulating very low energy particles that impart 

inconsequential energy solely via elastic collisions at low altitudes. This can be either fixed at an 

arbitrary cutoff (10 eV in Chapter 3) or set to the energy where the likelihood of an inelastic 

collision is less than 1%, which varies depending on the projectile.  

Many useful quantities can be inferred from ASPEN. The simulated population’s energy 

and location upon exiting the simulation domain can be used to estimate parameters like the 

fraction of particles that are backscattered or magnetically deflected. When modeling collisions, 

the projectile name, collision location, species impacted, process occurred, energy deposited, and 

secondary energy (if produced) can all be recorded. When the simulation is complete, the 

collision logs can be combined and normalized by the total number of simulated particles to 

estimate energy deposition or collision rates. Subsets of the logs can be used to estimate more 

specific quantities, such as the ionization rate of carbon dioxide or Lyman alpha emission 

profiles from only hydrogen atom impact. Since ASPEN is a Monte Carlo simulation, increasing 

the number of particles simulated improves model predictions. 

The model has four key assumptions. First, neutral atmospheric molecules are stationary 

relative to each simulated particle. Since the thermal energy of atmospheric molecules is ~0.01 

eV and the maximum possible energy of a hot oxygen atom is on the order of eVs, the simulation 

is halted before interactions become significant. Second, simulated charged particles never 

interact with other charged particles. The simulated SEPs are already low in density, making 

collisions rare. The energy loss of fast particles in an ambient plasma can be estimated from the 

formula in Dalgarno et al. [1963], dE/ds = ne (1.95 x 10-12 eV cm2)/E for a particle of energy E 
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and ambient electron density ne. Assuming the peak ambient electron density is ~105 cm-3, the 

energy loss is ~2 meV/km for a 10 eV particle. Third, electromagnetic fields and atmospheric 

densities do not temporally vary over the lifetime of a simulated particle. Even in the most 

intensive Monte Carlo simulations run for Chapter 4, the average particle lifetime from 

initialization in the deep solar wind to precipitation or escape back to the solar wind was ~1 

second, with a maximum of ~50 seconds. 

The next subsections will describe the approach to solve for the motion of test particles, 

followed by a detailed discussion of collision detection and handling.  

2.2.1. Particle motion 

Each test particle has a three-dimensional trajectory and location. They move according 

to the nonrelativistic Lorentz force equation for a particle of charge q and mass m with position s 

and velocity v: 

     𝑚 &𝐯
&(
= 𝑞4𝐯 × 𝐁(𝐬) + 𝐄(𝐬);                (2.1) 

If a particle is or converts to a neutral atom, this equation reduces to zero and the atom 

will move ballistically. While a nonrelativistic approach is appropriate for the protons studied in 

Chapter 3, since the relativistic factor (γ - 1) for 20 keV to 5 MeV protons is 10-5 - 10-3, it breaks 

down for the electrons studied in Chapter 4, which have a relativistic factor (γ - 1) between 0.5 - 

10 for the same energy range. When this is the case, the Lorentz force equations need to be 

adjusted for a relativistic application: 

γ = )
*)+	(./0)'

,          (2.2) 

U = )
2
mv2 → (γ − 1)mc2,        (2.3) 
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Alternatively, if a particle is assumed to have a sufficiently tight gyroradius and drifts are 

negligible, it can be assumed to follow a magnetic field line. In such a situation, the Lorentz 

force equation can be replaced with a differential equation that describes motion parallel or 

antiparallel to the magnetic field: 

      &𝐬
&7
= ± 𝑩(𝒔)

|𝑩|
                        (2.6) 

Many methods can be used to solve the aforementioned differential equations. By default, 

ASPEN uses a Fourth Order Runge-Kutta method (RK4) to estimate the change in velocity (dv) 

and position (ds) after elapsed time (dt). While RK4 is often sufficient to solve these equations, 

truncation error is cumulative and can increase for an excessive number of steps. The influence 

of truncation error can be estimated by calculating the change in particle energy in the absence of 

electric fields and collisions, since magnetic fields do no work. For cases when RK4 is 

insufficient, the Boris algorithm has been included in the simulation. Although the Boris 

algorithm is not a symplectic integrator, it can conserve energy due to conserving phase space 

volume in a manner similar to a symplectic integrator [Qin et al. 2013]. The Boris algorithm is a 

form of leapfrog algorithm, which evaluates the position and velocity at different time steps 

(usually half a time step apart). A relativistic version of the Boris algorithm from Ripperda et al. 

[2018] was implemented. 

The time step dt is defined as dl/|v| where v is the particle’s velocity and dl is a spatial 

step length. The step length dl is variable depending on the application. For example, a fixed step 
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length of 1 km was used in Chapter 3 since the resolution of the energy deposition altitude 

profiles was 1 km. Because particles were released at the same altitude, a longer fixed step length 

caused artifacts such as energy deposition increases spaced a step length apart. On the other 

hand, this step length was far too short and computationally intensive for the study in Chapter 4. 

It was more appropriate for this application to use a step length that could parameterize the 

electron’s gyration around the field line, such as 5% of the gyroradius. Unfortunately this length 

scale choice can be problematic in low magnetic field regions such as near the current sheet, 

where the magnitude of the magnetic field can be as low as ~0.01 nT and lead to a gyroradius 

prediction of tens of thousands of kilometers. In this region, the gradient scale of the magnetic 

fields is a better length scale for parameterizing particle motion. ASPEN chooses a varying step 

length that is the minimum of 5% of the local gyroradius, 10% of the gradient scale of the 

magnetic fields (|B|/|∇B|), and a predefined maximum step length (1,000 km). Figure 2.2 shows 

example traces using RK4 with a fixed step length and the varying step length along with one 

that used the Boris algorithm with the varying step length. As expected, the RK4 with a fixed 

step length incurred the most error with an energy increase of ~1.5% over the simulation  
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Figure 2.2: Traces of a 100 keV electron with a pitch angle of 35 degrees traveling towards Mars 
from s = (0, -3 RM, 0) in the XY plane alongside the relative increase in energy as a function of 
Y position. The bow shock (dashed) and the MPB (dotted) are in gray, and the magnetic field 
line traced from the starting position is in black. 

2.2.2 Particle collisions 

As each particle is singly stepped, the collisional probability is simultaneously estimated. 

While particle motion is deterministic, particle collisions with the atmosphere are stochastic. The 

probability of a projectile colliding with a stationary target is random. However, a particle is 

more likely to collide if it travels in a denser medium or has a higher interaction cross-section 

area with a target. When applied to a particle beam of intensity I, this relation is known as Beer’s 

Law:		

																																																																								𝑑𝐼 = −𝑛𝜎𝐼𝑑𝑙																																																								(2.7) 

where n is the density of scattering targets, σ is the cross-sectional area presented by each 

scattering target, and dl is the distance over which a beam attenuates. Following an approach for 
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electron-neutral collisions from Lillis et al. [2008], we solved Beer’s Law for intensity and set 

the collision probability equal to the ratio of attenuated beam intensity to the initial beam 

intensity. For a particle traveling distance l and encountering N atmospheric species with 

spatially varying densities, the scattering probability: 

																																												𝑃(𝑙, 𝑈) = exp Y−Z[ 𝜎;(𝑈(𝑙′))𝑛;(𝑙<)𝑑𝑙′
7

=

>

;

]																																				(2.8) 

where σi(U(l')) is the cross-section presented to a proton with energy U(l’), and ni(l') is 

the number density of the ith atmospheric neutral species encountered by the proton after 

traveling distance l’ between 0 and l. By choosing a random probability for the left hand side of 

the equation, the equation can determine the distance l a particle travels before colliding, which 

is effectively a weighted random number. 

Because atmospheric densities and cross-sections for each species may vary along a 

particle’s path (i.e. along a curving path in magnetic field), this equation cannot be directly 

inverted to find distance l for a random collision probability P. Instead ASPEN implicitly solves 

for distance l between collisions by selecting a random number between 0 and 1 and 

incrementally moving the particle by a step length until the calculated probability of scatter 

exceeds the random probability on the left hand side. Per the prior section discussion, the step 

length can be fixed or variable. If the step length is variable and used to model collisions, the 

local mean free path 1/∑ 𝑛;σ;;  can also be used to constrain the step length. For example, a 

simulation that includes both collisions and test particle tracing can choose a variable step length 

as the shortest distance between 10% of the local mean free path, 5% of the local gyroradius, 

10% of the gradient scale of the magnetic field, and a predefined maximum step length. 
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Sometimes the fixed step length or local mean free path is insufficient in estimating the 

distance before colliding. If the step length is too long, the particle will possibly overstep 

multiple collisions and penetrate deeper in the atmosphere than it physically should have, which 

can lead to energy deposition at unrealistically low altitudes. For this reason, ASPEN uses an 

adaptive step length. If the cumulative collision likelihood increases too rapidly (e.g. over 20% 

in a single step), ASPEN reduces the step length by half and tries the step again. Figure 2.3 

shows a comparison of effective collision probability distributions and energy deposition altitude 

profiles determined using multiple fixed step lengths and the adaptive step length assuming an 

initial step length of 1 km. If no adaptive step is used, the cumulative probability distribution 

becomes biased and is no longer uniformly random, which leads to particles improperly colliding 

and depositing their energy at lower altitudes. 

 
Figure 2.3: The probability distribution function of effective collision likelihoods and energy 
deposition altitude profile for multiple fixed step lengths and the adaptive algorithm. 
 

When a collision occurs, the individual collision probability with each atmospheric 

species is determined and used to construct a probability distribution function. The species 
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impacted is determined by comparing a new random number to the probability distribution, 

which is weighted in favor of the species with the highest likelihood to have been impacted. 

Provided the name of the impacting particle and the target atom, the relative cross-

sections that describe the collisional processes are retrieved. These relative cross-sections are 

determined from a compiled set of cross-sections for each included collisional process as a 

function of energy, which are then normalized to predict the relative likelihood of each process 

as a function of energy. These relative cross-sections are compiled from many sources. Chapter 3 

applied process cross-sections from Kallio & Barabash [2001] and Basu et al. [1987]. 

Subsequent studies using ASPEN have included more cross-sections, such as electron attachment 

and detachment from Nakai et al. [1987]. The process cross-sections are summed to estimate the 

total cross-section used in the scattering probability calculation. Figure 2.4 shows the current 

cross-sections in-use. For further details on the source of these cross-sections, see Appendix A. 
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Figure 2.4: Compilation of current cross-sections used in ASPEN. 
 

 The simulation can describe six categories of collision. For projectile incident on a target 

atom A: 

• Elastic collisions ((H, H+, H-, e-) + A à (H, H+, H-, e-) + A): The projectile strikes the 

target and scatters in a manner that conserves momentum and energy per classical theory.  

• Ionization ((H, H+, H-, e-) + A à (H, H+, H-, e-) + A+ + e-): The removal of an electron 

from a target atom. 
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• Target excitation ((H, H+, H-, e-) + A à (H, H+, H-, e-) + A*): A particle excites a band in 

a target species. This can co-occur with ionization (e.g. UVD emission from ionized 

carbon dioxide). 

• Electron capture (H+ + A à H + A+ or H + A à H- + A+): A proton or hydrogen atom 

gains an electron from a target species and becoming a fast hydrogen atom or hydrogen 

anion, respectively. Does not occur for electrons. Sometimes called charge exchange or 

electron attachment. 

• Electron stripping (H + A à H+ + A + e- or H- + A à H + A + e-): A hydrogen atom or 

hydrogen anion losing an electron after impacting a target species, becoming a proton or 

hydrogen atom, respectively. For a hydrogen atom, this can be considered ionization of 

the projectile. Does not occur for electrons. Sometimes also called charge exchange. 

• Projectile excitation ((H or H+) + A à H* + A): A hydrogen atom is excited upon impact 

on a target species. Alternatively, a proton charge-exchanges to become a hydrogen atom 

and is subsequently excited in the same interaction. This is a source of Lyman alpha 

emission (“proton aurora”) as well as H-alpha and H-beta emission. Does not occur for 

electrons. 

Each of these processes can cause the projectile to lose energy and scatter. Although 

energy lost in elastic collisions is sometimes ignored since it is small for sufficiently low 

energies (e.g. Kallio and Barabash [2001]), ASPEN tracks the energy loss for use in estimating 

heating rates. Elastic scattering is predicted using the distribution presented in Kallio and 

Barabash [2001] (based on data from Noel and Prölss [1993]) and used to estimate the energy 

loss via the conservation of energy and momentum equations for a two-body collision. 
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Energy loss in inelastic processes is often discrete and can depend on the interaction 

between projectile and target atom or molecule. For electron capture, the energy defect is fixed 

and can be calculated by subtracting the ionization energy of a target species from the ionization 

energy of hydrogen. The energy defect can be zero for a resonant process (e.g. H), low for a 

near-resonant process (e.g. 0.018 eV for O), or high for a non-resonant process (e.g. ~2 eV for 

N2). In an excitation, the energy lost is the threshold excitation energy of the impacted neutral. 

For processes that eject an electron such as electron stripping and ionization, the energy 

lost is the sum of the ejected (secondary) energy and the ionization threshold to remove the 

electron from the projectile (stripping) or target (ionization). The ejected secondary electron 

energy depends on projectile energy. There are two approaches to predict secondary electron 

energies. In Basu et al. [1993] and Kallio & Barabash [2001], ionizations and electron stripping 

collisions produce a secondary electron with a fixed energy depending on the primary energy 

(e.g. a 10 keV proton impacting N2 in a charge-stripping collision produces a 6.4 eV electron). 

The fixed energy approach uses an approximate formula to predict secondary electron energy 

[Basu et al. 1993]. Alternatively, secondary electron production can be modeled using 

differential cross-sections as in electron precipitation codes, e.g. Lillis et al. [2009], allowing for 

the production of a range of secondary energies for a given projectile energy using random 

numbers. The random energy approach uses proton-impact ionization double differential cross-

sections with CO2, O2, O and N2 from Rudd et al [1985]. Unfortunately, there are no double 

differential cross-sections for electron production in electron stripping collisions. ASPEN uses a 

fixed secondary approach for electron stripping collisions and supports both fixed and double 

differential secondary production for ionization collisions. The approaches will be compared in 

Chapter 3. 
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Following a collision, the particle’s velocity is recalculated to account for lost energy and 

a new scattering direction before resuming tracing. The particle identity can also change, as the 

collision can change the state of the proton to a neutral hydrogen atom (charge exchange) and 

back (electron stripping). If the particle becomes a neutral hydrogen atom, the particle travels in 

a straight line unaffected by electromagnetic fields. 

2.3. Model inputs 

ASPEN may use many different data sources to describe the ambient magnetic fields and 

atmospheric densities. Fixed values can also be supplied for debugging purposes. Densities are 

required for modeling collisions, but optional for test particle tracing. Likewise, magnetic fields 

are required for test particle modeling, but optional for modeling collisions. If both are used, they 

should correspond to the same solar wind condition and orientation of Mars. Electric fields may 

also be included, although they are not expected to significantly influence results due to the high 

energy of the simulated particles. 

In this thesis, 1-D altitude-varying density profiles from MT-GCM (Mars Thermosphere 

Global Circulation Model) are used. While M-GITM, which is 3-D, is integrated into the 

simulation and is also available, MT-GCM density profiles are simpler to analyze and are 

available for multiple solar conditions (Figure 2.5). 
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Figure 2.5: Altitude profiles of densities from MT-GCM for the dayside of Mars during solar 
minimum (left) and maximum (right). 
 

The prescribed magnetic and electric fields are generated by the MF-MHD model 

described in Najib et al. [2011] and Dong et al. [2014]. The MF-MHD model is an evolution of 

an earlier single-fluid MHD (also called MS-MHD for “Multiple ion Species”) [Ma et al. 2004]. 

Instead of approximating all ions with a single momentum and energy equation while retaining a 

continuity equation for each ion species, a multifluid approach solves continuity, momentum, 

and energy equations for each ion species. Like MS-MHD, MF-MHD uses the BATS-R-US 

(Block Adaptive-Tree Solar wind Roe-type Upwind Scheme) code to solve the MHD equations 

on a 3-D spherical grid. MF-MHD also includes the crustal fields from Cain et al. [2003]. In 

Dong et al. [2014], the model was coupled with a 3-D MT-GCM to include the influence of 

seasons and solar cycle from the neutral atmosphere on the Mars plasma environment. Figure 2.6 

shows an example of the magnetic fields produced by MF-MHD. 

Outputs from the MF-MHD model are determined under solar minimum and autumnal 

equinox conditions. While SEP events are often associated with disturbed solar wind conditions, 

all described modeling studies of precipitation assume nominal solar wind conditions. This 

makes the predictions applicable to a subset of energetic particle events where energetic particles 
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are not accompanied by disturbed solar wind conditions and gives a necessary baseline for 

further comparison. The interplanetary magnetic field is assumed to be a “Parker spiral”, with a 

magnitude of 3 nT and cone angle of 56°. Crustal fields are assumed to be located on the dayside 

at noon, with the strongest arcades facing the sun. 

 
Figure 2.6: Magnetic fields in the equatorial (Z = 0) plane as predicted by MF-MHD for an away 
sector “Parker spiral” IMF (By > 0) with crustal fields aligned towards the sun. 

2.4. Inter-model validation 

Because each procedure in the simulation code was written de novo, ASPEN was 

systematically tested to ensure the model provides reasonable results. The test particle module 

was initially qualified by simulating a charged particle in a uniform magnetic field and verifying 

that the gyroradius stayed fixed over many time steps. Subsequent collisionless studies 

repeatedly checked and confirmed that the model conserved energy in the absence of electric 

fields. 

The collisional physics module is more difficult to verify. Variability in cross-sections, 

secondary energy distributions, and scattering angle approximations can lead to different results 
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for the same problem. Still, three inter-model comparisons were done to sufficiently validate the 

code. In this section, we will describe comparisons of ASPEN predictions to prior model studies 

for stopping altitude, energy partitioning, and neutral heating rates. Electromagnetic fields were 

disabled for each comparison. 

2.4.1. Stopping altitude comparison 

Particles deposit more energy at lower altitudes because of increasing atmospheric 

densities. The maximum energy deposited is limited by the projectile’s energy, causing particles 

to be thermalized or “stopped” at a specific altitude as a function of energy. ASPEN-predicted 

stopping altitudes were determined by calculating the average altitude of particles that fall below 

the model energy threshold (10 eV). For comparison, CSDA stopping altitudes were calculated 

based on Henriksen [1979]. Assuming an atmosphere in hydrostatic equilibrium, the hydrostatic 

pressure is balanced with an opposing pressure from atmospheric collisions, 𝑃(𝑧) = 𝑃=𝑒+?/@ =

𝑅(𝐸)𝑔 for stopping altitude z, stopping range R(E), gravitational constant g, scale height H, and 

surface pressure P0. This equation is solved for stopping altitude assuming an isothermal carbon 

dioxide atmosphere with a scale height of 11.1 km, applying stopping ranges in carbon dioxide 

from proton stopping range tables provided by the National Institute of Standards and 

Technology [Berger et al. 2005]. 

Figure 2.7 shows stopping altitudes from ASPEN and the simplified CSDA. The CSDA 

predicts higher stopping altitudes than ASPEN for protons with energies less than 2 MeV and 

electrons with energies less than 20 keV. Above those energy thresholds, the CSDA predicts 

deeper penetration into the atmosphere than ASPEN. This discrepancy is partially explained by 

differing atmospheric densities, as the hydrostatic atmosphere assumed for the CSDA has higher 

densities than MT-GCM prediction used in ASPEN. Particles will stop at higher altitudes in a 
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denser atmosphere. However, there is an energy threshold where ASPEN predicts that particles 

stop at higher altitudes than the CSDA predicts. This is likely because the simplified CSDA does 

not account for backscatter and the model does. Without a backscattering term, the CSDA will 

predict lower stopping altitudes. 

 
Figure 2.7: Atmospheric carbon dioxide densities (left) and stopping altitudes (right) as 
predicted from ASPEN using an MT-GCM profile and the CSDA using an isothermal 
hydrostatic atmosphere for electrons, protons, and hydrogen atoms. 

2.4.2. Collisional physics comparison 

The partitioning of energy deposition was compared to reported results from two 

different models of light ion energy deposition in the Martian atmosphere: the Stopping and 

Range of Ions in Matter model (hereafter called “SRIM”) [Leblanc et al., 2002] and a model of 

fast neutral hydrogen atoms (hereafter called “K&B”) [Kallio and Barabash, 2001]. These 

predictions were previously compared in Leblanc et al. [2002] for a test case of incident 800 eV 

neutral hydrogen atoms. SRIM predicted 16% of the energy was deposited into neutral heating, 
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compared to 14% in K&B. ASPEN predicts 13% of energy is deposited into heating, in close 

agreement with the prior two results. ASPEN also found 32% of the atoms were backscattered, 

which settles between SRIM’s prediction of 10% and K&B’s estimate of 58%. We exclusively 

compared ASPEN and K&B predictions to validate energy deposition by ionization and 

excitation because SRIM does not distinguish inelastic processes. ASPEN predicted 26% of 

energy is deposited into ionization, agreeing with the 27% estimated from K&B. However, the 

energy deposited into excitation processes differs, as ASPEN predicted only 6% excitation 

unlike the 30% in K&B. This was likely because ASPEN lacked cross-sections for Lyman-alpha 

emission at the time these comparisons were made in Jolitz et al. [2017]. 

2.4.3. Ionization rate comparison 

In Leblanc et al. [2002], SRIM was used to estimate neutral heating due to SEPs. The 

heating rate was estimated by multiplying atmospheric densities in a thick slab by both SEP 

proton fluxes entering the exobase and energy deposited by protons in each slab. Using an 

atomic-equivalent atmosphere model, they approximated all atmospheric atoms as monatomic 

oxygen and determined the equivalent atmospheric density. Proton energy deposition was then 

determined using SRIM predictions of proton energy deposition in a column of monatomic 

oxygen. 

Despite how ASPEN’s operating range is limited to below 5 MeV due to lacking nuclear 

processes, extrapolating our non-relativistic cross-sections to 100 MeV enables ASPEN to 

estimate a rate that can be compared to SRIM. Using the same SEP proton fluxes at fourteen 

energies between 1 keV and 1 MeV used in Leblanc et al. [2002], we calculated and compared 

heating rates using both MT-GCM solar minimum dayside densities (plotted in red) and the same 

atomic-equivalent atmosphere densities used in Leblanc et al. [2002] (plotted in blue) (Fig. 2.8). 
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We also show heating rates using atomic-equivalent atmosphere densities integrated over the 

operating range of ASPEN (plotted in green). 

 
Figure 2.8: Comparison of neutral heating rates predicted by ASPEN and the SRIM results from 
Leblanc et al. [2002]. 
 

ASPEN predicts up to two orders of magnitude more heating below 115 km and as low as 

two orders of magnitude less heating above 115 km. The missing relativistic processes cannot 

account for this, as we see the same trend for heating rates calculated using ASPEN operating 

range energies above 85 km. The effect is caused by particles in ASPEN depositing energy at 

lower altitudes than SRIM does. While Leblanc et al. [2002] predicts a heating peak at 120 km 

caused by particles with energy between 0.5 and 10 keV, neither ASPEN prediction shows a 

peak. At 120 km, ASPEN predicts 20-500 keV proton fluxes deposit as much energy as 10 keV 

proton fluxes. These discrepancies can be owed to differences in cross-sections, as our result is 

consistent with our cross-section database. For example, using the ratio of the elastic cross-

section to the total cross-section, the approximate probability of a 5 MeV proton elastically 
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colliding with O is 4%. Since 5 MeV particles can have over twenty thousand collisions before 

thermalizing, up to a thousand collisions can be elastic and heat the atmosphere. That is roughly 

the same number of elastic collisions that a 2 keV proton would have, as 2 keV protons can have 

1,500 collisions and a 70% chance of elastically scattering. However, the energy imparted by an 

elastic collision is proportional to the particle’s incident energy. Thus, protons should impart 

energy to heating in amounts proportional to their energy, causing higher energy protons to heat 

the atmosphere more than low energy protons and preventing the existence of a visible heating 

peak between 80 and 170 km. 

We can also compare the fraction of energy imparted by heating to all altitudes between 

80 and 170 km to the total energy imparted by the SEPs with energies between 1 keV and 100 

MeV. ASPEN predicts 22% of the SEP energy flux is imparted to heating for MT-GCM 

densities. Using the atomic-equivalent atmosphere increases this heating efficiency to 31%, 

which is consistent with the heating efficiency of atomic oxygen. However, SRIM predicts only 

2% of the input SEP energy is imparted to heating in this altitude range despite how SRIM 

predicts a heating efficiency of 16%. Because the energy can’t be imparted to other collisional 

processes, SRIM either underestimates heating above 80 km or predicts more heating energy is 

imparted below 80 km. 

2.5. Non-SEP applications 

Since the model was first published in 2017, the ASPEN simulation has been applied to 

other topics not covered by this thesis. Here we will make a brief summary of two applications, a 

comparison of proton aurora emission rates and hydrogen precipitation. 

ASPEN was applied in a model challenge that compared predicted Lyman alpha emission 

due to hydrogen precipitation, which is also called “proton aurora”. Figure 2.9 shows the 
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preliminary comparison from Hughes [2021]. For the most part, ASPEN was found to be in close 

agreement with predictions made using the model from Kallio and Barabash [2001], which is 

also a 3-D Monte Carlo model. ASPEN-predicted emission exceeded the emission predicted by 

both 1-D kinetic Boltzmann equation solvers, Aeroplanets and the model by Shematovich et al. 

[2011]. All models predicted an emission peak at a lower altitude than the data. Although this 

difference was mitigated by background subtraction, a 5-10 km discrepancy remained. This 

suggests that some aspect of collisional physics is unaccounted for across all models. The cross-

sections for Lyman alpha emission are not known for energies below 1 keV in carbon dioxide. If 

the cross-section for Lyman alpha emission was higher than what the models assume at lower 

energies, the altitude of emission would be closer to the measured peak emission altitude. 

 
Figure 2.9: Comparison of Lyman alpha emission rates from Hughes [2021]: from left to right, 
observations by MAVEN IUVS, model predictions from Kallio and Barbash [2001], ASPEN 
predictions, model predictions from Aeroplanets, model predictions from Shematovich et al. 
[2011], and background-subtracted data. 
 

ASPEN has also been applied to predict the spectra of hydrogen atoms that charge 

exchange to become protons in the upper atmosphere. These “penetrating” or “ghost” protons 

can be measured by SWIA at atmospheric altitudes (~200 km) [Halekas et al. 2015]. In order to 

study this population, we can estimate the precipitating hydrogen from the solar wind ion 

spectra, since ~3% solar wind protons charge exchange with the hydrogen corona to become 

hydrogen. Then the spectra can be combined with ASPEN predictions of precipitation to 
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determine the energy spectra associated with reconverting protons. Figure 2.10 shows the 

ASPEN-predicted total energy flux of protons produced in the upper atmosphere using the SWIA 

solar wind spectra recorded at spacecraft apoapse (2015 March 4 13:55) alongside the SWIA 

observed fluxes on the inbound and outbound passes on orbit 827. While this shows approximate 

agreement, there is ongoing work to validate ASPEN predictions with SWIA observations as a 

function of viewing geometry. 

 
Figure 2.10: Total energy flux of ions as measured by SWIA and predicted by ASPEN, 
assuming ~3% of solar wind protons convert to hydrogen atoms in the corona. 

2.6. Conclusions 

In this chapter, the context and implementation of a 3-D Monte Carlo test particle 

simulation was discussed. In ASPEN, the Lorentz force equation for charged particles is 

iteratively solved at the same time as the collision probability. When a collision occurs as 

determined by a compilation of cross-sections for multiple processes, the energy loss is 

calculated and logged. Step lengths can be fixed or locally determined as the minimum of 
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magnetic and/or collisional scale lengths. In addition, adaptive step length for collisional 

modeling is essential for preventing modeled particles reaching unphysically low altitudes and 

undercounting collisions. The simulation continues to trace the particle until it exits the 

simulation boundaries or falls below an energy threshold. Depending on the application, the 

model may be run in a collisionless test particle mode or collisional in the absence of magnetic 

fields. 

ASPEN was extensively tested and validated for multiple applications. The test particle 

module was validated by confirming energy conservation in the absence of electric fields. 

ASPEN was compared to prior collisional model predictions of stopping altitude, energy 

partitioning into different processes, and heating rate. An apparent discrepancy in stopping 

altitudes with a simplified CSDA is explained by different atmospheric densities and the lack of 

backscattering in the CSDA. The energy partitioning compared favorably for ionization and 

heating to two prior simulations, although the excitation energy deposition estimate was 

different. This was likely due to the absence of Lyman-alpha emission cross-sections. Finally, 

ASPEN predicted significantly greater heating than the model presented in Leblanc et al. [2002] 

at lower altitudes. 

ASPEN has already been involved in non-SEP modeling projects, such as proton aurora 

modeling and predicting hydrogen precipitation. Preliminary results from the proton aurora 

model challenge [Hughes 2021] show that ASPEN compares favorably with other 3-D Monte 

Carlo models and predicts higher altitudes and magnitudes of emission than models based on 

solving kinetic Boltzmann equations. However, ASPEN, like all other models, falls short of 

predicting the peak emission altitude. This may be due to an underestimate of the proton and 

hydrogen emission cross-sections in carbon dioxide, as they are not constrained below 1 keV. 
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We have also described some preliminary results from modeling “ghost” protons measured by 

MAVEN at low altitudes. The ASPEN model has demonstrated broad applicability and could be 

a community-modeling tool.
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Chapter 3  

SEP proton energy deposition in crustal fields 

 

Sections of this chapter were originally published as “A Monte Carlo model of crustal 

field influences on solar energetic particle precipitation into the Martian atmosphere” [Jolitz et 

al. 2017]. While the detailed description of the ASPEN model from that paper was adapted in 

Chapter 2, the material in this chapter focuses on the science predictions from the model. 

3.1. Introduction 

SEPs that precipitate into planetary atmospheres can have a substantial effect on 

ionospheric and neutral chemistry. In the terrestrial atmosphere, precipitating SEPs are known to 

cause heating, ionospheric outflow and increased atmospheric ionization [Moore et al. 1999, 

Usoskin et al. 2009]. This in turn leads to enhanced electrical conductivity in the atmosphere, 

changes in lower atmosphere electrochemistry such as increased ozone concentrations via 

hydroxyl ion formation, and formation of aerosol particles between altitudes of 10 and 25 km 

[Kokorowski et al. 2006, Damiani et al. 2010, Mironova and Usoskin 2014]. However, all these 
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effects are typically confined to the poles, as Earth’s strong global magnetic field shields 

equatorial latitudes from energetic particles [Mironova et al. 2015]. 

Mars, on the other hand, lacks a strong intrinsic magnetic field. Charged particles can 

precipitate into the atmosphere if they are accelerated past the compressed magnetic fields of the 

magnetosheath and bow shock formed by solar wind plasma draping over the dayside ionosphere 

[Acuña et al. 2001]. Unlike solar wind particles, SEPs are mostly unaffected by this barrier. 

Phobos 2 measurements showed energetic particle fluxes recorded during a SEP event crossed 

the region without substantial change [McKenna-Lawlor et al. 1998]. Subsequent modeling 

found the barrier does not attenuate SEP protons with energies greater than 50 keV [Leblanc et 

al. 2002]. 

There are two main obstacles to SEP entry into the atmosphere. The first is physical 

obstruction by the planet or “shadowing”, which most strongly affects extremely energetic (> 1 

MeV) SEPs that are not significantly influenced by magnetic fields. Measurements from Mars 

Odyssey found that a combination of planetary shadowing, anisotropy of SEPs, and detector 

field of view caused orbital modulations of 20-200 MeV SEPs [Luhmann et al. 2007]. The 

second obstacle is the localized crustal magnetic anomalies in the Southern hemisphere that 

present strong magnetic fields capable of reflecting incident SEPs [Acuña et al. 2001]. Prior 

modeling studies on crustal anomaly influences on SEP fluxes suggest the strongest field 

anomalies can attenuate SEP fluxes by over 50% at altitudes of 200 km [Leblanc et al. 2002].  

Compared to Earth, information on the atmospheric effects caused by SEP precipitation 

is relatively limited. Up until the MAVEN spacecraft’s arrival at Mars, evidence of SEP 

precipitation was inferred from indirect observations during SEP events. SEP fluxes were 

determined by using background count rates in plasma analyzers as proxies for 20-100 MeV 
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protons [Delory et al. 2012, Futaana et al. 2008]. Radar ground reflections observed by the 

MARSIS instrument on Mars Express disappeared during SEP events, suggesting that SEP 

precipitation increased ionization [Espley et al. 2007, Morgan et al. 2008]. The Electron 

Reflectometer (ER) on Mars Global Surveyor measured increased upward fluxes of superthermal 

electrons linked to SEP events [Lillis et al. 2012]. However, further analysis of radio occultation 

data during periods of high SEP activity only found small increases of electron density below 

altitudes of 100 km in four out of six SEP events and no increase in electron densities between 

altitudes of 100 and 200 km in all six events [Ulusen et al. 2012]. SEP events were linked to 

ionization and electron production but the exact mechanism remained unknown. 

In 2014, MAVEN arrived at Mars carrying a suite of instruments designed to study the 

upper atmosphere and plasma environment, including a detector called Solar Energetic Particle, 

or SEP, to directly monitor SEPs [Larson et al. 2015]. The SEP instrument has been used to 

further characterize the near-Mars energetic particle environment. Measurements of anisotropic 

high-energy (>200 keV) SEP flux attenuation have confirmed Mars Odyssey observations of 

planetary shadowing. SEP has also observed complex low-energy shadowing governed by local 

magnetic field geometry [Lillis et al. 2016]. The SEP instrument has also made measurements of 

SEP electrons and ions during solar flare and coronal mass ejection events [Lee et al. 2017]. 

Coincident measurements of SEPs and atmospheric emission have led to the discovery of SEP 

electron-linked diffuse aurora [Schneider et al. 2015]. 

SEP events are frequently coincident with changes in solar X-ray and extreme ultraviolet 

fluxes. Modeling studies can decouple these changes and isolate the causation of atmospheric 

effects like electron production and aurora. 
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SEP precipitation has been previously modeled using approximations. Leblanc et al. 

[2002] used a 1-D stopping-and-range-of-ions-in-matter (SRIM) model to calculate the total 

heating by SEPs in the atmosphere between altitudes of 80 and 170 km. Their model predicted 

SEP heating rates that were less than a tenth of heating rates due to solar ultraviolet fluxes, 

meaning SEP precipitation only increased atmospheric heating by ~30%. Sheel et al. [2012] used 

a stopping approximation that assumed all energy is deposited at a fixed altitude for a specific 

SEP energy. Once they predicted the total energy deposited for each trace species in the 

atmosphere, they determined ion densities by assuming an ion-electron pair is produced for every 

35 eV deposited. They predicted that electron densities could reach 3,000 cm-3 at 80 km during a 

SEP event that was a hundred times weaker than the total flux measured during the 29 September 

1989 SEP event, which would be sufficient to cause the MARSIS radar reflection disappearance. 

These approaches are mutually exclusive, as Sheel et al. [2012] assumes SEP energy deposition 

is solely imparted to ionization, and Leblanc et al. [2002] assumes SEP energy deposition is 

either imparted to heating or electronic excitation.  

SEP transport to the surface has also been modeled to predict the surface radiation 

environment during an event. Leblanc et al. [2002] estimates that only protons with energies 

greater than 83 MeV can make it to the surface. Because only extremely energetic particles can 

reach the surface, surface flux models need to account for nuclear processes [Gaisser, 1990]. 

Planetocosmics and HZETRN (High-charge (Z) and Energy TRaNsport) are two such models 

[Desorgher et al. 2005, Norman et al., 2013, Gronoff et al. 2011]. Both models are in close 

agreement, predicting ionization rates of ~1,000-2,000 cm-3 s-1 below 60 km during the 29 

September 1989 SEP event [Gronoff et al. 2015]. 
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Existing models of SEP energy deposition do not partition the deposited energy into 

heating, excitation, ionization, and charge transfer on a collision-by-collision basis like the 

model presented in Kallio & Barabash [2001]. Others do not consider possible effects caused by 

proton gyromotion in crustal magnetic anomalies. In this chapter, ASPEN is applied to track 

transport and energy deposition of SEP protons in the Martian atmosphere. I will primarily 

discuss transport processes as a function of SEP proton energy, focusing on influences by crustal 

fields. Then I will use the ASPEN model results to predict ionization altitude profiles, maps and 

secondary electron spectra during a specific SEP event.  

3.2. Approach 

To study atmospheric effects due to precipitating SEPs near crustal field anomalies, 

protons with energies up to 5 MeV are simulated and allowed to scatter between the altitudes of 

70 km and 500 km. ASPEN particles either “magnetically reflect” without depositing any 

energy, deposit their entire energy and “thermalize”, or deposit a fraction of their energy before 

turning away and “backscattering”. Only particles with energies exceeding 5 MeV may reach the 

lower boundary of the simulation before depositing all their energy. 

When magnetic fields were included, the simulation used a RK4 method to solve the 

nonrelativistic Lorentz force equations. This study focused on SEPs with energies below 5 MeV 

since they were most likely to be affected by crustal magnetic fields. The energy threshold in 

ASPEN was set to 10 eV to minimize computational overhead. Given the relative cross-section 

of elastic collisions as a function of energy, a 10 eV proton has a 99.989% chance of imparting 

its energy to heat and can be assumed to thermalize with minimal impacts on simulation results. 

The cross-sections used in this study can be found in Appendix A. Note that this study did not 

account for projectile excitation, electron attachment, and electron detachment. In addition, this 
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study used target excitation cross-sections from Basu et al. [1987], which were later removed 

since they were determined by rescaling electron cross-sections and were not based on any 

measured proton or hydrogen impact cross-section. This does not have a significant influence on 

the results reported in this study, as excitation was orders of magnitude rarer than the other 

collisional processes. 

Secondary electron production models are also investigated in this chapter. There are two 

approaches to predict secondary electron energies. The fixed energy approach is the secondary 

electron energy formula that was applied in Basu et al. [1993], which is based on fitted 

secondary electron production data by approximating the average secondary energy as √𝐼𝐸𝑑/𝐴 

where E is the proton energy, I is the ionization threshold, d is the electron-to-proton mass ratio 

(~1/1836), and A is a parameter set to 0.91 to best fit the data. This approximation is only 

supposed to be used at energies below 150 keV, as secondary electron production reduces by a 

factor of E-2. The stripping secondary electron energy is estimated similarly as Ed + b where E is 

the primary energy, d is the electron-to-proton mass ratio, and b is the mean energy in the 

hydrogen rest frame (~1 eV). The random energy approach instead uses proton-impact ionization 

double differential cross sections with CO2, O2, O, and N2 from Rudd [1988] to estimate the 

secondary electron energy using a random number. This differential cross-section was also 

adapted for hydrogen-impact ionization due to the lack of existing data. 

Figure 3.1 shows a comparison of these approaches for estimating the average ionization 

secondary electron energy produced in collisions with CO2. Double differential cross-sections 

can be estimated and normalized by the total cross-section to determine the likelihood of 

emission of each secondary energy as a function of primary energy. The average secondary 

energy from the random model was estimated by selecting the electron energies where the 
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production probability is ~50% (plotted in red). When compared to the fixed model (in black), 

the average secondary energy from double differential cross-sections agrees with the fixed model 

below ~100 keV, in agreement with Basu et al. [1993]. Above that energy, the average produced 

secondary energy peaks at ~10 eV, and then decreases. 

 
Figure 3.1: Cumulative probability of emission of a secondary electron energy as a function of 
energy is plotted in the blue gradient. The average secondary energy from double differential 
cross-sections is marked as the red dashed line, while the fixed model secondary electron energy 
is marked as the black dashed line. 
 

This chapter assumes a 1-D altitude profile from MT-GCM for dayside Mars during solar 

minimum for the four most common species, CO2, O, N2, and CO [Bougher et al. 1999, Bougher 

et al. 2006]. For test particle tracing, MF-MHD magnetic and electric fields were determined for 

solar minimum conditions. While the MF-MHD simulation domain was set to a nonuniform 

spherical grid structure with a radial resolution varying from 5 km near the inner boundary to 

1000 km near the outer boundary, particles were only traced below an altitude of 600 km. 
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In this study, large numbers of particles with the same energy were simulated to study 

energy-dependent backscattering and energy deposition. Then a representative event spectrum 

was interpolated to determine the flux of each simulated energy channel, and the energy-

dependent frequency of ionizations was integrated to estimate an event-specific ionization rate. 

This chapter focuses on SEP-induced atmospheric ionization either in the absence of strong 

magnetic fields or nearby a specific crustal magnetic anomaly, including altitude profiles, 

geographical maps, and secondary electron spectra. Simulations are also run for both fixed and 

random secondary electron energy models. 

In the next two sections, ASPEN results are computed for multiple simulation runs. In all 

runs, a thousand protons with energies between 2 keV and 5 MeV are released from an altitude 

of 500 km traveling directly towards the dayside atmosphere of Mars. In the “crustal field 

anomaly” run, particles are released over a crustal anomaly located at 50° S and 182° E. In the 

“absent magnetic fields” run, particles are released from the same location while magnetic fields 

are set to 0 nT. In each of these runs, the secondary production model can be toggled to using the 

“fixed” or “random” models. 

3.3. Energy-dependent proton transport and energy deposition 

In this section, I study proton transport and energy deposition as a function of proton 

energy. First, I review backscattering for ten representative 10 keV protons. Next, rates of 

backscattering and thermalization as a function of energy, the presence of a crustal field, and 

secondary model are calculated and discussed. Predictions are also made of backscattered spectra 

and average energy imparted by backscattered versus thermalized protons. Finally, altitude 

profiles of energy deposition as a function of altitude and proton energy are shown and described 

for the presence and absence of magnetic fields.. 
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3.3.1. Backscattering: Case study 

Not all protons that precipitate into an atmosphere are absorbed. Backscattering can 

attenuate and distribute the energy-depositing particle population. There are two causes of proton 

backscatter: atmospheric collisions and magnetic reflection. Atmospheric collisions 

stochastically turn particles back upwards and away from the lower atmosphere. They are the 

only source of backscatter in the absence of magnetic fields. Magnetic reflection turns away 

protons in the upper atmosphere before they can deposit any energy. Atmospheric reflection and 

magnetic reflection can also act in tandem, allowing protons to deposit some energy in the 

atmosphere before being magnetically reflected.  

Backscatter mechanisms are observable in traces of protons depositing energy (Fig. 3.2). 

Fig. 3.2a shows the paths of ten identical 10 keV protons depositing energy in the absence of 

magnetic fields. Differences between the paths are caused by stochastic scattering events 

predicted by ASPEN. Six protons thermalize, losing all energy in the lower atmosphere. Four 

protons atmospherically scatter, losing substantial energy before reflecting with 10-50% of their 

initial energy. Atmospheric scattering is characterized by particles escaping with less than half of 

their initial energy. Fig. 3.2b shows the paths of ten 10 keV protons depositing energy into the 

atmosphere at a crustal anomaly located at 177° E and 7° S. Six protons magnetically reflect, 

taking the Lorentz path (the path of the same proton moving in without atmosphere, plotted in 

black) and escaping with 100% of their original energy. One proton atmospherically scatters 

exactly as in the previous case, escaping with less than 50% of its initial energy. Three protons 

have a different escape mechanism that is a combination of atmospheric scattering and magnetic 

reflection. Each scatters from 265 km, the altitude of closest approach in the Lorentz path 

(hereafter called the “magnetic reflection altitude”), and escapes with over 50% of their initial 

energy. Increased scattering at the magnetic reflection altitude is caused by particles moving 
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parallel to the surface at this altitude, encountering the same neutral density for tens of 

kilometers which rapidly increasing the collision likelihood. The traces show that this 

mechanism distributes energy deposition over a greater area. Two of the three traces show 

protons that become neutral hydrogen near the magnetic reflection altitude, causing them to 

travel in straight lines from the magnetic reflection altitude down to 240-250 km over 5-10° E 

from the launch location. These particles deposited energy along these paths before they were 

charge-stripped, becoming again susceptible to magnetic fields, and then escaped.  

 
Figure 3.2: Traces of eleven 10 keV protons simulated in ASPEN entering at 177°E and 7°S 
injected directly (α = 0°) in a (a) purely collisional atmosphere with no magnetic fields and a (b) 
collisional atmosphere with magnetic and electric fields from MF-MHD. A noncollisional 
Lorentz path is plotted in black in both plots. Contours of the total magnetic field in the right 
figure are plotted in gray between 0 and 150 nT. Since the 10 traces are very similar, only ones 
that significantly scatter can be distinguished. 

3.3.2. Energy-dependence of backscatter and thermalization 

Protons with energies less than 5 MeV either thermalize or reflect, whether via magnetic 

forces or by atmospheric scattering. Atmospheric backscattering requires the occurrence of a 

non-forward scattering event, which is favored at different proton energies. Likewise, the 

likelihood of magnetic reflection depends on proton energy. Protons with lower energy are more 

susceptible to deflection by magnetic fields, meaning low-energy protons reflect higher in the 
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atmosphere than high-energy protons. Magnetic reflection is likely also dependent on the 

magnetic topology of the region, but that is beyond the scope of this chapter. 

The energy dependence of backscattering is shown for absent magnetic fields in Fig. 3.3. 

All protons deposit energy in this case. In both the random and fixed secondary models, up to 

75% of protons with energies below 80 keV deposit their entire energy in the atmosphere. 

However, for the random secondary model, the chance of thermalizing a 1 MeV proton is only 

50% and protons with energies over 1.6 MeV are more likely to backscatter than to impart all 

their energy to the atmosphere. This threshold energy is higher for the fixed secondary model (~6 

MeV). This is likely because the higher energy secondaries produced in the fixed secondary 

model cause the proton to lose more energy in ionizations, leading to fewer collisions and 

accordingly fewer chances to backscatter than predicted by the random secondary model at the 

same energy. 

 
Figure 3.3: Likelihood of a proton either thermalizing (gray) or backscattering (black). The 
random secondary model is highlighted while the fixed secondary model is not. 
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The greater likelihood of higher-energy protons backscattering may seem counter-

intuitive. Due to the lack of angular cross-section data for inelastic processes, a key model 

assumption is that particles only change trajectory in elastic collisions. Elastic collisions only 

occur frequently for protons with energies below 500 eV. However, particles with energies over 

1 MeV have over ten thousand collisions before thermalizing. Even a 5% chance of an elastic 

collision would cause over five hundred elastic collisions, causing the overall likelihood of 

backscattering to increase for higher energies. 

The energy dependence of backscattering in the presence of crustal fields is shown in Fig. 

3.4, with an added category for magnetic reflection without any collisions. In the crustal field 

anomaly case for both secondary models, protons with energy less than 400 keV are either 

magnetically reflected or backscattered. Over 95% of protons with energies below 10 keV 

magnetically reflect without depositing any energy. The dominant proton backscattering process 

for energies below 119 keV is magnetic reflection without energy deposition. The dominant 

process becomes atmospheric scattering for protons with energies between 119 keV and 800 

keV. There are more backscattered 120-800 keV protons nearby a crustal anomaly than in the 

absence of magnetic fields. Most protons with these energies impart energy to the atmosphere 

before being magnetically reflected, like the three traces presented in section 3.3.1.  

The choice of secondary model does not strongly influence the reflection of protons with 

energies below 400 keV, suggesting that the crustal fields influence scattering below a given 

energy threshold that overlaps SEP energies. However, the partitioning of protons into 

thermalized or backscattered above 400 keV begins converging to the same values as estimated 

in the absent fields case for each secondary model. In the random secondary model the fraction 
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of protons that thermalize never exceeds 50%, whereas in the fixed secondary model more 

protons are thermalized between 400 keV and 5 MeV.  

 
Figure 3.4: Likelihood of a proton either magnetically reflecting (blue), thermalizing (geen), or 
atmospherically backscattering (red) for the fixed secondary model (left) and random secondary 
model (right). The thermalize/backscatter fraction of particles in the absence of fields is also 
plotted to show how the fractions converge to the absent-field case at high energies. 
 

 Regardless of secondary model, protons with energies above 1 MeV in the representative 

crustal field are not as likely to atmospheric backscatter as protons with energies between 100 

keV and 1 MeV. This influences the anticipated observed backscattered fluxes. Since ASPEN 

logs the energy of backscattering and magnetically reflected fluxes as well as whether the 

backscattered particle is a proton or hydrogen atom, it is possible to estimate the backscattered 

spectra. The predicted backscattered model fluxes were convolved with a representative spectra 

observed by MAVEN SEP during the March 2015 SEP event in Figure 3.5. In the absent crustal 
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fields, the backscattered fluxes were predicted to be an order of magnitude below the incident 

fluxes. In addition, there are higher backscattered fluxes of  <30 keV hydrogen atoms than <30 

keV protons. This trend reverses above 30 keV and ASPEN predicts that more protons would 

backscatter than hydrogen atoms. However, the presence of crustal fields changes the reflected 

fluxes. In the example crustal field studied, most of the incident protons with energies below 

~400 keV will reflect, which causes the reflected spectra to be comparable to the incident 

spectra. There is also an escaping hydrogen flux component, but it is two orders of magnitude 

less than the incident flux. Interestingly, the reflected hydrogen flux component is similar in 

magnitude in both cases. 

 
Figure 3.5: Predictions of reflected proton and hydrogen atom flux in the absence of crustal 
fields (left) and in the representative crustal field (right). 
 

The total energy deposited can be separated into deposition by thermalized protons and 

deposition by reflected protons. Figure 3.6 shows the fraction of deposited energy that is 

supplied by thermalized versus reflected protons. Note that the average fraction of energy 

deposited decreases with energy, corresponding to increased backscatter above 400 keV. 
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Backscattered protons supply 10-20% of the energy deposition in the absence of magnetic fields 

regardless of energy. In the crustal fields, since protons below 200 keV are mostly magnetically 

reflected, there isn’t significant energy deposition via reflection or thermalization. This will be 

further discussed in the next subsection. However, above 400 keV, the relative energy deposition 

in crustal fields approaches absent field energy deposition, depending on the secondary model 

used. 

 
Figure 3.6: Relative energy deposition by backscattered protons (dashed) versus thermalized 
protons (solid) in crustal fields (red) and in the absence of fields (black) using the random 
secondary model (circles) or the fixed secondary model (x). 
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3.3.3. Energy-dependence of altitude-varying energy deposition 

In this subsection, total energy deposition is aggregated regardless of mechanism, both 

overall and as a function of altitude, to study energy absorption as a function of proton energy 

and magnetic fields. In the absence of magnetic fields, protons with energies below 454 keV 

deposit 80-91% of their energy in the atmosphere. Energy deposition by protons with energies 

above 454 keV steadily declines, as 963 keV protons deposit 70% and 5 MeV protons deposit 

only 51% of their energy. The lowered energy deposition corresponds with increased elastic 

scattering. 

Nearby a crustal field anomaly, protons with energies below 454 keV only deposit as 

much as 1% of their energy. Opposite to the absent fields case, energy deposited by protons with 

energies above 454 keV dramatically increases with primary energy. 1.5 MeV protons deposit 

approximately 60% of their energy. Percent energy deposition slowly decreases for protons with 

energies above 2.3 MeV, with 5 MeV protons depositing 51% of their energy. In net, protons 

with energies below 1 MeV deposit nearly no energy in the vicinity of a crustal anomaly, while 

protons with energies above 1 MeV deposit as much energy near a crustal anomaly as they 

would in the absence of magnetic fields. 

Regardless of the presence of magnetic fields, the net energy deposition aggregated by 

altitude between 70 and 300 km is inversely proportional to the altitude, smoothly increasing as 

altitude decreases (Fig. 3.7). Higher energy protons deposit more energy at lower altitudes.  
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Figure 3.7: Energy deposited per primary by protons with energies between 2 keV and 5 MeV 
injected in a (a) purely collisional atmosphere with no magnetic fields and a (b) collisional 
atmosphere with magnetic and electric fields from MF-MHD. The altitude of magnetic reflection 
is plotted in black, and the stopping altitude in a purely collisional atmosphere is plotted in red. 
 

Protons deposit 99.94% of their energy below 150 km in the absence of fields (Fig. 3.7a). 

The average maximum deposited energy above 150 km is 1.7 eV per km. Occasionally energies 

over 50 eV per km are deposited above 150 km, seen as speckles in Fig.83.7a. These seemingly 

anomalous large energy depositions at higher altitudes are caused by elastic collisions. Although 

elastic collisions are infrequent for particles with energies greater than 500 eV, the energy lost in 

a single elastic collision is proportional to the proton’s initial energy at the time of scatter. 

The energy deposition distribution by protons near a crustal field anomaly shows overall 

much less energy deposition compared to the absent fields case (Fig. 3.7b). The most notable 
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feature of Fig. 3.7b is that protons with energies between 50 keV and 800 keV deposit energy in 

two regions: in a narrow altitude range around the proton stopping altitudes in the absence of 

magnetic fields (plotted in red), and at the magnetic reflection altitude (plotted in black). More 

energy is deposited at the magnetic reflection altitude than between the stopping altitude and 

magnetic reflection altitude. This is because the particle is traveling laterally, so the path length 

in that altitude bin is higher, increasing the energy deposited. When the altitude of magnetic 

reflection falls below 110 km (for 700 keV), the energy deposition profile is similar to the absent 

fields case except with a slightly higher altitude of maximum energy deposition. For example, 

1.5 MeV protons deposit the maximum amount of energy at 87 km near a crustal field anomaly 

compared to 85 km in the absence of magnetic fields. 

Energy deposition in the lower atmosphere by protons with low energies (< 500 keV) is 

much less in crustal fields than in the absence of magnetic fields. These protons must be both 

elastically scattered and charge stripped at the magnetic reflection altitude in order to deposit 

energy below 150 km. Protons with energies below 100 keV deposit ~1 eV per km below 150 

km, compared to 190 eV per km in the absence of magnetic fields. 

3.4. Predictions for the 2003 Halloween SEP event 

Using the datasets generated in the previous section, ASPEN can determine rates of 

ionization near a crustal anomaly and in the absence of magnetic fields. For the flux F(E) and 

collision rate R(E, a) at altitude a for SEP protons with energy E, the process rate during a SEP 

event is: 

																																																									𝐼(𝑎) = [ 𝐹(𝐸)𝑅(𝐸, 𝑎)
AB

A;
𝑑𝐸																																														(3.1) 

Following the method for determining rates in Leblanc et al. [2002] by using fourteen 

energies between 1 keV and 100 MeV, the lower energy bound is set to 1 keV. The upper energy 
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bound is set to 5 MeV, since that is the highest energy ASPEN can simulate. This upper limit 

means that results will be valid above 70 km. Fluxes from the peak SEP spectrum measured by 

the Electrons, Protons and Alpha Monitor (EPAM) on the ACE spacecraft on 29 October 2003 at 

5:59 are used to estimate ionization rates (Fig. 3.8) [Chiu et al. 1998]. This event is colloquially 

known as the “Halloween storms” and has been previously used to estimate SEP effects at Mars 

[Lillis et al. 2012]. 

 
Figure 3.8: Spectrum of peak spectrum during the 28 October 2003 SEP event as measured by 
ACE Electron, Proton, and Alpha Monitor. 

3.4.1. Crustal field influences 

Predicted ionization rates near a crustal field anomaly and in the absence of magnetic 

fields during the EPAM event are shown in Fig. 3.9. In the absence of magnetic fields (black 

line), the peak ionization above 70 km is 14,853 cm-3 s-1 at 83 km. There is a slight increase in 

ionization between 105 and 132 km that peaks at ~2,000 cm-3 s-1 at 115 km, which is caused by 

the slightly higher fluxes of 100-300 keV particles measured by EPAM. Total ionization nearby 
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a crustal field anomaly (red line) is 68.3% of ionization in the absence of magnetic fields. Such a 

decrease is expected, as crustal fields attenuate SEP penetration below 500 keV. Peak ionization 

is 12,552 cm-3 s-1 at 83 km, which is a ~15% reduction compared to the absent fields case. There 

is no comparable ionization bump at 115 km nearby the crustal anomaly. 

 
Figure 3.9: Altitude profiles of ionization rate during the 28 October 2003 SEP event using a 
population of protons injected at 50°S and 182°E on the dayside over unmagnetized crust (black) 
and a crustal anomaly (red). 
 

We determined volume rates of ionization in the vicinity of proton injection location (Fig. 

3.10). In the absence of magnetic fields, the maximum ionization rate is 697 cm-3 s-1 per °N per 

°E, located at the same geographic location protons were injected at (marked with a star, Fig. 

3.10a). Ionization is overall radially symmetric across the region, spreading in 5° in each 

direction.  
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Figure 3.10: Map of SEP-induced ionization volume rate for SEPs directed at the anomaly 
located at 50°S and 182°E if magnetic fields in the simulation are toggled (a) off or (b) on. The 
star marks where protons are injected. The contours mark horizontal magnetic fields at an 
altitude of 400 km where the color indicates the radial component of the magnetic field where 
red is +40 nT and blue is 40 nT. 
 

Ionization volume rates near a crustal anomaly are not symmetric at all (Fig. 11b). 

Volume rates are plotted below contours representing horizontal magnetic fields, colored 

according to the radial component (blue is below -40 nT and red is above 40 nT). The maximum 

ionization rate is 481 cm-3 s-1 per °N per °E at 50° S 180° E, approximately 2° E from where 

protons were injected. Ionization over 50 cm-3 s-1 per °N per °E spreads northwest of the 

injection location and ionization below 50 cm-3 s-1 per °N per °E largely occurs southeast. The 

northwest ionization follows the Lorentz trajectory of energetic particles. 

3.4.2. Secondary electron production 

ASPEN can log the energy of any produced secondaries from ionization and charge 

stripping. Secondary energies are aggregated to predict the spectrum of secondary electrons at 

each altitude. Similar to the calculation of ionization rate, each spectrum per altitude is integrated 
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over the EPAM fluxes to predict an altitude profile of secondary electron production during an 

event.  

We compared ionization and secondary production from the random and fixed secondary 

electron models. Both approaches produce near-identical ionization rates down to an altitude of 

95 km. Below an altitude of 95 km, the fixed secondary model predicts 28% less ionization than 

the random secondary model. The discrepancy is because the fixed secondary model 

extrapolation predicts substantially higher secondary energies for > 1 MeV protons than the 

Rudd secondary energy method, causing protons to lose energy quicker and ionize less 

frequently. Since the Rudd secondary energy approach is based on an empirically verified 

double-differential cross-section expression, we consider it more realistic than the fixed 

secondary energy approach. We will continue to use this approach in the future. 

Altitude profiles of secondary electron spectra were determined in the absence of 

magnetic fields using fixed (Fig. 3.11a) and random secondary model (Fig. 3.11b). The fixed 

secondary model predicts that most secondaries have energies between 10 eV and 200 eV. The 

random secondary model predicts production of many more secondary electrons with energies 

distributed between 0.01 eV and 100 eV. The models have different implication for SEP-

produced upward electron fluxes. The production rate of 110 eV electrons at 150 km is 13 

electrons cm-3 s-1  keV-1 in the fixed energy model and 4 electrons cm-3 s-1  keV-1 in the random 

energy model. 
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Figure 3.11: Spectrum of electrons produced by SEP proton-impact ionization over 
unmagnetized crust using a (a) fixed secondary electron energy model and a (b) random 
secondary electron energy model. 

3.4. Conclusions 

We used ASPEN to study the effects of a specific anomaly located at 50°S and 182°E on 

atmospheric ionization. Early results suggest that SEP protons deposit a substantial amount of 

energy in the atmosphere above the crustal field anomalies. However, proximity to crustal fields 

can reduce overall atmospheric ionization by ~30%. Atmospheric ionization near a crustal 

anomaly spreads over a wider geographic area than atmospheric ionization in the absence of 

magnetic fields. The distribution of atmospheric ionization occurs along an axis corresponding to 

the Lorentz trajectories of SEP protons. 
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We also compared ASPEN secondary electron production predictions in negligible 

magnetic fields using two different methodologies: randomly selecting a secondary energy using 

the double differential cross section or using a formula to calculate a fixed secondary energy as a 

function of primary energy. Overall ionization predicted by both methods is similar above an 

altitude of 95 km. We determined production rates of superthermal electrons (~110 eV) from 

proton-impact ionization at the limiting altitude where electrons preferentially thermalize instead 

of backscattering (150 km) [Lillis et al. 2012]. Electron production rates predicted using the 

random secondary energy model are half that from using the fixed secondary energy model. 

These electron populations can be modeled using electron transport codes to see if they explain 

the increased upward electron fluxes observed by MGS. 

We demonstrated that SEP protons cause substantially less ionization if they are incident 

on a specific location near a crustal field anomaly. Future work will include an investigation of 

how crustal anomalies influence ionization from SEP protons precipitating globally. 

Precipitating low-energy SEPs (~10 keV) can be magnetically reflected from between 18 and 

50% of the atmospheric area presented by the dayside southern hemisphere if the crustal fields 

are on the dayside. We intend to determine and incorporate the SEP flux dependence on solar 

zenith angle to study SEP ionization over crustal anomaly regions, which eventually will be 

expanded into global maps. The progression of atmospheric ionization during a SEP event can 

also be tracked using data from the SEP instrument on MAVEN, allowing for estimates of time 

dependent and total ionization and heating during an event.
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Chapter 4  

SEP electron transport 

 

The majority of this chapter was originally published as “Test Particle Model Predictions 

of SEP Electron Transport and Precipitation at Mars” [Jolitz et al. 2021]. Sections of the paper 

detailing the modifications made to ASPEN were integrated into Chapter 2, while the material in 

this chapter focuses on the results. 

4.1. Introduction 

SEP precipitation at Mars has been connected to enhanced electron densities and both 

discrete and diffuse aurora [Espley et al. 2007, Morgan et al. 2006, Němec et al. 2014, Schneider 

et al. 2015, Schneider et al. 2018, Harada et al. 2018]. However, energetic electrons and ions can 

be released concurrently, making it difficult to identify if electrons, ions, or both cause these 

effects. Understanding how and where SEPs precipitate can assist in determining causation. The 

transport of SEP protons in the Mars magnetosphere and associated energy deposition has been 

extensively modeled [Luhmann et al. 2007, McKenna-Lawlor et al. 2012, Kallio et al. 2012, 
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Leblanc et al. 2002, Lingam et al., 2018]. However, there is presently no modeling study on the 

transport of SEP electrons. 

Planetary magnetic fields direct where SEPs can precipitate. For example, at Earth an 

intrinsic dipole magnetic field channels SEP precipitation towards the poles and shields 

equatorial latitudes (e.g., Mironova et al. [2015]). On the other hand, SEPs at unmagnetized 

bodies are directed according to the interaction between the solar wind and the object. When 

solar wind plasma decelerates upon reaching a planetary obstacle, the embedded interplanetary 

magnetic field (IMF) is compressed and “drapes” over the ionosphere (see Nagy et al. [2004] and 

references therein). The resulting magnetic field configuration is variable and affected by many 

factors, e.g., IMF configuration and disturbed conditions in the solar wind. Mars also has 

strongly magnetized regions in the Southern hemisphere called crustal fields or anomalies that 

can modify global magnetic field topology [Acuña et al. 1999, Krymskii et al. 2002]. 

Though there are presently no studies on SEP electrons at Mars, there are several studies 

on SEP protons at Mars. Findings from those studies can help contextualize predictions of SEP 

electron transport. We will discuss some of these studies, which will cover both spacecraft data 

analysis and simulation predictions. 

Prior research on SEP protons at Mars has suggested that all but the lowest energy 

particles are uninhibited by the induced magnetosphere. Luhmann et al. [2007] described 

oscillations of 20-200 MeV SEP fluxes observed by Mars Odyssey in near-Mars orbit. However, 

they determined these observations were caused by a physical obstruction or “shadowing” by the 

planet, rather than the influence of the Mars-solar wind magnetic interaction. The SLED 

instrument aboard Phobos-2 measured SEP proton flux dropouts within the shock [Afonin et al. 

1989]. Simulations suggested that the region where dropouts occur is a “magnetic” or “solar 



88 

 
 

wind flow” shadow behind Mars along the direction of the IMF [McKenna-Lawlor et al. 2012, 

Kallio et al. 2012]. This region is generated by the deflection of SEP protons initially flowing 

along the IMF direction. While the planet is the only obstacle to higher energy SEP protons (e.g., 

MeVs), the Mars-solar wind interaction magnetic fields can displace lower energy SEPs (e.g., 

tens of keVs). Recent data analysis from MAVEN has suggested further causes for SEP proton 

shadowing such as rapid changes to the IMF direction [Lillis et al. 2016]. Other modeling efforts 

have suggested only strongly magnetized anomalies can attenuate precipitating SEP proton 

fluxes and associated ionization [Leblanc et al. 2002, Jolitz et al. 2017]. 

Although the Mars induced magnetosphere has a minor influence on SEP protons, we 

expect to see its significant influence on SEP electrons. The smaller mass of an electron results 

in a gyroradius more likely to be comparable to the length scale of variations in the local 

magnetic field. If the magnetic field does not substantially vary over the gyration of the particle, 

the particle will tightly circle the local magnetic field. This particle can be considered to be 

“adiabatic” since it satisfies the first adiabatic invariant, which is the conservation of magnetic 

moment. Guiding center path theory, which assumes particle motion can be decoupled into 

gyration and guiding center motion, can then be used to predict the behavior of these particles. 

The magnetic moment is conserved while the guiding center can drift across field lines 

independent of gyration. However, if the gyroradius is comparable or larger than the scale of 

variations in the magnetic field, the particle will experience excursions in the local magnetic 

field as it orbits. If a particle has a large enough gyroradius, the particle can move into an area 

with a different magnetic field before it can complete a gyration. This can cause a particle to veer 

from one field line and begin to circle another without necessarily conserving magnetic moment. 
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Resulting nonadiabatic drifts and pitch angle scattering can affect where and how the particles 

precipitate into a planetary atmosphere. 

SEP protons are nonadiabatic in the Mars-solar wind interaction region. With gyroradii of 

between ~2–20 Mars radii for 20 keV to 2 MeV protons in a 3 nT IMF, they are often displaced 

along their orbit before they complete a gyration around the IMF. The induced magnetic fields 

act to perturb SEP protons within a single gyration. This is why most prior SEP protons in the 

past were modeled using test particle approaches that solve the Lorentz force equation 

[McKenna-Lawlor et al. 2012, Leblanc et al. 2002, Jolitz et al. 2017]. 

SEP electrons like SEP protons span the same energy range (tens of keVs to hundreds of 

MeVs) but they are three orders of magnitude less massive than SEP protons. They will have an 

overall smaller gyroradius. However, it is unclear if SEP electrons are adiabatic in the Mars-solar 

wind interaction.  

In this paper, we find that nonadiabatic transport significantly influences SEP electron 

precipitation. We will first describe how ASPEN was applied to simulate relativistic electrons 

incident from the solar wind onto the disturbed IMF in the near-Mars environment. We will 

show test particle traces that demonstrate the influence of drifts and nonadiabatic transport. We 

will then discuss how to sample appropriate initial conditions for energetic electrons from the 

solar wind, including energy, pitch angle, and locations, particularly within the bow shock. We 

perform a validation within the model of these assumptions for position and pitch angle 

distributions. Finally, we apply these approximations to predict where electrons precipitate into 

the Martian atmosphere. We present a qualitative analysis of the results within the model, which 

we then use to estimate energetic electron fluxes in the Mars-solar wind system. Ultimately we 
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show that energetic electron precipitation is favored into cusps, but also exceeds estimates made 

from a simplified guiding center path approximation without drift terms. 

4.2. Approach 

For studying extremely energetic electron motion in the near Mars magnetic fields, 

relativistic effects were included in the ASPEN model along with field line tracing for a coupled 

analysis of magnetic topology. The simulation domain was also extended to include the bow 

shock, magnetic pileup, and magnetotail regions of the Mars induced magnetosphere. As in the 

prior chapter, this study also used results from the MF-MHD model. The results are recorded on 

a spatially-varying grid to capture near-Mars features as well as the overall structure of the Mars-

solar wind interaction region. Since the coordinate system used in ASPEN is defined on the same 

grid as the prescribed magnetic fields, all results are presented in MSO (Mars Solar Orbital) 

coordinates, where X points from the center of Mars towards the sun, Y opposes the direction of 

Mars’ orbital velocity, and Z completes the right-handed coordinate system. The MF-MHD 

results are defined on a grid that spans -24 RM < X < 10 RM and -16 RM < Y, Z < 16 RM. 

The outputs from the MF-MHD model are solved under solar minimum and autumnal 

equinox conditions, with a “Parker spiral” interplanetary magnetic field configuration with a 

magnitude of 3 nT and cone angle of 56°. Crustal fields are assumed to be located on the dayside 

at noon, with the strongest arcades facing the sun. Mars is rotated such that the subsolar 

longitude is 180° and the strongest crustal fields are oriented on the dayside. This will be the 

coordinate system of all results presented in this paper. 

The step length in ASPEN was variably determined (the minimum of 5% of the local 

gyroradius, 10% of the gradient scale, and a predefined maximum step length of 1,000 km). 

While the choice of step length can affect the accuracy of the RK4 differential equation solver, 
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we determined this choice was sufficient by comparing simulated particles using half the 

dynamically calculated value and found no substantial difference. Also, when electric fields were 

ignored, the energy of simulated particles was conserved within an appropriately small margin 

(below 0.01%). Finally, to ensure that the choice of step algorithm didn’t cause artifacts, the 

simulation was reran using a Boris algorithm instead of RK4 and found to produce similar 

results. 

This study is focused on the motion of electrons before they reach the atmosphere and 

begin colliding with the constituents. However, there will be some collisions far from the planet 

due to the oxygen and hydrogen coronae. It is possible to estimate the likelihood of a collision of 

a 10 keV to 1 MeV electron by calculating the collision probability. Using the formulas for 

oxygen and hydrogen corona densities from Diéval et al. [2012] and electron impact cross-

sections collected in Lillis et al. [2009], the likelihood of a 10 keV electron colliding as it travels 

radially into the planet is 0.005% in the hydrogen corona and 0.001% in the oxygen corona 

(Figure 4.1). Since higher energy electrons have a smaller collisional cross-section and thus even 

less likelihood of colliding in the corona, this is sufficiently low to ignore the corona. Likewise, 

this indicates that it would be unlikely for solar energetic electrons to meaningfully increase 

mass-loading in the corona and change the draping of the induced magnetosphere. 
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Figure 4.1: Densities of the hydrogen corona (dotted), hot oxygen corona (dashed), and 
atmospheric oxygen (dash-dotted) (left) alongside the calculated probability of collision for a 10 
keV, 100 keV, and 1 MeV electron. Vertical lines mark where the collision probability is 10% 
(dashed) and 50% (solid). 
 

ASPEN stops tracing electrons at a lower simulation boundary of 200 km. We decided 

against setting the simulation boundary approximately to the exobase, or the altitude where the 

mean free path is equivalent to the atmospheric scale height. Electrons of different energies have 

different mean free paths. Implementing an exobase simulation boundary requires different lower 

altitude boundaries for different simulated electron energies, interfering with side-by-side results 

comparison. 
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4.3. Nonadiabatic particle motion 

Before applying the model to predict energetic electron precipitation on a wide scale, it is 

worth discussing and showing nonadiabatic transport mechanisms as they occur in the near-Mars 

system.  

For a particle with gyroradius Rg in a field line of scale length L, the curvature parameter 

𝜅 = ,𝐿/𝑅C indicates if the motion is adiabatic [Büchner and Zelenyi et al. 1989]. The field line 

scale length may be defined as the radius of curvature Rc if nonadiabaticity is solely from the 

field line curving. It can also be defined as the gradient scale length |B|/|∇B|, which will capture 

nonadiabaticity from any spatial variation in the vector field. Unless otherwise specified, the 

gradient scale length is used to calculate the curvature parameter. 

If a particle’s gyroradius is much smaller than the scale length of magnetic field 

variations (κ ≫ 1), the particle’s magnetic moment is conserved and motion is adiabatic. When 

the gyroradius is comparable to the magnetic field scale length (κ → 1), motion becomes 

stochastic due to nonlinear resonances occurring between the gyromotion and guiding center 

bounce motion, scattering the pitch angle without accelerating the particle [Murakami et al. 

1990]. The behavior can be described as akin to a centrifugal force in the particle’s frame 

[Delcourt et al. 1994]. If the gyroradius is longer than the scale length of variations (κ < 1), a 

particle’s motion can be stochastic or meandering, e.g. Speiser orbits. Meandering motion 

commonly occurs in the sharp magnetic field reversal in a magnetotail [Chen and Palmadesso 

1986]. Downstream of Mars, energetic electron motion is adiabatic unless at the quasiparallel 

shock field reversal (κ→ 1) or at the magnetotail field reversal (κ < 1). For the magnetic fields 

from MF-MHD, a 1 keV electron in the equatorial plane will move nonadiabatically in the 

quasiparallel shock field reversal (κ ~ 10) and in the current sheet (κ ~ 0.5). Higher energy 
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electrons will have lower curvature κ, increasing the influence of nonadiabatic changes. Figure 

4.2 shows the curvature parameter calculated for 200 keV electrons, which is very low in the 

current sheet, some crustal fields on the nightside, and between the quasiparallel shock and 

MPB. 

 
Figure 4.2: Map of the curvature parameter for 200 keV electrons moving in equatorial magnetic 
fields. Field line traces are overlaid for reference. 
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We can examine traces of particles to see this behavior directly in the Mars system. 

Figure 4.3 shows traces of 1 keV, 10 keV, 100 keV, and 1 MeV electrons alongside their initial 

magnetic field line. All particles are incident on the quasiparallel flank of the magnetotail with a 

pitch angle of 35°. The electric fields have been set to 0 μV/km to highlight magnetic field 

influences. 

 
Figure 4.3: Representative traces of 1 keV (purple), 10 keV (blue), 100 keV (green), and 1 MeV 
(yellow) electrons in the XY-plane (a) and in the YZ-plane (b) alongside the normalized 
magnetic moment (c), difference between the adiabatically calculated pitch angle and the model 
pitch angle (d), curvature parameter (e), curvature drift velocity (f), and gradient drift velocity 
(g). Solid lines for each particle are drawn at the quasiparallel shock field reversal. The red 
horizontal line marks where magnetic moment is conserved (c), where calculated pitch angle 
matches the modeled pitch angle (d), and where the curvature parameter is one (e). The magnetic 
field line connected to the initial particle location is plotted in black. Dashed and dotted black 
lines mark the bow shock and magnetic pileup boundary conic section fits from Trotignon et al. 
[2006]. 
 

The magnetic moment is constant until each electron crosses the quasiparallel shock field 

reversal. The curvature parameter then plummets, the magnetic moment oscillates, and the model 

pitch angle deviates from the adiabatically calculated pitch angle. This is consistent with pitch 



96 

 
 

angle scattering from nonlinear resonances at the point where the magnetic field bends back 

towards Mars. As the magnetic moment changes, electron pitch angle can deviate from adiabatic 

theory depending on the electron’s initial energy. In this case, the adiabatically predicted pitch 

angle is approximately the same as the modeled pitch angle for the 1 keV electron, while the 10 

keV – 1 MeV electrons can vary up to 26° from the adiabatically predicted pitch angle in the 

quasiparallel shock field reversal and up to 67° in the current sheet. This will lead to departures 

from adiabatic predictions after crossing the quasiparallel side of the bow shock. 

The particles also begin to separate from each other in space, with higher energy particles 

traveling further from the magnetic field line in the +Z direction. This is consistent with a 

gradient or curvature drift, as those drifts are proportional to energy. Gradient and curvature 

drifts are expected to push particles both perpendicular to the IMF and the direction of the 

curvature vector. To confirm this, we can calculate the curvature and gradient drift velocities 

based on terms in the guiding center path approximation: 

                                                             𝑣DE =
F

GH|𝑩|'
m𝑩	 × 	𝛻|𝑩|m    (4.1) 

                                                              𝑣% =
IJ∥

'

GH|𝑩|'
|𝑩 × (𝑩 ∙ 𝛻)𝑩|     (4.2) 

The drift velocities can be normalized with respect to the magnitude of each particle’s 

velocity to compare them on the same axis. Figure 4.3 shows the drift velocities increase upon 

crossing the quasiparallel shock, where curvature drift increases more than gradient drift, 

therefore, curvature drift is responsible for particle displacement. 

4.4. Modeling energetic electrons: Initial distributions 

The goal of this work is to predict where SEP electrons precipitate at Mars. That will 

require proper selection of three initial conditions: energy, pitch angle, and position. We will use 
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a Monte Carlo approach of randomly selecting these values from predetermined distributions, 

and then simulating particles down to altitudes of 200 km. 

SEP electrons span a wide range of energies. The flux distribution has been found to best 

fit a power law F ∝ αE-κ for different ranges of energy [McGuire and von Rosenvinge 1984]. In 

this study, we will focus on 10-200 keV electrons. This energy range includes the predicted 

source population of observed aurorae (50-200 keV electrons) [Gérard et al. 2017, Haider and 

Masoom 2019] and is an energy range that MAVEN SEP is actively measuring at Mars [Larson 

et al. 2015], which allows for later cross-study comparison. For now, we will sample energies 

from a power law distribution with κ set to -0.6, as recommended for 10-200 keV electrons in 

McGuire and von Rosenvinge [1984]. 

SEP electrons can be isotropic or field-aligned depending on the influence of scattering 

mechanisms and resonances as they traverse the solar system. Interplanetary energetic electrons 

are affected by a combination of scattering by magnetic fluctuations and focusing by the radially 

declining IMF. Depending on the magnetic connectivity of an energetic particle source to Mars, 

the energetic electrons can be “diffusive” and isotropized by scattering, or be “scatter-free” and 

have directionality [Lin 1974, Allum et al. 1970, Dresing et al. 2014]. According to Allum et al. 

[1970], initially field-aligned electrons will become isotropic within an hour of the onset of an 

event. Likewise, Lin [1974] estimated that ~80% of electron events recorded at 1 AU are 

diffusive. We conclude that isotropic electron pitch angle distributions are representative of the 

majority of SEP events for most of the time, and will use an isotropic pitch angle distribution to 

describe all electrons that are initially in the solar wind. 

The most challenging initial distribution to construct is initial SEP electron positions. 

SEP electrons are sourced outside of the Mars-solar wind interaction region. Ideally we would 
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sample all electrons outside the bow shock and trace each through the induced magnetosphere. 

However, the magnetic fields connecting the solar wind to the nightside of an unmagnetized 

planet can stretch ~50-100 planet radii from the planet, based on observations at Venus [Dubinin 

and Fraenz 2015]. An MHD run over this domain and test particles subsequently simulated 

would be unacceptably computationally intensive. 

Instead, we will start electrons from a constrained grid consisting of four emitter planes 

surrounding Mars that are perpendicular to the IMF (Figure 4.4). Since all electrons that reach 

the near-Mars system initially travel along the IMF within a gyroradius and the IMF is in a 

Parker spiral configuration with no z-component, we can assume every incident electron has 

traveled parallel to the XY plane. The problem of simulating incident electrons can be reduced to 

initializing them on emitter planes perpendicular to the IMF direction, which are XZ planes and 

YZ planes for a Parker spiral IMF. We select two XZ planes outside of the flanks of Mars and 

two YZ planes, one in front of the nose of Mars’ bow shock and one behind Mars in the 

magnetotail. Spatial distributions of energetic particles are ordered by ambient magnetic fields. 

Since the IMF is assumed to be uniform and constant relative to Mars for this paper, we can 

sample initial locations from a uniform distribution on the three planes outside the bow shock. 

This does not work for the fourth plane, which intersects inhomogeneous magnetic fields. 
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Figure 4.4: The simulated model box with field lines plotted to guide the eye. Note that the 
fieldlines are parallel to the IMF in the two flank planes and the plane ahead of the bow shock, 
but the field lines will be bowed behind Mars. 
 

We can approximate the spatial particle distribution in the fourth plane by sampling a 

distribution in the Y-Z plane weighted by magnetic flux. Since magnetic flux is conserved in the 

solar wind and the magnetotail far from Mars by Alfven’s theorem, the volume of a parcel of 

plasma in the solar wind should expand or contract in the magnetotail depending on the local 

magnetic flux. More particles are simulated from higher magnetic flux regions and less from 

lower magnetic flux regions. The distribution can be modified to further exclude particles that 

are predicted by adiabatic theory to have reflected before reaching a point in the magnetotail. 

This is equivalent to restricting precipitation to only particles in the “loss cone”. We multiply the 

magnetic flux by the fraction of particles that will enter the loss cone and not be reflected before 

reaching that spot in the magnetotail. To do this, we calculate the loss cone angle 𝑠𝑖𝑛	𝜃% =

,|𝑩|/|𝑩𝑺𝑾|	 for local magnetic field B and solar wind magnetic field BSW, and then calculate 

the relative fraction of velocity space below the loss cone angle where F(θ) is the pitch angle 

distribution function: 
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     (4.3) 

This factor will reduce the number of particles simulated in the magnetotail lobes. 

We can modify the pitch angles sampled in the fourth plane according to the loss cone. 

After sampling a given pitch angle distribution up to the loss cone angle cutoff to get pitch angle 

θSW outside the bow shock, we calculate the pitch angle θMT in the magnetotail assuming the 

magnetic moment was held constant: 

     (sin 𝜃PQ)2/|𝐵PQ| = (sin 𝜃RS)2	/|𝐵$T|   (4.4) 

Before proceeding with a global precipitation simulation, we want to confirm these 

approximations are sufficient. Curvature drifts and pitch angle scattering across the quasiparallel 

shock field reversal may disrupt the approximations made for the fourth plane. We can quantify 

these effects by comparing the proposed spatial and pitch angle distributions to distributions 

determined by applying the test particle on particles crossing the quasiparallel shock field 

reversal. Though it is computationally infeasible to simulate all particles that cross the bow 

shock and enter the magnetotail, it is feasible to simulate a subset.  

We begin tracing electrons from the edge of the simulation domain outside the 

quasiparallel shock, an XZ-plane defined over -23 RM < X < 0 RM and |Z| < 1 RM at Y = -12.5 

RM. Electrons with energies of 10 keV and 200 keV were simulated to investigate energy-

dependent behavior at the extremes of the simulation energy distribution. We trace the electrons 

until they either cross a YZ-plane at a predefined distance from Mars in the magnetotail or exit 

the simulation domain. We choose a distance of 8 RM to ensure distance from any crustal field 

influences. We can then compare the modeled distribution with the previously discussed 

distribution that is weighted by magnetic flux and the loss cone. 
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We also trace magnetic field lines from the same initial plane to the stopping YZ-plane. 

The resulting distribution will mostly coincide with a distribution weighted by only magnetic 

flux. There will be a lack of traced field lines near the current sheet since those magnetic field 

lines extend to the deep magnetotail and outside the simulation domain, causing the distribution 

to appear compressed and “fall off” near the center of the magnetotail. The location of the fall off 

is the limit to which the distributions can be compared. 

Figure 4.5a shows where field lines cross the YZ-plane at X = -8 RM. The traced field 

lines cluster near the center of the Mars-directed magnetotail lobe. This is expected for the higher 

magnetic flux. There is an absence of traced field lines within 0.5 RM of the Mars-sun line due to 

the restricted simulation domain, setting the limit where modeled spatial distributions can be 

compared. 

Figure 4.5a also shows where simulated electrons enter the magnetotail plane. While 

some simulated electrons cross the quasiparallel shock again due to backscattering (Y < -4 RM) 

or pitch angle scattering following crossing the current sheet  (Y > 0 RM), the majority cluster 

inside the lobe of the magnetotail directed towards Mars. 

Our goal is to confirm our proposed spatial distribution is sufficient for electrons 

traveling toward Mars in the magnetotail. To that end, we select the electrons and field lines that 

cross the magnetotail within a box bounded by Y ∈ [-4 RM, 1 RM] and Z ∈ [-1 RM, 1 RM]. We 

then generate locations within the box that are sampled from the previously discussed 

distributions. One set of locations is sampled by magnetic flux alone, representing a numerical 

prediction of field line spatial distribution that can be directly compared to the spatial distribution 

of traced field lines. The other set of locations is a numerical prediction of adiabatic electron 

spatial distribution, sampled by both magnetic flux and fraction of particles within the loss cone, 
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and can be compared to simulated electrons. The sampled distributions represent the proposed 

distributions. 

Figure 4.5b compares the spatial distribution of traced field lines, simulated electrons, 

sampled field lines, and sampled adiabatic electrons. The majority of traced field lines and 

simulated electrons cluster at Y = -2 RM. This clustering is caused by the simulation domain 

restriction. The proposed field line distribution has the same shape as the modeled field line 

distribution below the fall off at Y = -1 RM. The simulated different energy populations have 

similar distributions. The simulated electron distribution is broader than the traced field line 

distribution and peaks at the same region. This behavior is also observed in the proposed electron 

distribution compared to the proposed field line distribution. These suggest that drift is not 

substantially influential on the particles entering the deep magnetotail, and that the proposed 

spatial distribution will be acceptable. 

We can also confirm the choice of pitch angle distribution by selecting all electrons in the 

sample box and calculating the difference between an electron’s pitch angle in the model and the 

pitch angle predicted by adiabatic theory. Figure 4.5c shows most modeled electrons have pitch 

angles consistent with adiabatic theory. The accuracy of adiabatic theory is dependent on energy, 

as 80% of modeled 10 keV electrons and 65% of modeled 200 keV electrons in the bow shock 

have a pitch angle that is within 15° of the adiabatically-predicted pitch angle. However, up to 

15% of the modeled electrons that reach the magnetotail are outside the loss cone, indicating a 

population of electrons that enter nonadiabatically. 
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Figure 4.5: (a) Locations where traced magnetic field lines (in purple), simulated 10 keV 
electrons (in red), and simulated 200 keV electrons (in orange) cross a YZ-plane downstream of 
Mars at X = -8 RM, plotted over the X-component of the magnetic field in the plane with a 
contour where Bx = 0 nT (in gray) and a line demarcating the sample box (in black). (b) Fraction 
of simulated 10 keV electrons (red), simulated 200 keV electrons (orange), traced field lines 
(purple), numerically predicted field lines (solid black), and numerically-predicted electrons 
(dashed black) in the sample box as a function of Y coordinate. (c) Fraction of simulated 10 keV 
electrons (red) and 200 keV electrons (orange) in the sample box as a function of deviation from 
adiabatic pitch angle (black line plotted where θmodel = θadiabatic). 
 

We can bound the influence of nonadiabatic electrons by comparing simulations of 

energetic electrons from the magnetotail. For 100,000 electrons from a plane at X = -8.5 RM (Y ∈ 

[-8.5 RM, 8.5 RM] and Z ∈ [-6 RM, 6 RM]), 1% of electrons weighted only by magnetic flux 

conservation reach 200 km compared to 0.6% using the adiabatic approximation and magnetic 

flux conservation. If 85% of electrons reach the magnetotail adiabatically and 15% are 
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nonadiabatic, then 0.75% of electrons would be expected to precipitate, which is a negligible 

increase from the adiabatic assumption case. This suggests the proposed initial distributions will 

be sufficient approximations for electrons incident on the magnetotail. 

4.5. Modeling energetic electrons: Global precipitation 

We will start electrons inside a box defined by the boundaries of -8.1 RM < X < 3.2 RM 

and |Y| < 10 RM. Electrons are released from four emitter planes surrounding Mars. Locations of 

electrons on the magnetotail plane are weighted in accordance to the previously discussed 

distributions. 

It is important to point out that simulating electrons within a box can impose an 

unphysical geometry if not normalized properly. The number of electrons from each plane is 

proportional to the area of the plane and cosine of the direction of the particle flow relative to the 

emitter plane normal vector. This ensures that the simulation is properly weighted. For a 

simulation of 323,937 total electrons, 100,000 are simulated from a plane at X = -8 RM spanning 

a range of Y ∈ [-4 RM, 8.5 RM] and Z ∈ [-2 RM, 2 RM], 73,605 are simulated from two planes at 

Y = ± 8.5 RM that span a range of X ∈ [-8 RM, 3 RM] and Z ∈ [-1 RM, 1 RM], and 76,727 are 

simulated from a plane at X = 3 RM that spans a range of Y ∈ [-8.5 RM, 8.5 RM] and Z ∈ [-1 RM, 

1 RM]. The limited range of the plane at X = -8 RM allows for simulating only electrons that will 

be inbound to Mars, increasing the accuracy of the results. 

4.5.1. Predicted properties of precipitating electrons 

Only a fraction of simulated particles reach an altitude of 200 km (0.7%, N = 2,267), with 

most coming from the magnetotail plane (95%, N = 2,146) (Figure 4.6). 
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Figure 4.6: Initial locations of simulated particles that did not precipitate (yellow) and those that 
did precipitate (blue). 
 
Figure 4.7a shows where these electrons precipitate. About 1.5x more electrons precipitate on the 
nightside (N = 1,341) of Mars than the dayside (N = 926). The electrons are not distributed 
evenly over the atmosphere and cluster at specific locations. Mapping the electrons over the 
spherical components of the magnetic field at the stopping altitude shows that electrons favor 
precipitating in low magnetization areas where Bφ ~ 0 nT. These locations coincide with cusps in 
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the crustal field arcades and where magnetic field lines deeply drape into the ionosphere.  

 
Figure 4.7: (a) Locations where SEP electrons precipitate at 200 km altitude over a Mollweide 
projection of the Bφ component of the magnetic field. (b) Locations where SEP electrons 
precipitate at 200 km colored by number of times the particle magnetically mirrors (blue if never, 
red if once or more) and locations where field lines connect to the solar wind (in yellow). The 
day-night terminator line is plotted in gray. The subsolar point is located at the center of the plot. 
 

We map the field lines from the lower simulation boundary altitude of 200 km and 

identify where they connect to the solar wind. We will describe these regions as “open field 

lines”, as particles are expected to precipitate into these areas under the adiabatic approximation 
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[Brain et al. 2007, Xu et al. 2014, Weber et al. 2017]. It is important to caveat that this is not a 

strictly accurate definition of an open field line. Technically a field line can only be called 

“open” if it connects the IMF to the Martian crust. However, for the purposes of determining 

where electrons enter the atmosphere, a draped field line that intersects the atmosphere is as 

effective as an open field line, and we will call them both “open” for the sake of brevity. 

Figure 4.7b shows that the simulated energetic electrons preferentially precipitate into 

open field lines. Like how the majority of simulated precipitating electrons originated from the 

magnetotail, the majority of open field lines were traced back into the deep magnetotail rather 

than the dayside or flanks. Approximately 55% (N = 1,243) of electrons that precipitate at an 

altitude of 200 km will precipitate within 100 km of the traced open field lines. That leaves 45% 

(N = 1,023) that entered far from the open field lines (>100 km), suggesting they drifted onto 

closed field lines.  

We can indirectly investigate the role of drift by counting the number of times an electron 

“magnetic mirrors” by reaching a pitch angle of 90°. According to a simplified guiding center 

path approximation without drift terms, all electrons that magnetically mirror once would be 

turned away from Mars and cannot precipitate. However, electrons can drift by crossing the 

highly curved current sheet and appear to reach a pitch angle of 90°, entering Speiser-like orbits 

near the magnetotail. Gradient drifts can also transport electrons initially trapped on draped field 

lines onto open or closed field lines. Figure 4.8 shows representations of such orbits. While this 

analysis will not capture every possible drift, as curvature drift across a boundary like the bow 

shock wouldn’t be counted in this analysis, this is an indicator of the extent to which a simplified 

guiding center path approximation without drift terms breaks down. 
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Figure 4.8: Two example traces of electrons that reach 200 km colored by pitch angle where 
blue is 0°, red is 180°, and white is 90° in the XY-plane (left), XZ-plane (middle), and YZ-plane 
(right). The region of a representative trace showing the see-saw bounce motion influenced by 
gradient drift is circled in green, while yellow arrows point to serpentine Speiser-like meandering 
in another representative trace. An outline of Mars and the magnetic pileup boundary is marked 
in black dashed lines. 
 

Just over half of all simulated electrons (54.3%, N = 175,470) and under half of electrons 

that reach 200 km (47.5%, N = 1,077) will exit the simulation without magnetically mirroring. 

Of the ones that magnetically mirror, there are more simulated electrons that mirror only once 

(28.4%, N = 91,848) than multiple times (17.5%, N = 56,619). However this trend is reversed for 

electrons that reach 200 km, with less than half mirroring more than once (43.7%, N = 991) and 

a small fraction mirroring only once (8.8%, N = 199). This implies that drifts increase 

precipitation. Electrons drift at the point they magnetically mirror repeatedly onto field lines 

connected to the ionosphere. We also find that, of the electrons that ended up in proximity to 

open field lines when they reached 200 km, not all of them began on open field lines. About 13% 

of electrons precipitating on or adjacent to open field lines (N = 166) were recorded to have 

magnetically mirrored at least once, suggesting some electrons drift onto open field lines. 

A cursory glance at the precipitation as a function of energy shows that more electrons 

with higher energy precipitate than electrons with lower energy. 0.6% of simulated 10-20 keV 

electrons precipitate compared to 1% of simulated 110-200 keV electrons. This is expected, as 

gradient drift motion is energy dependent. 
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Drift can be facilitated by both adiabatic and nonadiabatic mechanisms. In order to 

identify the role of nonadiabatic mechanisms, we repeated the analysis we did earlier on 

electrons entering the magnetotail for precipitating electrons. We calculated the pitch angle of 

each precipitated electron assuming the magnetic moment was conserved, and compared it to the 

pitch angle of the modeled electron. Only 24% had a pitch angle that roughly matches the 

calculated pitch angle (within 10°). By comparison, 38.2% of the electrons have pitch angles that 

differ by over 10 degrees, and 37.8% of the simulated electrons would have not reached Mars if 

they had conserved magnetic moment. This shows that over two-thirds of the simulated electrons 

were influenced by nonadiabatic transport mechanisms. 

4.5.2. Calculating precipitating flux 

So far we have used a test particle simulation to establish a qualitative picture of 

energetic electron behavior. We will now quantify energetic electron precipitation. 

First we convert the test particle results into units of flux. This is done by summing over 

all test particles in an area after scaling each by the ratio of an assumed incident flux to the 

effective simulated flux. For the previously described simulation run, if the integrated 

instantaneous flux of 10-200 keV electrons during an event is 0.01 electrons cm-2 s-1, the ASPEN 

model predicts a flux of 3.2 x 10-4 electrons cm-2 s-1 at an altitude of 200 km. The flux is 

depleted, which is expected from the qualitative behavior described in the prior section. 

Instantaneous number fluxes of energetic particles vary by many orders of magnitude 

during an event. Instead of arbitrarily picking a time to estimate flux, we will report precipitating 

flux as a fraction of incident flux, F/Fin. This number directly describes precipitation, as fluxes 

are predicted to be enhanced if F/Fin > 1 and depleted if F/Fin < 1, and can be combined with 

any instantaneous flux observed during an event to estimate an instantaneous precipitating flux. 
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For example, ASPEN predicts that fluxes of 10-200 keV electrons are depleted to 3.2% of the 

incident flux (F/Fin = 0.032) at an altitude of 200 km. 

The precipitating fraction of incident flux is dependent on our choice of electron spectra. 

Figure 4.9 shows predicted incident and precipitating differential energy fluxes for an assumed 

integrated instantaneous flux of 0.01 electrons cm-2 s-1, and the fraction of incident differential 

flux. The earlier qualitative finding that more electrons with higher energy reach 200 km than 

lower energy electrons is supported. The fraction of precipitating differential flux is proportional 

to Eυ where υ = 0.2 for electron energy E in range 10-200 keV. This implies that all energies 

would contribute equivalent precipitating flux if a power law of E-κ where κ = 0.2 described an 

incident spectrum. Similarly, the precipitating flux will be dominated by lower energy electrons 

for energetic electron spectra “softer” than this (e.g., E-κ where κ < 0.2). Energetic electron 

spectra generally follow a power law on the order of κ ~ 0.6 to 2 that steepens to κ ~ 2.4 to 4.3 

above 200 keV [McGuire and von Rosenvinge 1984]. Thus the majority of precipitating energy 

flux into the Martian atmosphere should come from the lowest SEP electron energies. 
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Figure 4.9: Differential energy fluxes of incident and predicted precipitated electrons for a 
hypothetical energetic electron event (top) and relative fraction of flux that precipitates (bottom). 
 

ASPEN-predicted flux depletion can be compared to an estimate of flux depletion from 

guiding center path theory in the absence of drift. If electrons are unaffected by drifts this 

guiding center approximation predicts they will only precipitate on open magnetic field lines if 

they are in the loss cone. The flux at 200 km is proportional to the product of the fraction of open 

field lines over the surface and the fraction of flux that can enter the loss cone on those open 

field lines. We can trace 100,000 random field lines from the lower simulation boundary at an 

altitude of 200 km. Out of that number, 9% are open field lines. We can then calculate the 

depletion: 

																										𝐹/𝐹;U = J∑ 𝑓7%,;
>#1!2
; M /𝑁 = J∑ 1 −	cos 𝜃7%

>#1!2
; M /𝑁   (4.5) 



112 

 
 

F/Fin is 0.5%. Global precipitation is over six times higher than what would be predicted 

by a simplified guiding center path approximation without drift terms. 

The model can also predict fluxes as a function of MSO latitude and longitude at an 

altitude of 200 km (Figure 4.10). The flux is globally depleted. Energetic electron fluxes are least 

attenuated at cusps and the post-midnight zone of the nightside. The cusps around the strongest 

crustal fields at latitudes below 60° S can receive up to 22.5% of incident flux and the post-

midnight zone (LT 2:30-4:30) between latitudes of 0° - 30° N can receive up to 27% of incident 

flux. 

 
Figure 4.10: Fraction of incident flux that precipitates at 200 km altitude as a function of MSO 
latitude and longitude. Black pixels are plotted where zero electrons are recorded reaching 200 
km altitude in the simulation. 
 

Fluxes can also be predicted as a function of altitude and local time (Figure 4.11). At 

midday, dawn, and dusk, fluxes are approximately the same at altitudes above 2,000 km.  In 

contrast, energetic electron fluxes at night are depleted by up to a factor of 2 above an altitude of 

2,000 km. The fluxes are structured at lower altitudes, with local enhancements and depletions 

below 2,000 km. The pre-midnight and post-midnight profiles are different below 3,000 km 

because the structure of the crustal anomalies is not symmetric across the distant current sheet 

plane. Geographical variability in crustal fields will cause discrepancies between pre- and post-
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midnight fluxes. In addition, the interaction between crustal fields and IMF twists and offsets the 

location of the magnetotail current sheet [DiBraccio et al. 2018]. In the MF-MHD results, the 

current sheet in the equatorial plane is pushed towards the pre-midnight plane close to Mars and 

fewer open field lines connect to the pre-midnight sector. This supports that the interaction 

between crustal fields and the draped IMF leads to different fluxes in the post- and pre-midnight 

sectors. Enhancements below 2,000 km are likely linked to electrons diverting and mirroring 

over closed field lines, as they occur above regions where depletions occur. The pre-midnight 

altitude profile shows this most clearly with depleted fluxes at 950 km and 650 km alternating 

with enhanced fluxes at 1,050 km and 450 km. All altitude profiles except for the one during 

midday are attenuated to below a tenth of incidence at 200 km. 

  
Figure 4.11: Fraction of incident flux as a function of altitude for different local time ranges: 
post-midnight (LT 0-4), dawn (LT 4-9), midday (LT 9-14), dusk (LT 14-19), and pre-midnight 
(LT 19-24). 
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Finally, the model can quantify the influence the bow shock has on energetic electron 

fluxes. Figure 4.12a shows energetic electron fluxes in the equatorial plane. Depleted fluxes are 

found between the bow shock and the pileup boundary in the magnetotail. The fraction of flux in 

this region is ~20-40% of the incident. This is expected, as particles should follow field lines 

diverging out of the equatorial plane as they drape around Mars. Fluxes are also somewhat 

depleted in the region immediately behind Mars. This is also visible in Figure 4.12b, which 

shows energetic electron fluxes in the meridian plane. The depletions at lower altitudes are 

visible in Figure 4.12b and coincide with crustal field regions. Unfortunately, these equatorial 

and meridian flux maps are low resolution and susceptible to test particle discretization artifacts. 

In particular, the alternating bands of high and low fluxes outside the bow shock in Figure 4.12a 

are caused by binning test particles with gyroradii less than the bin size. Multiple gyrations from 

the same simulated particle cause multiple counts in the same bin, leading to bands along the 

IMF direction. The bands reduce in intensity as the number of simulated particles is increased, 

and disappear when the average gyroradius exceeds the bin size. 
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Figure 4.12: Fluxes of 10-200 keV electrons in the (a) equatorial (Z = 0) plane and (b) in the 
meridian (Y = 0) plane. Areas where no electrons were counted are marked in black. Solid and 
dashed black lines mark the bow shock and magnetic pileup boundary conic section fits from 
Trotignon et al. [2006]. 

4.6. Modeling energetic electrons for different IMF configurations 

During a SEP event, the IMF may vary considerably. While the full time-dependent 

response to the changing IMF conditions that can accompany a SEP event is out-of-scope for this 

study, the precipitation response to a toward-sector IMF (By < 0) was modeled to look for 

changes in precipitation. In addition, higher energy electrons (0.2-2 MeV) were simulated using 

the power law distribution with κ set to -2.4 as recommended in McGuire and von Rosenvinge 

[1984]. Finally, to assess the role of crustal fields in either obstructing or increasing SEP 

precipitation, the simulation was run using MF-MHD fields that were calculated without crustal 

fields. 

Table 4.1 shows simulation results for different IMF configurations and the relative 

fraction of flux that precipitates. The IMF configuration did not strongly influence the relative 
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fraction of flux, as slightly higher precipitation was predicted for the away sector IMF than for 

the toward sector IMF. On the other hand, the energy of precipitating particles significantly 

increased the flux. The precipitating fraction of 0.2-2 MeV electrons was a factor of 1.75-2 times 

higher than the precipitating fraction of 10-200 keV electrons. This supports the conclusions of 

curvature and gradient drifts increasing precipitation, as these drifts increase in magnitude for 

higher energy particles. Finally, removing crustal fields from the model seems to reduce 

precipitation, as the precipitating flux with crustal fields is higher by a factor of 1.4. 

MF-MHD parameters 
(IMF orientation, presence 
of crustal fields) 

ASPEN parameters 
(Simulated electron 
energies) 

Percent of simulated 
particles that precipitate 
(Number precipitated) 

Relative 
fraction of 
flux 

Away (By > 0), with crustal 
fields      

10-200 keV 0.7% (N=2,267) 0.032 

Toward (By < 0), with 
crustal fields 

10-200 keV 0.6% (N=1,916) 0.026 

Away (By > 0), with crustal 
fields      

0.2 - 2 MeV 1.3% (N=4,230) 0.056 

Toward (By < 0), with 
crustal fields 

0.2 - 2 MeV 1.2% (N=3,317) 0.054 

Away (By > 0), no crustal 
fields 

0.2 - 2 MeV 0.8% (N=1,767) 0.039 

Table 4.1: The fraction (and number) of simulated particles that precipitate and fraction of 
precipitating flux for different permutations of MF-MHD and ASPEN parameters. 
 

Figure 4.13 shows the predicted precipitation maps for a subset of these model runs. The 

higher energy fluxes have a much broader area of precipitation on the nightside of Mars and in 

the northern hemisphere. Reversing the IMF shifts the distribution, which is expected since a 

different IMF interaction with the crustal fields should change the magnetic topology in weaker 

magnetic field regions. Finally, the absent crustal fields case shows that if there were no crustal 

fields, precipitation would be limited to the nightside. This is expected since the magnetic fields 

drape deeper into the ionosphere in the absence of crustal fields, so the particles traveling along 

field lines will precipitate on the nightside before the field line crosses the terminator. 
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Figure 4.13: Maps of precipitating flux depletions for four cases: 10-200 keV electrons in an 
away sector IMF with crustal fields (top left), 0.2-2 MeV electrons in an away sector IMF with 
crustal fields (top right), 10-200 keV electrons in a toward sector IMF with crustal fields (bottom 
left), and 0.2-2 MeV electrons in an away sector IMF without crustal fields (bottom right). 

4.7. Discussion 

We have made predictions of electron precipitation under nominal IMF conditions. These 

conditions are relevant to a subset of energetic particle events where there is no accompanying 

solar wind disturbance, such as when Mars is magnetically connected to a moving shock front 

ahead of a coronal mass ejection during the early phase. Three such events were observed by the 

Mars Atmospheric and Volatile EvolutioN (MAVEN) spacecraft at Mars out of a survey of 

twenty-one events during the declining phase of solar cycle 24 from December 2014 to May 

2016 [Lee et al. 2017]. 

It is more common that the arrival of energetic particles at Mars coincides with disturbed 

solar wind conditions. The increased solar wind density and interplanetary magnetic field from 

corotating interaction regions (CIRs) and coronal mass ejections (CMEs) can compress the 

Martian induced magnetosphere, pushing plasma boundaries towards Mars and increasing ion 

escape [Dubinin et al. 2009, Opgenoorth et al. 2013, Dong et al. 2015]. MAVEN observations 
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have shown that the interface between draped and closed field lines are likewise compressed, and 

models predict that reconnection will increase the proportion of open field lines [Xu et al. 2018, 

Luhmann et al. 2017]. Knowing this, we can expect that the extent of cusps will increase during 

disturbed conditions and the total precipitating flux into cusps along open field lines will increase 

as well. However, it is unclear how the nonadiabatic precipitation mechanisms will be affected, 

if at all, by disturbed solar wind conditions. The increased overall magnetization of the induced 

magnetosphere and tail lobes could make drifts more significant and facilitate precipitation. 

Alternatively, the induced magnetization could have the effect of shortening the effective 

gyroradius of electrons in the magnetotail, reducing the proportion of particles that are able to 

precipitate after several current sheet crossings. The significance of these mechanisms has yet to 

be determined and is an important topic for future studies. 

We have also fixed two key properties of SEP populations for this study, spectrum 

hardness and anisotropy. These parameters can vary from event to event. To assess the choice of 

spectrum hardness, we have estimated precipitating flux fraction as a function of energy, Eν 

where ν ~ 0.2. While this implies harder spectra should have overall higher precipitation, the 

majority of observed energetic electron spectra is “softer” and described by E-κ for κ ~ 0.6 to 2. 

Low energy SEP electrons will carry the bulk of SEP electron energy deposited. 

There is also the matter of SEP anisotropy. While continuously anisotropic electron 

events are not common, SEPs can be anisotropic during the early hours of many events. We can 

expect that field-aligned SEP electrons will be more likely to precipitate into cusps. Field-aligned 

electrons will also be more strongly affected by curvature drifts at the quasiparallel shock, due to 

how curvature drift is proportional to parallel velocity, making the depletion regions starker. 
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Since field-aligned SEPs are likely to arrive before CME ejecta or a CIR pressure pulse, the 

presented model predictions under nominal IMF conditions are likely to hold. 

The focus of this study is on 10-200 keV electrons precipitating into the Martian 

atmosphere. We’d be remiss to not discuss applicability to one of the more significant findings 

related to this particle population: diffuse aurora. An extended diffuse emission over the northern 

hemisphere was observed during a strong SEP electron event in December 2014. Modeling has 

suggested the emission is caused by ~60-200 keV electrons [Schneider et al. 2015, Gérard et al. 

2017, Haider and Masoom 2019]. Our simulations suggest electrons of these energies would 

preferentially precipitate discretely along open field lines, rather than precipitating diffusely. As 

the spectra reported during the event is softer than the spectra simulated in the presented model 

(~E-2.2), the tendency to precipitate into cusps should be intensified. However, the model 

predictions are made for a non-disturbed magnetic environment and with the crustal fields fixed 

on the dayside. Lee et al. [2017] describes the event in detail. At the onset of the highest SEP 

electron fluxes, the IMF reverses from antisunward to sunward followed by a CME flank 

impacting Mars. It is possible that IMF reversal reconfigured the magnetic field topology on the 

nightside and the pressure pulse increased the extent of the resulting cusps, leading to broader 

geographical precipitation than what would be predicted for nominal conditions. 

4.8. Conclusions 

We have described and implemented a test particle simulation that predicts energetic 

electron precipitation in the Mars-solar wind interaction. Unlike for SEP protons, we have found 

the magnetic field configuration of Mars influences where energetic electrons can precipitate. 

However, energetic electrons can exhibit drift motion such as curvature drift across the 

quasiparallel shock and gradient drift over the ionosphere. The former leads to depletions within 
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the bow shock, while the latter leads to precipitation onto closed magnetic field lines. We have 

also shown that there is a minor contribution of electrons that reach the magnetotail 

nonadiabatically, which can slightly increase predicted precipitation by a factor of 1.25. 

Our model predicts that, for a “typical” isotropic energetic electron spectra incident on 

Mars when the crustal fields are oriented on the dayside during an away-sector IMF, ~3% of the 

incident flux reaches the atmosphere. We have also estimated the fraction of precipitating 

differential flux varies as a function of energy, ~Eυ for υ = 0.2. These estimates can be combined 

with any observed energetic electron flux to estimate precipitating flux into the atmosphere, 

which can in turn be used to quantify energy input by SEPs. We have shown the predicted 

fraction of flux that precipitates exceeds estimates made using a simplified guiding center path 

approximation by over six times. This is linked to gradient and curvature drifts, and nonadiabatic 

mechanisms like meandering motion across the magnetotail current sheet. Approximately 55% 

of precipitation occurs in the vicinity of open field lines, while the remaining 45% occurs on 

closed fields. 

We have mapped where energetic electron fluxes precipitate into the atmosphere. 

Energetic electron fluxes are particularly depleted over draped fields, while precipitation is 

favored into cusps and regions of the nightside connected to open field lines. While our map is 

limited in applicability due to the assumed conditions of an away-sector IMF and dayside-

oriented crustal fields, the result shows that energetic electron precipitation is non-uniform and 

globally patchy. Since the locations of open field lines are partially controlled by crustal field 

orientation and IMF configuration [Ulusen et al. 2016], we can predict that the pattern of 

precipitation will shift upon varying these conditions. This is a recommended topic for further 

study. 
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Finally, we have contextualized the model and applicability to SEP events. We have 

described how precipitation would likely be impacted by disturbed solar wind conditions that 

accompany many SEP events. We also investigated the model assumptions of isotropic SEPs for 

a specific electron spectrum. Given the influence of curvature drifts and how precipitation is 

favored into open field lines, we suggest a higher fraction of anisotropic SEP electrons would 

likely precipitate. We present a formula for fraction of precipitating differential flux that can also 

be combined with different SEP spectra to estimate precipitating flux for varying spectra 

hardness. We have also discussed how geographically diffuse aurora has been linked to 

precipitation of 10-200 keV electrons, while the simulation has predicted that the same electrons 

would precipitate in a structured manner over the nightside. 

Taking this study further would entail applying the model to specific events, particularly 

during disturbed solar wind periods. While we predict precipitation should increase due to 

increased access to the atmosphere along open field lines, additional models would be able to 

show how nonadiabatic transport would be influenced by the passage of CME ejecta or CIRs. 

The results would further bound the input of energetic electrons into the atmosphere of Mars, 

which is relevant to quantifying the energy input of extreme space weather. 

There are also avenues for data-model comparison. We can compare predictions of where 

SEPs precipitate to locations of observed electron-induced aurora at Mars, which can help 

uncover the processes that lead to aurora. There is also a SEP monitor aboard MAVEN that is 

currently recording energetic electron fluxes. Because MAVEN’s orbit is elliptical, the SEP 

monitor would be able to record depletions as a function of altitude during events. It is possible 

to modify the model approach to improve resolution and compare directly to MAVEN SEP 

observed fluxes.
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Chapter 5  

Inventory of energy input 

 

This chapter will be submitted to the Journal of Geophysical Review as “Energy input of 

EUV, solar wind, and SEPs at Mars: MAVEN observations during solar minimum” following 

submission of this thesis. 

5.1. Introduction 

Solar energy inputs drive atmospheric, ionospheric, and induced magnetospheric 

processes at unmagnetized planets like Mars. Solar extreme ultraviolet (EUV) radiation ionizes 

the upper atmosphere, generating an ionosphere. Without an intrinsic magnetic field, the 

incoming solar wind flow induces currents in the ionosphere to form an induced magnetosphere. 

Solar wind plasma is then shocked, decelerated, and deflected around the resulting magnetic 

fields (see Nagy et al. [2004] and references therein). However, the solar wind can directly 

impart energy to the atmosphere, both as ions that have been converted into energetic neutral 

atoms (ENAs) that impact the dayside and electrons precipitating into magnetically connected 

regions of the upper atmosphere, which are known as “open field lines” [Brain et al. 2007]. In 
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addition, extreme solar activity such as coronal mass ejections (CMEs) can direct extremely 

energetic particles called solar energetic particles (SEPs) towards Mars, which may episodically 

deposit substantial energy to the upper atmosphere. 

Many prior studies have separately quantified the energy received from EUV, solar wind, 

and SEPs. Solar energy flux in the EUV is the dominant energy source, heating the Martian 

atmosphere and producing the majority of the Martian ionosphere via direct photoionization and 

photodissociation and secondary impact by resulting photoelectrons (for further details, see 

Bougher et al. [2017] and references therein). Variation in received EUV irradiance leads to 

observable dayside atmospheric and ionospheric responses, and can be caused by Mars’ seasonal 

variation (e.g. tilt, varying heliocentric distance between 1.38-1.67 AU) and solar variation (e.g. 

solar rotation, solar cycle). Precipitating particles can be an additional, but usually minor, energy 

source relative to EUV on the dayside of Mars. Analysis of Mars Global Surveyor data shows 

that solar wind and/or magnetosheath electrons impart between 0.1-2.0% of the incident EUV 

energy flux to magnetically connected regions of the dayside [Xu et al. 2014]. Due to a dearth of 

observations of energy deposited by ENAs and SEPs in the Martian atmosphere, models have 

been used to predict atmospheric energy deposition by these particles on the dayside. These 

modeling efforts have predicted that EUV energy deposition in the atmosphere exceeds the 

energy deposited from precipitating ENAs by two orders of magnitude and from precipitating 

SEPs by one order of magnitude [Kallio and Barabash 2001, Leblanc et al. 2002]. 

On the other hand, precipitating particles may be more significant on the nightside of 

Mars. Radar investigations have found that the nightside ionosphere is transient. The presence of 

ionospheres in weakly-magnetized regions is controlled by proximity to the terminator, implying 

cross-terminator transport of ions and photoelectrons from the dayside, while ionospheres in 
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magnetized regions depend on connectivity to the solar wind, implying electron precipitation 

[Němec et al. 2010, 2011; Girazian et al. 2017]. Several models have estimated substantial 

ionization on the nightside from precipitation of different electron populations from the solar 

wind, plasma sheet, and magnetotail [Fox et al. 1993, Haider et al. 2002, Fillingim et al. 2007, 

Lillis et al. 2009, Niu et al. 2021].  

Modeling has also estimated that SEP protons could increase the ionization substantially, 

as predicted ion production associated with the peak SEP spectra during the 2003 Halloween 

CME event exceeded average nightside electron precipitation ion sources by up to three orders of 

magnitude [Lillis et al. 2012]. SEP protons are also more likely than solar wind electrons to 

access areas that are not magnetically connected to the solar wind [Leblanc et al. 2002, Jolitz et 

al. 2017], although there is evidence for shadowing of SEP ions antisunwards of Mars along the 

interplanetary magnetic field and solar wind flow directions [Luhmann et al. 2007, McKenna-

Lawlor et al. 2012]. This doesn’t necessarily hold for SEP electrons, as modeling suggests that 

SEP electron precipitation and associated ionization would be more closely confined to magnetic 

cusps [Jolitz et al. 2021]. Radar sounding has supported the finding of elevated ionization during 

SEP events [Němec et al. 2014, Morgan et al. 2014, Harada et al. 2018]. However, these 

ionization enhancements may instead be associated with simultaneously occurring high dynamic 

pressure pulses, which compress the ionosphere and increase magnetic connectivity, leading to 

increased non-SEP electron precipitation [Diéval et al. 2014]. 

Given the prevalence of studies describing solar energy inputs under disparate solar 

conditions and seasons, it is beneficial to have an overarching study that directly compares the 

energy input of each solar driver received by Mars over time. SEPs in particular have previously 

been studied on an event-by-event basis at Mars, and prior ionization estimates have been made 
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using near-Earth proxies rather than Mars-based observations. Coincident measurements of each 

solar driver at Mars offer a birds-eye view of the total energy input received by Mars, allowing 

clear and direct comparisons of solar drivers at the same season and solar activity. The Mars 

Atmosphere Volatile Evolution (MAVEN) spacecraft has four instruments that observe EUV, 

solar wind, and SEPs simultaneously at Mars. The spacecraft’s precessing elliptical orbit allows 

the instruments to semi-frequently sample incident fluxes before they are perturbed by the near-

Mars plasma environment. 

Since MAVEN has orbited Mars for over three Mars years during the declining phase of 

solar cycle 24 (SC 24) and onset of solar cycle 25 (SC 25), the instruments have measured both 

seasonal and solar cycle variability of each solar input. Seasons modulate all solar energy inputs, 

as EUV irradiance, SEP flux, and solar wind density decreases with increased heliocentric 

distance, although SEP flux attenuation over distance is more variable and event-dependent 

[Smart and Shea 2003]. In addition, solar wind and EUV energy fluxes are correlated with the 

solar cycle [Lean 1997, Le Chat 2012]. The correlation between the solar cycle and SEP energy 

fluxes is less certain. While CMEs are more frequent at solar maximum and can generate 

significant SEP fluxes, SEP fluxes can also be released by corotating interaction regions (CIRs), 

which are more common during solar minimum [Reames 2021, Richardson 2004]. 

In this chapter, we compute and compare energy fluxes of EUV, SEPs, and solar wind 

observed by MAVEN at Mars. We review the relevant MAVEN instruments and data processing 

for each solar driver. We describe the approach taken to process fluxes observed by the SEP 

instrument, especially identifying and filtering observations containing oxygen contamination. 

We then estimate the net energy input at Mars, mitigating inter-event variation by calculating 

average energy flux during multimonth periods when MAVEN has access to the undisturbed 
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solar wind for consecutive orbits. We also estimate the net energy flux that reaches Mars, which 

varies across the solar drivers. We then discuss the impacts of seasonal and solar cycle variation, 

noting the onset of solar minimum and how it differs for each solar driver. We finally 

contextualize our observations with prior study discussions on previous solar cycle intensities 

and estimates of young sun energy fluxes. 

Due to the spacecraft’s precessing elliptical orbit, MAVEN does not always have 

consistent daily access to the solar wind. There can be long periods of time where the spacecraft 

does not encounter the solar wind, corresponding to when the spacecraft is located on the dayside 

during periapsis. We used fits from Trotignon et al. [2006] to estimate times when the spacecraft 

is likely located outside of the bow shock and retrieve the corresponding observations between 

2014 December 1 and 2020 October 14. We then split the resulting dataset into periods of 

consecutive daily solar wind coverage. There are thirteen such periods and the duration of each 

ranges from 61 days to 137 days. Calculating average energy fluxes during these times is 

equivalent to integrating fluxes for 2-5 Carrington rotations, mitigating the influence of solar 

rotation on results. 

5.2. Data 

The datasets used in this thesis come from four instruments aboard MAVEN. The EUV 

monitor (EUV) records irradiance in three wavelength bands, which is used to constrain the Flare 

Irradiance Spectral Model (FISM) and provide a Level 3 data product of spectral irradiance 

between 0 and 194 nm with 1 nm resolution and a cadence of 1 minute [Eparvier et al. 2015, 

Thiemann et al. 2017]. We applied the accompanying quality flag that demarcates when the sun 

is fully in the field-of-view to select only high quality data. Spectral irradiance was then 
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integrated over the range of EUV wavelengths (10-120 nm) and converted into units of energy 

flux (eV/cm2/s).  

The Solar Wind Ion Analyzer (SWIA) records differential energy fluxes of 25 eV - 25 

keV ions, which covers the range of solar wind proton energies. SWIA is a toroidal electrostatic 

analyzer mounted on the side of the spacecraft so it can sample the solar wind when the 

spacecraft is outside the shock (see more details in Halekas et al. [2015a]). The instrument’s 

Level 2 data product consists of energy fluxes as a function of energy and two internal sensor 

angles, deflection angle and hemispheric angle. We use the coarse data product, which has a 

cadence of 4 seconds and resolution of 48 energy bins. While SWIA records a higher-resolution 

“fine” data product that is intended to observe solar wind fluxes specifically, solar disturbances 

can sometimes introduce interplanetary shocks to the Mars system that trigger SWIA to record 

flux in only the “coarse” data product. We average the energy fluxes over all internal sensor 

angles to determine a single energy flux at a given time. Since SWIA is an electrostatic analyzer, 

the instrument has a constant background energy flux from extremely energetic particles like 

galactic cosmic rays (GCRs) and SEPs penetrating the instrument housing and leaving false 

counts. SWIA can also occasionally observe ionized oxygen “picked up” and accelerated by the 

solar wind at energies between 2-10 keV [Rahmati et al. 2017]. However, the energy flux of the 

solar wind beam is four orders of magnitude higher than the GCR/SEP background and three 

orders of magnitude greater than pickup oxygen fluxes, so there is no need to correct the data for 

these sources. 

The Solar Wind Electron Analyzer (SWEA) records energy fluxes of 3-4600 eV 

electrons. Like SWIA, it is also a hemispheric electrostatic analyzer with a 4 second cadence, 

sweeping over two internal view angles (see more details in Mitchell et al. [2016]). We use the 
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Level 2 energy spectra data product that is already averaged over the view angles, which has a 

resolution of 64 energy bins. GCRs and SEPs also contribute to background counts in SWEA, 

but are generally negligible compared to solar wind electron fluxes. On the other hand, 

spacecraft charging can significantly affect the measured fluxes [Lavraud and Larson, 2016]. We 

correct the spectra for the shift in energy and increase in fluxes when the spacecraft is charged to 

between +3 to +10 V in sunlight, using the spacecraft potential calculated from the discontinuity 

in the low-energy SWEA spectra from Mitchell et al. [2016]. 

The Solar Energetic Particle (SEP) instrument records fluxes of 20 keV - 7 MeV ions and 

20-200 keV electrons. The instrument is a pair of double-ended solid state telescopes (SSTs) that 

are mounted on opposite sides of the spacecraft, which leads to observations in four orthogonal 

look directions. The observed fluxes in each look direction are recorded in the Level 2 data 

product and labeled according to the sensor number, “1” or “2”, and how the detector is oriented 

with respect to the spacecraft, “F” for forward or “R” for reverse (see more details in Larson et 

al. [2015]). Each sensor has an attenuator, which activates when the sun is in a fraction of the 

field-of-view or when the SEP fluxes exceed a threshold (>20 kHz). The SEP instrument 

response when attenuators close is complex and not yet determined, so we exclude data from 

when one SST or both have closed attenuators. Fluxes from this instrument require in-depth 

correction in a process that will be described in the next section. 

Once all datasets are corrected for contamination and measurement error, we integrate 

each spectra, over energy for particles and wavelength for photons, to calculate the energy flux 

of each solar driver. The number flux of each particle solar input is similarly determined. 

However, a final processing step is required. While these fluxes are calculated during times when 

the spacecraft encounters the solar wind per the Trotignon et al. [2006] empirical formula for the 
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bow shock location, the bow shock is not a static boundary and can diverge from this formula, 

particularly during space weather events [Gruesbeck et al. 2018, Kajdić et al. 2021]. If the bow 

shock is located further from Mars than the empirical formula suggests, we sample the sheath in 

addition to the solar wind. Since we are quantifying solar inputs before they are processed by the 

Mars plasma environment, we need to exclude this data. In particular, sampling the sheath is 

recognizable in SWIA and SWEA data as rapid 10 to 100 fold increases in fluxes as the plasma 

is heated and energized. Observations in the sheath present as significant outliers. For each 

presumed solar wind pass, we identify outliers by calculating the logarithm of the number fluxes 

and excluding observations that exceed the average by at least one standard deviation. This 

approach, called standard scoring or z-scoring, was evaluated and confirmed to successfully 

remove sheath contamination from SWEA and SWIA data. 

5.3. MAVEN SEP data contamination: Sources and mitigation 

The Level-2 data product from the SEP instrument consists of electron and ion spectra for 

each SEP look direction. The datasets have slightly different energy bins owing to differences in 

energy response characteristics of the detectors within each SST (e.g. dead layer thickness), and 

slightly different time bins since SEP 1 and SEP 2 are commanded separately. In addition, low 

fluxes associated with minor events or the background are noisy in the instrument’s native 1-32 

second accumulation windows. Before identifying contamination or computing the average SEP 

flux, a rolling window is applied to the fluxes observed in each energy channel such that a 

minimum number of counts are recorded in a variable time window. If less than five counts are 

recorded in a given SEP observation, counts are summed across multiple observations until at 

least five counts are recorded and the resulting flux is calculated over the rolling window 

duration. The fluxes of each energy channel are subsequently interpolated over a common time 
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axis and the resulting spectrum is interpolated over a common energy axis. Figure 5.1 shows this 

approach applied to an hour of ion fluxes recorded by SEP 1 in the forward look direction for 

three cases: background fluxes in the absence of SEP events on 2020 March 20, mild fluxes 

associated with a weak CME on 2020 October 9, and high fluxes associated with a sequence of 

CMEs on 2015 March 3. These cases demonstrate that this procedure does not alter measured 

fluxes when counts are above the count limit during strong SEP events, reduces noise in weaker 

SEP events, and allows a determination of the background in the instrument due to non-SEP 

sources. While the variable rolling window can obscure changes in fluxes that occur within the 

variable time windows, the overall trends are preserved if the variable time windows do not 

exceed the duration over which SEP fluxes evolve. The duration of the variable time windows 

were longest while recording non-SEP background, which was several minutes for energies 

below 100 keV and 10s of minutes for energies above 100 keV. These rolling window durations 

are shorter than the time it takes for SEP fluxes to evolve (hours to days) and our studied time 

periods (tens of days), so we deemed the reduced resolution an acceptable tradeoff. 
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Figure 5.1: Fluxes of 78.2 keV ions measured by SEP 1 in the forward look direction in the 
absence of SEP events (top), during a weak CME (middle) and a strong CME (bottom). Raw 
data is shown in gray, the flux determined with the variable rolling window is in blue, and the 
interpolated flux over the common time axis is plotted in black. 
 

Data from the SEP instrument is susceptible to contamination by both photocurrent and 

energized oxygen ions. Both the SEP ion and electron detectors can measure errant counts in the 

lower energy channels when the detector is pointed at the sunlit surface of Mars [Rahmati et al. 

2020]. This “Mars shine” can be easily filtered out by ignoring data taken when over 10% of the 

detector’s field-of-view is obstructed by Mars. Sporadic X-ray sources can also lead to errant 
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counts. However, no filter was deemed necessary since flare-related X-rays are transient, lasting 

for seconds to minutes, and extrasolar X-rays like those from Scorpius X-1 are recorded in 

energy channels excluded from the Level 2 data product [Rahmati et al. 2020]. 

The SEP instrument can measure high fluxes of energetic oxygen ions, which can exceed 

actual SEP energy fluxes by several orders of magnitude. The oxygen ions have energies of 10s 

to 100s of keVs and appear as bursts superimposed on any existing SEP flux. Oxygen 

contamination can be observed in each SEP detector and sometimes multiple detectors 

simultaneously as shown in Figure 5.2. The dominant source of contamination is ionized oxygen 

from the corona that is “picked up” and accelerated by the solar wind convective electric field 

[Rahmati et al. 2015]. Pickup oxygen preferentially enters the forward-looking detectors SEP 1F 

and SEP 2F since these detectors are often oriented along the solar wind direction. Spacecraft 

maneuvers can reorient the reverse-looking detectors SEP 1R and SEP 2R to similarly observe 

pickup ions. In addition, ionospheric oxygen can be accelerated from the magnetosheath to cause 

bursty fluxes in the reverse-looking detectors. While oxygen contamination is often observed in 

only one forward-looking detector and/or one reverse-looking detector, occasionally it is 

detected in both at once. During one such event, proton cyclotron waves with periodicity of 10-

20 seconds were recorded while both SEP 1F and SEP 2F simultaneously observed pulses of 

oxygen, which suggests that wave activity might affect the ionized oxygen. 
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Figure 5.2: A schematic of oxygen ion contamination as observed by the SEP instrument while 
MAVEN is in the solar wind outside of the induced magnetosphere of Mars. Oxygen ions are 
produced within the bow shock and in the extended corona, which are picked up by the 
convective electric field and accelerated into the SEP fields of view. 
 

Initially, we attempted to identify and exclude oxygen ions based on the theorized source 

and acceleration mechanism. First we calculated the maximum energy an oxygen ion can have 

when accelerated by the solar wind convective electric field, intending to ignore fluxes below the 

theoretical maximum. However, fluxes of oxygen ions were observed with energies above this 

maximum. It is possible that other mechanisms such as plasma waves are additionally 

accelerating pickup oxygen. We then attempted to exclude measurements at times when the 

observing geometry favored pickup oxygen, calculating the angle between the electric field and 

the SEP detector pointing direction and excluding observations when that angle was within the 

detector aperture viewing angle. Unfortunately, as oxygen ions can take several minutes to 

complete a single gyromotion, the varying magnetic field and solar wind velocity can cause this 
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plane to oscillate, introducing too much variability in the filter. In addition, this approach cannot 

be used to identify accelerated ionospheric oxygen in the reverse look directions due to the lack 

of concurrent measurements of magnetic fields within the bow shock. 

Instead, we developed an empirical approach to detect and remove oxygen 

contamination. The filter-and-average algorithm can identify oxygen contamination by 

comparing low energy fluxes observed in each SEP detector and flagging times when one or 

more SEP detectors have orders of magnitude higher fluxes compared to each other. The filtered-

and-averaged SEP data product is then determined by excluding flagged observations and 

averaging the rest. 

We begin by calculating the difference between the logarithm of the flux F recorded by 

two detectors D1 and D2 in a given energy bin E: 

    𝑑(𝐸) = mlog4𝐹(𝐸, 𝐷)); − log4𝐹(𝐸, 𝐷2);m   (5.1) 

Theoretically, for an isotropic SEP population, the flux difference d(E) for each possible 

pair of look directions should be approximately 0. When oxygen is detected in one of the 

detectors and not the other, ion fluxes below 100 keV will differ by several orders of magnitude. 

This means we can exclude observations if the flux difference at low energies is above a fixed 

threshold. In order to estimate a reasonable threshold, we note that flux difference can be 

nonzero for other reasons. SEP fluxes can be anisotropic, particularly during the onset of a SEP 

event [Li and Lee 2019]. The flux difference can also be high due to statistical fluctuations when 

sampling low number fluxes. 

We want to avoid filtering realistic SEP anisotropy and fluctuations. When SEPs are 

anisotropic or fluctuating, the flux difference should be approximately the same in all energy 

bins. We estimate the variability as the minimum of flux difference at two other energies, a 
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“middle” energy bin at the center of the SEP instrument sampled energy range Emid (~97 keV) 

and a “high” energy bin that is the maximum common energy bin Ehigh (~1.3 MeV). Using the 

minimum of flux differences calculated for two energies ensures the calculated variability is not 

as susceptible to dropouts or “shadowing”, since high energy SEPs can be physically obstructed 

and mid-range energy SEPs can be reduced by changes in magnetic and viewing geometry.  

We define the adjusted flux difference as the flux difference in lowest common energy 

bin Elow (~22 keV) subtracted by the flux variability over other energy channels: 

   𝑑W&XJ$(#& = 𝑑(𝐸7YT) − min	(𝑑(𝐸I;&), 𝑑4𝐸Z;CZ;)   (5.2) 

We now calculate the average flux over two look directions. If the adjusted flux 

difference is below a threshold value a, the total flux as the average of the two look directions, 

otherwise we use the minimum of the two fluxes: 

   𝐹(𝐷) = �
3
'4𝐹(𝐷)) + 𝐹(𝐷2);				𝑖𝑓	𝑑W&XJ$(#& < 𝑎
min4𝐹(𝐷)), 𝐹(𝐷2); 	𝑖𝑓	𝑑W&XJ$(#& > 𝑎

   (5.3) 

We calculate the average forward look direction flux SEP F from SEP 1F and SEP 2F in 

this manner. We determined that a threshold value of 0.2 was the best choice to filter out oxygen 

in the forward look directions, which is equivalent to stating that the low-energy SEP fluxes 

cannot exceed each other by more than a factor of 1.5. However, this layer of filtering will not 

remove oxygen fluxes measured simultaneously in SEP 1F and SEP 2F. We repeat the 

calculation for SEP 1R and SEP 2R to find the average reverse look direction flux SEP R, and 

finally repeat the calculation using the filtered fluxes SEP F and SEP R to determine the total 

average SEP flux. This final comparison removes simultaneously measured oxygen fluxes. 

When averaging SEP F and SEP R, we found that a threshold value of 2 was sufficient to 

account for anisotropy along the sunward-antisunward axis. Finally, with the oxygen 
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contamination mostly suppressed, breakthrough contamination is rare enough to be mitigated 

with standard-scoring to remove outliers on each orbit. 

This approach is limited to removing oxygen contamination in the solar wind. If there are 

dropouts in the lowest common energy bin, the filtering will significantly underestimate the flux. 

Shadowing of low energy SEPs does not usually occur in the solar wind and is generally 

associated with magnetic conditions within the magnetosheath [Lillis et al. 2016]. However, we 

can observe shadowing of low- and mid-energy SEPs in the solar wind if a significantly strong 

shock or CME reaches the Mars system. This likely occurs because magnetic fields associated 

with a shock passage can be comparable in scale to a SEP ion gyroradius. To prevent these 

measurements from aliasing the filtered flux, we do not apply oxygen filtering to orbits where 

SEP fluxes rapidly rise in accordance with an energetic storm particle enhancement during a 

shock passage. 

Figure 5.3 presents an example of the filter-and-average method. First we show the 

measured fluxes of 25.7 keV ions for two solar wind passes on 2014 December 5 on the top 

panel. The baseline ion flux is ~1-2 x 10-4 particles/ster/eV/cm2/s. Oxygen contamination is 

visible as rapid surges of flux above this value that are either sporadic, as viewed by SEP 1R and 

SEP 2R, or prolonged, as viewed by SEP 1F and SEP 2F. The adjusted flux difference is 

calculated per Equation (2) and plotted in the middle panel for the forward-looking detectors 

(SEP 1F and SEP 2F) and the reverse-looking detectors (SEP 1R and SEP 2R). The calculated 

flux difference is frequently above the threshold value of 0.2, which is denoted by the horizontal 

dashed black line. The filtered-and-averaged forward fluxes and reverse fluxes of 25.7 keV ions 

are accordingly calculated using Equation (3) and shown in the top panel in red and blue 

respectively. The most substantial oxygen contamination is suppressed by this step, although 
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there are several spikes during both orbits. The adjusted flux difference for filtered-and-averaged 

forward and reverse spectra is calculated and shown in the middle panel alongside the threshold 

value of 2, which is demarcated as a horizontal solid black line. Though the raised threshold is 

important to prevent underestimation of anisotropic events, this example event is isotropic and so 

this filtering step is less effective. 

 
Figure 5.3: Fluxes of 25.7 keV ions recorded during two solar wind passes on 2014 December 6 
(top), the adjusted flux difference estimated between three pairs of measurements (middle), and 
the total SEP flux integrated over all SEP energies that is determined with and without oxygen 
filtering and Z-scoring (bottom). 
 

The final filtered and averaged flux of 25.7 keV ions is shown in black in the top panel of 

Figure 5.3. Though the oxygen contamination is suppressed compared to the original data, it 

occasionally breaks through the filtering. Coincident contamination in all look directions occurs 

between 7:00 and 7:06 UTC, violating our assumption that pristine fluxes are recorded in at least 
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one look direction, and spikes are visible in the final SEP flux product at times when SEP 1F and 

SEP 2F are comparable between 11:15 and 12:45 UTC. However, contamination in the filtered 

dataset is substantially reduced compared to the contamination in the original dataset. This 

allows us to use z-scoring to remove outliers via the same process that sheath data was excluded 

from SWIA and SWEA data. The bottom panel of Figure 5.3 shows the total SEP ion flux, 

integrated over all SEP energies, determined without filtering oxygen (light gray), without 

filtering oxygen and using z-scoring to eliminate outliers (blue), with filtering oxygen (dark 

gray), and with filtering oxygen and using z-scoring to eliminate outliers (black). Not filtering 

oxygen leads to overestimated total flux by several orders of magnitude, and attempting to 

exclude outliers via standard scoring in the unfiltered SEP data does not improve the data due to 

frequent oxygen contamination. However, filtering oxygen reduces the contamination 

substantially. Breakthrough contamination is subsequently cleaned up by standard scoring. 

Compared to SEP ion data, SEP electron data requires minimal filtering after removing 

photocurrent-contaminated data. We exclude the first four energy bins of the SEP electron data, 

since they show an unphysical roll-off in fluxes between 22-28 keV that is caused by energy 

losses in the dead layer of the detector and extrapolate over these energy bins to correct the data 

[Larson et al. 2015]. While this is effective when the instrument measures substantial fluxes, 

statistical fluctuations during observations of low fluxes can cause errant extrapolation. We 

mitigate this by selecting orbits where the average total flux during a solar wind pass is below a 

threshold (~10^4 particles/ster/cm2/s) and instead calculating the average spectral slope during a 

solar wind pass and using that to extrapolate fluxes for each observation during the solar wind 

pass. 
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There is an additional source of contamination in SEP observations that we do not correct 

for. During extremely energetic events, there can be cross-talk in the ion and electron detectors. 

Extremely energetic electrons can leave counts in the ion detector, and vice versa. This type of 

contamination is infrequent and only occurs during particularly energetic events. As we already 

ignore data when the instrument attenuators are closed due to saturation from excessive counts, 

situations where cross-talk occurs have been further reduced. Since there is currently no tool to 

disambiguate or remove cross-talk, we will only mention if an analyzed period of SEP data is 

susceptible. 

Unlike the other energy inputs analyzed in this study, SEP events are transient, making it 

important to quantify what MAVEN SEP observes in the absence of SEP events. We 

approximate this background as the lowest observed energy flux during each solar wind 

coverage period. This is an adequate assumption provided that each coverage period has a 

duration of no active SEP producing events and/or no distinguishable SEP fluxes above the 

background, and that the background does not substantially change over the solar wind coverage 

period. The former condition holds for all studied time periods with the exception of 2014 

December 1 to 2015 March 15. This outlier is caused by the continuously elevated electron 

fluxes from at least 14 catalogued sequential flares and CMEs [Lee et al. 2017]. Except for this 

outlier, the background energy fluxes in the SEP instrument were determined to be 1-1.6 x 106 

eV/cm2/s for electrons and 4.3-8 x 106 eV/cm2/s for ions. 

We determined there are two sources of background fluxes in SEP data, X-rays and 

GCRs. Figure 5.4 shows the background spectra for five representative times between 2015 and 

2020. The ion and electron background spectra are very similar in shape and magnitude below 

200 keV, so much so that the electron spectra were multiplied by a factor of 10 to distinguish the 
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datasets. The similarity across ion and electron spectra implies a photon source, since the “low-

energy” background source is neither affected by the magnet that prevents low energy electrons 

from entering the ion detector nor the foil that prevents low energy ions from entering the 

electron detector. The low-energy source dominates the background of the electron data, as 

electron data is restricted to below 200 keV in the Level-2 data product due to significant ion 

contamination of higher energies. Figure 5.4 also shows that the low-energy source does not vary 

with time, as the total energy flux calculated from the electron background shows no discernible 

trend. Given SEP’s prior demonstrated sensitivity to X-rays, these background fluxes are likely 

due to an ambient source of X-rays [Rahmati et al. 2020]. As for the “high-energy” background 

source, Figure 5.4 shows that the ion background fluxes measured above 200 keV and the total 

calculated energy flux increase between 2015 and 2019. This trend is consistent with increasing 

GCR contamination as SC 24 wanes, since GCR flux in the solar system will be elevated at solar 

minimum due to the weakening heliospheric magnetic field [Jokipii et al. 1977, Heber et al. 

2009, Delory et al. 2012].  

 
Figure 5.4: Background electron and ion spectra (left) and energy fluxes (right) observed by 
SEP between 2015 and 2020. 
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5.4. Energy input by solar drivers as measured by MAVEN 

The energy flux of each solar driver measured by MAVEN instruments between 

December 2014 and November 2020 is shown in Figure 5.5. As expected, EUV energy input 

consistently exceeds the energy input from solar wind ions and electrons, and the time-averaged 

energy input by solar wind exceeds the time-averaged energy input by SEPs. During the studied 

times over the MAVEN mission, the time-averaged energy fluxes received by Mars in units of 

109 eV/cm2/s are 650-1,390 for EUV, 40-110 for solar wind ions, 6-35 for solar wind electrons, 

0.01-2.7 for SEP ions, and 0-0.4 for SEP electrons. Time-averaged EUV energy flux consistently 

exceeded solar wind ion energy flux by a factor of ~10-20 and solar wind electron energy flux by 

a factor of ~40-140. Similarly, time-averaged solar wind ion fluxes consistently exceeded time-

averaged SEP energy fluxes by one or more orders of magnitude. 

 
Figure 5.5: EUV, solar wind, and SEP energy fluxes for thirteen periods of time during the 
MAVEN mission between December 2014 and November 2020. The semitransparent lines are 
the total energy fluxes over time in each instrument’s native cadence, the horizontal bars are the 
average energy flux calculated over the marked range of time, the circles are the peak energy 
fluxes recorded for each period, and the dotted lines are the background SEP energy fluxes. 
 

Solar inputs can also be described by the peak energy flux recorded. While the average 

flux indicates the overall energy that Mars absorbs, one solar input might briefly exceed another 
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and drive further ion production or heating. MAVEN observations show that peak solar wind ion 

and electron energy flux occasionally reach or exceed the average EUV. The highest recorded 

solar wind ion energy fluxes in this study are 2.2-2.5 x 1012 eV/cm2/s on 2015 March 8 between 

20:55 and 21:25 UTC, coinciding with the arrival of a CME shock [Lee et al. 2017, Dong et al. 

2015]. The measured solar wind ion energy fluxes exceed the EUV energy flux by a factor of 1.3 

for the entire duration that MAVEN sampled the solar wind on orbit 850. Since MAVEN doesn’t 

have continuous solar wind sampling coverage, the elevated fluxes might have been sustained for 

as long as three hours. Similarly, the highest recorded solar wind electron fluxes are 0.7-2.4 x 

1012 eV/cm2/s on 2015 March 3 between 18:29 and 19:57 UTC, which coincides with an earlier 

CME shock arrival. These energy fluxes exceed both the average and concurrent instantaneous 

EUV energy fluxes of 1.4 and 1.6 x 1012 eV/cm2/s, respectively. 

In the subsequent years surveyed by this study, solar wind electron energy flux did not 

approach or exceed EUV energy flux again, and solar wind ions exceeded average EUV energy 

input only one more time. On 2015 June 22 between 21:30 and 22:40 UTC, solar wind ion 

energy fluxes were measured between 0.8-1.6 x 1012 eV/cm2/s, coinciding with another CME 

shock arrival [Lee et al. 2017]. This energy flux is a factor of 0.8-1.6 of the time-averaged EUV 

energy flux over the surrounding period (2015 June 10 to October 14), but a factor of 0.7-1.4 of 

the simultaneously measured EUV energy fluxes, which are elevated due to concurrent flare 

activity. 

SEPs are usually described as an extremely energetic solar input. However, the 

instantaneous SEP energy fluxes in this study never exceed time-averaged or instantaneous EUV 

energy fluxes. Occasionally instantaneous SEP energy fluxes can be comparable to or exceed the 

time-averaged solar wind energy fluxes for a given period. The highest measured SEP ion energy 
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fluxes in this study were 0.6-1.6 x 1011 eV/cm2/s on 2015 March 3 between 18:45 and 19:57 

UTC, which exceeded the time-averaged solar wind ion and electron energy fluxes by a factor of 

1.4 for the surrounding period (2014 December 1 to 2015 March 15). Despite this, the 

simultaneously measured instantaneous solar wind ion and electron energy fluxes were nearly 10 

times higher than the SEP ion energy fluxes. This is likely because a passing CME shock caused 

elevated SEP fluxes via energetic storm particle enhancement, but also significantly increased 

ambient solar wind ion energy fluxes. 

There is an instance in our analysis when SEP energy fluxes exceeded solar wind energy 

fluxes for a period of time. A sequence of CMEs and interacting shocks led to elevated SEP 

fluxes recorded by MAVEN from 2017 July 24 to 2017 August 1[Luhmann et al. 2018]. This 

was a similar type of event to the much-studied 2017 September 10-17 event, as both generated 

such high SEP fluxes that the MAVEN SEP attenuators closed to protect the instrument [Lee et 

al. 2018]. The maximum SEP energy flux would have likely arrived at Mars while the 

attenuators were closed between July 24 21:06 and July 25 22:37 UTC, and was likely higher 

than our calculated peak of 1.2 x 1011 eV/cm2/s at 2017 July 25 22:47 UTC. At this time, our 

estimated SEP energy flux exceeded the solar wind energy flux, both ion and electron, by a 

factor of 3. While the SEP ion energy fluxes rapidly decreased to below the concurrently 

measured solar wind ion energy fluxes over the subsequent hour, the SEP ion energy fluxes were 

up to 2.5 times the solar wind electron energy fluxes between July 26 22:45 and July 27 16:10 

UTC. Unfortunately, the calculated SEP ion energy flux is suspect due to the presence of 

crosstalk between July 24 and July 28: extremely energetic electrons from the solar event left 

counts in the ion instrument, particularly at MeV energies. This event will require more analysis 
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to disambiguate the overestimation due to crosstalk and underestimation due to the attenuators 

closing during measurement of the highest fluxes. 

These energy flux estimates upstream of Mars are useful to guide a discussion of relevant 

energy input to the atmosphere. In general, dayside atmospheric processes are driven by EUV 

photons while nightside processes are driven by particle precipitation and cross-terminator 

transport from the dayside. Can these dominant drivers be temporarily displaced? Despite how 

solar wind energy fluxes exceeded EUV energy fluxes during significant CMEs in March 2015 

and July 2017, they would be insufficient to displace EUV as the primary driver. Models predict 

that only ~3% of solar wind ions will convert into ENAs that can directly precipitate into the 

dayside atmosphere of Mars during solar minimum [Kallio et al. 1997]. Direct precipitation is 

even more infrequent, with analysis of Mars Express observations finding proton precipitation 

occurs 3.2% of the time to deposit 0.2% of the solar wind energy flux [Diéval et al. 2013]. In the 

case of solar wind electrons, they can only precipitate along magnetic field lines that connect the 

atmosphere to the solar wind, which make up ~5% of magnetic field lines at atmospheric 

altitudes (170-250 km) [Weber et al. 2019]. Since they can only impart 40% of their energy flux 

due to magnetic reflection [Xu et al. 2014], we estimate less than 2% of the incident solar wind 

flux will precipitate. Since all solar wind fluxes are reduced by two orders of magnitude before 

they can influence the atmosphere, solar wind energy fluxes would have to be over a hundred 

times greater than EUV energy flux before they could impart equal energy to the dayside 

atmosphere. 

Could a strong enough SEP event displace EUV as the dominant energy source on the 

dayside? Although SEP energy fluxes are consistently lower than EUV energy input in this 

study, MAVEN observations have been limited to a particularly weak solar cycle with few 
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extreme solar events. Unlike solar wind particles, SEP ions are overall unhindered by Mars’ 

induced magnetosphere and are only attenuated by the strongest crustal anomalies [Leblanc et al. 

2002, Jolitz et al. 2017]. Accounting for the inhibition of solar wind particles as they enter the 

Mars plasma environment, energy flux from SEPs are the closest to EUV in terms of actual 

energy input to Mars during high-activity times. However, the peak energy input is still a tenth of 

energy input from EUV, which is in agreement with model predictions of energy deposition by 

SEP ions and EUV for a representative gradual SEP event [Leblanc et al. 2002]. The total SEP 

ion energy flux would have to exceed 1012 eV/cm2/s to possibly be comparable to EUV.  

Relative influences on the nightside are more difficult to estimate due to cross-terminator 

transport. Determining the fraction of EUV energy flux converted into photoelectrons and 

conveyed into the nightside would require calculating photoionization rates and knowing what 

fraction of magnetic field lines connect the dayside to the nightside. Since this would require 

incorporating atmospheric density variability, which is an added complexity beyond the scope of 

this study, we neglect cross-terminator transport and only consider particle precipitation sources. 

This is an adequate approximation for magnetized zones of the nightside [Němec et al. 2011]. 

Assuming 40% of the energy flux of solar wind electrons reach the atmosphere without 

magnetically reflecting and given that 20% of magnetic field lines on the nightside connect the 

solar wind and the atmosphere [Weber et al. 2017], we can approximate that ~8% of the total 

energy flux from solar wind electrons is absorbed on the nightside of Mars. 

Under this approximation, SEP ion energy input is comparable to actual solar wind 

electron nightside energy input during both weak and strong CME events for days. There were 

four time periods where SEP energy fluxes exceeded nightside solar wind energy input by a 

factor of 10 for one or more orbits: 2015 March 7-9, 2015 June 23, 2016 January 7-10, and 2017 
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July 24-29. Two of these time periods are associated with the strong SEP activity from sequential 

CMEs (March 2015 and July 2017). Usually these elevated fluxes are only recorded for hours. 

The most persistent elevation of SEP ion energy fluxes over solar wind nightside energy input 

was recorded in 2014 December 19-26, peaking at a factor of 6-7 greater on 2014 December 21. 

Interestingly, this coincided with observations of elevated ion densities and diffuse aurora on the 

nightside [Girazian et al. 2017, Schneider et al. 2015]. Otherwise, SEP fluxes associated with 

weaker events are occasionally comparable to solar wind electron nightside energy input, but 

tend to decay within hours. 

We have made predictions of the relative importance of solar drivers in the dayside and 

nightside atmosphere. However, we do not account for how each solar driver will deposit energy 

differently. More energetic particles like SEPs will impart energy deeper in the atmosphere than 

solar wind electrons, and each solar driver has a different partitioning of deposited energy into 

ionization, heating, and other processes. Ultimately this would require simulating the energy loss 

of SEPs and solar wind particles and calculating photoionization and heating rates by EUV in 

different atmospheric profiles that reflect seasonality and day-night asymmetry, which is beyond 

the scope of this study. 

5.5. Variability of solar drivers: Seasonal and solar cycle trends 

Overall, the MAVEN-recorded energy flux of each solar driver at Mars has decreased as 

the solar cycle has waned (Figure 5.6). Both solar wind and EUV energy fluxes have periodic 

oscillations corresponding to varying Mars-sun distance, while SEP energy fluxes appear 

unaffected by seasonal trends. This is expected since EUV intensity and solar wind density both 

decrease as a function of heliospheric distance, while SEP fluxes depend more on the 
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acceleration process and an observer’s magnetic connectivity to the source [Shea and Smart 

2003]. 

 
Figure 5.6: The monthly smoothed sunspot number (SSN) of solar cycle 24, Mars-sun distance 
during the MAVEN mission until January 2021, and the time-averaged energy fluxes of each 
solar driver on the left, and energy fluxes scaled for Mars-sun distance on the right. The gray 
dotted line marks solar minimum according to WDC-SILSO. Monthly SSN is from SILSO data 
[Royal Observatory of Belgium, Brussels]. 
 

Seasonal variation can obscure changes in energy input related to the declining solar 

cycle. Decoupling the seasonal dependence is an uncomplicated exercise for EUV and solar wind 

fluxes, as irradiance and solar wind density decreases are inversely proportional to the square of 

the heliocentric distance. However, the relationship between SEP energy flux and heliocentric 

distance is more complex. Unfortunately, there is no recent consensus strategy to decouple SEP 

intensity from heliocentric distance. The decrease of SEP intensity with radial distance has been 

studied with analytical expressions, models, and datasets. In the most basic approximation, 

solving the radial Fokker-Planck equation for energetic particle transport in the solar wind 

reduces the problem to diffusion when convection and adiabatic energy loss is excluded [Parker 

1965]. This predicts a radial dependence of peak intensity I ∝ R-3 and fluence F ∝ R-2 for 
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heliocentric distance R [Hamilton 1988, Vainio 2007]. These analytical predictions were codified 

as functional form recommendations for extrapolating fluxes and fluences measured at 1 AU to 

distances closer and further than the Earth in the heliosphere [Feynman and Gabriel 1988]. In 

particular, fluence at 1 AU was to be extrapolated using a functional form ranging from R-3 to R-

2. However, while these predictions compared favorably to impulsive events with magnetic 

connectivity between observers, they did not capture interplanetary shock acceleration that led to 

gradual events [Hamilton 1977, Smart and Shea 2003]. Recent studies have examined SEP 

transport in the inner solar system and found that the passage of interplanetary shock structures 

can make the power law radial dependence steeper or softer than the pure diffusion model [Lario 

et al. 2013]. Models have demonstrated further variability in the radial dependence due to, 

among others, magnetic focusing, pitch angle scattering, and interplanetary shock phenomena 

(e.g. Lario et al. [2007], Verkhoglyadova et al. [2012]). In general, radial dependence of SEPs 

varies based on a multiplicity of event-specific factors ranging from R-0.88 to R-5.3. Unfortunately, 

there is a lack of observational studies on the radial diffusion of SEPs as they reach Mars. Since 

we are averaging fluxes over multi-month time periods that may include tens of events, we 

approximated the SEP radial dependence as R-2. Accordingly, all energy fluxes are multiplied by 

the square of the Mars-sun distance at the time of measurement. 

Figure 5.6 shows the seasonally-decoupled energy input. The oscillations in solar wind 

ion and EUV energy fluxes disappear, showing a steady decline over the solar cycle. The 

variability in SEP energy fluxes is overall unaffected, reflecting the episodic behavior of the 

source processes, and appears to decrease with the declining solar cycle. However, we estimated 

the highest time-averaged energy fluxes between 2017 June 13 and 2017 August 22, a period late 

in the declining phase of SC 24. The elevated time-averaged fluxes are owed to the 2017 July 
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space weather events described earlier. Both 2017 July and September events were unusual for 

generating high SEP fluxes near the trailing end of an already weak solar cycle. Two hypotheses 

have been offered for these types of events. Both events were caused by CMEs that erupted from 

pseudostreamer sites that developed late in the solar cycle, and though pseudostreamer-

associated CMEs are typically slow, a sequence of CMEs from a pseudostreamer site may be 

particularly conducive to extreme particle acceleration [Luhmann et al. 2018, Li et al. 2012]. 

Alternatively, successive CMEs may have simply increased the seed population enough and 

produced multiple shocks, priming conditions for high energy fluxes [Kahler and Vourlidas 

2014, Liu et al. 2019]. Regardless, the causation of this outlier requires further investigation. 

While solar wind ion energy fluxes smoothly decline with the declining solar cycle, solar 

wind electron energy fluxes show unaccounted for oscillations. The elevated time-averaged 

energy flux during the earliest time window was likely related to SEP activity, which might have 

caused real elevated fluxes from the passing shocks and/or penetrating counts in the instrument 

housing. The other elevated time-averaged energy fluxes occur when Mars is near or at periapse. 

Since spacecraft charging is largely caused by solar UV-induced ejection of photoelectrons from 

the spacecraft when MAVEN is in the solar wind, this apparent seasonal relation might imply 

that spacecraft charging is not completely corrected. Over the mission, the average spacecraft 

potential in the solar wind has steadily declined from +7 V to +5 V, as expected from the 

declining solar activity. The mode of the spacecraft potential has oscillated seasonally, charging 

up to +8-9 V during periapse times. While we correct electron spectra for spacecraft charging, 

underestimated spacecraft potentials can cause solar wind electron fluxes to be overestimated.  

Solar activity and seasonal variation can interact to cause Mars-specific trends. For 

example, while the lowest EUV irradiances in solar minimum were measured in late 2018, the 
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lowest EUV irradiances at Mars were recorded later. At Mars, the lowest EUV irradiances (~1 

mW/m2) were measured between July and December 2019, with the nadir when Mars was at 

aphelion in late August 2019. 

On the other hand, the nadir of energetic particle fluxes was less affected by seasonal 

attenuation and more by heliospheric conditions. According to SILSO, the end of SC 24 was 

determined to have occurred in 2019 December. Unlike EUV fluxes, the lowest time-averaged 

energetic particle fluxes were recorded months after solar minimum. During the time period that 

included solar minimum (2019 October 23 to 2019 December 23), there were seven minor SEP 

events, three of which occurred in December 2019, and the time-averaged solar wind energy 

fluxes were 45 x 109 eV/cm2/s for ions and 7.4 x 109 eV/cm2/s for electrons. In contrast, the post-

solar minimum time period (2020 March 3 to 2020 May 6) lacked SEP activity and the time-

average solar wind energy fluxes were at their lowest, 39 x 109 eV/cm2/s for ions and 5.8 x 109 

eV/cm2/s for electrons. Figure 5.7 shows the solar wind energy flux, velocity, density, and 

pressure alongside the SEP energy flux for both the solar minimum period and the post-solar 

minimum period. 
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Figure 5.7: Solar wind ion energy flux, velocity, density, and pressure and SEP energy flux 
recorded between 2019 October 23 and December 23 (left) and between 2020 March 3 and May 
6. 
 

Delayed minimum fluxes are likely related to the predominance of high-speed solar wind 

streams during solar minimum, which can interact with slow solar wind to form stream-

interaction regions (SIRs), which can also be called coronal interaction regions (CIRs) if they 

recur on multiple solar rotations [Schwenn 2007, Richardson 2004]. The resulting shock 

formation can cause SEP events, which can recur for several solar rotations [Lee et al. 2010]. 

The SEP events observed during the SC 24 minimum time period at Mars coincide with fast 

solar wind speeds, leading us to infer they are SIR or CIR related. If this is the case, there may be 

times during the rise of SC 25 when solar wind energy fluxes are even lower, as high-speed solar 

wind streams will be fewer. Le Chat [2012] found that the lowest solar wind energy fluxes 

measured by the WIND and Ulysses spacecraft occurred three years after the solar minimums 

that followed SC 22 and SC 23. 

5.6. Contextualizing MAVEN observations: Present, past, and ancient Mars 

Part of MAVEN’s goal is to understand how the Martian atmosphere responds to solar 

drivers, and project back in time. However, MAVEN’s observations have been mostly confined 
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to SC 24, the weakest solar cycle in fifty years. While SC 25 is just beginning, current 

predictions expect similar behavior to SC 24: a “mini solar maximum” and low sunspot activity 

[Bisoi et al. 2019]. It is therefore important to place our energy flux calculations in context, and 

compare with parameters from recent solar cycles and the early solar system. 

MAVEN arrived at Mars in October 2014, six months after the maximum phase of SC 

24. This solar cycle has been characterized by overall reduced sunspot activity, few events that 

generate sufficiently energetic fluxes to produce ground-level enhancements, and an extended 

solar minimum [Gopalswamy et al. 2020]. We can contextualize our calculated energy fluxes 

with the corresponding smoothed sunspot number (SSN), averaged over the same periods as the 

energy fluxes (Figure 5.8). The majority of our observation periods see fewer than ten sunspots 

per day, corresponding to the extended solar minimum, while the rest correspond to the declining 

phase of SC 24. Figure 5.8 shows a positive correlation between SSN and energy flux for each 

solar driver: EUV, solar wind, and SEPs. This sensitivity to solar activity via the proxy of SSN is 

expected and well-known for EUV energy fluxes [Lean 1997]. Unlike the other solar drivers, 

seasonal variation in EUV is comparable to the solar cycle variation. In the case of the solar 

wind, a weak correlation between SSN and solar wind ion energy fluxes has been observed 

before [Le Chat 2012]. Still, we note that solar wind ion and electron energy fluxes vary 

similarly, suggesting the presence of additional factors that specifically control solar wind energy 

fluxes. 
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Figure 5.8: Energy fluxes of EUV, solar wind, and SEPs as a function of monthly SSN. The dots 
are the time-averaged energy fluxes while the bars mark the range of time-averaged energy 
fluxes scaled between periapse and apoapse. The dotted line marks the rough separation between 
“extended solar minimum” time periods with monthly SSN < 10 and “declining phase” time 
periods with monthly SSN > 10. The purple line marks the peak monthly SSN in SC 24, which 
was measured months before MAVEN arrived. 
 

Unlike solar wind and EUV energy flux, SSN is not usually compared to total time-

averaged SEP energy flux observed at a location in the solar system. SEP fluxes are usually 

studied in the context of the source event, such as a flare, SIR, or CME. Each source leads to 

different behavior from the resulting SEPs. SIR-associated energetic particles are frequently soft 

in spectra, short-lived, and can be recurrent over solar rotations [Richardson, 2018]. CME-

associated particles have event-dependent spectral characteristics and arrive over the course of 

days. Flares can be associated with “impulsive” energetic particle events that last hours, co-occur 

with CMEs and lead to particularly extreme energy fluxes, and can also possibly generate no 

observable SEPs whatsoever [Reames 2013, Klein et al. 2011]. After the particles are 

accelerated, intervening space weather structures like interplanetary shocks and magnetic clouds 
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can disperse, energize, or otherwise alter an energetic particle population. Each SEP source has 

different occurrence rates over a solar cycle. CME and flare occurrence rates are correlated with 

solar proxies like SSN and solar decimetric flux, occurring most frequently during solar 

maximum phases [Cremades and St. Cyr 2007, Webb and Howard 1994]. In contrast, SIRs can 

be distinguished in the absence of CMEs and flares, and are observed most frequently during 

solar minimum [Richardson 2004]. 

By time-averaging the SEP energy fluxes regardless of event type, we have convolved 

the source occurrence rates and spectral features of each event. Despite this, time-averaged SEP 

energy fluxes received by Mars appear to be correlated with SSN. The correlation can be 

explained by different events occurring in different phases of the solar cycle. MAVEN observed 

the lowest SEP energy fluxes during extended solar minimum, while the highest SEP energy 

fluxes were measured during the declining phase. Several CMEs of varying strength were 

recorded during the declining phase, while SIRs were most common in solar minimum. 

Although SIRs were present and producing energetic particles during solar minimum, their 

overall softer spectra reduced their total energy input to below the energy fluxes measured during 

the more CME-rich declining phase. 

SEP energy fluxes measured during the declining phase show substantial variability. 

However, fluxes departing from a correlation by orders of magnitude are not unusual for CME 

sources. Peak SEP fluxes are known to show positive but noisy correlations with other 

parameters, particularly flare soft X-ray flux, CME velocity, and if one or multiple CMEs 

occurred up to 24 hours before [Klein and Dalla 2017, Gopalswamy et al. 2004]. CME 

occurrence rates can also vary from cycle to cycle, possibly impacting the variation as well. 
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Finally, our measurements of SEPs from a CME or flare associated event requires Mars to be 

magnetically connected to the acceleration source. 

Despite these expected sources of variation, the July 2017 event presents as a significant 

outlier. This event requires specific care to analyze, as it was energetic enough to produce a 

ground-level enhancement (GLE) measured by MSL/RAD [Dumbovic et al. 2018]. GLE events 

are recognized as the most energetic type of SEP event. They may occur at any phase of the solar 

cycle, although they are rarer during solar minimum. While they show a stronger correlation to 

CME speed and flare fluence than non-GLE events, a fast CME with a bright enough flare is not 

a necessary and sufficient condition for the occurrence of a GLE [Desai and Giacalone 2016, 

Nitta et al. 2012]. 

How do these observations compare to previous solar cycles? Prior studies have shown 

that interplanetary plasma parameters during SC 24 have all been reduced compared to previous 

solar cycles [McComas et al. 2013, Gopalswamy et al. 2020]. Solar wind energy fluxes recorded 

in 2009-2013 were 40% lower than energy fluxes recorded in 1974-1994. Although CME 

occurrence rates were higher in SC 24 than SC 23, the occurrence rate of “fast and wide” CMEs 

(speed ≥900 km/s and width ≥60⁰) that are strongly associated with SEP events was nearly half 

that of in SC 23 [Lamy et al. 2019, Gopalswamy et al. 2020]. Only two GLE events at Earth 

were recorded in SC 24 compared to sixteen in SC 23. Mewaldt et al. [2015] estimated that the 

fluence of >10 MeV protons partway (~5.8 years) into SC 24 was a factor of 4.4 less than the 

fluence of SC 23 at the same phase. While the mechanism of GLEs remains elusive, decreased 

heliospheric parameters like IMF magnitude and solar wind density may have contributed to 

fewer GLEs in this solar cycle [Vainio et al. 2017, Mewaldt et al. 2015]. Since these conditions 
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are likely to persist into the next solar cycle [Bisoi et al. 2019, Gopalswamy et al. 2020], we may 

see similar frequent CMEs but few GLEs through MAVEN’s continuing mission. 

We may also compare our results to estimates of plasma conditions of the early solar 

system. It is assumed that the ancient sun behaved similarly to other main sequence stars early in 

their lifetime: dimmer in overall luminosity but higher magnetic activity due to a more efficient 

dynamo driving rapid rotation rates, which enhance X-ray and EUV emissions, stellar mass loss 

as solar wind, and flare activity [Güdel 2007]. In addition, spallation in meteoric grains have 

been used to infer that high energetic proton fluence events were more frequent in the early solar 

system when the sun was in an even more magnetically active pre-main sequence phase [Caffee 

et al. 1987]. The resulting influence on the development of planetary atmospheres has been the 

subject of many studies [e.g. Kulikov et al. 2007, Lundin et al. 2007, Lammer et al. 2012]. Mars 

specifically has been examined as a case study of a planet that lost a dipole magnetic field due to 

cessation of the dynamo and developed an induced magnetosphere. Many studies have 

specifically examined Martian atmospheric evolution (e.g. Bößwetter et al. [2010]) and ion 

escape (e.g. Ramstad et al. [2017]) in the presence of elevated emissions and absent intrinsic 

magnetic field. 

While modern space weather events are likely far weaker than those that occurred during 

the early solar system, it has been suggested that elevated particle fluxes during events can give a 

glimpse of the “average” conditions from a young sun. We can investigate that by comparing our 

time-averaged and maximum energy fluxes to estimates of solar drivers for a young sun. 

Figure 5.9 shows EUV, solar wind, and SEP energy fluxes alongside prior study 

estimates as a function of the sun’s age and solar EUV irradiance. All energy fluxes and 

irradiances are normalized to a heliocentric distance of 1 AU to mitigate seasonal variation. 
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While we considered normalizing to a Mars-typical orbit radius, normalizing to 1 AU allows us 

to compare with results directly from most previous studies that estimate young sun conditions at 

1 AU. In order to determine the Mars-received energy flux, the normalized value only needs to 

be divided by the square of the seasonal-dependent heliocentric distance. Since there are no 

specific estimates of ancient energy fluxes for solar wind and SEP electrons, these datasets were 

excluded. The observations from this study are the dots clustered at the sun’s current age (~4.6 

Gyr) and within the lower range of irradiances (2-5 mW/m2). The gray line in the left panel 

shows the estimated EUV (10-120 nm) energy flux calculated using fits from Ribas et al. [2005], 

which were determined from spectral irradiances of solar-type stars at different ages. On the 

right panel, EUV irradiance from Ribas et al. [2005] is marked as a reference for two solar ages, 

0.7 Gyr and 2 Gyr. This expression was also used to calculate a corresponding EUV irradiance 

for each energy flux determined from a prior study given the provided solar age 

The blue line shows the estimated solar wind energy flux calculated using a 

parameterization for solar wind velocity and density as a function of solar age derived in 

Grießmeier et al. [2004] based on stellar mass loss rates from Wood et al. [2002]. This 

expression has been used in several studies (e.g. Lundin et al. [2007], Bößwetter et al. [2010], 

Lammer et al. [2012]), so we use the parameters given in the most recent study. Interestingly, 

this expression appears to predict that solar wind energy flux exceeds EUV energy flux before 

the sun reached an age of 1.3 Gyr. We also calculated and included energy fluxes based on solar 

wind parameters from more recent studies that have modeled the solar wind at the young sun via 

magnetohydrodynamic (MHD) codes. We specifically use solar wind densities and velocities for 

the high coronal base density cases from Sterenborg et al. [2011] for the sun at an age of ~1 Gyr, 

and include both solutions for slow and fast solar wind from Airapetian and Usmanov [2016] at a 
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solar age of 0.7 Gyr. We note that the slow and fast solar wind energy fluxes from Airapetian 

and Usmanov [2016] are close to the Lammer et al. [2012] parameterization, while the 

Sterenborg et al. [2011] prediction is lower by a factor of 5. 

Finally, the figure also shows an estimate of ancient SEP ion fluxes from Lingam et al. 

[2018], which multiplied the fluence of a representative SEP event by an event occurrence rate 

based on superflare occurrence rates in G-type stars. 

 
Figure 5.9: Energy fluxes of EUV, solar wind ions, and SEP ions as a function of solar age (left) 
and solar EUV irradiance (right). Present study data is scaled to a heliocentric distance of 1 AU 
and are marked with circles (empty for time-averaged energy fluxes and filled for peak energy 
fluxes). Estimates of young sun energy fluxes were all determined for a heliocentric distance of 1 
AU and are marked in different symbols as described in the legend (see text for further details). 
 

As expected, all estimated energy fluxes from the young sun exceed the time-averaged 

energy fluxes measured during a low-activity phase of a weak solar cycle. Peak EUV energy 

fluxes do not approach predicted historical levels. The ancient (~0.7 Gyr) solar wind energy 

fluxes from Lammer et al. [2012] and Airapetian and Usmanov [2016] exceed our time-averaged 
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energy fluxes by ~200-300x and peak energy fluxes by >10x. On the other hand, the ancient (~1 

Gyr) solar wind energy fluxes from Sterenborg et al. [2011] are in the range of two peak 

MAVEN-observed energy fluxes. These solar wind energy fluxes of 3.9-5.2 x 1012 eV/cm2/s 

were associated with the passage of CMEs in March and June 2015, while Sterenborg et al. 

[2011] predicted that ancient solar wind energy fluxes were between 4.5-5.3 x 1012 eV/cm2/s. 

Likewise, the estimated ancient SEP energy flux from Lingam et al. [2018] of ~3.11 x 1011 

eV/cm2/s has been twice exceeded by the peak SEP energy fluxes measured in March 2015 and 

July 2017. While these periods aren’t necessarily accompanied by magnetic conditions indicative 

of the young solar system, there are times when the energetic particle load may have been similar 

to ancient solar conditions and worth studying. 

5.7. Discussion 

We have used MAVEN measurements of EUV, solar wind, and SEPs to calculate the 

energy input of each solar driver on the Mars system. Data was taken when the MAVEN 

spacecraft resided in the solar wind and was subsequently filtered to remove early spacecraft 

incursions into the Mars induced magnetosphere. Both time-averaged and maximum energy 

fluxes are determined for durations spanning 61 to 137 days (2-5 Carrington rotations). This 

approach has reduced the influence of solar rotation and simplified event-to-event variability in 

SEP events, allowing a clearer determination of the energy input during episodic space weather. 

The observations confirm EUV is the dominant solar driver by total energy flux, followed 

by solar wind ions, solar wind electrons, SEP ions, and SEP electrons. However, there were rare 

and brief times during MAVEN’s mission where this ranking of energy input was disrupted. 

During shock passages from the March 2015 and the June 2015 CMEs, the energy input by solar 

wind ions and/or electrons exceeded the energy input by EUV for 1-4 hour-long periods. While 
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SEP energy input never approached EUV energy fluxes, the SEP energy fluxes once exceeded 

solar wind ion energy input for nearly a day in July 2017. However, this result is suspect due to 

confounding factors of overestimation from cross-talk in the ion detector and underestimation 

from ruling out observations when the SEP attenuators close. 

We have also made estimates of net energy input into the dayside and nightside of Mars. 

In general, precipitating particle energy fluxes must reach ~1012 eV/cm2/s to be comparable to 

the energy input from EUV, a condition that is not met by any solar driver during the studied 

time period. We also predict that SEPs may impart as much or more energy flux than solar wind 

electrons on the nightside during periods of strong and weak CME activity. However, as pointed 

out in the text, this prediction makes several assumptions and is only intended as a first 

approximation. We have assumed that a fixed fraction of each energetic particle population 

precipitates based on prior studies. While we have assumed that 3% of solar wind ions are 

converted to ENAs per the estimated conversion rate during solar minimum from Kallio et al. 

[1997], seasonal and solar cycle changes in the corona influence this conversion rate [Chaffin et 

al. 2014]. Increases of conversion rate when Mars is at perihelion have already been observed as 

increased fluxes of ENA-reconverted protons in the upper atmosphere, and significantly 

increased detection of ENA-associated “proton” aurora during Southern summer [Halekas et al. 

2017, Hughes et al. 2019]. We also estimated the fraction of precipitating electrons from the 

probabilities of open field line occurrence at low altitude, which were derived from MAVEN 

observations taken between 10 October 2014 and 24 March 2017 for the nightside, and between 

1 December 2014 and 26 April 2018 for the dayside [Weber et al. 2017, 2019]. These 

observations correspond to the declining phase of SC 24. Modeling studies have shown that the 

draping patterns of the IMF will differ for solar maximum versus solar minimum [Liemohn et al 
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2017]. In addition, CMEs and magnetic clouds can cause compression of the induced 

magnetosphere, increasing the global magnetic connectivity to the solar wind [Crider et al. 2005, 

Xu et al. 2018]. This could mean that the energy input of the SEPs might not exceed the 

increased precipitating electron fluxes during particularly compressive events. 

Our analysis has also assumed that all solar drivers outside of the Mars system are 

spectrally unchanged when they enter the atmosphere. This is true by definition for EUV photons 

and has been demonstrated for precipitating ENAs from solar wind ions [Halekas et al. 2015b]. 

SEPs are also presumed to be spectrally unaffected since they can’t be trapped on induced 

magnetosphere field lines and no relevant wave activity has been recorded, although localized 

shadowing of SEPs of different energies has been reported [Lillis et al. 2016]. Unlike the other 

solar drivers, solar wind electrons are susceptible to a variety of acceleration and deceleration 

processes, ranging from cross-shock potential acceleration, wave-particle interactions, and field-

aligned currents [Schwartz et al. 2019, Shane et al. 2019, Xu et al. 2020]. Reconnection can also 

redistribute solar wind electrons to previously-inaccessible closed field lines connected to the 

Mars atmosphere [Brain et al. 2006]. These factors could lead to precipitating energy fluxes that 

are higher than those expected by the pristine solar wind energy fluxes. 

Finally, each solar driver has different stopping and relative cross-sections. Higher 

energy SEPs penetrate deeper into an atmosphere than solar wind ENAs and electrons. Despite 

how SEPs have a higher likelihood of ionizing constituents than those particles, SEPs with 

energies above 20 keV in an average solar minimum atmosphere deposit nearly all energy below 

an altitude of 120 km, where the escape probability of O atoms is much lower than ~1% [Jolitz et 

al. 2017, Fox and Hać 2009]. These particles are more likely to thermalize due to more frequent 

collisions with the neutral atmosphere. Indeed, radar sounding observations have shown that SEP 
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events enhance ionization only below 100 km on the dayside, although other observations have 

found more extensive ionization on the nightside [Ulusen et al. 2012, Withers et al. 2012, Nĕmec 

et al. 2014]. 

With these caveats in mind, we can establish an intuition for the role of each solar driver 

in the context of MAVEN’s primary goal: estimating atmospheric loss to space. EUV photons 

and precipitating energetic particles initiate atmospheric loss by ionizing, dissociating, and 

heating atmospheric constituents. The resulting basin of ions and heated atoms is subsequently 

processed by a variety of energization mechanisms, such as dissociative recombination, 

sputtering, and wave heating [Jakosky et al. 2018, Ergun et al. 2016]. However, these 

energization processes are only accessible to ions formed in the upper atmosphere, since they 

will not be immediately thermalized by collisions with the neutral atmosphere. Therefore, 

although SEPs can be more effective than solar wind and EUV at ionizing the atmosphere, the 

low altitude of produced ions may make SEP events incapable of raising escape rates in this 

manner. 

It is important to mention that increased ion escape can occur at the same time as elevated 

SEPs but not be caused by those SEPs. Many studies have estimated significant increases in 

escaping ion fluxes during significant SEP events [Jakosky et al. 2015, Futaana et al. 2008]. 

These elevated escape rates are related to the passage of a magnetic structure like a CME or SIR, 

and not the associated SEPs. 

On the other hand, SEPs can drive heating and chemistry in the lower atmosphere. While 

there are no existing studies on these effects at Mars, there have been many studies at Earth. Due 

to Earth’s magnetosphere, solar energetic protons preferentially precipitate into and influence the 

polar atmosphere. In these places, SEP proton impact ionization produces odd nitrogen and odd 
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hydrogen, leading to observed ozone depletion, elevated nitric oxides, and perturbed chlorine 

chemistry [Jackman et al. 2005, Krivolutsky et al. 2008, von Clarmann et al. 2005]. It has even 

been suggested that elevated SEPs from a young sun warmed the ancient terrestrial atmosphere 

by formation of nitrous oxide and drove precipitation of nitrogen-rich organic molecules onto the 

surface [Airapetian et al. 2016]. While there is no current known influence of SEPs on Martian 

lower atmosphere chemistry, nitric oxide and ozone can be observed at Mars [Clancy et al. 2016, 

Stevens et al. 2019]. In addition, the recent discovery of lofted HCl up to 30 km during dust 

storms may suggest a greater role of chlorine chemistry in the Martian atmosphere [Korablev et 

al. 2021]. Unlike Earth, the near-entirety of Mars is exposed to SEP fluxes during events, so 

effects may be global and not restricted to the poles. 

Our estimates of energy input are determined over the declining phase of SC 24 and the 

onset of SC 25. We showed the energy input of solar drivers at Mars are modulated by solar 

activity and distance from the sun to varying extents. Seasonal modulations of EUV are 

comparable to solar cycle modulation, while all energetic particle fluxes are more strongly driven 

by solar cycle modulation. In order to mitigate seasonal variation to clarify the role of the solar 

cycle, we scaled all energy inputs by a function of the heliocentric distance. The scaled EUV and 

solar wind ion energy fluxes were found to smoothly decline with the monthly SSN. However, 

oscillations were still present in solar wind electron energy fluxes, likely due to a combination of 

penetrating particle fluxes and error in the spacecraft charging correction. Using the distance-

scaled energy fluxes, we showed that the absolute minimum of energy input received by Mars 

does not necessarily correspond with solar minimum. In particular, the lowest EUV energy 

fluxes occurred when Mars was aphelion in August 2019 and the particle energy fluxes were 

measured three months after the end of SC 24 (December 2019). This observation serves as a 
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reminder that total energy input by EUV, solar wind, and SEPs at Mars are not absolutely 

“minimum” at solar minimum. 

We have also contextualized our observations with the overall behavior of SC 24 as a 

very weak solar cycle. While time-averaging the SEP energy flux convolved energetic particles 

regardless of source, we observed a delineation between “low” monthly SSN (< 10) with lower 

SIR-associated SEP fluxes, and “high” SSN (> 10) with higher and more variable CME-

associated SEP fluxes. We have brought up recent studies that have characterized SC 24 as 

particularly poor at producing GLEs and strong CMEs. Since predictions of the upcoming solar 

cycle are leaning towards similar heliospheric conditions, we have commented that we will likely 

see events similar to what MAVEN’s seen before [Bisoi et al. 2019]. However, MAVEN will be 

positioned to observe energetic particle events during a rising and maximum phase of a solar 

cycle. While all energy fluxes are certain to increase, the relative behavior of each solar driver 

may differ. There also will be differences in how each solar driver is processed by the 

atmosphere. In particular, the atmosphere is expected to expand and increase in density in 

response to higher EUV irradiance, which will lead to ionization and heating at higher altitudes. 

In the future, this study could be extended to observe relative energy fluxes and estimate the 

energy input to the Mars atmosphere during the rising and maximum phases of solar cycle 25. 

Finally, we have compared our results to prior studies that have estimated energy outputs 

from a young sun. Despite the weak solar cycle, MAVEN has observed peak fluxes of solar wind 

and SEPs that are in the neighborhood of predictions of steady-state ancient solar wind from 

Sterenborg et al. [2011] and SEPs from Lingam et al. [2018]. Based on our comparison, the 

March 2015 and September 2017 CME events could be useful to study as a proxy for young sun 

solar wind and SEPs at Mars, particularly during the event peaks. Unfortunately, the other 
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ancient solar wind energy fluxes predicted by Lammer et al. [2012] and Airapetian and Usmanov 

[2016] were multiple orders of magnitude above any peak energy fluxes MAVEN observed.  

We also showed a comparison of energy fluxes as a function of EUV irradiance. While 

this was done as a means to compactly compare the energy fluxes of prior studies, the figure 

appears to show a positive linear correlation between the logarithm of irradiance and the 

logarithm of each particle energy flux. The R2 values of the correlation are ~0.5-0.6 for each type 

of energetic particle. This trend could be suggestive of a possible connection between these 

quantities. It would not be altogether unexpected, as soft X-ray fluxes have been found to be 

correlated with SEP fluxes [Gopalswamy et al. 2004]. If this were the case, SEP ion energy 

fluxes from a young sun could be much higher than those estimated in prior studies. However, 

we are extremely cautious with such speculation given the lack of a clear connecting mechanism 

and the known significant variability in correlations between soft X-ray fluxes and SEP 

intensities [Pande et al. 2018]. 

We have restricted this study to times when MAVEN observed “pristine” fluxes upstream 

of Mars. This limitation allowed direct and coincident comparison of energy inputs before they 

could be influenced by the induced magnetosphere. However, this meant neglecting high SEP 

activity periods such as the 2017 September event, which was the largest SEP and flare event 

observed by MAVEN and Mars Express in both mission lifetimes as of October 2021 [Lee et al. 

2017]. A future version of this study could extend the survey to include observations from within 

the induced magnetosphere. While solar wind and magnetosheath electrons would be 

indistinguishable, solar wind ion proxies could be used to infer solar wind ion energy fluxes. 

However, this would require improvement on our approach to mitigate SEP instrument 

contamination. Both SEP ion and electron fluxes can be shadowed or depleted at low altitudes 
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[Lillis et al. 2016, Jolitz et al. 2021]. We would need to identify and remove these events so that 

the estimated total flux is not underestimated. Identifying shadowing events is also necessary to 

extend the oxygen filter to measurements at all altitudes, as our algorithm can misidentify real 

SEP fluxes as oxygen because depleted fluxes are present in another look direction. In addition, 

we have had to remove data recorded when attenuators close and caveat our analysis due to 

instrumental cross-talk. These situations are both due to a complex response of the detectors to 

extremely energetic fluxes. Since these events are of interest for human spaceflight and 

understanding early solar system conditions, it will be critical to flag and deconvolve the Level-2 

spectra at these times. Following this correction, it would be worthwhile to extend this study to 

the rising and maximum phases of solar cycle 25 as they are observed by MAVEN.
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Chapter 6  

Conclusion 

 

This thesis primarily focused on understanding the energy input of SEPs at Mars. Each 

study has investigated a component of this topic. Chapter 2 described a model of SEP transport 

and energy degradation. This model was applied in Chapter 3 to study how crustal fields affect 

ionization by SEP protons and in Chapter 4 to study how the Mars-solar wind interaction 

affected the precipitation of SEP electrons. Then Chapter 5 took a step back to estimate the total 

incident energy flux of SEPs relative to EUV and solar wind for six years of MAVEN 

observations, discussing the actual energy flux that would be absorbed, the role of season and 

solar cycle, and how MAVEN measurements compared to existing energetic flux predictions for 

the young sun. 

6.1. Main contributions  

I developed, implemented, and improved a 3-D Monte Carlo test particle model called 

ASPEN to simulate SEP transport and energy degradation. Initially built for solely modeling 

protons and hydrogen atoms in crustal fields below 600 km, the simulation has since been 
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expanded to include electron collisional physics as well as tracing over an extended model 

domain that can stretch up to 15 Mars radii from Mars. ASPEN solves for individual particle 

collision likelihood while simultaneously tracing gyromotion via solving Lorentz force 

equations. The simulation has been rigorously compared with continuous slowing down 

approximations and other collision-by-collision models. All test particle predictions in the 

absence of collisions and electric fields have been shown to sufficiently conserve energy. 

Ongoing applications to investigations of proton aurora and hydrogen precipitation have 

reinforced ASPEN as a promising and sufficiently accurate model at Mars 

The first task for ASPEN was to predict how crustal fields could influence the energy 

deposition of SEP protons. Following on a prior modeling study that had suggested the crustal 

fields could shield regions of the atmosphere [Leblanc et al. 2002], ASPEN was used to predict 

backscattering, energy deposition, and ionization in a representative crustal field region (50° S 

182° E) and in the absence of fields. The primary ASPEN-derived findings for this study are as 

follows: 

• Crustal fields can suppress ionization from incident SEP protons. 

• Protons with energies up to 1 MeV may be magnetically reflected or backscattered, but 

protons with higher energies may deposit energy as if there were no magnetic fields 

present. 

• The choice of either an approximate formula or double differential cross-sections to 

estimate the energy of produced secondary electrons influences energy deposition rates. 

Next, ASPEN was applied to study the transport of energetic (>10 keV) electrons. While 

global aurora had been observed during SEP events (e.g. Schneider et al. [2015]), it remains 

unknown whether this aurora was due to SEP ions or electrons. Prior models indicated SEP ions 
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would have widespread access to precipitate into the atmosphere of Mars [McKenna-Lawlor et 

al. 2012, Kallio et al. 2012] with the exception of the strongest crustal fields as previously 

discussed. However, no such modeling study had ever been performed for SEP electrons. 

ASPEN provided the first-ever model predictions of SEP electron transport through the near 

Mars magnetic fields and into the atmosphere. The primary findings from this study are as 

follows: 

• For “nominal” solar wind conditions (|Bsw| = 3, By > 0) and the strongest crustal fields 

oriented sunwards, the model predicted that only ~3.2% of the incident electron flux 

entered the atmosphere. 

• Precipitation is patchy, occurring along open field lines into cusps and closed field lines 

via drift and nonadiabatic transport mechanisms. 

• Varying the IMF orientation does not significantly change the relative flux that 

precipitates but does shift precipitation to other locations. 

• Increasing the energy of the SEP electrons to 0.2-2 MeV increases the precipitating flux 

by a factor of 1.5 and broadens the patches of precipitation 

Finally, I set aside ASPEN for a spacecraft data-centric overview study of the relative 

energy input of EUV, solar wind, and SEPs at Mars. While it is well-known that EUV is the 

dominant driver of ion supply and heating on the dayside of Mars, this investigation provides a 

baseline of the relative energy fluxes presented by each solar driver. Six years of observations 

from MAVEN during the rather weak solar cycle 24 were compiled to compute peak and 

average energy fluxes of EUV, solar wind ions and electrons, and SEP ions and electrons over 

multiple Carrington rotations. While ASPEN was not used in this study, the findings from the 
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two prior studies were used to help guide a discussion of estimated energy deposition in the 

atmosphere. The primary findings from this study are as follows: 

• On average, EUV energy flux exceeded solar wind ion energy flux by a factor of ~10-20 

and solar wind electron energy flux by a factor of ~40-140, while solar wind ion fluxes 

exceeded SEP energy fluxes by at least order of magnitude 

• Despite how incident solar wind energy fluxes can occasionally and briefly be 

comparable to EUV, the precipitating flux never exceeds EUV and would have to be 

~1012 eV/cm2/s or above to displace EUV as a primary source of ions and heating. 

• SEPs may impart as much or more energy flux than solar wind electrons on the nightside 

during periods of strong and weak CME activity, but unfortunately the relative low 

altitude of any SEP-produced heating and ionization compared to solar wind electrons 

may make SEPs incapable of significantly affecting ion escape. 

• The declining solar cycle was associated with overall decreased EUV, solar wind, and 

SEP energy fluxes, although seasonal oscillations more strongly influenced EUV than the 

charged particle fluxes, and the nadir of energetic particle fluxes followed months after 

the official end of solar minimum. 

• Although MAVEN-observed average fluxes are much lower than the fluxes predicted for 

a young sun, the peak fluxes from the March 2015 and September 2017 events are 

comparable to some estimates, suggesting that the response of Mars during the 

instantaneous peaks of these events may be an analogue to the steady-state response of 

Mars three billion years ago. 
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6.2. Implications for ancient Mars 

Although the work in this thesis has made many findings that are descriptive of how 

SEPs deposit energy at modern Mars, the overall question of whether solar storms were 

impactful to early Mars evolution remains. The tools and datasets developed during this research 

can be applied to make an estimate. In this subsection, I will use the MAVEN-observed time-

averaged spectra and ASPEN to predict ion production rates above the exobase as a function of 

solar cycle. Next, I apply the apparent correlation between EUV and energetic particle fluxes to 

estimate total EUV, solar wind, and SEP energy fluxes at ancient Mars. After constructing an 

appropriate spectral shape for the ancient energetic particle fluxes, ASPEN was applied in the 

same way as for the MAVEN-observed spectra except using atmospheric densities representative 

of ancient Mars from Zhang et al. [1993]. Ultimately, I find that even if SEP energy fluxes are a 

factor of ten greater than the EUV energy flux, the ion production from SEPs is still an order of 

magnitude below that of EUV and solar wind electrons. If SEPs significantly influence 

atmospheres, it is only at altitudes below the exobase. 

First, I use the time-averaged MAVEN observations calculated in Chapter 5. Average 

spectra in each instrument’s original cadence were estimated using the same sampling criterion. 

All spectra were scaled to approximately decouple the seasonal variation and then normalized for 

a typical autumn equinox distance from the sun (~1.47 AU). The data was then binned into 

irradiance categories for solar minimum (1-1.47 mW/m2), solar moderate (1.47-2.3 mW/m2), and 

solar maximum (2.3-3.4 mW/m2). While MAVEN has not observed a true solar maximum, the 

high EUV fluxes in the early mission and normalized to equinox provides a data point in the 

solar maximum category. 

ASPEN was then used to calculate energy-dependent ion production for each spacecraft 

instrument’s native energy resolution. To simplify the problem and increase energy resolution, 
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ASPEN modeled 100,000 particles directly incident on Mars in the absence of magnetic fields. 

Three cases per solar driver were run to predict precipitation in MT-GCM densities that describe 

the atmosphere during solar minimum, moderate, and maximum. These energy deposition 

profiles were then combined with the solar driver spectra based on the binned irradiance category 

to predict ion production profiles for each spectra. Since ASPEN is focused on precipitating 

particles, another method was necessary to estimate ion production rates via photoionization. 

Using cross-sections from Heubner et al. [2015] and equations from Schunk and Nagy [2003], 

EUV-produced ionization rates as a function of altitude were estimated for each MT-GCM 

atmosphere and observed EUV spectra. 

Each precipitating particle spectra was multiplied by a fixed percent to approximate the 

overall fraction of flux that precipitates: 3% of solar wind ions that convert into precipitating 

solar wind hydrogen [Kallio et al. 1997], 5% of solar wind electrons precipitating into cusps 

(average of dayside and nightside precipitation fractions from Weber et al. [2017, 2019]), 3% of 

SEP electrons (Chapter 4), and 100% of SEP ions [Leblanc et al. 2002]. In addition, dayside-

only precipitating fluxes like solar wind hydrogen and EUV were reduced by 50%. The ion 

production rates P(r) were then integrated over the spherical volume that spanned from the 

exobase radius rexobase to space to determine the global ion supply S as a function of total EUV 

irradiance 𝐼A[\: 

𝑆(𝐼A[\) = ∫ 𝑃(𝑟, 𝐼A[\)4𝜋𝑟2𝑑𝑟
!
"!"#$%&!(]456)

     (6.1) 

The exobase altitude was calculated for each simulation using the escaping atom cross-

section from Fox and Hac [2009] (~3 x 10-15 cm2) and the prescribed density profile. 

Finally, the correlation between EUV and energetic particle fluxes was used to predict 

total energy fluxes of each solar driver. An approximate ancient Mars irradiance of 7.8 mW/m2 
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was determined by multiplying the lowest MAVEN-observed EUV irradiance scaled to equinox 

by a factor of six to approximate the irradiance of Mars about 3.5 billion years ago [Ribas et al. 

2005]. Fitting a line to each MAVEN-observed dataset as a function of EUV, the corresponding 

ancient total energy fluxes of each solar driver were 0.7 mW/m2 (solar wind ions), 3.3 mW/m2 

(solar wind electrons), 72 mW/m2 (SEP ions), and 24 mW/m2 (SEP electrons). Although this 

correlation predicts total energy flux, it does not describe the shape of the spectrum. Thus we 

used the spectral shape for the highest time-averaged energy flux to construct an applicable 

spectra. Each spectra was then combined with an ASPEN run for a hypothetical ancient Mars 

atmosphere [Zhang et al. 1993] under the same previously described conditions. 

 Figure 6.1 shows the results of this analysis. The left panel shows the total energy fluxes 

as a function of EUV irradiance. The SEP energy fluxes appear to be extremely high, exceeding 

EUV by over an order of magnitude. The right panel shows the global ion supply. These 

estimated production rates are likely an upper limit, since this analysis ignored mitigating factors 

such as oblique incidence, strong crustal field shielding of SEP ions, and subsequent ion 

chemistry. The ion escape rate calculated using Equation 3 from Ramstad et al. [2018] is shown 

for context. The escape rate is an order of magnitude less than the photoionization supply, which 

is expected since only a fraction of produced ions will have energies sufficient to escape. Overall 

ion production from all solar drivers increases with EUV, which causes increasing precipitating 

fluxes and an expanded atmosphere. However, the ion supply from photoionization still 

dominates in the ancient Mars case, exceeding SEP-produced ionization above the exobase by a 

factor of 20.  
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Figure 6.1: Energy flux of solar drivers (left) and globally-integrated ion production rates (right) 
as a function of EUV irradiance. Ion escape rates calculated based on Ramstad et al. [2018] are 
shown for comparison. 
 

This back-of-the-envelope analysis suggests that SEPs may not have added meaningful 

ion supply at ancient Mars to drive escape. However, it does not rule out SEP influences on the 

mid-to-lower atmosphere. It has been suggested that high fluxes of SEPs drove nitrogen fixation 

in the terrestrial paleoatmosphere [Airapetian et al. 2016]. Although this specific process is 

unlikely to have occurred at Mars given the low abundance of nitrogen today, SEP-driven ion 

chemistry hasn’t been studied at Mars and may be relevant to atmospheric processes at modern 

and ancient Mars. 
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Appendix A 

Collisional cross-sections 

This section summarizes the collisional processes described by MAVEN and the cross-

section sources. Tables are provided for all inelastic processes. If the cross-section was digitized 

or fitted by a primary reference and unchanged, that primary reference is specified. Otherwise, 

the specific constraints to determine the cross-section are outlined in the Notes column. The 

inclusion and exclusion of processes in past publications and the current version is also noted. 

For example, target excitation processes were used in Jolitz et al. [2017] but have since been 

excluded due to doubts in the accuracy of those cross-sections. There is no table provided for 

elastic cross-sections. This is because ASPEN assumes that all elastic cross-sections, regardless 

of projectile (H+, H, or H-) or target (CO2, N2, CO, O), have the same cross-section. This 

approximation was first made by Kallio and Barabash [2001], which used the fitted cross-section 

for hydrogen atom impact on N2 from Noel and Prölss [1993] for H+ and H impact on CO2, O2, 

and N2. Noel and Prölss [1993] had previously fitted data from Newman et al. [1986]. The 
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original dataset measured 0.5-5 keV hydrogen atoms elastically scattering with H2, He, N2, and 

O2 [Newman et al. 1986]. No subsequent measurements have been made. 

Projectile-
Target Reference Notes 

H+ - O2, N2, 
CO2, CO 

Rudd et al. 
[1985] 

- Rudd et al. [1985] compiled existing datasets and made fits, 
which are used in ASPEN. 

H+ - O - 

- Thompson et al. [1997] is the only existing experimental dataset 
of ionization of O by 34-100 keV H+ 
- ASPEN uses the Green and McNeal [1971] formula using 
coefficients J = 54.15 keV and a = 35 keV, which were 
determined by fitting the Thompson et al. [1997] data. 

H - N2, O2 - 

- Experiments that measure electron production confound 
ionization and electron stripping. However, H impact ionization is 
the only process that produces slow ions, so that can be used as a 
proxy. 
- ASPEN uses Basu et al. [1987] data for 1 keV to 300 keV, 
which subtracted an electron stripping cross-sections for H on O2 
and N2 [Van Zyl 1978] from a total electron production cross-
section [McNeal and Birely 1973] 
- For below 1 keV, ASPEN uses slow ion production cross-
section in electron-producing reactions from Van Zyl et al. 
[1978]. 

H - CO, CO2 - 

- Slow ion production cross-sections measured for 1-25 keV H on 
CO and CO2 [McNeal 1970] 
- For below 1 keV, scaled the ion production cross-section for H 
on O2 so matched the lowest energy slow ion production cross-
sections for CO and CO2. 
- For above 25 keV, scaled the ion production cross-section for H 
on O2 for CO2 and the ion production cross-section for H on N2 
for CO. 

H - O 
McNeal & 
Birely 
[1973] 

- No experimental data 
- McNeal and Birely [1973] approximated the process using the 
semi-empirical formula from Green and McNeal [1971] with 
parameters that are the averages over all other H-atom 
ionizations. 
- This approximation is used in Kallo and Barabash [2001] and 
Basu et al. [1987]. 

Table A.1: Ionization cross-sections. 
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Projectile-
Target 

Reference Notes 

H, H+- O, O2  - - No experimental data 
- Basu et al. [1987] uses rescaled electron impact cross sections 
from Edgar et al. [1975]. The parameters of the rescaling are in 
Edgar et al. [1975], but do not match Basu et al. [1987]. 
- Jolitz et al. [2017] used Basu et al. [1987] cross-section. 
- Process currently disabled in ASPEN due to lack of 
replicability. 

H, H+ - CO, 
CO2 

- - No experimental data for emission other than the UVD from 
ionized CO2+, which must estimated as a subset of ionization. 
- Jolitz et al. [2017] used the Basu et al. [1987] H, H+ - O2 
excitation cross-section for the H, H+-CO2, CO emission cross-
section. 
- Process currently disabled in ASPEN due to lack of 
replicability. 

H+ - N2 Avakyan et 
al. [1998] 

- No experimental data 
- Basu et al. [1987] used rescaled electron cross-sections from 
Edgar et al. [1973], but the plot is not replicable using the 
parameters. 
- Basu et al. [1987] excitation cross-section used in Jolitz et al. 
[2017], but subsequently disabled due to lack of replicability. 
- Avakyan et al. [1998] contains many emission cross-sections, 
but they have not yet been included  

H - N2 Birely 
[1974] 

- Basu et al. [1987] used the C2Pu emission cross-section from 
Birely [1974] as the total excitation cross-section. 
- Jolitz et al. [2017] used this approximation, but subsequently 
disabled it due to lack of replicability. 

Table A.2: Target excitation cross-sections. 
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Projectile-
Target Reference Notes 

H+ - N2, O2  Van Zyl 
[1978] 

- Laboratory data and fit compiled in Van Zyl [1978] and 
reprinted as appendices in Rees [1989] (Fig. A4.8-10). 
- Previously used in Basu et al. [1987]. 

H+ - CO, CO2  Barnett et 
al. [1977] 

- Jolitz et al. [2017] assumed electron capture cross-section for H+ 
on CO2 was the same as O2 (as Kallio and Barabash [2001] had 
assumed) and on CO was the same as on N2. 
- Currently ASPEN uses Barnett et al. [1977] cross-sections for 
100 eV to 200 keV, and extrapolates the fit upwards/downwards 
to lower/higher energies. 

H+ - O 

Lindsay 
& 
Stebbings 
[2005] 

- Jolitz et al. [2017] used the cross-section from Basu et al. 
[1987], which was determined using data from Williams et al. 
[1984] and the extrapolation from Van Zyl [1978] for energies 
above 20 keV. 
- Lindsay and Stebbings [2005] fitted prior experimental 
observations, which is used currently in ASPEN. 
- The most recent dataset suggests these cross-sections might be 
underestimated [Van Zyl 2014]. 

Table A.3: Electron capture cross-sections. 
 
Projectile-
Target Reference Notes 

H - O2, N2, 
CO  

Nakai et 
al. [1987] 

- Not included in Jolitz et al. [2017] 
- Compilation in Nakai et al. [1987] synthesized and fitted prior 
experimental data for impact on O2 and N2, which ASPEN 
currently uses. 

H - CO - 

- Not included in Jolitz et al. [2017] 
- Nakai et al. [1987] fitted data for 2-200 keV H, but cross-
sections measured by Lindsay and Stebbings [2005] are higher 
than the fit at energies below 2 keV 
- I redrew the fit to incorporate the low energy data following the 
methodology of Van Zyl [1978], which is the cross-section 
currently used in ASPEN. 

H - CO2 - 

- Not included in Jolitz et al. [2017] 
- Only one experimental dataset [Lindsay and Stebbings 2005] 
- Based on the H - O2 electron attachment cross-section, I made a 
fit to incorporate this data following the methodology of Van Zyl 
[1978], which is the cross-section currently used in ASPEN. 

H - O - 

- Not included in Jolitz et al. [2017] 
- Experimental data measured in Van Zyl and Stephen [2014] and 
Williams et al. [1984] (labeled as H(1s) electron capture) 
- Made fit using the methodology of Van Zyl [1978], which is the 
cross-section currently used in ASPEN. 

Table A.4: Electron attachment cross-sections. 
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Projectile-
Target Reference Notes 

H - N2, O2 Van Zyl 
[1978] 

- Experimental data compiled and fitted in Van Zyl [1978]. 
- This fit was previously used in Basu et al. [1987] and is currently 
used in ASPEN. 

H - CO, CO2 Nakai et 
al. [1987] 

- Jolitz et al. [2017] previously assumed that the cross-section for 
stripping on CO was equivalent to the cross-section for N2, and 
that stripping on CO2 was equivalent to the cross-section for O2. 
- ASPEN currently uses the fit from Nakai et al. [1987], which 
fitted existing experimental data and holds up for recent data (e.g. 
Lindsay and Stebbings [2005]). 

H - O - 

- Experimental data in Williams et al. [1984] and Van Zyl and 
Stephen [2014] 
- Due to systematic errors in Williams et al. [1984], made fit of 
Van Zyl and Stephen [2014] data for 0.1-2 keV H, extrapolating to 
lower energies log-linearly and higher energies by scaling the H- 
O2 electron stripping cross-section so it matched the highest 
energy H-O data. 

Table A.5: Electron stripping cross-sections. 
 
Projectile-
Target Reference Notes 

H- - O2, N2 Nakai et 
al. [1987] 

- Not included in Jolitz et al. [2017] 
- ASPEN currently uses the fit from Nakai et al. [1987] from 
0.001-1000 keV. 

H- - CO, CO2 - 

- Not included in Jolitz et al. [2017] 
- The fit from Nakai et al. [1987] is only drawn for 3-30 keV H- 
on CO and 20-5000 keV on CO2. 
- For CO2, this fit was extended to lower energies by calculating 
the ratio between the CO2 and O2 cross-sections in the 
overlapping range (~2.8), and scaling the O2 cross-section for 
lower energies. 
- For CO, the fit had to be arbitrarily fitted to ensure it decreased 
at lower energies, since the recorded cross-section is increasing at 
low energies. 

H- - O - 

- Not included in Jolitz et al. [2017] 
- Only laboratory data is from Williams et al. [1984] 
- Since the systematic errors in Williams et al. [1984] affected all 
measurements within the study (as outlined by Van Zyl and 
Stephen [2014]), we calculate the ratio of measured electron 
stripping cross-section for H- on O to H- on O2 in the same study 
(~0.6). This factor is then used to scale the Nakai et al. [1987] fit 
of H- on O2. This fit is currently in use in ASPEN. 

Table A.6: Electron detachment cross-sections. 
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Projectile-
Target Reference Notes 

H - O2, N2 

Van Zyl 
and 
Neumann 
[1988] 

- Not included in Jolitz et al. [2017] 
- ASPEN uses data from Van Zyl and Neumann [1988] for 0.04-
10 keV hydrogen atoms, which are log-linearly extrapolated to 
low and high energies 
-  Also used in Kallio and Barabash [2001] 

H - CO, CO2 - 

- Not included in Jolitz et al. [2017] 
- Only experimental dataset is for 1-25 keV H on CO and CO2 to 
produce H(2p) [Birely and McNeal 1972]. 
- ASPEN uses a cross-section determined from scaling the 
Lyman alpha emission from H on O2 to fit the CO and CO2 data. 

H - O - 

- Not included in Jolitz et al. [2017] 
- No experimental data. 
- Like other studies (e.g. Kallio and Barabash [2001]), we 
assume the emission cross-section is equivalent to the cross-
section for H impact on O2. 

H+ - O2, N2 - 

- Not included in Jolitz et al. [2017] 
- Must be considered as a subset of charge exchange, since 
Lyman alpha can only be emitted by an excited hydrogen atom. 
- Avakyan et al. [1998] compiles and fits prior data. However, 
this fit is only valid for 0.04-100 keV. If extrapolated to higher 
energies, the Lyman alpha production cross-section will exceed 
the electron capture cross-section, which is unphysical.  
- ASPEN uses the Avakyan et al. [1998] fit with the proviso that 
the ratio of emission to electron capture is held fixed so the 
cross-section is that ratio multiplied by the charge-exchange 
cross-section. 

H+ - CO, CO2 - 

- Not included in Jolitz et al. [2017] 
- Must be considered as a subset of charge exchange, since 
Lyman alpha can only be emitted by an excited hydrogen atom. 
- Data is even sparser, and the Avakyan et al. [1998] fit only 
extends from 1-25 keV. 
- Above 25 keV, the data is extrapolated using the scaling 
method previously used for impact on O2 and N2. 
- Below 1 keV, the oxygen emission cross-section is scaled to fit 
the data. While this presumes the atomic interaction is similar, it 
is a sufficient assumption to extend the fit. 

H+ - O - 

- Not included in Jolitz et al. [2017] 
- Must be considered as a subset of charge exchange, since 
Lyman alpha can only be emitted by an excited hydrogen atom. 
- No experimental data. 
- Like other studies (e.g. Kallio and Barabash [2001]), we 
assume the emission cross-section is equivalent to the cross-
section for H+ impact on O2. 

Table A.7: Lyman alpha emission cross-section. 


