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Abstract

The lower dayside ionosphere of Mars consists of two major features, the main ionospheric
layer M2 and the lower and weaker M1 region. In 2005, Pätzold et al. (2005) discovered
a local and sporadic third layer below the established two layered structure in the obser-
vations of the Mars Express MaRS radio science experiment. Radio science experiments
can only sense the electron density distribution but not the ions, therefore the origin and
composition of the newly discovered features remained unknown. Until today, no in-situ
observations of the atmospheric and ionospheric composition have been conducted in the
altitude region between 70 and 110 km. Models predict a possible meteoric origin of these
layers due to the ablation and ionization of meteoric magnesium.
This work focuses on the origin of the small scale sporadic electron density structures
merged with the main ionospheric body (Mm). Potential sources for the excess electron
densities are i.) the interaction of short solar X-ray radiation with the planetary upper
mesosphere and thermosphere, ii.) the in�ux and ionization of meteoric material, iii.)
internal gravity waves in the neutral atmosphere at mesospheric / thermospheric heights
and iv.) the in�ux of solar energetic particles. The focus of this work is on a potential
correlation between the merged excess electron densities and the short solar X-ray inter-
action with the planetary neutral atmosphere.
More than 10 years of Mars Express MaRS radio science observations (2004 - 2014) pro-
vide a profound data base for this exploration. Statistical correlations between the occur-
rence rate/characteristics of the identi�ed Mm and the observational and environmental
parameters of the observation provide information about potential formation processes.
Approximately 44% of the investigated observations contain pronounced merged excess
electron densities. They are found for all solar zenith angles of the ionospheric dayside
accessible with the MaRS data set (50 ◦ to 90 ◦) in approximately 70 to 110 km altitude.
The bulk of Mm has been identi�ed over regions with low crustal magnetic �elds, which
makes the wind-shear theory (sporadic E layer formation on Earth) an unlikely origin.
The merged excess electron densities show a positive correlation with the Sun's activity
and their base is on average found deeper in the atmosphere, than the base of the av-
eraged undisturbed MaRS electron density pro�les. This indicates a dependence of the
formation process on energy sources which penetrate deep into the atmosphere.
IonA-2 is a 1-D time-marching photochemical transport model with an implemented di-
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urnal cycle. It has been developed to investigate the potential Mm formation by solar
X-ray and explore the e�ect of a changing neutral atmosphere on the Mm composition.
The characteristics of the potential Mm derived from the IonA-2 model electron density
depend directly on the solar radiation below 1.5 nm. They show good agreement with
the general V-shape structure of the observed Mm, and with regard to altitude range,
maximum electron density and total vertical electron content. An increase/decrease in
solar �ux < 1.5 nm yields a prompt (in minutes) increase/decrease of the potential Mm,
which might partially explain the sporadic appearances of the Mm structure in the MaRS
observations. The higher the NO+/O+

2 ratio of a potential merged excess electron density,
the longer is its lifetime during a decrease in short solar X-ray. IonA-2 shows, that short
solar X-ray which ionizes the local neutral atmosphere provides a satisfying explanation
for the identi�ed V-shaped merged excess electron densities in the MaRS observations.
This result is in contrast to previous model predictions who assumed a meteoric origin of
the sporadic layers. However, other potential sources might provide an additional elec-
tron density contribution (meteoric Mg+), additional sub-structures (gravity waves) or
strong Mm enhancements with large disturbances in the ionosphere (SEPs). The sporadic
occurrence of the merged excess electron densities in the MaRS observations is assumed
to be a combination of observational (increased observation noise level, shift of the lower
baseline by ionospheric deviations from radial symmetry) and environmental (solar �ux
variation, changes in the neutral atmospheric composition) factors.



Zusammenfassung

Die untere Ionosphäre auf der Tagseite des Mars besteht aus zwei Hauptmerkmalen, der
ionosphärischen Hauptschicht M2 und der unteren und schwächeren M1-Region. Im Jahr
2005 entdeckten Pätzold et al. (2005) eine lokale und sporadische dritte Schicht unter-
halb der etablierten Zweischicht-Struktur in den Beobachtungen des Mars Express MaRS
radio science Experiments. Die radio science Methode erfasst nur die Elektronendichte-
verteilung, nicht aber die Verteilung der Ionen. Daher blieben Ursprung und Zusam-
mensetzung der neu entdeckten Schicht unbekannt. Bis heute wurden keine in-situ Beob-
achtungen der atmosphärischen und ionosphärischen Zusammensetzung im Höhenbereich
zwischen 70 und 110 km durchgeführt. Modelle sagen jedoch einen möglichen mete-
oroidischen Ursprung dieser Schichten voraus, aufgrund der Ablation und Ionisation von
meteoroidischem Magnesium.
Diese Arbeit konzentriert sich auf den Ursprung der kleinräumigen sporadischen Elektro-
nendichte-Strukturen (Mm), welche mit der Hauptionosphäre verbunden sind. Mögliche
Quellen für die Elektronendichteüberschüsse sind i.) die Wechselwirkung von kurzwelliger
solarer Strahlung mit der planetaren oberen Mesosphäre und Thermosphäre, ii.) der Fluss
von meteoroidischem Material in die planetare Atmosphere und dessen Ionisation, iii.)
Gravitationswellen in mesosphärischen/thermosphärischen Höhen und iv.) der Zustrom
von solaren energetischen Partikeln (SEPs). Diese Arbeit untersucht eine möglichen Ko-
rrelation zwischen den Mm und der Wechselwirkung von kurzwelliger Röntgenstrahlung
mit der Neutralatmosphäre des Mars.
MaRS Beobachtungen von mehr als 10 Jahren (2004 - 2014) bieten eine profunde Daten-
basis für diese Untersuchung. Statistische Korrelationen zwischen der Häu�gkeit des
Auftretens / den charakteristischen Merkmalen der Mm und abgeleiteten MaRS Beob-
achtungs- und Umgebungsparametern liefern Informationen über mögliche Entstehungs-
prozesse. Ca. 44% der untersuchten MaRS Beobachtungen enthalten Mm. Diese Mm
�nden sich in ca. 70 - 110 km Höhe und verteilen sich auf alle Sonnenzenitwinkel der
Tagesseite, welche mit dem MaRS-Datensatz zugänglich sind (50 ◦ bis 90 ◦). Der Groÿteil
der Mm wurde über Regionen mit niedriger Krustenmagnetfelddichte beobachtet, was die
wind-shear Theorie (Entstehung der sporadischen E Schichten auf der Erde) zu einem
unwahrscheinlichen Ursprung für ihre Entstehung macht. Die Mm zeigen eine positive
Korrelation mit der Sonnenaktivität. Zusätzlich be�ndet sich ihre untere Grenze im
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Durchschnitt tiefer in der Atmosphäre als die Basis der gemittelten ungestörten MaRS
Elektronendichtepro�le. Dies deutet auf eine Abhängigkeit des Entstehungsprozesses der
Mm von tief in die Atmosphäre eindringenden Energiequellen hin.
IonA-2 ist ein 1-D photochemisches Modell mit implementierten Transportprozessen und
Tageszyklus. Es wurde entwickelt, um die mögliche Entstehung von Mm durch solar Rönt-
genstahlung und den E�ekt einer sich verändernden Neutralatmosphäre auf die Zusam-
mensetzung der Mm zu untersuchen. Die Eigenschaften der modellierten Mm hängen
direkt von der solaren Strahlung unterhalb von 1.5 nm ab. Sie zeigen eine gute Über-
einstimmung mit der allgemeinen V-Form der beobachteten Mm, dem Höhenbereich, der
maximalen Elektronendichte und dem totalen vertikalen Elektroneninhalt (TEC). Ein
Anstieg/Abfall des solaren Flusses < 1,5 nm führt zu einer prompten (in Minuten) Zu-
nahme/Abnahme der Mm, was ihr sporadische Auftreten in den MaRS Beobachtungen
teilweise erklären könnte. Je gröÿer das Verhältnis von NO+/O+

2 in den Mm, desto
länger ist deren Lebensdauer während einer Abnahme der kurzwelligen Röntgenstrahlung.
IonA-2 zeigt, dass die Ionisation der lokalen Neutralatmosphäre durch kurzwellige Rönt-
genstrahlung eine zufriedenstellende Erklärung für die V-förmigen Mm in den MaRS
Beobachtungen bietet. Dieses Ergebnis steht im Gegensatz zu früheren Modellvorher-
sagen, die einen Ursprung der sporadischen Schichten im Zu�uss von meteoroidischem
Material annehmen. Andere Quellen könnten jedoch einen zusätzlichen Elektronendichte-
beitrag liefern (meteoroidisches Mg+), zusätzliche Unterstrukturen erzeugen (Gravita-
tionswellen) oder ausgeprägte Mm mit starken Störungen in der Ionosphäre verursachen
(SEPs). Das sporadische Auftreten der Mm in den MaRS Beobachtungen entsteht durch
eine Kombination aus Beobachtungsfaktoren (erhöhter Rauschpegel, Verschiebung der
unteren Basislinie durch ionosphärische Abweichungen von der Radialsymmetrie) und
Umgebungsfaktoren (Variation des solaren Flusses, Veränderungen in der Zusammenset-
zung der Neutralatmosphäre).
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Chapter 1

Introduction and motivation

The Earth ionosphere is regularly sounded by ground based radar (Zolesi and Cander ,
2013), Global Positioning System (GPS) satellites (e.g. Schaer (1999); Arras et al.
(2008)), and in-situ rocket sounding (e.g. Istomin (1963); Kopp (1997)). This wealth
of observations leads to a good knowledge of the Earth ionosphere and its dependence
on external and environmental parameters. For Mars, the number of ionospheric obser-
vations is much lower. Planetary ionospheres are accessible either by in-situ or remote
sensing observations by spacecraft. In-situ measurements are constrained: the spacecraft
needs to �y through the altitude region of interest which is in essence well below 200 km
for Mars. In-situ observations of the ionospheric composition and density structure of the
Mars ionosphere were made during the two Viking lander descents (Hanson et al. (1977)).
Until the end of 2014 and before the arrival of the Mars Atmosphere and Volatile Evo-
lution Mission (MAVEN) (Jakosky et al., 2015b) at Mars, these were the only available
in-situ data for the Martian ionosphere, providing only a coarse altitude and composi-
tional resolution. Remote sensing experiments like radio soundings allow a more frequent
and full scale observation at a signi�cantly higher altitude resolution. Although the radio
waves are only sensing the electron distribution, it is assumed that this is representative
for the ionospheric plasma. The ionospheric composition, however, cannot be revealed.
The vast amount of radio science observations of the Mars ionosphere with more than
5000 publically available datasets has been made by Mars Global Surveyor (Albee et al.,
1998) from 1999 to 2006. But due to i.) the short calibration baseline of the observations,
ii.) single-frequency instead of dual-frequency observations and iii.) the high noise level,
no reliable analysis of the small scale and sporadic structures of the lower dayside iono-
sphere could have been made until the arrival of Mars Express (Wilson, 2004) at Mars
in December 2003. In 2005, Pätzold et al. (2005) identi�ed a local and sporadic third
layer below the established two layered structure of the ionospheric dayside of Mars. The
Mars Radio Science (MaRS) (Pätzold et al., 2004) observations indicate that this sporadic
layer can be found in the altitude region between 65 and 120 km with an average electron
density of 0.8 ·1010 m−3, for which models predict a possible meteoric origin (e.g. Whalley
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2 CHAPTER 1. INTRODUCTION AND MOTIVATION

and Plane (2010)) due to the ablation and ionization of meteoric magnesium. Since the
beginning of the MaRS observations in 2004, more than 850 observations of the Mars
ionosphere have been made, yielding an excellent possibility for the detailed investigation
of these sporadic structures of the Mars dayside ionosphere. This work provides for the
very �rst time a thorough investigation of this phenomenon using the entire (undisturbed)
MaRS data set of the dayside ionosphere from 2004 - 2014.
The sporadic structures in the region of the ionospheric base are divided into two cat-
egories. One group is merged with the main ionospheric body and is therefore called
merged excess electron density (Mm). The other group is called detached excess electron
density (Md), because the observed excess electron density is detached from the main
ionospheric body. The formation processes for this feature are yet unknown, because
the whole lower ionosphere of Mars is regularly sounded only by remote radio science
observations, which provide the electron density, but not the ion composition of the iono-
spheric structure. The data base for this work is provided by the �quiet� MaRS dayside
ionospheric observations from 2004 - 12/2014. �Quiet� in this context means no large
observational noise and no strong disturbances of the ionospheric topside above the main
peak. Only dayside observations are investigated, because the nightside ionosphere is
patchy and highly irregular. The quiet dayside electron density pro�les yield an excellent
data base for the determination of the characteristics and the occurrence rate of the excess
electron densities under otherwise undisturbed ionospheric conditions. Potential sources
for the excess electron densities are i.) the interaction of short solar X-ray radiation with
the planetary upper mesosphere and thermosphere, ii.) the in�ux and ionization of mete-
oric material, iii.) internal waves in the neutral atmosphere at mesospheric/thermospheric
heights and iv.) the in�ux of solar energetic particles. The focus of this work is on a po-
tential correlation between the merged excess electron densities and the short solar X-ray
interaction with the planetary neutral atmosphere. Chapter 2 contains a brief history of
the Mars ionospheric exploration and a summary of the current state of research for the
ionosphere and the neutral atmosphere at ionospheric altitudes. Chapter 3 describes the
radio science method and its potential sources for uncertainties. Chapter 4 contains the
derivation of the MaRS ionospheric data base for this work and associated observational
parameters. Chapter 5 contains the derivation of the environmental and solar parameters
for the time of the selected MaRS observations for comparison with the characteristics
and occurrence rate of the merged excess electron densities. Chapter 6 provides a descrip-
tion of the developed ionospheric models and the underlying physics. Two ionospheric
models have been developed for this work, IonA-1 and IonA-2. The 1-D photochemical
steady state model IonA-1 is used for the determination of the ionospheric state from the
MaRS observations. The 1-D time-marching photochemical and transport model IonA-2
is used to investigate short solar X-ray as potential source for the merged excess electron
densities by using external data bases for the Martian neutral atmosphere and model so-
lar �ux at the Martian position for certain MaRS observations. Chapter 7 correlates the
characteristics and occurrence rates of the identi�ed merged excess electron densities with
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the observational and environmental parameters of Chapter 4 and 5 to identify potential
sources for the Mm formation. Chapter 8 applies the IonA-2 model to the atmospheric
and solar �ux conditions of two selected MaRS observations with merged excess electron
densities to identify the e�ect of short solar X-ray on the planetary neutral atmosphere
and ionosphere. In addition, the other potential sources for the merged excess electron
densities are shortly discussed. Chapter 9 gives a summary of the work and provides
future applications of this work and the IonA-2 model.
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Chapter 2

The Mars ionosphere: exploration and

current state of research

This Chapter recapitulates the history of the Mars upper atmosphere and ionosphere ex-
ploration. Important spacecraft payloads for this work are introduced, the characteristics
of the Mars surface, atmospheric and plasma environment are summarized and categories
of models for the Martian ionosphere are brie�y described.

2.1 History of the Mars upper atmosphere/ionosphere

exploration and important spacecraft payloads

2.1.1 Early exploration of the upper neutral atmosphere and iono-
sphere

In 1965, the Mars atmosphere and ionosphere were sounded with radio occultation for
the �rst time during the �yby of Mariner 4 (Kliore et al., 1965). The results were con-
sistent with a CO2 dominated atmosphere and a millibar surface pressure. Mariner 9,
which was the �rst spacecraft orbiting another planet, arrived at Mars in 1971 and added
few S-band occultation observations of the Martian atmosphere and ionosphere (Kliore
et al., 1972). The �rst in-situ observations of the Martian atmosphere below 90 km were
conducted by the Mars-6 lander in 1974 (Kerzhanovich, 1977), which sent 244 s of partly
unusable data, before it was lost during descent. The two Viking orbiters arrived at Mars
in 1976 and provided dual-frequency radio occultation observations in the S-Band (2.3
GHz) and X-Band (8.4 GHz) frequency range (Lindal et al., 1979). The Viking landers
(Sei� and Kirk , 1977; So�en, 1977) provided the �rst in-situ observations of the com-
position of the Mars upper atmosphere/ionosphere and ion/electron temperatures (Nier
and McElroy , 1976, 1977; Hanson et al., 1977). On July 20, 1976 the Viking lander 1
descended to Chryse Planitia (22.27 ◦N, 312.05 ◦E planetocentric coordinates, 4:13 p.m.

5
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CHAPTER 2. THE MARS IONOSPHERE: EXPLORATION AND

CURRENT STATE OF RESEARCH

Figure 2.1: Panel (a) and (b) contain the CO2, N2,
CO, O2 and NO number densities derived from the
Viking lander neutral mass spectrometer (Nier and
McElroy, 1977) observations. Panel (c) shows the
O+

2 , CO
+
2 and O+ ion concentrations, which Han-

son et al. (1977) derived from the Viking-RPA mea-
surements. The given electron density Ne is the sum
of the individual ions. The dashed lines are eye-
ball �ts conducted by the authors to illustrate the
ion scale heights. Panel (d) shows the electron Te1
- Te3 temperatures derived by Hanson and Mantas

(1988) from the Viking-RPA observations, together
with the neutral TN and ion TI temperatures derived
from Viking lander observations and modeled elec-
tron temperatures of Rohrbaugh et al. (1979) (Tr)
and Chen et al. (1978) (Tc).
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local Mars time)1 and 45 days later on September 9, 1976, the Viking lander 2 arrived
at Utopia Planitia (47.64 ◦N, 134.29 ◦E planetocentric coordinates, 9:49 a.m. local Mars
time)2. This corespondents to a solar longitude LS of 97 ◦ and a solar zenith angle of χ =
57.3 ◦ for Viking lander 1 and LS = 117.6 ◦ and χ = 36.5 ◦ for Viking lander 2. The solar
zenith angle χ is the angle between the vertical and the direction of the incoming solar
radiation. The solar longitudes are close to aphelion and northern summer (see Figure
2.5) and the observations took place during solar minimum conditions with an approxi-
mately solar �ux at 10.7 cm (2800 MHz) F10.7 index at Earth of 703. Mass spectrometers
on the aeroshell of the landers provided information about the neutral densities of CO2,
N2, Ar, O2, NO and CO (Panel (a) and (b) of Figure 2.1) and about the ionospheric
densities of CO+

2 , O
+
2 and O+ (Panel (c) of Figure 2.1). The dominance of neutral oxygen

in higher altitudes (which is used in all actual models of the Mars upper atmosphere and
ionosphere) is inferred from the mass spectrometer ion measurements. While neutral NO
was identi�ed in the atmosphere, NO+ could not be uniquely identi�ed from the Viking
lander observations (Hanson et al., 1977). No observation of N was made. This will be
important for the discussion of the N2 cycle and the upper mesospheric and lower thermo-
spheric composition in Chapter 8. Panel (d) of Fig. 2.1 is taken from Hanson and Mantas
(1988). The authors derive electron temperatures for two thermal electron populations e1

and e2, and one suprathermal electron population e3 from the Viking Retarding Potential
Analyzer (Viking-RPA) observations during the lander descent. Electron temperatures
for the main thermal electron population e1 could only be derived down to an altitude
of approximately 215 km. Panel (d) also contains the observed ion temperature and the
neutral temperature derived by Nier and McElroy (1977) from the Viking lander obser-
vations. Due to the fact that measurements of the electron temperature are not available
in the region of the ionospheric main peak, modelers usually rely on model electron tem-
peratures, e.g. those of and two model electron temperature pro�les of Rohrbaugh et al.
(1979) and Chen et al. (1978) also shown in the Figure.

2.1.2 Modern exploration of the Mars upper atmospheric region

Subsequently, the Mars Global Surveyor (MGS) spacecraft went in orbit around Mars in
September 1997 (Albee et al., 1998) and remained in good health until the end of 2006,
when it went into save mode and further contact attempts failed. The spacecraft carried
�ve experiments and a relay receiver for communication with the Mars Rovers on the
surface. Important for this work are the Mars Orbiter Laser Altimeter (MGS-MOLA),
the MAGnetometer and Electron Re�ectometer (MGS-MAG/ER) and the Radio Science

1NASA: https://nssdc.gsfc.nasa.gov/nmc/spacecraftDisplay.do?id=1975-075C
2NASA: https://nssdc.gsfc.nasa.gov/nmc/spacecraftDisplay.do?id=1975-083C
3ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features/solar-radio/noontime-

�ux/penticton/penticton_adjusted/listings/listing_drao_noontime-�ux-adjusted_daily.txt
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experiment (MGS-RS). MGS-MOLA transmitted infrared laser pulses to the Martian sur-
face and received the re�ected signals. The signal travel time provides a measure for the
range between spacecraft and surface and resulted in the development of high resolution
spherical harmonic models for the Mars topography and shape (Smith et al., 2001). The
MGS-MAG/ER experiment consists of two redundant triaxial �uxgate magnetometers
and an electron re�ectometer (Acuña et al., 2001). The instrument measured the mag-
netic properties of the Mars environment and determined the interior and crustal magnetic
�eld of the planet for the �rst time. MGS carried an UltraStable Oscillator (USO), which
provides a stable signal for radio science MGS-RS observations. The radio science ex-
periment provided more than 5,000 publicly available single X-Band observations of the
Mars ionosphere (Hinson et al. (1999); Bougher et al. (2004)). The MGS ionospheric
observations, however, were constrained geometrically by the sun-synchronized and low
altitude orbit, optimized for the imaging experiments. Radio occultations were limited to
high planetary northern and southern latitudes above 60 degree. The low circular orbit
of 400 km limited the achievable sensing altitude to an area below 220 - 240 km.
The 2001 Mars Odyssey spacecraft (ODY) (Saunders et al., 2004) arrived at Mars in
2001. It's main goals were the further investigation of the Mars surface mineralogy and
morphology and determination of the Martian radiation environment for future human
exploration. Atmospheric density observations of MGS and ODY during their individual
aerobraking phases put further constraints on the upper atmosphere, including the in�u-
ence of general and gravity waves (see e.g. Fritts et al. (2006)). In March 2006, the Mars
Reconnaissance Orbiter (MRO) reached Mars (Zurek and Smrekar , 2007) and provided
additional information about the upper atmosphere during its aerobraking phase (Keat-
ing et al., 1998, 2009). Indirect observations of the ionosphere were conducted with the
SHAllow subsurface RADar MRO-SHARAD (Seu et al., 2007). The instrument transmits
radar signals and collects surface and near-surface re�ections to investigate the distribu-
tion of competent rock, soil, water, and ice in the Martian surface. For this subsurface
sounding, the in�uence of the Mars ionosphere on the emitted and re�ected radio signals
need to be corrected. This correction contains a phase parameter, which has a linear
correlation with the vertical electron content (TEC) and is used to determine the vertical
ionospheric TEC on a regular basis (Mendillo et al., 2017).

The Mars Express spacecraft

On June 2. 2003, the ESA spacecraft Mars Express (MEX) (Wilson, 2004; Fletcher ,
2009) was launched from the Baikonur Cosmodrome in Kazakhstan on a Soyuz/Fregat
launcher. The spacecraft arrived at Mars in December 2003 and went into a quasi-polar
orbit with a pericenter of 250 km, apocenter of 10,142 km, an inclination of 86.35 ◦ and
a 6.75h period. The lander Beagle 2 was deployed �ve days before the arrival of Mars
Express at Mars. Its fate remained unknown until 2015, when it was identi�ed only partly
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Figure 2.2: The left Panel shows the Mars Express spacecraft with the Beagle 2 capsule, while
the right Panel shows the instruments of the Mars Express mission: 1: MARSIS, 2: HRSC, 3:
OMEGA, 4: PFS, 5: SPICAM, 6: ASPERA, 7: Beagle 2. The �xed High Gain Antenna (HGA)
1.6m dish is clearly visible on the right side of the rightside Panel, the Low Gain Antennas
(LGA)s are shown in front of the spacecraft. The radio science experiment MaRS makes use of
the high gain antenna during its planetary occultation observations. The Figure is taken from
Chicarro et al. (2004).

deployed in images of the high resolution camera of the MRO spacecraft4. Mars Express
celebrated 10 years in orbit in at the End of 2013 and 5,000 days in orbit in 2017 during its
ongoing mission. The scienti�c goals of Mars Express are the exploration of the Martian
surface, subsurface structures, gravity �eld, planetary atmosphere and ionosphere. Fig-
ure 2.2 illustrates the payload of Mars Express, which consists of seven experiments. The
High Resolution Stereo Camera MEX-HRSC (McCord et al. (2007) and references therein)
consists of nine parallel mounted charge-coupled device (CCD) line sensors who provide
along-track high-resolution multicolor stereo images of the Mars surface. The Mars Ad-
vanced Radar for Subsurface and Ionospheric Sounding MEX-MARSIS (Picardi et al.,
2004) experiment is a Martian ground penetrating / ionospheric sounder and altimeter.
It investigates the altitude distribution of the ionospheric electron density, but only down
to the ionospheric main peak. The Observatoire pour la Minéralogie, l'Eau les Glaces
et l'Activité MEX-OMEGA (Bellucci et al., 2004) is a visible and near-infrared miner-
alogical mapping spectrometer, while MEX-PFS is a double-pendulum infrared Planetary
Fourier Spectrometer (Formisano et al., 2004). The SPectroscopy for the Investigation
of the Characteristics of the Atmosphere of Mars MEX-SPICAM (Bertaux et al., 2004;
Montmessin et al., 2017) consists of an ultraviolet and an infrared atmospheric spectrom-
eter. Among other observation modes, it determines the atmospheric nightglow caused by
the recombination of N and O atoms to NO. N and O are produced in the thermosphere

4www.esa.int/Our_Activities/Space_Science/Mars_Express
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by photochemistry and transported on the planetary nightside (see e.g. Stiepen et al.
(2015)). Those observations can be used to determine the characteristics of the nitrogen
cycle in the upper atmosphere and ionosphere of Mars. The Analyzer of Space Plasmas
and Energetic Atoms-3 MEX-ASPERA3 (Barabash et al., 2004) investigates the di�erent
plasma domains of Mars, especially the upper atmosphere/interplanetary medium/solar
wind interaction and the atmospheric escape. The imaging of energetic neutral atoms
(ENAs), which occur during the interaction of the neutral planetary atmosphere with the
solar wind, is done with three sensors. Of those three, the 'top hat' electrostatic analyzer
ELectron Spectrometer (ELS) sensor can be used for determining the potential origins of
the excess electron densities, because it provides an indirect method for determining the
presence of strong solar energetic particle events at Mars (see Chapter 8 for details).
The Mars Radio Science experiment MaRS (Pätzold et al. (2004, 2009, 2016b)) has been
in operation since April 2004. Beside radio occultations the operational goals of MaRS
are the (i) bistatic radar: Mars Express transmits radio signals at a certain location on
the Mars surface where the signals are scattered and then received by a ground station on
Earth. The received signal is used to determine the dielectric and scattering properties
of the Mars local surface material. (ii) determination of anomalies in the gravity �eld of
Mars: The internal mass distribution of the planet determines its external gravity �eld
which is re�ected in the orbit parameters of Mars Express. Unexpected velocity changes of
the spacecraft along the line-of-sight between spacecraft and ground station re�ect gravity
anomalies not yet included in the orbit predictions. Evaluating these di�erences yields an
insight into the internal mass structure of Mars and the evolution of its lithosphere and
crust. (iii) determination of the mass and low-order gravity �eld harmonics of the Mars
moon Phobos by close �y-bys and (iv) Solar Corona observations: The plasma corona
of the Sun can be investigated by Mars Express when Mars is in conjunction to Earth.
Within approximately 10◦ elongation with respect to the Sun the dispersive e�ects on the
radio signals are dominated by the Sun's plasma, providing an unique way to determine
the Sun's coronal properties. The radio occultation method uses radio signals to remotely
investigate the neutral atmosphere and ionospheric electron density of Mars during Earth
occultations. During an occultation, the spacecraft is moving behind the planet as seen
from the Earth. In an occultation ingress, the continuous radio signal is sounding the
ionosphere and neutral atmosphere of Mars from top to bottom and provides information
about the state of the ionosphere and neutral atmosphere. Chapter 3 contains a detailed
description of the radio occultation method, data acquisition and processing.

The MAVEN spacecraft

On November 18. 2013, the Mars Atmosphere and Volatile EvolutioN (MAVEN) orbiter
(Jakosky et al., 2015b,a) was launched and arrived at Mars in September 2014. The space-
craft (see Figure 2.3) was inserted into an elliptical orbit with a periapsis of approximately
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Figure 2.3: The MAVEN spacecraft. The Figure labeling is lightly altered, original Figure from
http : //lasp.colorado.edu/home/maven/about/spacecraft/.

150 km and an apoapsis of approximately 6200 km. The inclination of 74 ◦ and period
of 4.5h cause a precession of the periapsis in planetary latitude and local solar time to
provide a good coverage of the Mars environment. During several 'deep-dip' campaigns
the periapsis of MAVEN is lowered to approximately 125 km for few consecutive orbits
(7 deep-dips until September 2017), allowing in-situ observations of the ionosphere and
neutral atmosphere shortly below the ionospheric main peak. After completion of the
commissioning phase and the one Earth-year primary mission, MAVEN is now in its ex-
tended mission phase. The spacecraft is designed to determine the atmospheric gas loss
to space and its impact on the Mars climate and habitability. For that, i.) the interaction
of the Sun and solar wind with the Mars upper atmosphere and magnetosphere, ii.) the
present composition and structure of the upper atmosphere / ionosphere and iii.) the
escape rates of the upper atmosphere to space are determined including the processes
controlling them. These parameters will be extrapolated backwards in time to determine
the atmospheric loss rate and with that the habitability and climate of the early Mars.
The payload of the MAVEN spacecraft consists of three packages with eight instruments.
The MAVEN Particles and Fields Package consists of six instruments. The Solar Wind
Electron Analyzer (MVN-SWEA) (Mitchell et al., 2016) is an electrostatic analyzer for
the investigation of the solar wind, magnetosheath and ionospheric photo-electrons. The
Solar Wind Ion Analyzer (MVN-SWIA) (Halekas et al., 2015) is a torodial energy ana-
lyzer, which in-situ determines the plasma density, velocity, pressure and heat �ux. The
Solar Energetic Particle instrument (MVN-SEP) (Larson et al., 2015) in-situ measures
the input of Solar Energetic Particles (SEPs) into the Mars environment. The Suprather-
mal and Thermal Ion Composition instrument (MVN-STATIC) (McFadden et al., 2015)
is a toroidal 'top hat' electrostatic analyzer combined with a time-of-�ight velocity an-
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alyzer. It observes in-situ the cold ions of the collisional Mars ionosphere, the heated
suprathermal plasma tail of those ions in the upper ionosphere and the pickup ions which
are accelerated by solar wind electric �elds to escape velocities. The Langmuir Probe
and Waves instrument (MVN-LPW) consists of two components, the MVN-LPW Lang-
muir probe (Andersson et al., 2015) and the MVN-LPW-EUV photometers (Eparvier
et al., 2015). The MVN-LPW Langmuir probe is designed to measure the electron den-
sity, electron temperature and electric �eld wave power at low frequencies (ion heating)
and wave spectra of natural/generated Langmuir waves (measurement calibration). The
MVN-LPW-EUV consists of three broadband radiometers to measure the soft solar X-
rays and EUV irradiance (0.1-3 nm and 17-22 nm, 0.1-7 nm, 121-122 nm) at Mars. The
Magnetometer (MVN-MAG) instrument (Connerney et al., 2015) consists of two inde-
pendent tri-axial �uxgate magnetometers to measure the ambient vector magnetic �eld.
The second instrument package (remote sensing) consists of the Imaging Ultraviolet Spec-
trometer MVN-IUVS (McClintock et al., 2015) only. The instrument has four modes to
measure the upper atmospheric structure and composition: (i) during near periapsis limb
scanning, vertical pro�les of H, C, N , O, CO, N2, C+ and CO+

2 are measured from the
homopause up to two scale heights above the exobase, (ii) in the disc mapping mode,
column abundance maps of H, C, N , O, CO2, O3 and dust are derived from the illu-
minated and visible part of the upper atmosphere, (iii) in coronal scans, vertical pro�les
of the exospheric hot species H, D and O are derived, (iv) stellar occultations provide
vertical pro�les of CO2 and O3 of the mesosphere and thermosphere. Additionally to this
primary goals, MVN-IUVS is capable of detecting the presence ofMg, Mg+, Fe and Fe+

in the Mars upper atmosphere (Schneider et al., 2015; Crismani et al., 2017). The third
payload package of MAVEN consists of the Mass Spectrometry Package. It contains only
one instrument, the Neutral Gas and Ion Mass Spectrometer (MVN-NGIMS) (Maha�y
et al., 2015b). MVN-NGIMS is a quadrupole mass spectrometer which measures the
atmospheric (He, N , O, CO, N2, NO, O2, Ar and CO2) and thermal ionospheric com-
position (O+

2 , CO
+
2 , NO

+, O+, CO+, C+, N+
2 , OH

+ and N+) along the spacecraft track
between 500 km altitude and the MAVEN pericenter. Additionally, several isotope ratios
and the density of metallic ions of meteoric origin are observed (Benna et al., 2015b).
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2.2 The Mars environment

Figure 2.4: Earth and Mars on a similar scale.
The Earth image was taken during the �nal mis-
sion of the Apollo program, Apollo 17. The
Mars image was taken by the Viking spacecrafts.
Cropped �gure from esa.int.

Figure 2.4 shows a to-scale comparison of
Earth and Mars. The length of the or-
bital semimajor axis of Mars is 1.525 As-
tronomical units (AU), which means that
the planet is on average 1.52 times as far
from the Sun as Earth, whose semimajor
axis is ∼ 1 AU (149.6 · 106km). The Mars
orbit has a relatively large eccentricity of
0.094 compared to the eccentricity of the
Earth orbit of 0.017. Mars pericenter dis-
tance to the Sun is 1.381 AU, while its
apocenter lies at 1.666 AU. This di�erence
between apocenter and pericenter causes a
large variation in the available solar �ux at
the Mars position. The tropical orbit pe-
riod of Mars, which is the time Mars needs
for a full orbit from from Northern spring
equinox to Northern spring equinox, is 686.973 days. The numbering of Martian years
follows the widely used calendar of Clancy et al. (2000). Mars Year 1 began on April
11, 1955 with LS= 0 ◦. On May 5. 2017, Mars reached vernal equinox and passes into
Mars Year MY 346. A planets obliquity is the angle between its orbital plane and the
equatorial plane. With 25.19 ◦ for Mars and 23.44 ◦ for Earth, the obliquity of both plan-
ets is quite similar. Figure 2.5 illustrates the Martian seasons in dependence of the solar
longitude LS, which is the angle between the Mars-Sun line at the northern hemisphere
spring equinox where LS = 0 ◦ and the actual Mars-Sun line. The summer solstice of
the northern hemisphere (LS = 90 ◦) occurs close to aphelion, the autumn equinox of the
northern hemisphere relates to LS = 180 ◦. The northern winter solstice (or southern
summer) occurs at LS = 270 ◦, close to perihelion. The seasons on Mars are dominated
by its obliquity, which is similar to Earth. In addition, the orbit eccentricity of Mars
reinforces the seasons on the southern hemisphere (see Smith et al. (2017) and references
therein). An average solar day on Mars lasts 24.6597 hours, which is quite comparable to
the 24 hours on Earth.
With a volumetric mean radius of 3389.5 km, Mars has approximately half the diameter
of Earth and with a value of 0.0059 only a slightly larger polar �attening ([equatorial
radius - polar radius]/equatorial radius) than Earth. The mean density of Mars is with
3.9 · 103 kg/m3 much smaller than that of Earth with 5.5 · 103 kg/m3. This results in a

5https : //nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.html
6https : //mars.nasa.gov/allaboutmars/extreme/martianyear/
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Figure 2.5: Illustration of the Mars-Sun interaction during a Martian year.a
a= Figure from http : //www −mars.lmd.jussieu.fr/mars/time/solar_longitude.html

Figure 2.6: Overlay of the crustal magnetic �eld with the Mars topography. The black and white
lines indicate isomagnetic contours of the radial �eld component at (400 ± 30) km altitude for
B = ±10, 20, 50, 100, 200nT derived from the MGS-MAG/ER magnetic �eld observations and
the MGS-MOLA topography measurements. The map is taken from Connerney et al. (2001).
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Martian planetary mass of 0.64 · 1024 kg, which is approximate only 11% of the Earth's
mass, causing a surface gravity of approximately 3.71m/s2, which is small compared to
the surface gravity of Earth with approx 9.81m/s2.
Figure 2.6 shows an overlay of the Mars topography with the crustal magnetic �eld. The
most fundamental crustal feature of Mars is its dichotomy between the northern and the
southern hemisphere. The relief between the northern lowlands and southern highlands
of Mars is always larger than 2.5 km with maximum di�erences larger than 6 km. The
occurrence rate (or frequency distribution) of terrain elevation shows a di�erence of ap-
proximately 5.5 km between the elevation distribution peaks for highlands and lowlands
(see summary of Watters et al. (2007) and references therein). The topography on Mars
has a much stronger variation in surface relief than Earth, di�ering approximately 29.4
km from the �oor of the Hellas basin (-8.2 km) to the top of the shield vulcan Olympus
Mons (+21.2 km) (Carr , 2006). The MGS-MAG/ER twin �uxgate magnetometer and
electron re�ection analyzer on the MGS spacecraft determined that Mars has no global
magnetic �eld, but observed small-scale crustal magnetic �elds in its mapping orbit of 400
km altitude. The magnetic �elds are mainly associated with the ancient, strongly cratered
highlands of the Mars southern hemisphere (Acuña et al., 1999). A review of this topic is
found in Connerney et al. (2015). Connerney et al. (2001) compiled the MGS-MAG/ER
observations into a global map of the crustal magnetization. The remnant magnetization
of the Mars crust is attributed to an early global magnetic �eld. It is assumed, that the
planetary dynamo demised approximately 4 billion years ago due to the last large surface
impacts, which left basins with unmagnetized material. The strongest magnetic features
are found east-west aligned at Terra Cimmeria and Terra Sirenum (southern hemisphere)
with its center on 180 ◦ east longitude. Connerney et al. (2005) propose, that the plane-
tary crust was magnetized during crustal spreading/cooling in the presence of a reversing
planetary dynamo and that thermal demagnetization of the surface occurred by covering
the crust with �ood basalts of few kilometer thickness.

2.3 The neutral atmosphere in ionospheric heights

A planetary atmosphere can be classi�ed by several parameters, e.g. temperature, com-
position or grade/kind of ionization. Figure 2.7 shows a comparison between Earth and
Mars temperature pro�les for the time of the Viking landers together with the associated
general temperature categorization/nomenclature for Earth and Mars. As discussed in
Prölss (2004), the classi�cation of the Earth neutral atmosphere by the vertical temper-
ature pro�le has four atmospheric regions. The troposphere is the atmospheric region
closest to the surface. The temperature decreases with increasing distance to the warm
surface due to radiative cooling. The temperature gradient in this region is usually de-
scribed by dry (low water content) and moist (high water content) adiabatic processes.
The subsequent region is called stratosphere, where the temperature rises again due to the
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Figure 2.7: The black solid lines on the right and left sides represent the U.S. standard atmo-
sphere for 1976 and the neutral temperature pro�le derived from Viking Lander 1 observations
by Sei� and Kirk (1977), respectively. The dashed temperature curves indicate e�ects of aerosols
during large atmospheric dust events. The annotations contain the description of the associated
atmospheric regimes, while the pressure scales show exemplary hydrostatic pressure pro�les for
Earth and Mars. The Figure is a reproduction from Zurek (1992) and taken from Zurek (2017).

Figure 2.8: LMD-GCM model neutral temperature taken from González-Galindo et al. (2008).
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absorption of solar radiation by O3. Above the stratosphere, the temperature decreases
to its absolute minimum in the mesosphere. This occurs due to radiative cooling, because
solar radiation absorption is less important here. In the thermosphere, the temperature
increases strongly due to the absorption of photons up to the ultraviolet wavelength range
and due to the absence of e�cient processes for heat loss. Figure 2.8 shows a more recent
model neutral temperature pro�le of the Mars atmosphere derived with the Global Cli-
mate Model for the Martian atmosphere from the Laboratoire de Météorologie Dynamique
(LMD-GCM). The average surface temperature of Mars is 210 K7 and the subsequent
Mars troposphere shows dry adiabatic behavior due to the low amount of available wa-
ter. The Mars atmosphere has no stratosphere, because the O3 density is too small to
absorb enough solar photon energy for additional heating. However, if the atmospheric
dust load is high enough, a temperature inversion similar to the Earth stratosphere is
possible due to additional heating. The lower thermosphere shows a strong temperature
increase similar to Earth due to heating by the absorption of solar ultraviolet radiation.
The temperature in the upper thermosphere increases asymptotically. This is caused by
the high conductivity of the upper Martian atmosphere which prevents large temperature
gradients (González-Galindo et al., 2008).
Another criterion for the atmospheric classi�cation is its composition. In the homosphere,
the planetary atmosphere is well mixed and the densities of all gases decrease with the
same neutral scale height Hn= kBTN/(< m > g), where kB is the Boltzmann constant,
TN is the neutral temperature, < m > is the average mass in the homosphere and g is the
gravity acceleration. The region is connected to the heteorosphere by a transition region.
In the heterosphere collisions between particles become less frequent and the density of
each species decreases according to their individual scale heights. The boundary between
the two regimes is called the homopause. The altitude of the homopause is individual
for each atmospheric species. At Earth, the homopause is approximately found at 100
km altitude (Prölss , 2004). At Mars, the MVN-NGIMS instrument identi�ed the ho-
mopause for 40Ar and N2 at 130 km altitude for LS = 326 ◦ and Ωlat between −2 ◦ to −5 ◦

(Maha�y et al., 2015a). In the LMD-GCM, the homopause altitude is predicted at approx-
imately 120 km altitude with strong seasonal and spatial variability (González-Galindo
et al., 2009). Gravitational binding divides planetary atmospheres into two regimes. The
region, where the atmosphere is fully bound to a planet is called barosphere, while the
region, where light species can escape into space is called the exosphere. The lower border
of the exosphere is the exobase, which is de�ned as that altitude above which a radially
outward moving particle experiences on average less than one backscatter collision. Due
to their individual masses, there is an individual exobase for each species. For Earth, the
exobase is found approximately in 500 km altitude (Schunk and Nagy , 2009). On Mars,
the average model exobase altitude for the planetary dayside during moderate solar ac-
tivity is 220 km for Argon and CO2 ((Terada et al., 2017) and references therein).

7NASA: https : //nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.html
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Figure 2.9: (left) MVN-NGIMS in-situ observation of atmospheric neutral species on the inbound
leg of orbit 1064 with LS = 256 ◦, 11:50 a.m. local solar time and Ωlat = -4.5 ◦ at orbit periapsis.
(right) Averaged MVN-NGIMS pro�les for LS = 288-326 ◦, Ωlat = 46 ◦ to -4.3 ◦ and a solar
zenith angle of 45 ◦. Both observations do not show wave-like activity. While the left Panel
observation simply does not contain waves, the right Panel is an average over many MVN-
NGIMS observations and density waves are smoothed out. The Figures are taken from Maha�y

et al. (2015a).

It was already determined with the Mariner Spacecrafts and the Viking landers, that the
dominant species in the lower atmosphere of Mars is CO2 with a surface pressure of ap-
proximately 6.36 hPa at the mean radius and a variability of 4.0 - 8.7 hPa in dependence
of the planetary season. The mixing ratios of major species are 95.3 % for CO2, 2.7 % for
N2, 1.6 % for Ar, 0.13 % for O2 and 0.08 % for CO, while available minor species are H2O
with 210 %� and NO with 100 %�8. The composition of the Mars atmosphere changes
signi�cantly in the heterosphere. In Figure 2.9 the measured composition of the Martian
neutral atmosphere is shown. The left panel contains one deep-dip observation of MVN-
NGIMS, while the right Panel shows MVN-NGIMS neutral density pro�les sampled and
averaged over 202 MAVEN orbits (Maha�y et al., 2015a). The change of atmospheric
parameters in dependence of the planetary longitude Ωlon and latitude Ωlat a�ects all
continuous in-situ observations. This is especially true at the orbit pericenter, where the
spacecraft is fast and the temporal change of Ωlon and Ωlat along the spacecraft track is
large. Therefore the neutral density pro�les in Panel (a) are not only a function of height,
but also a function of the planetary position. Panel (b) shows MVN-NGIMS observations
for a certain solar zenith angle, which are averaged over a long time-span. This smooths
out wavelike structures and other short-term changes. It was found, as already deduced

8NASA: https : //nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.html
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from the Viking lander observations, that O becomes the dominant species in the upper
Mars atmosphere. At even higher altitudes, H2 and H dominate the Mars corona. H2

and H are not shown in Figure 2.9 due to the fact that they are not measured by MVN-
NGIMS.
Internal or upward traveling atmospheric waves are a possible source for the lower iono-
spheric excess electron densities investigated in this work. Internal waves play a large
role in the vertical coupling of the atmosphere/ionosphere system on Earth (see review
of Yi§it et al. (2016); Yi§it and Medvedev (2015) and references therein). Primary source
for internal waves are meteorological processes in the lower atmosphere (e.g. �ow over to-
pography, instabilities in weather systems or jets, atmospheric convection), who produce
a wide spectrum from small scale (10 - 100 km) to planetary scale waves with temporal
scales from few minutes to few days. Internal waves interact with the local atmosphere
during upward propagation and therefore in�uence the mass, momentum and energy bal-
ance by acceleration/deceleration, heating/cooling and mixing. The activity of upward
traveling waves increases with altitude due to the approximately exponential decrease of
the atmospheric density. Gravity waves are the natural buoyancy waves of the atmo-
sphere. When dissipation is neglected, the wave amplitudes increase with altitude due to
the decreasing background density. Dissipation of gravity waves in the upper atmosphere
causes transport of momentum from the lower atmosphere and connects the two atmo-
spheric regimes. A summary of detected waves in the Martian atmosphere, their spatial
and temporal characteristics and derived results is found in England et al. (2017). High
upper atmospheric variability observed in the aerobraking data of the MGS, ODY and
MRO spacecrafts were early indications for internal waves at Mars. Density disturbances
with dominant horizontal scales of 100 - 300 km consistent with gravity waves have been
identi�ed in MGS accelerometer data (Creasey et al., 2006). From MGS and ODY aer-
obraking data Fritts et al. (2006) determined signi�cant spatial and temporal variability
of gravity waves. Typical spatial scales are 20 - 200 km in the lower aerobraking altitudes
(100 - 130 km). Density �uctuations vary from approximately 5 to 50 %. The amplitudes
of gravity waves increase with altitudes, while their apparent horizontal scales remain
constant. Yi§it et al. (2015) determined thermospheric CO2 density perturbations from
the observations of the MVN-NGIMS instrument and compared the results with a gravity
wave model. The studied planetary region covers 60 ◦ - 75 ◦ latitude, 2 - 10 h local time
and an altitude range from 180 - 220 km. Typical amplitudes of determined waves are 20
- 30 % of the atmospheric background density and wave signatures have been observed up
to 250 km altitude. Comparisons between observations and the model for gravity wave
propagation show a qualitative agreement. In addition, a high variability of the model
gravity wave characteristics is found. At 100 km, density �uctuations larger than 150 %
of the underlying atmosphere are predicted, while at 150 km the model predicts wave am-
plitudes of 50 - 100 % of the atmospheric density. Terada et al. (2017) used MVN-NGIMS
Ar densities to determine the wave activity at the Mars exobase altitude. Small-scale per-
turbations were found with apparent wavelengths between 100 and 500 km and average



20
CHAPTER 2. THE MARS IONOSPHERE: EXPLORATION AND

CURRENT STATE OF RESEARCH

Figure 2.10: (left) Regions of the Earth dayside ionosphere and their sources. The Figure is
taken from the reproduction in Bougher et al. (2017), the original is from Bauer and Lammer

(2004). (right) ES formation in the Earth ionosphere by wind-shear induced ion convergence. (a)
In zonal wind-shear with a neutral species velocity vn, the ions are forced upwards/downwards to
the node of the two wind regimes. (b) In meridional wind-shear the ions are dragged horizontally
by the neutral wind and are forced to gyrate perpendicularly to the inclined magnetic �eld lines.
The ions �nally move along the magnetic �eld B with velocity vi, causing an ES layer at the
node of the wind shear region. Figure from Shinagawa et al. (2017).

amplitude of approximately 10 % on the planetary dayside and approximately 20 % on
the night side. The authors suggest, that the small-scale wave amplitudes at the exobase
are essentially set by the convective breaking and saturation of the waves in the upper
Martian atmosphere.

2.4 The Mars plasma environment and the ionosphere

The left Panel of Figure 2.10 contains a sketch of the Earth's dayside ionosphere. The
shown ionospheric features and their formation processes are brie�y discussed here (see
e.g. Chapter 2 of Zolesi and Cander (2013) and Bougher et al. (2017) for further infor-
mation) as a starting point for the discussion of the current knowledge about the Mars
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ionosphere. The focus is given to the formation of the sporadic ES layers in the lower
Earth ionosphere, because the wind-shear mechanism is a potential source for the excess
electron densities on Mars. The regular regions of the Earth ionosphere are denoted D,
E and F from the base to the topside ionosphere. The terrestrial ionosphere is topped by
the plasmasphere, which consists mainly of H+ ions. The ionospheric F region is found
on the terrestrial dayside between approximately 140 and 600 km altitude. Its primary
ion production source are solar photons in the EUV range between 10 and 100 nm. The
F region is split up into two separate regions F1 and F2 during speci�c solar-terrestrial
conditions. The F1 region is in photochemical equilibrium and found at approximately
140 - 210 km altitude. It consists mainly of NO+ and O+

2 with some additional N+ and
O+. After sunset the F1 region vanishes, while the F2 region is persistent during the
night. In the F2 region, transport processes become dominant. It consists mainly of O+

with some additional H+ and He+. In the ionospheric E region between 90 to 140 km
altitude molecular ions dominate (mostly NO+, O+

2 with additional O+ and N+
2 ). The

major primary ion source on the dayside is the absorption of solar X-ray mainly in the 8
to 10.4 nm interval and between 80 - 102.6 nm (UV, Ly-β) range. During the night the
ionization in the E region is reduced, but the region always stays weakly ionized.
Under certain conditions, a second E layer (E2) or a sporadic ES layer is observed. The
origin of the E2 layer is still under investigation. Actual results indicate that the major
control mechanism is the variability of the solar UV. The sporadic ES layers (see e.g. the
review of Haldoupis (2012), Gubenko et al. (2017) and Shinagawa et al. (2017)) can have
peak electron densities similar to those in the F region. Ionospheric radar soundings and
rocket observations indicate that the sporadic ES layers have a vertical thickness equal
to or less than 1 km and occur in a similar altitude as does the ionospheric E layer. A
statistical analysis of approximately 70 ES observations over Japan provided a horizon-
tally elongated structure ranging from 50 to 500 km with an average of 160 km (Maeda
and Heki , 2015). The lifetimes of ES layers range from few to several hours. Even if
their formation is not yet fully understood, their origin is assumed to be independent of
the general ionospheric mechanisms due to their widespread spatial (wide/small area),
diurnal (sporadic day/night) and seasonal occurrence patterns for all latitudes. The most
widely accepted theory for the origin of the sporadic ES layers is the wind-shear theory
(Whitehead , 1960; Mathews , 1998), whereby the wind-shear regions are assumed to be
caused by several kinds of atmospheric waves. The right Panel of Figure 2.10 illustrates
the zonal and meridional wind-shear mechanisms for the formation of ES layers by ion
convergence in a collision dominated altitude region. When charged particles are dragged
along with neutral winds by neutral-ion collisions with a velocity v in a magnetic �eld B,
the ions experience a Lorentz-force in the direction of the cross product v × B. When
vertical shears in horizontal neutral winds cause ion drifts in opposite directions, charged
particles can accumulate at the node of the two wind regimes. For an accumulation to
occur, signi�cant lifetimes of the ions against recombination are needed, which are pro-
vided by ions of meteoric origin like Fe+ (Kopp, 1997). After formation, the layers drift
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below 100 km altitude, where they are depleted of the meteoric ion content by three-body
collisional recombination. The above described wind-shear formation processes for ES,
however, do neither e�ciently work at the equator nor at the auroral zones near the mag-
netic pole due to the constellation of the strongly inclined magnetic �eld lines and the
drift velocity of the ions. Therefore, the major ES formation occurs at the mid-latitudes.
ES occurrences at higher latitudes are often attributed to the auroral electric �eld. ES
layers occur mostly during summer, which has been attributed to the change in metallic
ion content of the terrestrial atmosphere (Haldoupis et al., 2007) or the di�erent vertical
convergence patterns of metallic ions during the seasons (Chu et al., 2014).
The D region of the terrestrial dayside ionosphere is found between 50 and 90 km alti-
tude. NO+ is the primary positive ion component in the D region, while the negative part
consists of electrons and O−2 in combination with other negative ions. Solar radiation at
121.6 nm (Ly-alpha) is actually assumed to be the most important source for the ioniza-
tion of NO, while hard X-ray photons smaller than 0.8 nm ionize N2, O2 and Ar. Solar
photons below 111.8 nm ionize unstable O2 and galactic cosmic rays ionize all available
atmospheric species. Solar electrons with energies larger than 10 keV, solar protons in
the range of 1 to 100 MeV and solar cosmic rays can provide additional ionization to the
terrestrial D region. The ionospheric C region between 50 and 70 km is generated by the
atmospheric interaction with cosmic rays.
In contrast to Earth, Mars has no intrinsic global magnetic �eld. Therefore the inter-

planetary plasma interacts directly with the Mars atmosphere and ionosphere. Figure
2.11 illustrates the main features of the interaction of the supersonic solar wind plasma
with the Martian plasma regions. The interaction of the solar wind with the planetary
atmosphere and ionosphere slows down the supersonic plasma �ow of the solar wind and
creates a bow shock upstream of Mars. The bow shock is followed by the turbulent mag-
netosheath region, where the slowed-down plasma is �owing around Mars. Due to the
missing intrinsic global magnetic �eld, the incoming solar wind interacts directly with
the Martian ionosphere. This causes an induced magnetosphere, which is quite similar to
that found at Venus. Its lower border is often called induced magnetosphere boundary
(Brain et al., 2017) or magnetic pile-up boundary (Bertucci et al., 2003). Its shape is
often approximated with a paraboloid with a revolution axis along the planet-Sun line.
The magnetic �eld lines are frozen in the solar wind plasma �ow and therefore are draped
around the planet together with the plasma, forming a magnetotail. Multi-�uid magneto-
hydrodynamic simulations show, that the crustal magnetic �eld of Mars is strong enough
to a�ect the ionospheric interaction with the solar wind (Dong et al., 2014). This causes
'mini-magnetospheres' where the motion of the charged particles is guided by the crustal
magnetic �eld lines.
The dayside ionosphere of Mars is mainly formed by photoionization by solar extreme

ultraviolet (EUV) and X-ray radiation and, as a secondary e�ect, by photoelectron impact
ionization. Figure 2.12 shows a selection of four electron density pro�les of the Mars iono-
sphere observed by the Mars Express Radio Science Experiment MaRS (Pätzold et al.,
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Figure 2.11: Interaction of the solar wind with the plasma regions of Mars (Brain et al., 2017).

2004, 2009). The photochemical region of the ionosphere is dominated by two main layers:
M2 at about 130 km and a second lower layer M1 at about 115 km. The dominant main
layer M2 is mostly formed by solar EUV radiation. The M1 layer is formed in part by (a)
solar X-rays and (b) by impact ionization of photoelectrons (Fox et al. (1996)). Rishbeth
and Mendillo (2004) started to call the layers of the Mars ionosphere M1 and M2 for the
lower and main layer, respectively. Some authors name the lower and upper Martian lay-
ers E and F1 similar to the ionospheric layers at Earth to indicate a comparable formation
process (Bauer and Hantsch (1989); Bougher et al. (2001); Fox and Yeager (2006); Haider
et al. (2009); Mahajan et al. (2009)). In this work, the system from Rishbeth and Mendillo
(2004) is adopted. The M2 peak density and altitude are known to be highly variable,
depending on solar zenith angle χ and driven by change in the solar �ux. Day-to-day
changes in the peak densities result from periodic changes of the solar EUV, which are
particularly prominent during solar maximum (Withers and Mendillo (2005)). Eruptions
of solar �ares can cause an enhancement in the density of the M1 layer of up to 200
percent (Mendillo et al. (2006); Haider et al. (2009)). Moreover, additional variations,
driven by atmospheric phenomena, have been inferred from the MGS database. These
include:

• Upward propagating planetary scale waves originating from the lower atmosphere



24
CHAPTER 2. THE MARS IONOSPHERE: EXPLORATION AND

CURRENT STATE OF RESEARCH

Figure 2.12: Blue and gray dots show the electron density derived from X-band and di�. Doppler.
Black, violet and light gray lines indicate the zero line, 3·σnoise,UB (X-band) and 3·σnoise,UB (di�.
Doppler) , the red line is the lowest valid altitude hL,val - see Chapter 4 for details. Figure (a)
and (b) contain linear electron density plots in [1010m−3], Figure (c) and (d) logarithmic plots in
[m−3]. (a) MaRS: DoY 350 (2005), LS = 341.47 ◦, Ωlon = 5.35 ◦, Ωlat = 65.45 ◦, χ = 74.07 ◦.
(b) MaRS: DoY 111 (2006), LS = 42.32 ◦, Ωlon = 158.17 ◦, Ωlat = 7.38 ◦, χ = 58.80 ◦. (c)

contains an enlarged view (a), while (d) contains an enlarged view of (b). The explanation for
the present negative electron densities is found in Chapter 3.
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drive oscillations in pressure, temperature and density of the neutral atmosphere
at altitudes up to 150 km, thereby inducing variations of the M2 peak altitude
(Bougher et al. (2004); Keating et al. (1998); Withers et al. (2003)).

• Transport of dust particles to high altitudes by dust storms heats the neutral gas,
which expands and raises the base of the ionosphere (Keating et al. (1998); Wang
and Nielsen (2003); Liemohn et al. (2012); Witasse et al. (2003)).

Nevertheless, the formation of quiet ionospheric layers at Mars during periods without
major perturbations seems to be clearly under solar control. A summary of the observed
variability of the dayside ionosphere is given in Withers (2009); Withers et al. (2012a,b)
and Peter et al. (2014).
Some of the electron density pro�les show an anomalous accumulation of electrons - re-
ferred to here as the �bulge� - in the region above the main peak (Panel (a) and (b) of
Figure 2.12). The genesis of the �bulge� is yet unknown. One possibility in discussion is
a change of electron temperature at about 150 - 170 km altitude (Fox and Yeager , 2006).
The often sharp outer boundary of the ionosphere, the ionopause, was �rst detected in
the Venus ionosphere by the Pioneer Venus Orbiter spacecraft (see summarized results in
Brace and Kliore (1991)). Many de�nitions are in use for this phenomenon, due to the
large variety of instruments on board of the spacecraft. One de�nition of the ionopause is
the altitude at which a pressure balance exists between the dynamical solar wind and the
ionospheric plasma (Schunk and Nagy , 2009). A Martian ionopause is also observed under
certain atmospheric and solar wind conditions (Peter et al. (2008); Duru et al. (2009)).
At Mars and Venus, the ionopause is identi�ed in electron density pro�les as a strong
negative electron density gradient that continues to the noise level within an increase in
altitude of only a few tens of kilometers.
Whereas CO2 is the primary photo-ionized species in the Mars atmosphere, rapid reac-
tions with atomic oxygen create O+

2 , which is the dominant ion at the middle ionosphere.
The Viking Retarding Potential Analyzers established, that the O+ concentration be-
comes comparable to O+

2 at altitudes above about 250 km. The ionospheric main peak
consists mainly of O+

2 with smaller amounts of CO+
2 (Hanson et al., 1977). Those obser-

vations have been in general con�rmed after the arrival of MAVEN at the end of 2014.
Panel (a) of Figure 2.13 shows altitude pro�les of averaged ion densities observed by
MVN-NGIMS. While O+

2 is the dominant and CO+
2 the second most common ion at ap-

proximately 150 km altitude, O+ densities become comparable to O+
2 densities above 300

km altitude. NO+ shows a positive density trend towards lower altitudes. The converging
scale heights of the ions above 270 km altitude are attributed to the large plasma tem-
perature gradient in these altitudes. The Panels (b) to (e) show the spatial distribution
of the ionospheric ion densities in dependence of solar zenith angle and altitude. For O+

2

and NO+, the densities on the planetary night-side are fairly large (not smaller than two
orders of magnitudes than on the day-side) compared to the densities of CO+

2 and O+.
For O+, the night-side ionosphere is mostly depleted of ions above 200 km. For CO+

2 , the
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Figure 2.13: (a) Averaged altitude pro�les (18. October 2014 to 18. May 2015) of the ionospheric
densities observed by MVN-NGIMS for χ= 60 ◦. The observation range covers an LS of 216 ◦ to
348 ◦ and a F10.7 solar �ux variance at Earth of 110 to 220. During that time span the MAVEN
orbit precessed by approximately 95 ◦ in planetary latitude and approximately 25h in local time,
so the data contain nearly 2/3 of the Mars northern hemisphere. The averaged pro�les consist of
367 MVN-NGIMS orbits, averaged in 5 · 5km bins (from Benna et al. (2015a)). The panels (b)
- (e) show the spatial distribution of the O+

2 , CO
+
2 , NO

+ and O+ ions in the Mars ionosphere
(from Benna et al. (2015a) - Supporting Information). The negative solar zenith angles indicate
the dawn, the positive solar zenith angles the dusk hemisphere.
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ion densities on the night side are many orders of magnitude lower than on the day-side.
All species show an obvious dawn/dusk asymmetry. A possible bias is introduced into
the data due to the fact that all dawn observations were conducted at planetary latitudes
of +30 ◦ and higher, while all dusk observation were conducted near the equator / on the
southern hemisphere (Benna et al., 2015a).
Sporadic formations of layers below M1 have been observed in the dayside ionosphere of
Mars by Pätzold et al. (2005). Those �rst results presumed the transient layers the result
of infalling meteoroids. The surface of these objects ablates during their �ight through
the atmosphere, depositing metal atoms below about 80 km, that eventually become
ionized by photoionization, charge exchange with the background ionosphere, and/or me-
teoric impact ionization (e.g. Pesnell and Grebowsky (2000); Molina-Cuberos et al. (2003,
2008);Withers et al. (2008);Whalley and Plane (2010); Pandya and Haider (2014)). This
work investigates the occurrence of the sporadic layers in greater detail. The observed
layers are discriminated into merged transient layers, where the excess electron density is
merged with the main ionosphere (example in Panel (b) and (d) of Figure 2.12) and de-
tached layers, where the observed electron density is separated from the main ionosphere
(example in Panel (a) and (c) of Figure 2.12).
Since the in-situ observations of the Viking Landers provided a �rst impression of the

Martian upper atmosphere and ionosphere, models have been used to gain further in-
sight into the local and global atmospheric composition and thermal structure. Input
conditions for the classic 1-D convergence models of the Mars ionosphere are set by using
single vertical pro�les of the neutral atmospheric composition and selected environmental
parameters. The ionospheric behavior for the selected environmental conditions is then
determined by running the model until convergence is reached. While 1-D models which
cover the full Martian atmosphere/ionosphere from the surface to the exobase are rare
(e.g. Nair et al. (1994)), the typical 1-D models for the investigation of the Martian
ionosphere have lower boundaries at 80 km altitude. Some of those models assume photo-
chemical equilibrium without transport processes (e.g. Martinis et al. (2003); Peter et al.
(2014)), where the electron density is computed independently for each altitude. Other
1-D models additionally consider the coupling the the neutral atmosphere and ionsphere
by including vertical transport (e.g. Krasnopolsky (2002); Fox (2004); Fox and Yeager
(2006);Mendillo et al. (2011);Matta et al. (2013); Fox (2015)). 1-D models applied to the
determination of the in�uence of meteoric material on the Martian ionosphere are usually
equipped with a lower altitude boundary (e.g. Molina-Cuberos et al. (2003); Whalley
and Plane (2010)). The next class of 1-D models (e.g. (Matta et al., 2014; Crismani
et al., 2017)) uses the diurnal output of another sophisticated model (e.g. the neutral
atmosphere of a GCM) to determine the behavior of the Mars ionosphere for one Sol (one
Mars day) in greater detail by including physical and chemical processes not implemented
in the original model. More complex transport phenomena are considered in multidimen-
sional models which cover the Martian atmosphere and ionosphere from the surface to
the exosphere. The consideration of internal drivers as e.g. the interaction between the
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Figure 2.14: Both upper Panels contain the model ionosphere calculated by Fox (2015) for χ =
60 ◦ with a zero ion �ux upper boundary condition. The O+

2 , O
+ and CO+

2 of the Viking Lander
1 observations (Hanson et al., 1977) are illustrated with �lled squares, circles and triangles
respectively. The four lower Panels show the results of the LMD-GCM for Ωlon= 0 ◦, Ωlat= 0 ◦

for local times of 12, 9, 6 and 18 hours. This correspondents to approximate solar zenith angles
of 0 ◦, 45 ◦, 90 ◦ and 180 ◦. The Figure is taken from González-Galindo et al. (2013). Figure A.1
in the Appendix shows the associated LMD-GCM neutral atmosphere, provided by G. González-
Galindo.
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lower and upper atmosphere/ionosphere by gravity waves and tides provide an estimate
of the local and global transport processes. Two examples for those coupled 3-D models
are the Mars Global Ionosphere-Thermosphere Model M-GITM (Bougher et al., 2015b)
and the general circulation model for the Martian ionosphere developed at the Labora-
toire de Météorologie Dynamique LMD-GCM (Forget et al., 1999; Angelats i Coll et al.,
2005; González-Galindo et al., 2005, 2009, 2013; Chaufray et al., 2015). The results of
the LMD-GCM for certain conditions are freely available in form of the Mars Climate
Database (MCD)9. Figure 2.14 shows model results for the Martian ionosphere from the
1-D model of Fox (2015) and the 3-D LMD-GCM (González-Galindo et al., 2013). The
highly sophisticated 1-D model of Fox (2015) shows a dominance of NO+ over O+

2 below
a certain altitude. In the 3-D model results of González-Galindo et al. (2013) the avail-
able amount of NO+ in the lower ionosphere varies with local time. These results imply,
that the local ionospheric ions important in the merged excess electron density structures
might be either O+

2 or NO+.
The 1-D time-marching IonA-2 model developed for this work and described in Chapter
6 covers an altitude range from 65 to 300 km altitude. This is necessary, because the
boundaries of the identi�ed excess electron densities in the MaRS observations are reg-
ularly found below 80 km altitude. The photochemical reaction scheme in combination
with minor molecular di�usion of the minor neutral species and ambipolar di�usion of
the ions in combination with the atmospheric day-night cycle allows a thorough analysis
of short solar X-ray as a potential source for the merged excess electron densities.

9http : //www −mars.lmd.jussieu.fr/
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Chapter 3

The radio science method and the

MaRS experiment

This Chapter contains a general description of the radio science method, the character-
istics of the MaRS radio science experiment and an analysis of the potential sources for
uncertainties in the derived electron density pro�les.

3.1 The radio occultation method

When the light of a star is blocked by a celestial body so that it cannot reach a potential
observer, a stellar occultation occurred. If the planet has an extended atmosphere, the
emitted light of the star is a�ected by the gaseous region shortly before the occultation.
The idea of using this e�ect for the investigation of planetary atmospheres was �rst
published by Pannekoek (1903). The theory for the one-way radio science method was
then developed by Fjeldbo and Eshleman (1965). In the one-way radio science method,
a continuous signal is transmitted by a spacecraft in orbit around a planet and received
by a ground station on Earth. When an occultation of the spacecraft occurs as seen from
the Earth, the radio signal passes through the planetary ionosphere/neutral atmosphere.
The interaction between the signal and the planetary atmosphere provides information
about the state of the planetary atmosphere. In the Mariner 4 �yby at Mars a two-way
radio occultation method was applied (Kliore et al., 1965). A stable signal is transmitted
from the ground station, received and re-emitted by the spacecraft and �nally received
by the ground station on Earth.
During the one-way downlink occultation ingress illustrated in Panel (a) of Figure 3.1, the
spacecraft (SC) is transmitting a continuous radio signal while moving behind the planet
as seen from the receiving ground station (GS) on Earth. The planetary atmosphere
refracts the SC radio emission, which leads to a change in the signal path and therefore
adds a Doppler shift to the signal frequency received at the ground station. While the
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(a) (b)

(c)

Figure 3.1: Geometric parameters of an one-way downlink occultation ingress. (a) α1 and α2

indicate the di�erent bending angle signs in the ionosphere and neutral atmosphere. The Figure
is taken from Peter (2008). (b) The coordinate system for an one-way downlink radio occultation
is spanned by the actual SC position at signal emission time, the position of the planet when it
is sounded by the radio signal and the position of the ground station at ground-receive-time. vSC
and vGS are the velocity vectors of the spacecraft and ground station respectively, eS is the unit
vector along the line-of-sight (blue), while eSC and eGS are the unit vectors along the asymptotes
(black) of the refracted radio beam (orange). a is the ray parameter, while d is the radius of
the ray periapsis. This illustration is based on Figures of Schaa (2005), originally provided by
Fjeldbo et al. (1971). (c) Simpli�ed relationship between the radially symmetric atmospheric
refractive index ηa(r) and the bending angle α(y) in a radio occultation observation. The radio
ray is drawn as straight line to illustrate the geometrical approach to the Abel transform. The
given parameters are described in the text.
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signal emission of the spacecraft is continuous, the signal is recorded with a distinct time
resolution at the ground station.
The received Doppler shift can be converted into ionospheric electron densities for the
upper atmosphere and neutral densities and temperatures for the lower atmosphere by
a procedure developed by Fjeldbo et al. (1971). In the �rst step, the observed Doppler
shift is converted into ray bending angles by a geometrical approach. In a second step,
the bending angles are converted into atmospheric refractivity. The derived atmospheric
refractivity depends on the local state of the planetary atmosphere (neutral pressure,
density, temperature and ionospheric electron density) and can therefore be converted
into atmospheric parameters. In the subsequent Sections, the basics of the radio science
method of Fjeldbo et al. (1971) are summarized. For a detailed description see Schaa
(2005).

3.1.1 From the received Doppler shift ∆fGS(t) at the ground sta-
tion to the bending angle α(a)

Figure 3.1 illustrates the basic geometric principles of a radio occultation. For clarity, only
the situation of an one-way downlink radio occultation is discussed. A 2-D coordinate
system is created for each occultation time step, spanned by the SC position at signal
emission time, the position of the planet when the signal traverses the atmosphere and the
position of the ground station at the ground-receive-time. Without a disturbing planetary
atmosphere, the signal path would be equal to the line-of-sight (LOS) between spacecraft
and ground station (blue line in Fig. 3.1 (b)). The planetary atmosphere refracts the
radio signal and the refractive index of the planetary atmosphere ηa along the curved
signal path ssig causes an extension of the phase path ∆L of the signal

∆L =

∫ GS

SC

ηa (ssig) dssig − S0 = ∆ϕλ (3.1)

where ∆ϕ is the phase shift at signal wavelength λ and S0 is the vacuum phase path along
the line-of-sight. The time-derivative of ∆ϕ is equal to the frequency shift caused by the
planetary atmosphere ∆fatm

∆fatm =
d

dt
∆ϕ =

fSC
c

d

dt
∆L (3.2)

with c = fSCλ, where fSC is the SC downlink frequency and c is the speed of light in
vacuum.
A geometrical approach is used to link the observed Doppler shift at the ground station
∆fGS with the refractive structure of the planetary atmosphere. When other e�ects
are neglected ∆fGS consists of two contributions: the kinetic component ∆fkin from the
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relative movement of spacecraft and ground station and the atmospheric component ∆fatm

∆fGS = ∆fkin + ∆fatm =
fSC
c

(vSC · eSC + vGS · eGS) . (3.3)

vSC and vGS are the velocities of spacecraft and ground station, while eSC and eGS are
the unit vectors along the asymptotes of the refracted radio signal. The equation for the
kinetic Doppler component along the line-of-sight ∆fkin can be written as

∆fkin =
fSC
c

(vSC · eS − vGS · eS) (3.4)

with eS as the unit vector along the line-of-sight. Combining Equation 3.3 and 3.4 results
in the equation for the Doppler shift caused by the planetary atmosphere ∆fatm

∆fatm = ∆fGS −∆fkin

=
fSC
c

[(vSC · eSC + vGS · eGS)− (vSC · eS − vGS · eS)] . (3.5)

∆fGS of Equation 3.5 can be derived from the ground station observation as a function
of time. Subtracting a prediction of the line-of-sight kinetic Doppler shift ∆fkin(t) from
∆fGS(t) yields the time dependent atmospheric Doppler shift ∆fatm(t).
∆fatm(t) is converted into a ray bending angle pro�le α(a(t)) in dependence of the ray
parameter a(t) by an iterative procedure. The bending angle α(a(t)) is the integrated di-
rection change of the SC signal along its path through the atmosphere. The ray parameter
a(t) is given by the line connecting the planetary center and the ray asymptote in that
way that it is perpendicular to the ray asymptote (see Figure 3.1). Each α(a(t)) belongs
to one Doppler shift sample ∆fatm(t) and uniquely describes the associated refracted ray
path. For this condition to be valid, a spherically symmetric atmosphere needs to be
assumed. The procedure for deriving α(a) from ∆fatm(t) starts at the top of the atmo-
sphere where the bending angle α is still zero and is iterated downwards until the lowest
data sample is reached. A detailed description of the iterative procedure implementation
is found in Schaa (2005).

3.1.2 From the bending angle α(a) to the atmospheric refractive
index ηa(d)

The problem of deriving N+1 dimensional distributions from observed N dimensional
projections is a common physics problem. An example is computer tomography, where 2-D
X-ray images from di�erent angles of an object are combined to a 3-D image of the object.
Fjeldbo et al. (1971) found, that the ray bending angle α is the Abel transform of the
radially symmetric refractive index ηa of the atmosphere along the ray path ssig. Today,
the Abel-transform and -inversion are commonly used methods for solving the projection
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problem for radially symmetrical objects (Bracewell , 2000). A detailed derivation of the
equations is found in (Schaa, 2005), a geometrical approach to the Abel transform is given
below.
The relationship

α(y) = 2

∫ xR

0

ηa (r (x)) dx. (3.6)

between the assumed radially symmetric atmospheric refractive index distribution ηa(r(x))
and the bending angle pro�le α(y) is illustrated in Panel (c) of Figure 3.1 under the as-
sumption that the radio ray is traversing the planetary atmosphere as a straight line.
With the conversion into polar coordinates

x2 + y2 = r2 ⇒ dx =
rdr√
r2 − y2

(3.7)

Equation 3.6 yields for a straight radio ray

α (y) = 2

∫ R

YR

ηa (r) r√
r2 − y2

dr. (3.8)

This kind of equation is called an Abel integral equation, named after the Norwegian
mathematician Niels Henrik Abel (1802 - 1829) (Simmons , 2007). An integral equation
contains the unknown function (here the atmospheric refractive index distribution ηa(r))
as integrand in a de�nite integral.
Fjeldbo et al. (1971) provides Equation 3.8 for the case when the radio signal is refracted in
an atmosphere consisting of centric spherical shells with a constant atmospheric refractive
index

α (a) = 2a

∫ a′=∞

a′=a

dηa
ηada′

· da′√
(a′)2 − a2

(3.9)

with a′ = ηar.
The iterative inverse form of the Abel transform

ηa(di) = exp

[
− 1

π

∫ ∞
ai

α (a) da√
a2 − a2

i

]
. (3.10)

yields then the refractive index ηa,i(di) of an atmospheric shell i as a function of the radius
of the ray periapsis di = αi/ηa,i. di is the smallest distance between the refracted ray and
the center of the planet for layer i (see Panel (b) of Figure 3.1).

3.1.3 From the atmospheric refractive index ηa(di) to atmospheric
densities

The atmospheric refractivity Na

Na = (ηa − 1) · 106 (3.11)
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is introduced to simplify the handling of the extremely small atmospheric refractive index
ηa. The atmospheric refractivityNa is the sum of the refractivity of the neutral atmosphere
NN and the refractivity of the ionospheric electron density Ne (see Pätzold et al. (2009,
2016a))

Na = NN +Ne

Na(di) = ξ1kBnN(di)− ξ2
ne(di)

f 2
SC

. (3.12)

The �rst term on the right side of Equation 3.12 describes the non-dispersive approxi-
mation of the relation between the neutral number density nN and the refractivity of the
neutral atmosphere NN . ξ1 depends on the atmospheric composition. For Mars, ξ1 is a
constant (1.307 · 10−6mK s2 kg−1) up to approximately 100 km altitude (Pätzold et al.,
2016a; Essen and Froome, 1951). kB is the Boltzmann constant and nN(di) is the neutral
number density at altitude di. The second term describes the dispersive relation between
the ionospheric electron density ne(di) at altitude di and the ionospheric refractivity Ne.
The constant ξ2 is de�ned in Equation 3.19. The electron density ne and density of the
neutral atmosphere nN are derived from Equation 3.12 by assuming, that only either the
ionospheric term or the neutral atmospheric term is dominant.
The �rst part of Equation 3.12 is derived for the neutral atmosphere by assuming that
the molecules of the neutral atmosphere of Mars behave like small dipoles in a dielectric
medium. The electromagnetic wave traverses through the neutral gas and excites oscilla-
tions of the atoms/molecules in the medium. These oscillations produce secondary waves.
The superposition of the original wave and the secondary waves leads to the e�ect of
refraction. The refractivity for the neutral atmosphere of Mars NN is approximated by

NN '
q2
i

2ε0mi

1

ω2
0 − ω2

· 106 · nN = ξ1kBnN (3.13)

(Schaa, 2005; Feynman et al., 2010, volume 2, chapters 31/32). qi is the ion charge of
the atmospheric particles and mi the ion mass. ε0 is the vacuum permittivity, ω0 is the
natural angular frequency of the gas (the frequency at which the system oscillates, when
there is no external force present) and ω is the exciting angular frequency.
The interaction of an electromagnetic wave with the planetary ionosphere resembles the
interaction with a conductor, due to the available 'free' electrons. As described in volume
2, chapter 32 of Feynman et al. (2010), the refractive index ηa is described as the di�erence
between the phase velocity vph of a wave in the medium and the speed of light c

ηa =
c

vph
=
kc

ω
, (3.14)

where k is the wave number and ω is the angular frequency.
With no restoring force on the free electrons, but some resistance to motion, the equation
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for the complex refractive index ηa of an ionospheric conductor is

η2
a = 1 +

neq
2
e

meε0
· 1

−ω2 + iβω
= 1 +

neq
2
e

meε0
· τcol
iω (1 + iωτcol)

(3.15)

with the electron charge qe, the electron mass me, the imaginary unit i and a phenomeno-
logical damping constant β with β= 1/τcol. τcol is the average time between collisions of
a free electron. For small wavelengths with ω >> 1/τcol, Equation 3.15 reduces to

η2
a = 1− neq

2
e

meε0

1

ω2
. (3.16)

The plasma frequency ωp of the ionosphere is a critical parameter. For frequencies ω <ωp
a imaginary part of the refractive index ηa is available and the waves are attenuated. For
frequencies ω >>ωp, ηa is real and the medium becomes transparent for the waves. The
plasma frequency of the ionosphere is de�ned as

ω2
p =

neq
2
e

meε0
' 80.616 · ne. (3.17)

Inserting Equation 3.17 into Equation 3.16 yields the frequency dependent relation be-
tween ηa and the ionospheric electron density ne

η2
a = 1−

(ωp
ω

)2

⇒ ηa ' 1− 1

2

80.616 · ne
f 2
SC

= 1− 40.31 · ne
f 2
SC

. (3.18)

Equation 3.18 can be simpli�ed by introducing the ionospheric refractivity Ne with Ne =
(ηa − 1) · 106

Ne = −40.31 · 106

f 2
SC

ne. (3.19)

3.2 Radio occultations with Mars Express

Mars Express possesses two antenna systems for radio signals: i.) two low gain antennas
(LGA) which are equipped for receiving and transmitting S-band signals at 2.1 GHz and
ii.) the high gain antenna (HGA) which is a �xed parabolic dish with 1.60 m width, 40
dBi gain in X-band and 28 dBi in S-band. The HGA can receive either X-band at 7.1
GHz or S-band while it can simultaneously transmit X-band (8.4 GHz) and S-band (2.3
GHz) signals. The HGA is the prime antenna for radio occultations. Mars Express radio
occultations are conducted with coherent radio signals in two-way mode. The ground
station transmits the uplink X-band carrier frequency, which is stabilized by a hydrogen
maser oscillator, to establish the coherent downlink in X- and S-band from the spacecraft.
The X-band uplink received by the spacecraft is multiplied by 880/749 and 240/749 re-
spectively to convert the signal into downlink frequencies in a �xed ratio of 11/3. The
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coherent two-way mode limits the observations to occultation ingress. The occultation
egress observation, where the spacecraft emerges from behind the planet, is not possible
due to the fact that the coherent radio link between ground station and spacecraft cannot
be established fast enough. The downlink signal is received either by a tracking complex
of ESA (35 m station New Norcia - Australia, 35 m station Cebreros - Spain, 35 m station
Malargüe - Argentina) or by the Deep Space Network (DSN) of NASA.
The times for radio occultations are con�ned by geometrical constraints due to the po-
sition of Earth, Mars and the Sun, spacecraft power and by ground station availability.
The geometrical requirements restrict the radio occultations to the so called occultation
seasons, while spacecraft power and ground station availability further constrains the
number of observations in the occultation seasons. Until the end of 2014, fourteen occul-
tation seasons were successfully conducted. The occultation seasons are indicated as gray
squares in Figure 5.2 of Chapter 5.
From a dual-frequency radio occultation observation three kinds of ionospheric electron
density pro�les can be derived: nXe from single X-band, nSe from single S-band and nDe
from the di�erential frequency residuals called di�erential Doppler (DD). For ionospheric
observations, nXe and nDe pro�les bear the most advantages (explanation in Section 3.3).
Therefore no ionospheric electron density from single S-band nSe is used in this work. The
di�erential frequency residual ∆fDP is calculated from the received Doppler shift at the
ground station for X-band ∆fGS,X and S-band ∆fGS,S

∆fDP = ∆fGS,S −
3

11
∆fGS,X . (3.20)

Introducing Equation 3.3 into Equation 3.20 and using the linear frequency dependence of
the kinetic Doppler shift (see Equation 3.4) and the constant relation fSC,S = 3/11 ·fSC,X
for the SC downlink yields

∆fDP = ∆fkin,S + ∆fatm,S −
3

11
(∆fkin,X + ∆fatm,X)

= ∆fkin,S + ∆fatm,S −∆fkin,S −
3

11
∆fatm,X

= ∆fatm,S −
3

11
∆fatm,X , (3.21)

showing that due to the downscaling of ∆fatm,X , ∆fDP is in general a S-band downlink
without the in�uence of the kinetic Doppler shift. While the dispersive relation between
electron density ne and refractivity Ne (see Equation 3.12) yields results for the iono-
sphere, the terms ∆fatm,S and 3/11∆fatm,X cancel mostly out for the neutral atmosphere
due to the fact that the relation between nN and NN is non-dispersive.



3.3. UNCERTAINTIES IN THE RADIO OCCULTATION METHOD 39

3.3 Uncertainties in the radio occultation method

The radio occultation method of Fjeldbo et al. (1971) is based on geometrical optics and
the assumption of a radially symmetric atmosphere and ionosphere. In combination with
a non-ideal environment, these requirements lead to speci�c uncertainties in the resulting
electron densities. The strongest sources for uncertainties and liminations of the radio
science method are discussed in detail in the subsequent paragraphs.

Unpredicted GS / SC movement and interplanetary plasma Neglecting ground
station oscillator drifts and other instabilities, two sources may contribute largely to the
errors in the observed frequency shift ∆fGS: (i) the unpredicted GS/SC movement along
the line-of-sight and (ii) interplanetary plasma in the path of the radio ray.
Unpredicted movement of the spacecraft or the ground station along LOS adds additional
kinetic Doppler shift ∆fkin,U to the received Doppler shift ∆fGS of Equation 3.3

∆fGS = ∆fkin + ∆fkin,U + ∆fatm. (3.22)

Removing the known kinetic component ∆fkin from ∆fGS still leaves ∆fatm with the un-
known component of the kinetic Doppler shift. ∆fkin,U causes an additional and incorrect
electron density component in nXe in the processing procedure. As shown in Equation
3.21, the electron density derived from di�erential Doppler nDe is not in�uenced by addi-
tonal motion along LOS, because the kinetic component cancels out.
The second prominent error source is the changing interplanetary plasma in the radio ray
path. The frequency shift ∆f for a one-way downlink due to plasma electron density ne
in the radio path ssig is (Pätzold et al., 2004)

∆f =
40.31

c
· 1

fSC
· d
dt

∫ GS

SC

nedssig. (3.23)

For a similar amount of traversed interplanetary plasma ne, the frequency shift ∆f is
higher for the lower frequency S-band than it is for the higher frequency X-band down-
link. Therefore there is a stronger in�uence of the additional plasma along the radio ray
path on S-band than there is on X-band, yielding a stronger disturbance on nDe and nSe
than on nXe .
The conclusion of the previous analysis is, that nXe has the advantage of a lesser sensitivity
to interplanetary plasma, while nDe is not a�ected by additional motion in the radio ray
path. nSe combines both negative e�ect, therefore no nSe pro�les are used in this work.
The e�ect of interplanetary plasma and additional motion along LOS is illustrated in
Figure 3.2. The upper baseline, illustrated in Panel (b), is that part of the MaRS ob-
servation, where the measurement is not yet a�ected by planetary plasma. Without any
disturbances in the observations, a zero upper baseline would occur down to that altitude
where the uppermost ionospheric electron density becomes available. External error
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Figure 3.2: MaRS observation of (a) DoY 089 (2006) with LS = 32.20 ◦, Ωlon = 86.73 ◦, Ωlat =
19.28 ◦, χ = 54.58 ◦ and (b) DoY 145 (2004) with LS = 37.85 ◦, Ωlon = 272.30 ◦, Ωlat = 45.85 ◦,
χ = 69.82 ◦. σDnoise,UB is the noise level of the nDe pro�le, σXnoise,UB the noise level of the nXe
pro�le and hL,val is the lowest valid altitude of the observation (Parameter details are provided
in Chapter 4). The dashed black line in Panel (b) illustrates the upper baseline range for nXe .

sources introduce disturbances in the observations, which cause �uctuations around
the zero line. The negative electron densities in the topside of both Panels of Figure 3.2
have therefore no real physical meaning, but are introduced by deviations of the obser-
vation conditions from ideal experimental and environmental conditions. While on Panel
(a), nDe is smooth, there is unpredicted movement of SC or GS causing disturbances in
nXe . On Panel (b), nXe is quite smooth, while nDe is largely disturbed by interplanetary
plasma e�ects or disturbances in the terrestrial ionosphere. Comparing the electron den-
sity pro�les derived from di�erential Doppler and X-band, it is possible to separate the
e�ects of plasma along the radio ray path from those due to motion.

Short upper observation baseline The baseline �t is a method to remove �rst order
e�ects of spacecraft orbit uncertainties or plasma e�ects on the frequency residuals. In
the upper baseline procedure a polynomial usually up to the �rst order is �tted on that
part of the frequency residuals, where the spacecraft is not yet sounding the ionosphere
of Mars. This part of the pro�le is expected to be zero in an ideal observation where
no uncertainties in the spacecraft orbit/position of the ground station determination or
plasma e�ects of the Earth ionosphere or interplanetary plasma are present. Fitting a
polynomial to the upper part of the pro�le removes the drift in frequency caused by the
described and other e�ects. If the observational baseline is very short, the reliability of
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the resulting electron densities decreases due to a possibility of i.) removing real electron
density features instead of observational noise from the observation by a badly suited �t
and ii.) underestimating the real noise of the observation if not enough undisturbed data
points for a reliable noise estimate are present.

Assumption of radial symmetry Converting the received Doppler shifts into atmo-
spheric parameters by the method of Fjeldbo et al. (1971) requires the assumption of
a locally radial symmetric atmosphere. This is problematic for the Martian night-side,
where the ionosphere is patchy and irregular and at the terminator, where atmospheric
conditions change fast over short distances. At other observation constellations it might
become important, that the derived electron density pro�les are not completely verti-
cal. During an occultation observation, the geometry between the spacecraft, planet and
Earth changes, which causes slight longitudinal and latitudinal changes in the intersection
point of the ray periapsis d in Panel (b) of Figure 3.1 with the surface. Therefore small
scale horizontal variations of the neutral atmosphere/ionosphere, e.g. caused by gravity
waves, might a�ect the appearance of the resulting electron densities in certain altitudes
by causing wavelike structures in the inversion algorithm.

Vertical resolution The refractivity at 2.1 km above the areoid for DoY 089, 2006 is
approximately 0.00177. Equation 3.14 yields for that NN a velocity in the atmosphere of
0.999999998 percent of c. A radio ray with this velocity would cross a distance of 9000 km
in 0.03 seconds. Therefore the planetary atmosphere can be assumed as "frozen" during
the passing of one radio ray. The vertical resolution of the radio ray however, is limited by
the fact that the cross section of a radio ray is not in�nitely small. The geometrical method
for deriving mostly vertical pro�les of the atmosphere described earlier in this Chapter
neglects di�raction. Therefore the results are limited by di�raction e�ects, which are
determined on the basis of geometrical optics.
The Huygens-Fresnel principle provides a calculation method for the vertical resolution
by a combination of Huygens wave theory and Fresnel's principle of interference. As
shown in Born and Wolf (1999) and Freeman (2007), Huygens describes the proceeding
of electromagnetic waves with the superposition of secondary spherical elementary waves.
Figure 3.3 illustrates this e�ect: after a certain time the electromagnetic wave transmitted
by T reaches the position marked by t1. Huygens considered this wavefront as the position
of secondary sources, which emit spherical waves in the forward direction. The wave front
at t2 can therefore be constructed from the envelope of the emitted secondary waves. This
principle makes it possible to construct the arriving wavefront at the receiver position R.
Connecting positions where the phase of the traveling wavefront di�ers by λ/2 along a
vertical plane at t3

l1 + l2 = w1 + w2 + b
λ

2
. (3.24)
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Figure 3.3: Illustration of the Huygens-Fresnel principle. The monochromatic wave is transmitted
into a homogeneous medium by transmitter T and received by receiver R. The wavefront at t1
illustrates the Huygens principle: secondary sources on the wave envelope emit spherical waves in
the forward direction and their envelope yields the wavefront at t2. A cut through the traversing
wavefront is given in reddish and bluish colors. Highlighted are the borders, where the l1 + l2 =
w1 + w2 + b · λ/2. This yields the radially symmetric Fresnel-zones. Due to the construction
pattern of the Fresnel-zone borders, the envelope of each Fresnel-zone is an ellipse, illustrated
here for the fourth Fresnel-zone with radius rFr. Figure after Freeman (2007)

.

yields the colored circular intensity zones of the wave (not to scale in Figure 3.3). The
variables of Equation 3.24 are illustrated in Figure 3.3 and b is a natural number. w1 and
w2 can be assumed to be much larger than the radius of the Fresnel zone rFr. This yields
for the triangles in Figure 3.3

l1 =
(
w2

1 + r2
Fr

)1/2 ' w1 +
r2
Fr

2w1

(3.25)

l2 =
(
w2

2 + r2
Fr

)1/2 ' w2 +
r2
Fr

2w2

(3.26)

and for Equation 3.24

rFr =

(
w1w2bλ

w1 + w2

)1/2

. (3.27)

Even though the varying refractivity �eld of a planetary atmosphere changes the Fresnel-
zones to complexer shapes, Equation 3.24 is often used in the determination of the atmo-
spheric vertical resolution. Hinson et al. (1999) provide Equations for radio occultations
with the approximation, that the distance between the ground station and the limb of
the planet is much larger than the distance between the spacecraft and the limb of the
planet w2 >> w1. This yields for the �rst Fresnel-zone with b = 1

rFr = (w1λ)1/2 . (3.28)

The intensity contained in each Fresnel-zone decreases outward with increasing number.
Zones with uneven numbers increase the intensity at the observers position, while the even
zones lead to an decrease in intensity. Most of the signal intensity is contained in the �rst
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center Fresnel-zone, therefore most information contained in the radio ray comes from
this area of the ray. This limits the classical vertical resolution of the radio occultation
observation to the height of the �rst Fresnel-zone, which will from now on only be called
Fresnel-zone.
The range of the Fesnel zone at Mars depends on the observing geometry and is in the
range of few hundred meters. Ionospheric features with an extent smaller than that are
not detectable in the radio science observations.
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Chapter 4

The MaRS ionospheric database and

derived observational parameters

This Chapter contains a description of the MaRS ionospheric data set used in this work
and information about the observational parameters derived from each observation.

4.1 The MaRS database of ionospheric electron density

observations

To date, MaRS has obtained more than 850 radio occultation pro�les of temperature,
pressure, neutral density and electron density of the planetary day- and nightside (partly
published in Pätzold et al. (2005); Hinson et al. (2008a,b); Withers et al. (2012a,b); Tell-
mann et al. (2013); Peter et al. (2014); Pätzold et al. (2016b)). Certain selection criteria
are applied to reduce the large-scale noise level in the underlying data set for this work.
The large-scale noise level of an electron density pro�le is a measure for strong external
disturbances during the time of the observation and de�ned in the text below. Using only
the reduced data set yields an increase in the reliability of the small-scale merged excess
electron density detection in the the observations.
The �rst step for increasing the reliability of the merged excess electron density detection
is to select only those MaRS ionospheric observations (2004 - 12/2014) which meet the
following conditions:

• Complete ionopause to ionospheric base dual-frequency recording
The dual-frequency recording provides the possibility to distinguish between dis-
turbances in the ionospheric pro�les caused either by unexpected movement of the
spacecraft/ground station or by additional plasma in the radio ray path.

• The upper baseline exceeds 400 km altitude above the areoid.
As discussed earlier, electron density pro�les derived from radio science observations

45
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Figure 4.1: (a) Noise level of the MaRS observations derived from X-band and di�erential Doppler
as a function of the elongation angle. (b) Noise level of the mixed source MaRS observations as
a function of observation time.

with a long upper baseline are more reliable than pro�les derived from observations
with a short upper baseline.

• The observation has been conducted for a solar zenith angle lower than 90 ◦.
The probability that the assumption of a radially symmetric ionosphere is locally
ful�lled is higher on the ionospheric dayside. Therefore only dayside observations
have been selected for this work to avoid the introduction of additional errors by
large deviations from a radially symmetric ionosphere.

451 MaRS observations ful�ll these criteria.
Due to the dual-frequency recording, electron density pro�les derived from X-Band (nXe )
and from di�erential Doppler (nDe ) are available for each selected MaRS observation.
Figure 4.1 proves, that the noise level of the data set is further reduced, when either the
nXe or the nDe electron density pro�le of a certain MaRS observation is selected. Panel
(a) of Figure 4.1 contains the X-band σXnoise,UB and di�erential Doppler σDnoise,UB noise
level (Equation 4.2 in the next Section) for each of the chosen electron density pro�les
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in dependence of the Mars-Sun elongation at the time of the associated observations.
The planetary elongation is the angle between the Earth-Sun and the Earth-Mars vectors
as seen from the Earth. As expected from the discussion in Chapter 3, the noise level
σXnoise,UB of the X-band observations does not show any clear dependence on the planetary
elongation. This is due to the fact, that the largest noise contribution for X-Band is
usually introduced by the unexpected movement of spacecraft and ground station. The
dependence of σDnoise,UB on the elongation is explained by the fact, that the largest source
for noise in the nDe pro�les usually is the additional solar plasma in the radio ray path.
The additional plasma content along the radio ray path is maximal when the elongation
angle is small and minimal, when the elongation angle is large. For a small elongation
angle, the distance between Mars and Earth is large and the radio ray is close to the
Sun's corona and vice versa. Exceptions are possible, when the radio ray penetrates solar
plasma of a traveling Coronal Mass Ejection (CME). This means, that the decision for
either nXe or nDe of a measurement depends on the observation conditions. Selecting always
the electron pro�le with the lower noise level yields a strong reduction in observational
noise in the mixed source data set in Panel (b).
However, not short scale variations are problematic in the detection of the merged excess
electron densities but large-scale plasma disturbances and unusual spacecraft or ground
station motion. Therefore the second step for the noise reduction in the MaRS data set
consists of combining electron density pro�les derived from di�erential Doppler and X-
band data in dependence of the large-scale noise level. The large-scale noise level σnoise,L
of the ionospheric pro�les was tested by the following procedure:

(1) For each MaRS observation, the electron density pro�les derived from X-band nXe
and di�erential Doppler nDe are smoothed by ten consecutive iterations of a short
window moving average (for the test only) in order to reduce the small scale noise
by applying

ne,av (hi) =
2ne (hi) + Σ2

j 6=0,j=−2
0.5·|hi−1−hi+1|
|hi+j−hi| ne (hi+j)

2 + Σ2
j 6=0,j=−2

0.5·|hi−1−hi+1|
|hi+j−hi|

(4.1)

where ne,av(hi) is the smoothed electron density at altitude hi. The described proce-
dure suppresses most of the small scale noise and leaves the long scale disturbances
caused by unusual S/C or GS motion and interstellar plasma.

(2) The smoothed electron density above the ionopause is mostly undisturbed by plan-
etary plasma and therefore yields a good estimate for the intensity level of external
disturbances. The large scale noise level σnoise,L of the pro�les is therefore deter-
mined by calculating the standard deviations σnoise,L,X (ne,X) and σnoise,L,D (ne,D)
of the averaged electron density above the planetary ionopause and selecting the
pro�le with the lower noise level of each observation for further analysis.
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Figure 4.2: Structure of data sets (MaRSall , MaRSquiet , MaRSquiet ,5km) in combination with the
two categories Mma and Mmc for the identi�ed merged excess electron densities.

This procedure results in a database of 451 electron density pro�les consisting of either
the ne,D or the ne,X pro�le for an individual MaRS observation. It will be referenced as
MaRSall .
Figure 4.2 illustrates the data structure of the three MaRS data sets and two categories for
the merged excess electron densities used in this work. As discussed above, the 451 MaRS
observations in the MaRSall data set yield the basic data for further investigations. The
316 observations of MaRSall with a σnoise,L below 1.0 ·109 provide the basis for the �quiet�
data set. 31 additional observations are removed from the set after visual inspection and
comparison of the nDe and nXe observations due to low data rates (5), incomplete lower
part of the pro�le (2), large areas of negative electron densities above the main ionosphere
(10), pro�les with inconsistencies between nDe and nXe (7) and high scatter in the data
(7). For three MaRS observations, the electron density pro�les with the higher σnoise,L
needed to be selected, because the data with the lower noise level contain �awed data. In
addition, 19 further MaRS observations are removed, because their ionospheric topside is
largely disturbed. This is done, because this work investigates the origin of the merged
excess electron densities in the undisturbed ionosphere. This leaves the MaRSquiet data
set with 266 MaRS observations.
The investigations in Chapter 7 will show, that another set of MaRS observations is
feasible. The MaRSquiet ,5km data set is a subset of the MaRSquiet observations, which
consists of 239 MaRS observations. Removed are those observations for which merged
excess electron densities (Mm) are identi�ed in the Mma,3km category, but not in the
Mma,5km category. Mma,3km and Mma,5km are de�ned later in this Chapter.
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4.2 Derived observational parameters

The observational parameters contain general information about the MaRS observation,
which include e.g. the altitude calibration, planetary position and observational noise
level. In addition, information about the state of the lower ionosphere are derived from
each observation of the MaRSquiet data set. Those information are used in Chapter 7
to identify potential formation mechanisms of the merged excess electron densities in
correlation with the environmental parameters derived in Chapter 5.

4.2.1 General parameters

Altitude calibration of the observation

The �nal MaRS electron density pro�les are derived in dependence of the distance to
the planet center. Due to the Martian dichotomy and a polar �attening of 0.0059 it is
expected, that the altitude calibration by simply subtracting the average planetary ra-
dius will introduce a bias in the altitude distribution of the electron density pro�les. Two
concepts are available for altitude calibration: the areoid and the approximated surface
of Mars.
The Earth reference equipotential surface of the combined gravitational and rotational
forces at sea level is called the geoid (Fowler , 2011). The Mars geoid is called the areoid,
its reference areoid is the equipotential surface for which the mean equatorial radius is
3396 km. Observations of the Mars Orbiter Laser Altimeter MGS-MOLA on board of
the MGS spacecraft provide high resolution observations of the areoid and the surface
topography of Mars (Smith et al., 1999a,b, 2001). The routine heights.F (detailed de-
scription in (Forget et al., 2015)), which is distributed as separate tool with the Mars
Climate Database (detailed description of the content of the Mars Climate Database in
Chapter 5.2), provides high resolution areoid and MGS-MOLA surface altitude values.
The heights.F areoid data are based on the MGM1025 spherical harmonics solution for
the Mars gravity �eld, which in turn is based on the X-Band tracking data of the MGS-
MOLA experiment. As described in Forget et al. (2015), the MGM1025 model (or GMM
3) for the Mars areoid is an updated version of the Goddard Mars Model 2B (GMM 2B)
(Lemoine et al., 2001) and provides areoid values for the spherical harmonics of degree
and order 80. The topographic surface altitudes provided by heights.F are based on the
32 pixels per degree �le of the MGS-MOLA Precision Experiment Data Record1, which
give a resolution of 1850 m at the equator.
The MGS-RS ionospheric dayside observations2 of the M2 maximum electron densities are
used to evaluate the feasibility of both calibration methods. The radius of the M2 max-

1http://pds.jpl.nasa.gov
2The electron density data set was downloaded from http://nova.stanford.edu/projects/mgs/eds-

public.html.
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Figure 4.3: (a) Distance of the MGS-RS M2 maximum electron density to the planet center. (b)
Distance of the MGS-RS M2 maximum electron density to the MGS-MOLA surface. (c) Distance
of the MGS-RS M2 maximum electron density to the areoid. Data from the northern hemisphere
are blue crosses, while data from the southern hemisphere are shown as red dots.
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imum electron density, its planetary longitude and latitude are extracted for all publicly
available MGS-RS observations of the Martian ionospheric dayside with a solar zenith
angle below 85 ◦ (5231 observations, 5052 data sets for the northern hemisphere, 172 data
sets for the southern hemisphere). The areoid and surface distance to the planet center
are calculated with heights.F for each observation and the corrected M2 altitudes are
shown in Figure 4.3 as function of solar zenith angle for both hemispheres. Subtracting
the MGS-MOLA surface altitude (Panel b) from the M2 distance to the planet center
(Panel a) introduces a bias into the M2 altitudes. The altitude di�erence between the
observations on the northern and southern hemispheres increases. The M2 altitudes of
the southern hemisphere are on average found lower in the atmosphere than the M2 ob-
servations on the northern hemisphere. This is caused by the calibration with the higher
elevation of the southern highlands. For the M2 altitude calibration with the areoid data
(Panel c), no such behavior is found. Therefore the altitude calibration of the MaRS
electron density pro�les is conducted with the individual areoid altitude determined for
each observation.

Position of the observation

Even if the observed electron density is shown in dependence of altitude, the observed
pro�le is not completely vertical. During an occultation entry, the footpoint of the obser-
vation, which is the surface intersection point of the straight line connecting the center
of Mars and the lowest point of the radio ray in the ionosphere (d in Panel (b) of Figure
3.1), moves slightly over the surface of Mars. This leads to a slight longitudinal and
latitudinal variation and with that to a small variation in solar zenith angle. For each
observation, the values of Ωlon, Ωlat and χ at 130 km altitude above the areoid are used
for comparison purposes in this work, because this altitude is always close to the position
of the ionospheric maximum electron density. The change of the solar longitude LS (see
Figure 2.5) is negligible during the few minutes of an occultation.

Noise level and o�set of the upper baseline

The upper baseline noise level of an electron density pro�le σnoise,UB

σnoise,UB =

√√√√ 1

N − 1

N∑
i=1

[(nobse )i − µUB]2 (4.2)

is calculated as the standard deviation of the electron density samples
(
nobse

)
i
above the

local areoid altitude + 800 km. If the number of data points N above this border is lower
than 50, σnoise,UB is calculated from the electron density above the altitude, where the
electron density falls below zero for the �rst time. If this procedure yields less than 50
data points, the highest 50 data points of the pro�le are used, detrended with a linear �t.
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Figure 4.4: Selected observational parameters of the nDe MaRS observation of DoY 111 (2006),
LS = 42.32 ◦, Ωlon = 158.17 ◦, Ωlat = 7.38 ◦, χ = 58.80 ◦. The de�nition of the parameters is
found in the text.

The o�set of the upper baseline of the MaRS pro�le µUB is calculated in the same altitude
range as σnoise,UB

µUB =
1

N

N∑
i=1

(
nobse

)
i
. (4.3)

A perfect baseline �t in a radial-symmetric ionosphere that removes all external distur-
bances would provide µUB = 0.0 in a region with neutral and ionospheric densities below
the detection limit. Due to the fact, that the baseline �t is conducted with a low-degree
polynomial (higher-degree polynomials are not feasible, because they are not supported
by the dominant physical e�ects), there are always residual disturbances in the electron
density. To avoid a bias of the extracted observational parameters (e.g. an increase in
total vertical electron content by a shift of the pro�le to higher electron densities), all
electron density pro�les are calibrated by subtracting µUB.

Upper and lower altitude border of the electron density pro�le

The upper hU and lower hL altitude border of a MaRS electron density pro�le are illus-
trated in Figure 4.4. They are determined by the noise level σnoise,UB of the observa-
tion. hU is that altitude, where the electron density appears from the background noise
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(> 3·σnoise,UB) for the �rst time, calculated with a linear interpolation. hL is determined as
that altitude, where the electron density falls below the background noise (< 3·σnoise,UB)
for the �rst time below the main layer.
In addition, the smoothed lower altitude border hL,smooth is calculated from the smoothed
electron density pro�le calculated by using the M1 smoothing algorithm described later
in this Chapter. hL,smooth is used to investigate the in�uence of the presence of Mm excess
densities on the extent of the ionospheric layers.

Lowest valid altitude

The nDe and nXe pro�les in Figure 3.2 of Chapter 3 show, that the derived electron density
pro�les from di�erential Doppler and X-Band start to behave di�erently below approx-
imately 100 km altitude. While nDe stays close to the zero line, nXe shows increasingly
negative electron densities with decreasing altitude. This di�erent behavior of nDe and
nXe is caused by dispersion. Equation 3.12 in Chapter 3 shows, that the ionospheric re-
fractivity Ne is frequency dependent, while the neutral atmospheric refractivity NN is
approximately frequency independent. The increasing neutral atmospheric density with
decreasing altitude therefore has a di�erent e�ect on nDe and nXe . The di�erential Doppler
is calculated by subtracting 3/11·∆fatm,X of the X-band atmospheric Doppler shift from
the atmospheric S-band Doppler shift ∆fatm,S (see Equation 3.21). This procedure re-
sults in ionospheric electron densities nDe due to the dispersive relation between ne and
Ne. For the neutral atmosphere however, the relation between nN and NN is approx-
imately frequency-independent. When NN dominates, ∆fatm,S and ∆fatm,X should be
equal and the Equation for the di�erential Doppler causes a slightly negative drift. It
is only expected, that nDe is zero below the ionosphere, when i.) no deviations from a
radially symmetric ionosphere occur, ii.) the neutral atmosphere is not yet strong enough
to in�uence the radio ray, iii.) no other errors (e.g. additional plasma in the radio ray)
are present and iv.) the atmospheric path di�erences between the X- and S-Band radio
rays are not large yet, so that similar regions of the atmosphere are sounded.
The negative electron densities of nXe can be explained by the di�erent sign of the iono-
spheric and neutral atmosphere term in Equation 3.12. As long as the ionospheric re-
fractivity Ne dominates, the electron density is given as a positive value. As soon, as the
refractivity of the neutral atmosphere NN dominates, the sign of the resulting densities
changes and becomes negative. These negative electron densities are therefore not valid,
but an indicator for the dominance of NN .
This discussion shows, that the nXe and nDe ionospheric electron density pro�les are useful
above a certain altitude only. Below that altitude, nXe becomes increasingly negative,
while nDe is valid only until NN dominates the refraction process or other sources bias the
observation. The lowest valid altitude for nXe and nDe is determined from nXe . It is chosen
to be that altitude at which the negative electron density reaches −3·σXnoise,UB for the last
time (see Figure 3.2). It is assumed that below this altitude the neutral atmosphere is
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strong enough to bias the nDe pro�le.

Vertical Electron Content (TEC)

The vertical Total Electron Content (TEC) nobsTEC is obtained by integrating the electron
density pro�le over the signi�cant altitude range from hL to hU

nTEC =

∫ hU

hL

ne(h)dh. (4.4)

The altitude range for the vertical TEC integration is illustrated in Figure 4.4.

4.2.2 M2 parameters with error bars

The M2 main peak is the dominant feature of the Martian dayside ionosphere. Its param-
eters can be directly derived from the MaRS electron density pro�les without any further
data manipulation. Therefore, the derivation of the M2 parameters is only shortly dis-
cussed.

• M2 peak electron density nobse,max(M2)
nobse,max(M2) is derived as a simple maximum search in the electron density pro�le. An
uncertainty of 3·σnoise,UB noise standard deviation is applied. All given nobse,max(M2)
are larger than 3·σnoise,UB.

• M2 peak altitude hobsmax(M2)
hobsmax(M2) is de�ned as the altitude of nobse,max(M2). The uncertainties σh,max,lw(M2)
and σh,max,up(M2) are de�ned as the di�erence between hobsmax(M2) and the upper
and lower altitudes where the electron density falls below nobse,max(M2) - 3·σnoise,UB.

• M2 layer width hobswidth(M2) = hwidth,up(M2) - hwidth,lw(M2)
The M2 layer width is de�ned by the di�erence in altitude at 90% of nobse,max(M2).
The upper and lower bounds on hobswidth(M2), σh,width,up(M2) and σh,width,lw(M2) are
de�ned by

σh,width,up(M2) = h (ne (hwidth,up(M2))− 3 · σnoise)− h (ne (hwidth,lw(M2))− 3 · σnoise)
(4.5)

σh,width,lw(M2) = h (ne (hwidth,up(M2)) + 3 · σnoise)− h (ne (hwidth,lw(M2)) + 3 · σnoise) .
(4.6)

Figure 4.4 illustrates the M2 parameters. They are extracted for all observations in
MaRSquiet .
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Figure 4.5: Chapman function (Eq. 4.7) calculated for Hn = 7 km, hmax,0 = 110 km,
ne,max,0(M2) = 15.0 ·1010m−3 and χ = 0 ◦ (blue) and straight line �t (red) between 100 and 105
km altitude.

4.2.3 M1 parameters with error bars

The two MaRS observations of the Mars ionospheric electron density in Figure 2.12 of
Chapter 2 already show, that the appearance of the lower day-side ionosphere is very vari-
able. M1 shapes can consist of pronounced layers, but also appear as nearly vanishing M1
shoulders. An indirect method for the determination of the M1 parameters has therefore
been chosen to derive not only the parameters of the pronounced layers, but additionally
those of the fainter M1 features.
Fitting a Chapman-function to the ionospheric main peak and interpreting the residu-
als as M1 layer is a classical way for the M1 parameter derivation (e.g. Peter (2008);
Fallows et al. (2015) for Mars and Girazian et al. (2015) for Venus). The Chapman func-
tion (Chapman, 1931a; Schunk and Nagy , 2009) provides an analytical expression for an
idealized ionospheric layer

ne (h, χ) = ne,max,0 (M2) · exp

[
1

2

(
1− h− hmax,0

Hn

− 1

cos (χ)
exp

(
hmax,0 − h

Hn

))]
(4.7)

with the altitude above the Mars areoid h, the altitude hmax,0 of the maximum electron
density ne,max,0(M2) at solar zenith angle χ= 0 ◦ and the neutral scale height Hn. The
equation represents the equilibrium between ion production by solar radiation and loss
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by dissociative recombination of electrons and ions. The Equation applies for a horizon-
tally strati�ed, isothermal, exponentially decreasing and single species neutral atmosphere
combined with monochromatic solar radiation and is illustrated in Figure 4.5. The re-
quirements for applying the Chapman-function are

horizontally strati�ed atmosphere The assumption of a horizontally strati�ed plan-
etary atmosphere is only valid for χ= 0 ◦. For increasing solar zenith angle, the error
introduced by the assumption of a horizontally layered atmosphere increases as shown in
(Smith and Smith, 1972, Fig. 7). The error between 1/cos(χ) and the Chapman-function
for grazing incidence angle χ∗ (details in Chapter 6) reaches 20 % at a solar zenith angle
of approximately 85 ◦ (for a distance to the planetary center of 3389.5 + 140.0 km and
atmospheric scale height of 7 km).

single species The MVN-NGIMS observations in Figure 2.9 of Chapter 2 show, that
the neutral atmosphere at the ionospheric main peak consists mainly of CO2. Panel (a)
of Figure 2.13 (Chapter 2) shows however, that the main ionospheric species at 150 km
altitude is O+

2 , followed by 14% of CO+
2 (Benna et al., 2015a). The resulting ionospheric

density in the main peak region is therefore no single species derived from direct photo-
ionization (see Chapter 6 for a detailed discussion of important ionospheric reactions),
but a complex combination of photo-ionization, chemical reactions and electron impact
ionization.

exponential decay of the atmosphere and constant temperature The two main
di�usion processes in the Mars atmosphere are the eddy di�usion and the molecular
di�usion. As discussed in Chapter 2, the homopause is the border between the well mixed
lower atmosphere and the segregated upper atmosphere. The homopause altitude slightly
varies for di�erent species due to small variations in the molecular di�usion coe�cients.
During the second deep-dip campaign, MAVEN observations place the N2 homopause at
∼130 km altitude for the subsolar region near the equator (LST=12-13 h, LS approx.
327 ◦ to 330 ◦) (Bougher et al., 2015a). The main ionospheric region can therefore be
found in an altitude where the atmospheric species do not simply show the exponential
decay needed for the derivation of the Chapman-function.
The derivation of Equation 4.7 requires a constant temperature. Bougher et al. (2015a)
derived averaged neutral temperatures for N2 and Ar over several MAVEN orbits of the
second deep dip campaign from 250 km down to ∼135 km and found a strong temperature
gradient between 140 and 170 km due to peak EUV heating. In addition, Figure 2.8
shows the strong variation of the modeled LMD-GCM neutral temperature in ionospheric
altitudes. This neutral temperature behavior is not conform with the requirements for
the derivation of the Chapman-function.
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neutral temperature The strongest loss process for the most abundant ionospheric ion
O+

2 at the main peak is its dissociative recombination with electrons (see Chapter 6). This
reaction does not depend on the neutral, but on the electron temperature. Some authors
suggest (e.g. Rohrbaugh et al. (1979); Matta et al. (2014)), that the electron temperature
begins to deviate from the neutral temperature in the region of the ionospheric main peak.

monochromatic solar �ux The input solar radiation into the Mars atmosphere does
consist not only of one single wavelengths, but of a wide spectrum of solar radiation. Solar
EUV and X-ray is absorbed in ionospheric altitudes, while photochemical and secondary
processes form the lower ionosphere (see Chapter 6). This contradicts the assumption of
a single solar wavelength as source for the main ionospheric peak.

Even if the requirements for an ionospheric Chapman-layer are not fully satis�ed, the
shape of the M2 peak region often resembles that described in Eq. 4.7. The main problem
of deriving M1 parameters with the Chapman-�t method is however, that conducting a
reasonable �t of a Chapman function to the main ionospheric peak is di�cult: i.) The
resulting �t of Eq. 4.7 depends strongly on the selected data range around the main
peak. Increasing or decreasing the �t range by only one data point sometimes completely
changes the appearance of the �t and with that the shape of the residual M1 layer. ii.)
When both lobes of the ionospheric main peak are used to constrain the Chapman �t,
the additional electron density of a present bulge (Panels a and b of Figure 2.12 in Chap-
ter 2) adds an avoidable bias, because the physical mechanisms for the bulge are most
probably di�erent from those producing the M1 layer. iii.) Some MaRS observations of
the dayside ionosphere do appear not Chapman-like (see e.g. Withers et al. (2012a)).
Fitting a Chapman-function to those data sets would introduce errors into the derived
M1 parameters.
Therefore instead of �tting Equation 4.7 on both lobes of the main ionospheric peak,

a combination of three straight lines is �t to the lower M2 lobe. The three lines are
used to estimate the ranges for the M1 parameters, because providing realistic absolute
shapes is not possible in this complex ionospheric region. The M1 parameter ranges are
estimated by �tting one center straight line for the parameter determination and using
two additional straight lines for the determination of the M1 range. Figure 4.6 illustrates
the M1 detection method for two MaRS observations. In a �rst step, the center straight
line (green) is �tted to the lower M2 region where it is not yet strongly in�uenced by
the primary sources of M1. The remaining residual electron density of M1 is then used
to extract the altitude hobsmax(M1), electron density nobse,max(M1), width hobswidth(M1) and
total vertical electron content of M1 nobsTEC(M1). The lower and upper ranges of the M1
parameters are then determined from two additional lines (gray and orange).
Several procedures were tested for determining the M1 parameters and the method pre-
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Figure 4.6: M1 and Mm parameter determination and range approximation. (a) MEX MaRS
nDe observation of DoY 337 (2005), LS = 334.41 ◦, Ωlon = 300.88 ◦, Ωlat = 66.82 ◦, χ = 78.52 ◦,
hL,val = 59.6 km. (b) MEX MaRS nDe observation of DoY 049 (2006), LS = 13.62 ◦, Ωlon =
336.42 ◦, Ωlat = 38.48 ◦, χ = 53.12 ◦, hL,val = 69.66 km. The original nDe is shown as gray dots,
while the smoothed electron density is indicated by the black line. The dotted green line illustrates

the �rst derivation of the smoothed electron density
(
nobse,S

)′
and the green arrow the identi�ed

maximum
(
nobse,S

)′
max

. The dashed green line is the �t on nDe in the range from
(
nobse,S

)′
max

to

0.7·
(
nobse,S

)′
max

, while the solid green line gives the associated residuals. The lower range of the

M1 parameters is given by the dashed and the solid gray lines, which are derived from a �t on

0.85·
(
nobse,S

)′
max

to 0.40·
(
nobse,S

)′
max

. The upper range of the M1 parameters is given by the orange

lines, which are derived from the rotation of the dashed green line �t around the rotation point
(orange arrow) by the determined rotation angle θ+3·σ for the given nobse,max(M2) value. The
magenta lines illustrate the availability of a Mm below M1 in (a) and the absence of it in (b).
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sented here yields the lowest number of automatic misdetections. For 26 observations
of the MaRSquiet dataset, the smoothing algorithm had to be manually corrected due to
unusual M1 shapes and other problems. The automated procedure is described in detail
below, followed by a discussion of the reliability of the derived M1 parameter ranges.

Data smoothing The M1 parameter detection algorithm depends on the �rst deriva-
tion of the electron density pro�les in the lower ionosphere with respect to the altitude.
It is therefore quite sensitive to data peaks/scatter. Smoothing the observed electron
density data before calculating the �rst derivation reduces the risk for M1 misdetections.
The smoothing of the observations is done in two steps. First, the large scale noise level
σnoise,L of the electron density pro�le is determined by applying Equation 4.1 to the orig-
inal data set in 10 consecutive steps with an averaging window of 1. Choosing a short
window removes all small-scale noise and leaves only the large-scale disturbances σnoise,L.
In the second step, the original data set is repeatedly smoothed with an averaging window
of 1 until its noise level σnoise,UB falls below σnoise,L + 1 · 107m−3. This method reduces
the available small scale noise level to a �xed border of 1.0 · 107m−3, independent of the
large scale noise.

Center M1 parameter determination The altitude range for the center straight line
�t is determined from the �rst derivation of the smoothed electron density. The idea is
to use that altitude range for the center line �t, where the M1 layer does not yet strongly
a�ects the behavior of the lower lobe of the ionospheric peak. Panel (a) of Figure B.1
in Appendix B shows, that the �rst derivation of the IonA-1 model (1-D photo-chemical
model without included transport processes - details in Chapter 6) electron density below
the main peak is described by an idealized sinusoidal shape with the �rst maximum
approximately at that altitude, where M1 is not yet strongly in�uencing M2. The real
�rst derivation shapes in Figure 4.6 are less ideal, but using the maximum of the �rst
derivation as a starting point for the line �t still yields a good estimate for the undisturbed
part of M2.
The range for the center straight line �t is determined in three steps. First, the �rst
derivation

(
nobse,S

)′
(dotted green line in Figure 4.6) of the smoothed electron density is

calculated between the ionospheric main peak and that altitude where the electron density
reaches 10 % of nobse,max(M2). Second, only the uppermost 2/3 of the

(
nobse,S

)′
data points are

used to avoid problems of the detection algorithm with small or large scale oscillations
below the M1 layer. Third, the altitude range for the straight line �t is set from the
maximum �rst derivation

(
nobse,S

)′
max

of this reduced data range to 0.7·
(
nobse,S

)′
max

. While
the range of the straight line �t is determined from the smoothed data, the �t itself is done
on the original data set in the determined altitude range. A linear regression algorithm
is applied with error bars of 3·σnoise,UB assigned to each data point. The M1 maximum
electron density nobse,max(M1), altitude hobsmax(M1) and TEC nobsTEC(M1) are extracted from
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the electron density residuals with a procedure similar to that for the M2 parameter
determination. The M1 width is determined from that M1 altitudes, where the electron
density residuals fall below 50 % of nobse,max(M1) instead of 90 % as for the M2 layer.
nobse,max(M1) is much smaller than nobse,max(M2), which would result in only extremely small
altitude di�erences, if a border of 90 % would be applied.

M1 lower and upper range approximation The lower and upper ranges of the M1
parameters are determined with two additional line �ts. The lower range for the M1
parameters is calculated from the residuals of a straight line �t on the altitude range of
0.85·

(
nobse,S

)′
max

to 0.4·
(
nobse,S

)′
max

with detection algorithms similar to those used for the
center M1 parameters determination. Those boundaries for the �t result in a smaller
residual M1 layer and therefore provide the lower range of the M1 parameters. The pre-
sented boundaries for the �rst derivation are those with the fewest M1 mis-detections in
the automated routine.
Panel (a) of Figure B.1 in Appendix B shows IonA-1 electron densities derived with a
solar �ux of 0.5 - 95 nm and 10 - 95 nm. While the full solar �ux input results in typical
dayside ionospheric electron density with a pronounced M2 and M1 layer, the reduced
solar �ux causes a complete vanishing of the M1 layer in the model. In addition, the iono-
spheric base moves slightly upwards for the reduced solar �ux pro�le due to the missing
contribution of the solar X-rays. This means, that the center line �t on the ionospheric
base will not only remove the M2 layer, but in addition a small part of M1 from the
residuals. The upper range for the M1 parameters is based on the error introduced by
this partly removal of the M1 electron density. The four steps for the computation of the
upper M1 parameter ranges is found below, a detailed derivation of the used Equation is
found in Appendix B.

i.) The center straight line �t is conducted on the ionospheric base.

ii.) The center line is rotated around the projection of nobse,max(M2) (orange arrow in
Figure 4.6) by the rotation angle θ+3σ, where

θ(nobse,max (M2)) = 4.77921537 · 10−13 [m−3] · nobse,max(M2) + 0.02456586 [rad] (4.8)

σ = 0.005174 [rad].

3σ are added to the rotation angle in Equation 4.8, where σ is the determined error
from the rotation angle calculation in Appendix B. Equation 4.8 has been deter-
mined by modeling the behavior of M2 and M1 for 50 MaRS observations with
IonA-1 for full and reduced solar �ux. Straight line �ts are conducted on the result-
ing ionospheric bases and the rotation angle between the two line-�ts is determined.
The relation between the rotation angle θ and nobse,max(M2) is determined by conduc-
tiong a linear �t on the resulting rotation angles for the 50 MaRS observations.
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iii.) The residuals derived by subtracting the rotated line from the smoothed nobse are
used to calculate the upper range parameters of M1 with the same subroutine used
for the center M1 parameter determination.

In addition, the di�erences between the 50 modeled electron density pro�les for full and
reduced solar �ux have been used to validate the described method. Subtracting the
modeled electron densities for the full and the reduced solar �ux from each other provides
the 'real' M1 shape for each data set. Its absolute parameters have been determined and
compared with the parameters derived with the above described method. It is found,
that the described detection method works well for the M1 altitude and electron density.
It slightly underestimates the 'real' vertical TEC, which is however still found within the
derived lower and upper M1 boundaries. However, the method is not valid for absolute
values of the M1 width, because the 'real' hobswidth(M1) is highly underestimated. The
derived hobswidth(M1) are therefore only usable as a relative indicator for variations, but not
as an estimate of absolute M1 widths.

4.2.4 Merged excess electron density

The parameters of the excess electron densities merged with the main ionosphere (Mm)
are derived from the smoothed center �t M1 residuals (green residuals in Figure 4.6). For
the Mm parameter determination, the used routines are similar to those used in the M1
parameter determination. The maximum �rst derivation

(
nobse,S

)′
is calculated for the new

altitude range below hobsmax(M1) and the straight line �t is conducted on the
(
nobse,S

)′
max

to

0.7·
(
nobse,S

)′
max

range. This procedure yields the vertical TEC nobsTEC(Mm), Mm maximum
electron density nobse,max(Mm), altitude hobsmax(Mm) and width hobswidth(Mm) of the identi�ed
merged excess electron densities. While the other parameters are de�ned similar to the
M1 parameters, the Mm width is de�ned as the altitude di�erence between the smoothed
upper border of the Mm excess density hU,smooth(Mm) (linear interpolated altitude, where
the smoothed residual electron density above nobse,max(Mm) falls below 3·σnoise,UB for the
�rst time) and the earlier described smoothed lower border hL,smooth. As illustrated in
Figure 4.6 and 4.7, most Mm excess densities do not appear as pronounced layers. This
indicates, that a part of the Mm excesses may be hidden in the M1 layer. Therefore the
most reliable of the derived Mm parameters are the smoothed lower border hL,smooth and
the vertical TEC nobsTEC(Mm). hL,smooth is the only parameter not biased by the presence
of M1 and nobsTEC(Mm) provides an estimate for the visible Mm TEC. The maximum
Mm electron density nobse,max(Mm) and altitude hobsmax(Mm) are less reliable, because the
shoulder-like shape of the Mm excesses may disguise their true values.
It is not feasible to determine the errors for the Mm excess density parameters similar to
those for the M1 layers due to the fact, that the origin of the Mm excess densities is not
yet known. Therefore i.) the part of the Mm excess density hidden in the M1 layer and
ii.) the in�uence of Mm on the base of M1 cannot be estimated from models in advance.
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An error σobsTEC(Mm) for nobsTEC(Mm) is estimated from the general noise level of the pro�le
σnoise,UB

σobsTEC(Mm) = hobswidth(Mm) · σnoise,UB. (4.9)

The occurring merged excess electron densities are small compared to the main and sec-
ondary ionospheric regions. This makes their detection di�cult and increases the possi-
bility for misinterpretations. Large scale disturbances and high noise levels of the whole
pro�le further complicate the detection. Two additional sources for uncertainties in the
Mm parameter determination are the i.) the line-�tting method and ii.) the variability
of the lower baselines in the MaRS observations.

Line-�tting method Figure 4.5 illustrates, that an undisturbed Chapman-layer shows
a small deviation from a linear decrease in the lowest part of the electron density pro�le.
The same behavior is found for the linear �t on the 10 - 95 nm solar �ux results of IonA-1
in Panel (a) of Figure B.1 in Chapter B.1 of Appendix B. This behavior indicates, that a
minimum boundary for the vertical TEC nobsTEC(Mm) is required to avoid a misinterpre-
tation of the chapmanesque absorption pattern in the lowest part of the ionosphere as a
pronounced Mm.

Variability of the lower baseline In an ideal undisturbed and radial symmetric at-
mosphere and ionosphere it is expected from the description of the radio science method
in Chapter 3, that the nDe pro�les below the ionosphere and above the lowest valid altitude
hL,val (called now lower baseline and is illustrated in Panel (a) of Figure 4.7) show either
a zero value or a small negative drift. For the nXe pro�le, a zero baseline is expected if the
neutral atmosphere is not yet strong enough to provide a signi�cant e�ect on the X-Band.
Individual disturbances in the upper and lower baselines of nXe are caused by unexpected
movements of spacecraft or ground station, while additional plasma in the radio ray path
disturbs the upper and lower baseline of the nDe pro�le. Those disturbances in�uence
the appearance of the lower baseline of the individual nDe and nXe pro�les, even if the
electron density pro�le with the lower noise level is selected. Most disturbances found in
the electron density pro�les are individual for nDe and nXe , but some disturbances in the
lower baseline are identi�ed in both observed pro�les.

While Panel (a) of Figure 4.7 contains an observation with mostly undisturbed lower
baselines, the other Panels show observations with lower baseline disturbances visible in
the nDe and nXe electron density pro�les. Panel (b) contains an observation with a wavelike
structure, Panel (c) shows a lower baseline shifted to negative electron density values and
Panel (d) has lower baselines which are shifted to positive values. This behavior may be
e.g. caused by deviations of the observed ionosphere from radial symmetry which add up
during the Abel inversion procedure. Determining the real origins of the disturbed lower
baselines is beyond the scope of this work, but yield potential for future projects.
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Figure 4.7: MaRS nDe (gray dots) and nXe (blue dots) observations of (a) DoY 107 (2006), LS
= 40.56 ◦, Ωlon = 91.80 ◦, Ωlat = 9.80 ◦, χ = 57.90 ◦, hL,val = 70.4 km, (b) DoY 342 (2005), LS
= 336.98 ◦, Ωlon = 69.93 ◦, Ωlat = 66.58 ◦, χ = 77.00 ◦, hL,val = 78.0 km, (c) DoY 331 (2005),
LS = 331.05 ◦, Ωlon = 306.15 ◦, Ωlat = 66.64 ◦, χ = 80.51 ◦, hL,val = 77.5 km and (d) DoY
14 (2014), LS = 76.30 ◦, Ωlon = 77.03 ◦, Ωlat = 67.00 ◦, χ = 87.08 ◦, hL,val = 66.2 km. hL,val
is indicated by the red line. The dashed green line indicates the center line-�t on the smoothed
electron densities, while the solid green line indicates the residuals. The dashed and solid magenta
lines indicate the line �t on the residuals and the identi�ed Mm, respectively.
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In this work, the uncertainties introduced into the determined Mm parameters by the Mm
identi�cation method and the variability of the lower observation baselines are considered
by investigating two categories Mma and Mmc of detected excess electron densities in
two separate MaRS data sets MaRSquiet and MaRSquiet ,5km (see overview in Figure 4.2).
Merged excess electron densities with a large vertical TEC nobsTEC(Mm) imply a good vis-
ibility independent of the merged excess depth, width or its maximum electron density.
Therefore the amount of inherent nobsTEC(Mm) is used as primary parameter for the iden-
ti�cation of merged excess electron density below a M1 layer. The �rst category Mma

in this work consists of all Mm detections for which the computed vertical TEC exceeds
certain boundaries, which depend on the upper baseline noise σnoise,UB. These boundary
conditions have been chosen to assure, that the identi�ed merged excess electron den-
sities i.) exceed the vertical extent of the Fresnel-zone of the observation, ii.) are not
caused by an increased noise level seen in the ionospheric upper baseline and iii.) are not
misdetections caused by small chapmanesque absorption patterns not removed from the
ionospheric pro�le by the straight line �t method. No reliable estimate for the nobsTEC(Mm)
uncertainties can be given in advance, because there is no sharp TEC boundary between
the small chapmanesque absorption pattern and pronounced merged excess electron den-
sities. Therefore two data sets MaRSquiet and MaRSquiet ,5km have been selected on which
di�erent TEC boundary conditions are applied. This reduces the impact of a �xed bound-
ary on the Mm occurrence rate correlation with environmental parameters in Chapter 7.
In the MaRSquiet data set all merged excess electron densities are contained in Mma,3km

for which the computed vertical TEC meets the following condition

nobsTEC(Mm) > 3, 000m · 3 · σnoise,UB. (4.10)

In the MaRSquiet ,5km data set all merged excess electron densities are contained in Mma,5km

for which the computed vertical TEC meets the following condition

nobsTEC(Mm) > 5, 000m · 3 · σnoise,UB. (4.11)

3 · σnoise,UB is used here to cover disturbances already seen in the upper baseline of the
electron density pro�le. The two boundaries of 3,000 m and 5,000 m are estimated to
cover the uncertainty sources described above. The MaRSquiet ,5km data set is derived from
the MaRSquiet data set by removing the di�erence data set Mmdiff between Mma,3km and
Mma,5km. Using MaRSquiet ,5km in combination with the higher TEC boundary of Mma,5km

is necessary to avoid a bias in the occurrence rates of the merged excess electron densities
calculated in Chapter 7. The Mm occurrence rate is the percentage of Mm identi�cations
in a given data set. Therefore the Mm occurrence rate depends on the number of obser-
vations in the data set. Using MaRSquiet for both nobsTEC(Mm) boundary conditions would
always result in higher Mm occurrence rates for Mma,3km than for Mma,5km. Removing
Mmdiff from MaRSquiet ,5km removes that bias in the calculated occurrence rates.
The second category used in this work Mmc is a subset of the derived Mma. Mmc is
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calculated for MaRSquiet (Mmc,3km) and MaRSquiet ,5km (Mmc,5km). This Mm category is
applied to prove, that the merged excess electron densities are a real sporadic feature of
the Mars ionosphere and not only caused by the reaction of the Abel inversion algorithm
on deviations of the real ionosphere from radial-symmetric behavior. The Mmc category
does contain only those MaRS observations, where

• the range for the lower baseline parameter determination is at least 15 km.
Panel(a) in Figure 4.7 illustrates the lower baseline range, which is the region
between the lowest valid altitude hL,val and that altitude, where nobse falls below
σnoise,UB at the lower base of the ionosphere.

• nobsTEC(Mm) is larger than 3000m · 3·σnoise,LB, where σnoise,LB is the standard devia-
tion of the electron density in the lower baseline altitude range.

• the absolute value of the mean o�set µLB of the lower baseline altitude range is
lower than 6·σnoise,UB to avoid observations with extreme o�sets.

Calculating Mmc,3km from MaRSquiet and Mmc,5km from MaRSquiet ,5km yields only those
Mm identi�cations, where the amount of vertical TEC is larger than the disturbance of
the lower baseline (σnoise,LB) over the set altitude range. It is assumed, that σnoise,LB does
contain not only the disturbances of the upper baseline, but additionally the disturbances
caused by the deviation of the ionosphere from radial-symmetric behavior due to the
fact, that the applied inversion algorithm works from the top of the pro�le down to the
ionospheric base.
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Chapter 5

Derived environmental parameters for

the MaRS observations

This Chapter contains the environmental parameters derived for each observation in the
MaRSquiet data set. The input solar �ux derivation and origin of the underlying neutral
atmosphere for the IonA models (described in Chapter 6) are illustrated. The derivation
of the solar �ux proxies with boundaries for low, moderate and high solar �ux is described
and the underlying crustal magnetic �eld for the MaRS observations are determined. The
�ux proxies and magnitude of the crustal magnetic �eld are required in Chapter 7 for the
determiation of potential formation processes of the merged excess electron densities from
the MaRS observations.

5.1 Solar �ux

Extreme ultraviolet, near ultraviolet, X-ray and others are terms for parts of the electro-
magnetic spectrum. Often those terms do not describe the same wavelength ranges, their
meanings vary slightly from author to author. Therefore those terms shall be de�ned
here for further use in this work, following Woods and Rottman (2002) in the ultraviolet,
except for EUV. The de�nition for NIR and VIS is taken from the Solar 2000: ISO 21348
De�nitions of Solar Irradiance Spectral Categories1.

• Infrared

� NIR: near infrared from 760 nm to 1400 nm

• Visible

� VIS: visible from 380 to 760 nm
1www.spacewx.com/pdf/SET_21348_2004.pdf
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Figure 5.1: Internal structure of the Sun. The di�erent sizes of the regions are approximated, but
not drawn to scale. The shaded region indicates the boundary between chromosphere and corona
and varies between 2.5 · 106m to 15 · 106m. Temperatures of the various regions are given in
K, densities in kgm−3, Mm in the Figure stands for 106m. The Figure is taken from Priest

(2014).

• Ultraviolet

� NUV: near ultraviolet from 300 - 400 nm

� MUV: middle ultraviolet from 200 - 300 nm

� FUV: far ultraviolet from 120 - 200 nm

� EUV: extreme ultraviolet from 10 - 120 nm

• X-ray: radiation from 0.45 - 10 nm

5.1.1 The Sun: extrinsic and intrinsic solar �ux variations

The Sun is a star of spectral type G2 and luminosity class V on the main sequence
of the Hertzsprung-Russell diagram, which relates the stars spectral type and absolute
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magnitude (Unsöld and Baschek , 2005). It has a mass of approximately 1.99 ·1030 kg and
a volumetric mean radius of 695,700 km. The photospheric composition consists mainly
of hydrogen (90.965 %) and helium (8.889 %) with minor amounts of oxygen (774 ppm),
carbon (330 ppm), neon (112 ppm), nitrogen (102 ppm), iron (43 ppm), magnesium (35
ppm), silicium (32 ppm) and sulphur (15 ppm)2. Most of the atoms are ionized due to
the high solar temperatures.
Figure 5.1 illustrates the internal structure of the Sun. A thorough description of the
Sun's features and magnetohydrodynamics is found in Priest (2014). The two main
regions of the Sun are its interior, where the solar energy originates and travels outward by
radiative transmission and convection, and its atmosphere, where the photons can escape
directly into space. A division by dominant physical processes yields three main zones
for the Sun's interior: the core, the radiative zone and the convection zone. The extreme
conditions of highest pressure and temperature in the Sun's core provide the environment
for thermonuclear reactions. Energy is generated by the fusion of four protons 1H into a
Helium core 4He, summarized by the equation

41H → 4He+ 2e+ + 2Θ + 26.7MeV. (5.1)

Byproducts of the fusion process are two positrons e+, two electron neutrinos Θ (0.5 MeV)
and two gamma rays with a combined energy output of 26.2 MeV. As discussed in Priest
(2014), the generated photons are slowly advancing outwards through the radiation zone,
where they are absorbed and re-emitted by the dense local plasma. The radiative dif-
fusion slowly reduces the energy of the photons from gamma rays to visible light. The
convection zone is characterized by a temperature gradient which is too large, to keep
the solar material in stable equilibrium. This causes plasma convection processes, which
dominate the energy transport in this region.
The optical thickness/depth τ (for details see the Lambert-Beer law in Chapter 6 Eq.
6.7) is a measure for the transparency of a medium. If τ reaches 1, the available radi-
ation is reduced by a factor 1/e. The Sun's atmosphere consists of three main regions,
the photosphere, chromosphere and corona. The photosphere is often called the Sun's
visible surface, because it emits most of the Sun's radiation even if its only a few hundred
km thick. The Sun's temperature decreases from approximately 6,600 K at the lower
photosphere to a minimum of 4,400 K at approximately 500 km altitude. For the NUV
to NIR continua its optical thickness is . 1 with high optical thickness for all but very
weak spectral lines. This results in a continuum emission with superimposed absorption
lines. The so-called Fraunhofer-lines appear, when the photospheric radiation is absorbed
by species available in the overlying solar atmosphere (e.g. by forcing the electron of a
hydrogen atom to a higher quantum level). Most absorption lines have their origin in
the lower photosphere, but some arise in the chromosphere. In the chromosphere, the
Sun's temperature rises slowly. It is optically thin for the NUV to the NIR continua

2derived from the NASA Sun fact sheet https://nssdc.gsfc.nasa.gov/planetary/factsheet/sunfact.html
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and optically thick for the strong spectral lines. Between the chromosphere and corona,
the Sun's temperature rises rapidly to a few million degrees in a less than 100 km thick
transition region. The main radiative emission of this region is in the UV below 200 nm.
Most spectral lines in the transition region and corona are emission lines. The corona
emits in the UV, EUV and X-ray. It emits the continuous K-corona (scattered light from
free electrons), F-corona (scattered light from dust) and certain lines, e.g. the red line
(530.3 nm) and green line (637.4 nm) from forbidden transitions in highly ionized iron.
The Sun's corona is optically thin for the full magnetic spectrum except for radio waves
and few spectral lines.
A black body is an idealized object which absorbs 100 % of the incoming radiation in-
dependently of wavelength or incidence angle. Its photon �ux emission Φλ at a certain
wavelength λ depends only on its temperature T (Unsöld and Baschek , 2005)

Φλ(T ) =
2πhPlc

2

λ5

1

ehPlc/(kBλT ) − 1
(5.2)

with the Planck's constant hPl, the speed of light in vacuum c and the Boltzmann constant
kB. As described in Woods and Rottman (2002), the general shape of the continuum solar
emission resembles that of a black body with a temperature close to 5,800 K. The emission
peak of the solar radiation is close to 600 nm and shows a slow and continuous decrease
to the infrared wavelengths. For the shorter wavelengths of the ultraviolet, there is a
steep decrease of the solar emission. The Fraunhofer absorption lines and absorption
edges are superimposed on the ultraviolet continuum longward of 200 nm. Below 200
nm, the emission lines from the major species H, He and minor solar atmospheric species
under the non-local thermodynamic equilibrium (non-LTE) conditions of the transition
region and corona strongly in�uence the solar continuum and are very sensitive to the
Sun's magnetic activity. The solar �uxes in Panel (a) of Figure 5.2 are from the Solar
Irradiance Platform V2.38 (SIP V2.38), which is a database for the solar �ux at Earth.
A detailed description is found in the next Section. The solar �uxes in Panel (a) show,
that the emission lines are more dominant than the continuum below than 130 nm.
The variation of the Sun's radiation depends on the observed frequency and occurs on
all time-scales. The causes for the solar radiation variance are divided into extrinsic and
intrinsic e�ects. Extrinsic e�ects are i.) radiation changes due to the planets position
on its orbit (e.g. apocenter and pericenter) and ii.) radiation changes due to changes in
the planetary �eld of view of the Sun due to the non-uniform distribution of the Sun's
active regions. The �rst e�ect is illustrated in Panel (b) of Figure 5.2. The middle
panel shows the integrated SIP V2.38 1 nm resolution photon �ux up to 95 nm at the
Mars position (detailed calculation description below). The planet-Sun distance variation
between perihelion of 1.381 AU and aphelion of 1.666 AU causes large variations in the
solar �ux available at the Mars position. The second e�ect is not included, because SIP
V2.38 provides �uxes for Earth and no regular observations of the solar �ux at Mars is
available before the arrival of the MAVEN spacecraft in the end of 2014. Intrinsic e�ects



5.1. SOLAR FLUX 71

Figure 5.2: (a) SIP V2.38 solar pho-
ton �ux in 1 nm bin resolution and
bright solar lines from the 39 wave-
length resolution at Earth for low
(DoY 001, 2009) and high (DoY 338,
2011) solar activity. (b) Integrated
SIP V2.38 solar �ux up to 95 nm for
Earth, integrated and time/distance
calibrated solar �ux for the Mars po-
sition and the radio emission 10.7 cm
wavelength (F10.7 index) for Earth
(which is a widely used indicator of
the solar activity level). The light gray
blocks indicate the MaRS occultation
seasons, the dark gray lines the 266
observations in the MaRSquiet data
set. The dashed lines indicate the
lower and upper ΦSUM and ΦEARTH

boundaries of Table 5.4.
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are caused by the Sun's internal processes. Their variation depends on the physical
processes which trigger the radiation change. Long term variations are caused by the
solar �ux cycle. These variations are caused by the Sun's magnetic dynamo, whose full
reversing cycle is approximately 22 years. Due to the fact, that the Sun's solar �ux
depends on the magnitude of its magnetic �eld and not on the orientation, the solar �ux
cycle is approximately 11 years, half the cycle of the Sun's magnetic dynamo. The e�ect
of the solar cycle on the solar �ux at Earth is illustrated in Panel (a) of Figure 5.2. The
SIP V2.38 solar photon �uxes up to 180 nm in the 1 nm resolution with indicated �uxes
in the bright solar lines from the 39 wavelengths resolution are given for Earth at solar
minimum (DoY 001, 2009) and maximum (DoY 338, 2011) conditions. Medium term
radiation variations are caused by the di�erential solar rotation with a mean of 27 days.
Modulation of this e�ect are caused by the modi�cation (appearance/disappearance) and
slow evolution of the solar active regions over few months. Due to an increase in the
number of active regions during solar maximum, the caused variation is higher during that
time span. Short term variations are caused by solar eruption processes, e.g. solar �ares,
whose duration can be minutes to hours. Woods and Rottman (2002) give a variability of
15 % and less for solar radiation larger than 160 nm, a variability of 15 % - 70 % between
160 nm and 65 nm and a factor of 1.5 to 7 between 65 and 1 nm. The magnitude of the
27-day rotation is usually not more then 1/3 of the solar cycle variability and the solar �ux
variation along the Mars orbit is approx 16 %. The Sun's coronal emissions vary most,
followed by the transition region emissions, the variations in the chromosphere and �nally
the variations of the photosphere with only 0.1 % for the longest UV wavelengths. This is
caused by the increase in temperature and decrease in atmospheric density with increasing
altitude and their associated instabilities. Solar radiation with wavelengths lower than
20 nm are dominated by emissions of the Sun's corona, e.g. from �ares. The NOAA
Geostationary Operational Environmental Satellites (GOES3) measurements in the 0.1
- 0.8 nm range observe several �ares per month with an increase in solar irradiance by
factors of 100 to 1000. Hathaway (2015) indicates the relation between the solar activity
(sunspot number) and the occurrence rate of X- and M-class solar �ares. The number of
X- and M-class �ares has a tendency to follow the sunspot number with more �ares at
the declining phase of the solar cycle. Aschwanden (1994) used the 0.5 - 0.8 Å soft X-ray
monitored by GOES to investigate the behavior of the solar background X-ray and �ares
in solar cycle 21 and 22 (∼ 1976 to 1993). He received the daily background �ux from the
GOES observations by either using the middle 8 hours of the day or interpolating from the
other 16 hours to the middle of the day. A strong decrease in short X-ray background �ux
is found for low F10.7 and low monthly sunspot numbers compared to times of high solar
activity. A lower number of �ares ( > M1 class) is also found for those solar minimum
activity conditions. Gopalswamy (2016) found a similar relationship between the low and
high sun spot number and the SOHO rate of coronal mass ejections (CMEs) from 1996 -

3https://www.nasa.gov/content/goes
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2015. Solar �ares and coronal mass ejections are closely related and are both sources for
solar energetic particles (SEPs).

5.1.2 Solar �ux considered by the IonA models

The SIP data base (Tobiska et al., 2000) provides historical, nowcast and forecast so-
lar �ux data and proxies for Earth with a publicly available resolution of one averaged
data set per day with a variety of output model spectra with di�erent resolutions. The
SIP V2.38 data sets combine recent and current solar observations, e.g. from the Solar
and Heliospheric Observatory SOHO (Domingo et al., 1995) or the Solar EUV Experi-
ment (SEE) on the Thermosphere Ionosphere Mesosphere Energetics Dynamics (TIMED)
spacecraft (Woods et al., 2005) with models of the solar spectral ranges. The solar photon
�ux (photons/(sm2 ∆λ)) considered by the IonA models has a 1 nm resolution. For the
validation of the IonA-2 model against the photo-chemical model of F. González-Galindo
(GG-model - described in Chapter 6) the ASTM spectrum (static reference spectrum)
is used. For computing the actual results in this work however, the VUV2002 FUV-UV
spectrum is used, because it additionally contains the variability in the solar FUV (123 -
421 nm)4. For IonA-1, the upper wavelength limit is 95 nm, while for IonA-2 (see Chap-
ter 6 for the detailed model descriptions) a wavelength range from 0.45 - 800 nm is used.
Bright solar spectral emission lines at 256.3 Å (from He II, which is single ionized He, Si
X ), 284.15 Å (Fe XV ), 303.31 Å (Si XI ), 303.78 Å (He II ), 368.07 Å (Mg X, Mg VII ),
465.22 Å (Ne VII ), 554.37 Å (O IV ), 584.33 Å (He I ), 609.76 Å (Mg X, O IV ), 629.73
Å (O V ), 703.36 Å (O III ), 765.15 Å (N IV, N III ), 770.41 Å (Ne VIII ), 787.70 Å (O
IV ), 977.02 Å (C III ), 1025.72 Å (H I ) and 1031.91 Å (O VI ) (Warren et al., 1998; Tian
et al., 2008) are handled separately in both models. Their �uxes are taken from the SIP
V2.38 39 wavelengths bin resolution. The lower wavelength border of 0.45 nm is chosen
from the fact that the 1210 wavelength bin resolution (0.1 nm) (which will be used in
a detailed calculation in Chapter 8) has no entries in the bins lower than 0.5 nm. The
upper wavelength limit of 95 nm for IonA-1 is chosen, because the ionization potential
of CO2 with 13.777 eV5 requires photons < 90.04 nm. The upper wavelength border of
800 nm for IonA-2 is chosen, because not only photo-ionization processes but also the
photo-dissociation of certain neutral molecules is considered in IonA-2 for which larger
solar wavelengths are required.
As the solar �ux output of the Sun is not isotropic, a correction of the SIP V2.38 solar
�ux at Earth in distance and time must be performed for each MaRS observation. The
SIP V2.38 model provides the solar �ux for Earth ΦE. The solar �ux input for IonA
ΦM is calculated for the planetary constellation at time tMARS, the time when the radio
sounding observations occurs at the planet. tMARS de�nes tSUN,rot, the time needed by

4recommended by Kent Tobiska, personal communication
5http://webbook.nist.gov
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Figure 5.3: Iterative procedure for the determination of tEARTH , the time where the SIP V2.38
solar �ux is extracted for a given MaRS observations. The Figure is adapted from Peter (2008).

the Sun to rotate from the Earth position by the angle δ towards the planet position at
tMARS. tSUN,rot can be positive or negative, depending on the position of the Earth ahead
(Mars Position 2) of or behind the planet (Mars Position 1). It is calculated with the
space geometry information system SPICE6 in an iterative procedure. Figure 5.3 illus-
trates the algorithm in which the position of Mars is �xed and the position of the Earth
is varied, until tEARTH - LttSE + tSUN,rot + LttSM = tMARS, where LttSE is the light
time between Sun and Earth and LttSM is the light time between Sun and Mars. The
solar �ux at tEARTH is extracted from SIP V2.38 and calibrated to the actual Mars-Sun
distance rSUN,MARS at the observation time

ΦM = ΦE ·
(149, 597, 870, 700m)2

r2
SUN,MARS

(5.3)

.

5.1.3 De�nition of solar �ux proxies and their boundaries for low,
moderate and high solar proxy observations

The solar �ux proxies are derived from the SIP V2.38 VUV2002 FUV-UV solar �ux in
1 nm resolution. They are used as an easy way to categorize the MaRS ionospheric ob-

6development of NASA, the toolkit is freely available from
https : //naif.jpl.nasa.gov/naif/toolkit.html
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Figure 5.4: Boundaries for the solar �ux proxies ΦSUM , ΦXray, Φ0.45−1nm, Φ0.45−3nm and
ΦEARTH calculated from the SIP V2.38 solar �ux for the MaRSquiet data set observations.

servations for selected solar �ux ranges. The solar �ux proxies are derived by integrating
certain SIP V2.38 solar �ux ranges at the top of the planetary atmosphere. The solar
�ux integration boundaries for the solar �ux proxies are given in Table 5.4. While ΦSUM ,
ΦXray, Φ0.45−3nm and Φ0.45−1nm are integrated from the solar �ux calibrated in time and
distance for the Mars position, no calibration was done for ΦEARTH .
Related solar �ux proxies have been used by Peter et al. (2014) to show, that the magni-
tude of the M2 vertical TEC and main peak electron densities shows a positive correlation
with the derived SIP solar �ux at the Mars position. In this work, the low, moderate and
high value proxy intervals are used to determine, if certain solar �ux conditions during the
MaRS observations provide a potential source for the merged excess electron densities.
The dark gray lines in the middle plot in Panel (b) of Figure 5.2 show, that most of the
MaRS observations used in this work are conducted during times of low solar �ux at the
Mars position. The solar proxy boundaries for the low, moderate and high value intervals
are therefore not set in dependence of the solar �ux variation during a full solar cycle,
but in dependence of the SIP V2.38 solar �ux associated with the MaRSquiet data set.
This means, that low, moderate and high are no description of the real state of the Sun's
activity, but a measure for the value of the solar proxy in relation to the solar proxies in
the MaRSquiet data set.
The classical mean µ (see Eq. 4.3) and standard deviation σ (see Eq. 4.2) are calculated
from all solar �ux proxies for MaRSquiet . For ΦSUM , ΦXray and ΦEARTH , Φ∗,low contains
all those observations which are smaller than µ-σ, Φ∗,mod contains all observations for
which the proxy value is found between µ-σ and µ+σ and Φ∗,high contains all observations
for which the solar proxy is larger than µ+σ. For Φ0.45−3nm and Φ0.45−1nm, Φ∗,low contains
all those observations which are smaller than µ−0.5·σ, Φ∗,mod contains all observations
for which the proxy value is found between µ−0.5·σ and µ+0.5·σ and Φ∗,high contains all
observations for which the solar proxy is larger than µ+0.5·σ. The smaller boundaries
are chosen for the Φ0.45−3nm and Φ0.45−1nm proxies due to their large variation, i.e. large



76
CHAPTER 5. DERIVED ENVIRONMENTAL PARAMETERS FOR THE

MARS OBSERVATIONS

σ. The calculated boundaries for the solar proxy intervals are found in Table 5.4. ΦSUM

provides a measure for the variation of the solar �ux range which is most important for
the ionization of CO2 at the Mars position. ΦXray is important for the M1 formation,
while Φ0.45−3nm and Φ0.45−1nm cover the wavelength ranges which provide ionization close
to the ionospheric base. ΦEARTH is the solar �ux at the top of the Earth atmosphere with-
out further calibration. It provides a measure for the solar activity without the variation
caused by the Mars orbit eccentricity.

5.2 The Mars Climate Database neutral atmosphere in

ionospheric altitudes

The Mars Climate Database (MCD V5.2) is a database which contains statistical results
of various model runs of a General Circulation Model (GCM) of the Mars atmosphere.
The GCM is developed at the Laboratoire de Météorologie Dynamique du CNRS (Paris,
France) in collaboration with the Open University (United Kingdom), Oxford University
(United Kingdom) and the Instituto de Astro�sica de Andalucia (Spain). Additional
support is given by the European Space Agency ESA and the Centre National d'Etudes
Spatiales (CNES). The GCM is a 3-D model of the global atmospheric circulation of
Mars. It includes physical processes as the radiative transfer through gas, dust and ice
aerosols, the H2O cycle, dust transport, and photochemical atmospheric, thermospheric
and ionospheric composition calculations. The MCD V5.2 includes vertical pro�les of
the neutral temperature, pressure, atmospheric mass density and volume mixing ratios
for CO2, CO, O, O2, O3, H, H2, N2, Ar and the electron number density (Forget et al.
(1999); Millour et al. (2015); Forget et al. (2015); González-Galindo et al. (2013)).
The atmospheric number densities ns for the individual species s are computed from the
ideal gas law (see e.g. (Jacobson, 2007))

nN =
pN
kBTN

(5.4)

with the atmospheric density nN , atmospheric pressure pN , the Boltzmann constant kB
and the neutral atmospheric temperature TN , in combination with the provided volume
mixing ratios for each species s. The Mars Climate Database distinguishes �ve scenarios
representing the atmospheric variability with dust load and with the solar cycle:

• �climatology� scenario
Dust observations during Mars years without global dust storms (Mars year 24, 26,
27, 29, 30, 31 - 04/1999 to 07/2013) are combined and used for statistical studies on
mean atmospheric behavior, day-to-day variability and large-scale variations. The
Climatology scenario is available for low (MCDclim-low, F10.7 at Earth approx-
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imately 707), moderate (MCDclim-ave, F10.7 ' 130) and high (MCDclim-high,
F10.7 ' 130) solar �ux (Forget et al., 2015; Montabone et al., 2015).

• �cold� scenario
The cold scenario (MCD-cold) contains an atmosphere with extremely low dust,
topped by a thermosphere for low solar �ux. As described in Forget et al. (2015),
for every LS, the model dust opacity at each planetary position is set to 50 % of
the minimum observed during the Mars years 24 - 31. The thermosphere for this
scenario is the low solar �ux scenario (F10.7 ' 70).

• �warm� scenario
In the warm scenario (MCD-warm), the atmosphere is dusty, topped by a thermo-
sphere for high solar �ux. The dust opacity for every LS at each planetary position is
set to 150 % of the maximum observed values during the Mars years 24 - 31 (except
for Mars years 25/28 global dust storms) (Forget et al., 2015).

• �dust dtorm� scenario
The dust storm scenario is available for solar longitudes (180 ◦ ≤ LS ≤ 360 ◦), when
such phenomena are likely to happen on Mars. The optical depth is set to 5 for the
whole planet. This scenario is available for low, moderate and high solar �ux.

• "Mars Years" scenarios
The Mars Years scenarios MY24 - MY31 (MCD-MY) contain the GCMmodel results
for the planetary atmospheres of the associated Mars years. The scenarios include
the day-to-day variability of the atmospheric dust load and solar �ux.

All scenarios except the dust storm scenario (because it is a scenario for extreme atmo-
spheric conditions) are used as input for IonA-1 and IonA-2. For each MaRS observation,
the MCD V5.2 scenarios associated with the appropriate LS, Ωlon, Ωlat and local time are
extracted.

5.3 The Martian crustal magnetic �eld

The MGS-MAG/ER twin �uxgate magnetometer and electron re�ection analyzer on
board of MGS observed the small-scale crustal magnetic �eld in approximately 400 km
altitude. The magnetic �eld data are binned into a 1 ◦ grid over the Martian surface,
where each bin contains a median of 14 measurement samples (Connerney et al., 2001)8.

7F10.7 itself is actually not used in the MCD V5.2, the value is only an approximation for the
parametrized solar �ux (González-Galindo et al., 2005)

8The magnetic �eld vector data were downloaded from
http : //mgs−mager.gsfc.nasa.gov/publications/grl_28_connerney/data/
grl_28_connerney_map_data.txt
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Figure 5.5: Illustration of the magnetic �eld parameter derivation for a MaRS observation from
the movement of the footpoint over the surface of Mars. The Figure is adapted from Peter (2008).

As discussed earlier, the MaRS radio science observation is not completely vertical. Its
footpoint, which is the intersection between the Martian surface and the vector between
the Mars center and the point of closest approach of the radio-beam, is slightly moving
during an occultation (illustrated in Figure 5.5). The strength of the magnetic �eld during
a MaRS observation is estimated by i.) extracting the magnitudes of the crustal magnetic
�eld for the footpoint coordinates when the radio ray is sounding the altitudes between
60 and 300 km above the areoid and ii.) determining the highest magnitude of the data
set. The derived magnitudes of the crustal magnetic �eld are used to determine, if wind
shear is a potential source for the merged excess electron densities (Chapter 7).



Chapter 6

Model development

Two one-dimensional models of the Mars ionosphere have been developed, Ionization in
Atmospheres 1 (IonA-1) and 2 (IonA-2). IonA-1 is a fast steady-state model of the Mars
dayside ionosphere. Its output are altitude pro�les of the ionospheric O+

2 and electron
density for a certain solar zenith angle. It is used to estimate the error in the MaRS M1
layer detection method. IonA-2 is a further development of IonA-1. It is a time-marching
photochemical model with a variable neutral-neutral and neutral-ion reaction scheme,
minor neutral particle di�usion and ambipolar ion di�usion. IonA-2 provides altitude
pro�les of minor neutral densities and ion/electron densities for a full Martian Sol. The
modeled neutral and ion densities will be compared with MaRS observations (Chapter
8) to investigate the role of O+

2 and NO+ in the formation of merged excess electron
densities.

6.1 Theoretical background

This Section contains general information about the primary and secondary photo-pro-
duction processes, chemical reactions and transport in the Mars upper neutral atmosphere
and ionosphere. In addition, the operator splitting method for solving a system of 1-D
photochemical reactions and transport equations is described.

6.1.1 Primary photo-production

The energy Eph, wavelength λ and frequency ν of a photon are related by the Equation

Eph = hPl · ν = hPl
c

λ
(6.1)

with the Planck's constant hPl and the speed of light in vacuum c. The absorption of
a photon by a molecule AB can initialize certain kinds of interactions depending on the

79
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energy hν of the photon

AB + hν → A+B Eλ ≥ Es
dt (6.2)

AB + hν → AB+ + e− Eλ ≥ Es
it (6.3)

AB + hν → A+B+ + e− Eλ ≥ Es
dit (6.4)

AB + hν → AB++ + 2e− Eλ ≥ Es
Dit (6.5)

AB + hν → A+ +B+ + 2e− Eλ ≥ Es
dDit. (6.6)

Photons with energies above the dissociation threshold Es
dt of a species s dissociate a

molecule by partly or fully breaking the bonds between the individual atoms (Eq. 6.2).
Photons with energies above the species ionization threshold Es

it can ionize atoms /
molecules by producing free ion-electron pairs (Eq. 6.3). Photons with energies above
the dissociative ionization threshold Es

dit can cause dissociative ionization, where one or
more of the molecule's fragments are ionized during the dissociation process (Eq. 6.4).
Double ionization is possible for highly energetic photons with energies above the double
ionization threshold Es

Dit (Eq. 6.5) or the dissociative double ionization threshold Es
dDit

(Eq. 6.6). The total photon absorption by a species s at a certain wavelength λ is rep-
resented by its total photon absorption cross section σsta(λ), which is assumed to be the
sum of the total photo-dissociation σstd and the total photo-ionization cross sections σsti.
The calculation of radiative transfer through a gas is described by the Lambert-Beer law
(Schunk and Nagy , 2009)

Φ (h, λ, χ) = Φ∞ (λ) e−τ(h,λ,χ) (6.7)

where Φ(h, λ, χ) is the solar photon �ux at wavelength λ for the solar zenith angle χ at
altitude h and Φ∞(λ) is the solar photon �ux for λ at the top of the atmosphere. τ is
called the optical depth or thickness

τ (h, λ, χ) =

∫ h

∞

∑
s

ns (h) · σsta (λ) dlλ (6.8)

where ns is the number density of the neutral species s at altitude h and dlλ is the
incremental path length in the photon �ux direction. dlλ can be expressed as

dlλ = −dh · Ch (h, χ) , (6.9)

where Ch (h, χ) is the Chapman function for grazing incidence angle for a curved atmo-
sphere. The function approaches 1/cos(χ) for either a horizontally strati�ed atmosphere
or if χ→ 0. The fast numerical approach of Smith and Smith (1972) for Ch (h, χ) is used
for the radiative transfer calculation in the IonA models.
The primary ion or neutral species u production P pr

u,r by reaction r from photo-dissociation,
-ionization or dissociative ionization for solar zenith angle χ and at altitude h is given by

P pr
u,r (χ, h) = ns (h)

∫ λsu,r

0

Φ (h, λ, χ)σsta · psu,r (λ) dλ (6.10)
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where λsu,r is the dissociation, ionization or dissociative ionization threshold wavelength
for species s in reaction r with the �nal state u, Φ(h, λ, χ) is the number of available
photons for wavelength λ at altitude h and solar zenith angle χ (calculated with Equation
6.7) and psu,r (λ) is the branching ratio for a given �nal ion/neutral state u of species s in
reaction r for wavelength λ.
The total primary photo-production P pr

u of species u is derived from the sum over all
photo reactions r

P pr
u (χ, h) =

∑
r

P pr
u,r (χ, h) . (6.11)

The total primary electron production from photo-ionization P pr
e used in IonA-1 is the

sum of P pr
u when only the ion species are considered.

The cross sections σsraw (λ) provided by a certain source are generally not available in the
resolution of the solar �ux bins provided by the SIP V2.38 database. Therefore the given
cross sections need to be integrated to the correct �ux bin width ∆λ. The integration of
the cross sections is done by the following steps

• Linear interpolation σseq (λ) of the provided cross sections σsraw (λ) to an equidistant
grid of 1 ·10−4 Å, because the integration error of the trapezoidal numerical integra-
tion in the MATLAB1 routine TRAPZ is smaller, if the input data are equidistant.

• Integration of the σseq (λ) for the selected solar �ux intervals by the MATLAB routine
TRAPZ

σsx (λ,∆λ) =

∫
∆λ
σseq (λ)

∆λ
(6.12)

where σsx (λ,∆λ) are the individual absorption, dissociation, ionization or dissocia-
tive ionization cross sections.

The cross sections for the bright solar lines are linear interpolated from the given σsraw (λ).

6.1.2 Electron impact ionization

Photoionization of a species can occur if the photon's energy Eph is larger than the par-
ticle's ionization threshold Es

it. The residual photon energy of the interaction is assumed
to be carried by the electron due to the fact that its mass is much lower than that of the
ion. Collision processes between the neutral atmospheric species and photo-electrons, e.g.
for CO2 (Fox et al., 2009)

CO2 + e− → CO+
2 + e− + e−

CO2 + e− → CO+ +O + e− + e−

CO2 + e− → O+ + CO + e− + e−,

1The MATrix LABoratory (MATLAB) is a commercial software developed by MathWorks. The soft-
ware is designed for solving numerical problems by the application of matrices.
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can produce additional ion-electron pairs by electron-impact ionization if the residual en-
ergy carried by the electron is larger than the ionization threshold of ambient atmospheric
species s. The detailed calculation of the ion and electron production from secondary im-
pact ionization P sec

u and P sec
e is described in the correspondent IonA-1 and IonA-2 model

section.

6.1.3 Chemical kinetic reactions

A detailed description of the following processes is found in Jacobson (2007). An elemen-
tary reaction is a chemical reaction without intermediate products. Where two bodies
are involved, the elementary reaction is called bimolecular. For three bodies, a reaction is
called termolecular. Those reactions mostly consist of pairs of bimolecular reactions with
a third body M, which result in the given reaction equation. Examples for elementary
bimolecular and termolecular collision reactions are

N +NO → N2 +O (ra)

O +O +M → O2 +M (rb)

Due to its high abundance in the Mars atmosphere, CO2 is considered as third body M
in the IonA-2 model. Chemical production rates P rea

u,r describe the change in the species
number density over time for each individual reaction r. For the above reactions, they
are written as

P rea
N2,ra

=
dnN2

dt
= nN · nNO · kra

P rea
O2,rb

=
dnO2

dt
= nO · nO · krb

with the N2 and O production rates P rea
N2,ra

and P rea
O2,rb

, the N , NO and O neutral number
densities nN , nNO and nO and the reaction coe�cient kr for each reaction r. kra is
a bimolecular reaction coe�cient, while krb is a termolecular reaction coe�cient which
already includes the third body's particle density nCO2 .
The temperature dependence of the bimolecular reaction coe�cient kr is often estimated
with the Arrhenius-equation

kr = Ar exp

(
− Er
R∗ · T

)
. (6.13)

Ar is the collisional or Arrhenius pre-factor, which is equal to the collision frequency
multiplied by an e�ciency factor. The activation energy Er is the minimum energy which
is required by the interacting particles to form an activated complex/transition state
before forming the �nal reaction products. The temperature T is either the neutral TN ,
ion Ti or electron temperature Te, depending on the reacting bodies and R∗ is the universal
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gas constant. In reactions where Er is close to zero, the Arrhenius pre-factor Ar becomes
strongly dependent on the temperature. For those reactions Equation 6.13 changes to

kr = Ar

(
300

T

)Br

exp

(
− Er
R∗ · T

)
(6.14)

with the temperature factor Br. If the temperature dependence of kr is not known, kr
reduces to a single number.
Termolecular reactions are pressure dependent, because the third body number density [M]
varies with the total pressure. Often, the pressure dependence of the reaction coe�cient
kr is interpolated between a low-pressure limit k0,T and a high-pressure limit k∞,T

kr =
k∞,Tk0,T [M ]

k∞,T + k0,T [M ]
F

[
1+

(
log10

(
k0,T [M ]

k∞,T

))2
]−1

C . (6.15)

where FC is the so-called broadening factor (e.g. set to 0.6 in Sander et al. (2011)). Low
and high pressure limits for the termolecular reaction coe�cient calculations are often
taken from Sander et al. (2011) in this work, where the low and high pressure limits are
de�ned as

k0,T = k0(T ) = k300
0

(
T

300

)−a
(6.16)

k∞,T = k∞(T ) = k300
∞

(
T

300

)−b
(6.17)

and k300
0 , k300

∞ , a and b are given.
The following reactions illustrate chemical processes of ionospheric impact (Schunk and
Nagy , 2009)

CO+
2 +O2 → CO2 +O+

2 (6.18)

CO+
2 +O → O+

2 + CO (6.19)

O+ + e− → O (6.20)

O+
2 + e− → O +O (6.21)

N(2D) +O2 → NO +O (6.22)

N(2D)→ N + hν. (6.23)

Reactions 6.18 and 6.19 are examples for charge exchange processes. In simple charge
exchange processes (r. 6.18), an electron is transferred from the neutral molecule or atom
to the ion. Reaction 6.19 describes a more complex process, where the composition of
both collision partners change during the collision. Reaction 6.20 and 6.21 describe re-
combination processes, which are important loss processes for ionospheric ions. Reaction
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6.20 describes a simple recombination reaction (the inverse process to direct ionization),
while 6.21 is an example for a dissociative recombination process, where the bond between
the atoms is broken during the recombination process.
Reaction 6.22 and 6.23 are examples for excited state chemistry. Reaction 6.22 is a col-
lisional de-excitation (also called quenching), while reaction 6.23 is called spontaneous
emission, because a photon with the energy hν is generated, when an electron of the ex-
cited atom, molecular or ion is falling on a lower energy level. As described in Demtröder
(2010), molecules have four types of energy levels: translational, rotational, vibrational
and electronic. Translational energy levels are very closely spaced, therefore the energy
absorption into translational states (temperature increase) can be assumed to be contin-
uous. The velocity of the molecules however leads to broadening of the absorption and
emission lines by the Doppler shift. The rotational, vibrational and electronic transitions
need certain quantized energies. The required photon energy increases from rotational
transitions of the molecule, where the angular momentum around the molecule's rotation
center changes, to vibrational transitions, where a combination of molecular bond stretch-
ing, angle bending and torsional motion occurs. The quantized photon energies needed for
electronic transitions are even higher than that for the vibrational transitions. The Pauli
principle states that an atomic state which is characterized by the set of four quantum
numbers nq, lq, mq,l and mq,s can only be occupied by at most one electron. The principal
quantum number nq is always an integer. It de�nes the electronic shells of the atom. The
innermost three shells are named K-shell for nq = 1, L-shell for nq = 2 and M-shell for
nq = 3. For every nq, the angular momentum quantum number lq can assume nq possible
values from 0 to (nq-1). For each value of lq, there are 2lq + 1 magnetic quantum numbers
mq,l and for each mq,l two spin orientations with mq,s= ±1/2 are possible. This yields

2 ·
nq−1∑
l=0

2lq + 1 = 2n2
q

positions for electrons with opposing spins. A short notation for the electronic state of
an atom/molecule is given by

n2Sq+1
q Lq,Jq (6.24)

where Sq is the quantum number of the sum of all spins Sq, Lq is the quantum number
of the total angular momentum Lq (spin excluded) and Jq is the quantum number of the
total angular momentum Jq = Lq + Sq. For atoms, the quantum number Lq is replaced
in Eq. 6.24 by latin letters, for molecules by greek letters, e.g.

• L= 0: S/Σ

• L= 1: P/Π

• L= 2: D/∆.
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Figure 6.1: Low lying energy levels of (a) oxygen and (b) nitrogen. The energy levels are given
in eV , while the photon energy emitted during the electron transition are given in Å. The Figure
is taken from Schunk and Nagy (2009).

Figure 6.1 illustrates the low lying energy levels of oxygen and nitrogen. The neutral
oxygen OI in the lowest energy state (ground state) is denoted O(3P ), while the neutral
nitrogen NI in the ground state is denoted N(4S). This notation is a shortened form of
Relation 6.24 where nq and Jq are neglected. The ground state atoms/molecules in this
work are given without the electronic state description, additional terms are added for
excited states only.

6.1.4 Transport of neutral and ion species in ionospheric heights

The Boltzmann equation (see e.g. Chapter 3 Schunk and Nagy (2009))

∂fBs
∂t

+ vs · ∇fs + as · ∇vfs =
δfs
δt

(6.25)

describes the temporal evolution ∂fBs /∂t of the velocity distribution function fBs of a
species s under the in�uence of particle di�usion vs · ∇fs, external forces as · ∇vfs and
collisions δfs/δt. The velocity distribution function fBs (r,vs, t) describes the number of
particles of species s in a volume element d3r at r with a velocity range d3vs about vs.
as is the particle acceleration, ∇ is the Nabla or gradient operator in con�guration space,
while ∇v is the gradient operator in velocity space. Equation 6.25 yields the base for
di�erent sets of transport equations. In a gas mixture which is dominated by collisions,
fBs is driven to a Maxwelllian velocity distribution function. However, if collisions between
similar particles are signi�cant and the species in the gas have di�erent drift velocities,
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the velocity distribution function is driven to a local drifting Maxwellian function fMs

fMs (r,vs, t) = ns (r, t)

[
ms

2πkBTs (r, t)

]3/2

· exp

{
−ms [vs −ws (r, t)]2

2kBTs (r, t)

}
(6.26)

at all positions and all times. ns is the density of species s, ms is the mass of the
atom/molecule, T s the temperature and ws the drift velocity of species s. kB is the
Boltzmann constant. The 5-moment system of transport equations is basically derived
from Equation 6.25 under the assumption of collision dominance for the velocity distri-
bution function (Eq. 6.26). The name of the �5-moment� equation system relates to
the number of parameters which are needed to describe each species in the gas: number
density ns (1 component), ws drift velocity (3 components) and temperature T s (1 com-
ponent).
When it is assumed, that the velocity distribution functions of all species are described
by drifting Maxwellians, stress and heat �ow e�ects are zero in the calculations and the
pressure tensor is diagonal and isotropic. Those closing conditions in combination with
the species collision terms yield the 5-moment system of transport equations which consist
of the continuity, momentum and energy equation for species s in interaction with other
species u

∂ns
∂t

+∇ · (nsws) = 0 (6.27)

nsms
Dsws

Dt
+∇ps − nsmsg − nsqs [E + ws ×B]

=
∑
u

nsmsνsuΦsu (wu −ws) (6.28)

Ds

Dt

(
3

2
ps

)
+

5

2
ps (∇ ·ws)

=
∑
u

nsmsνsu
ms +mu

[
3kB (Tu − Ts) Ψsu +mu (ws −wu)

2 Φsu

]
. (6.29)

Ds/Dt= ∂/∂t + ws · ∇ is the convective derivative, g the gravity acceleration, ps is the
pressure of species s, qs is the charge of the species, E is the electric �eld, while B is the
magnetic �eld. νsu is the momentum transfer collision frequency, Φc

su and Ψc
su are velocity

dependent correction factors, which are di�erent for di�erent collision processes. The
momentum equation 6.28 yields the base for the transport of minor atmospheric neutrals
by minor neutral di�usion and ambipolar di�usion of plasma.

Transport of minor neutral species

The main vertical transport process for neutral species in the Martian atmosphere is
di�usion. Poling et al. (2001) describes di�usion as the net transport of material within a
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single phase. Di�usion can result from gradients in pressure, temperature, external forces
and species concentration. The 1-D relation between the di�usion �ux ns · ws and the
concentration gradient in z-direction of species s with the assumption, that the �ux vector
of species s has only a z-component (ws = wsz), is described by Fick's �rst law (see e.g.
Prölss (2004))

nsws = −D · dns
dz

(6.30)

with the di�usion coe�cient D. The 5-moment momentum equation 6.28 provides an
approximation for the physical description of the two most important neutral di�usion
processes in the lower and upper atmosphere of Mars, eddy di�usion and molecular dif-
fusion. As described in Prölss (2004), the general composition of the lower atmosphere
is dominated by the eddy di�usion. Eddy di�usion is a mathematical construct, which
describes the mixing of the lower atmosphere by turbulent motion of air parcels in the
form of a di�usion process. The eddy di�usion leads to a homogenization of the lower
atmospheric composition and can be described in the form of Equation 6.30 with the eddy
di�usion coe�cient K. In the upper atmosphere, molecular di�usion becomes the dom-
inant process. The low collision rates in the upper atmosphere in combination with an
equilibrium between the downward �ux caused by gravity and the expansion �ux caused
by molecular di�usion, allow each species to decay with its own individual scale height.
The coe�cient for molecular di�usion of species s is denoted Ds. The homopause region,
where both e�ects are approximately equally strong has been found at Mars at ∼ 130 km
altitude for certain environmental conditions (see Chapter 2 and Maha�y et al. (2015a)).

The mathematical approach for di�usion di�ers if the density of the modeled species
is either comparable to or small compared to the whole atmospheric density at a cer-
tain altitude. For a comparable density, the di�usion process in the upper atmosphere
is described by major di�usion (see e.g. mathematical approach of Vlasov and Davydov
(1982)), while the di�usion of small number densities are described by minor molecular
di�usion. Since major di�usion is not yet implemented in IonA-2, the following deriva-
tions relate to minor molecular di�usion. The minor molecular di�usion approximation is
applicable, when the velocities of the neutral atmospheric species are small and show only
a slow variation with time. This means, that waves are not considered in the di�usion
approximation ∂ws/∂t→ 0 and that the species �ux needs to be subsonic ws · ∇ws → 0.
Under these circumstances, the convective derivative Ds/Dt= ∂/∂t+ws · ∇ is neglected.
The 1-D vertical minor neutral di�usion �ux in the z-direction is derived from the mo-
mentum equation 6.28 of the 5-moment equation system for multiple gases. The equation
is derived under the assumptions, that i.) the di�usion approximation is valid, ii.) the
electron and magnetic �eld have no e�ect on the neutral species and iii.) there is only a
small relative drift between the species (Φc

su = Ψc
su = 1) and iv.) that the �ux vectors of
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species s and u have only a z-component (ws = wsz, wu = wuz). This yields

∂ps
∂z
− nsmsg = −

∑
u6=s

msnsνsu (ws − wu)

nsws = − 1∑
u6=smsνsu

(
∂ps
∂z

+ nsmsg −
∑
u6=s

msnsνsuwu

)
(6.31)

with g = gz. De�ning the minor molecular di�usion coe�cient Dm
s for species s

Dm
s =

kBTs∑
u6=smsνsu

, (6.32)

inserting Equation 6.32 into 6.31 and applying the ideal gas law ps = nskBTs yields

nsws = − Dm
s

kBTs

(
∂ps
∂z

+ nsmsg −
∑
u6=s

msnsνsuwu

)

= −Dm
s

(
∂ns
∂z

+
ns
Ts

∂Ts
∂z

+ ns
msg

kBTs
− 1

kBTs

∑
u6=s

msnsνsuwu

)
. (6.33)

The collision term on the right side of the equation is set to zero, because the collision
frequency νsu is small.
The species velocity from eddy di�usion wKs in z-direction with the vertical eddy di�usion
coe�cient (K = Kz) is

wKs = −K 1

ns/nN

∂ (ns/nN)

∂z
= −K

(
1

ns

∂ns
∂z
− 1

nN

∂nN
∂z

)
(6.34)

where nN is the neutral atmospheric density. The balance between the gravitational force
and pressure gradient is the hydrostatic relation

dp

dz
+ nN < m > g = 0 (6.35)

where < m > is the average atmospheric mass < m >=
∑

s nsms/nN . Replacing nN in
Equation 6.34 by Equation 6.35 and applying the ideal gas law for the neutral atmospheric
density pN = nNkBTN yields

nsws = −K
(
∂ns
∂z

+
ns
TN

∂TN
∂z

+ ns
< m > g

kBTN

)
(6.36)

Combining the species �ux from molecular di�usion (Eq. 6.33) with neglected collision
term and the species �ux from eddy di�usion (Eq. 6.36) yields

nsws = − (K +Dm
s )

∂ns
∂z
−ns

[
K

(
< m > g

kBTN
+

1

TN

∂TN
∂z

)
+Dm

s

(
msg

kBTs
+

1 + βcorr
Ts

∂Ts
∂z

)]
.

(6.37)
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βcorr is a correction factor to account for thermal di�usion of light species, which is used
by Colegrove et al. (1966). In IonA-2 it is -0.25 for H and H2 and otherwise zero.
The eddy di�usion coe�cient is not well known in the Mars atmosphere (Krasnopolsky ,
1986). The amplitudes of gravity waves in absence of dissipation increase with height
as 1/

√
nN(h). Due to the fact, that the gravity waves are involved in the atmospheric

mixing, this relation is used for the calculation of K

K(h) =
ζ√
nN(h)

. (6.38)

ζ is a pre-factor which is close to 1.4 · 1013 for Venus, Mars and Earth, following the
discussion in Krasnopolsky (1986) and von Zahn et al. (1980). This expression is similar
to that used in Fox (2015).
The minor molecular di�usion coe�cient Dm

s for the di�usion of species s through other
gases u is calculated following Colegrove et al. (1966)

Dm
s =

∑
u nu∑

u6=s
nu

Db
su

, (6.39)

where nu is the gas number density of species u and Db
su the binary di�usion coe�cient.

The binary di�usion coe�cient Db
su is calculated from the expression provided in Chapter

11 of Poling et al. (2001) and has been originally developed by Chapman and Enskog (e.g.
(Chapman and Cowling , 1939))

Db
su =

3

16

(2πkBTN/Msu)
1/2

nπσ2
suΩD

fD, (6.40)

where TN is the neutral temperature, because it is assumed, that all neutral species have
similar temperatures. Msu= Ms ·Mu/(Ms +Mu) is the reduced molecular/atomic weight
of species s and u, Ms and Mu are the associated molecular/atomic weights, n is the
number density of molecules/atoms in the mixture, σsu is the characteristic length of the
intermolecular force law between s and u, ΩD is the collision integral for di�usion and
fD is the correction term for the molecular di�usion. fD is in the order of unity if Ms

and Mu are in the same order of magnitude. The value is between 1.0 and 1.1, if the
masses of the molecules/atoms are very unequal and the light component is available only
in trace amounts (Marrero and Mason, 1972). fD is assumed to be 1 during the IonA-2
calculations. The intermolecular force law used in IonA-2 for the calculation is the 12-6
Lennard-Jones potential. The Lennard-Jones potential describes the interaction between
uncharged and chemically unbound neutral atoms and molecules. The intermolecular
energy between atoms/molecules Ψlj is described by

ψlj(r) = 4εlj

[(
σlj

r

)12

−
(
σlj

r

)6
]
. (6.41)
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r is the radial distance between the two particles, εlj is the characteristic energy, σlj the
characteristic length in the Lennard-Jones potential. The parameters for the interaction
between s and u are determined from the following expressions

εljsu =
(
εljs ε

lj
u

)1/2
σljsu =

σljs + σlju
2

. (6.42)

An approximation for the collision integral for di�usion ΩD is provided by Neufeld et al.
(1972)

ΩD =
A1

(T ∗)A2
+

A3

exp (A4T ∗)
+

A5

exp (A6T ∗)
+

A7

exp (A8T ∗)
(6.43)

with the values for T ∗ and Ax

T ∗ = kBTN/ε
lj
su A1 = 1.06036 A2 = 0.15610

A3 = 0.19300 A4 = 0.47635 A5 = 1.03587

A6 = 1.52996 A7 = 1.76474 A8 = 3.89411

Plasma transport

As described in Chapter 5 and 11 of Schunk and Nagy (2009), ambipolar di�usion is the
transport of ions and electrons together as a single gas under the in�uence of gravity,
density and temperature gradients. Major ambipolar di�usion describes the movements
of ions which are in the same order of magnitude as the available electron density. They
are important for maintaining the plasma neutrality. Minor ambipolar di�usion describes
the movements of ions, which are available in trace amounts in the ionosphere compared
to the electron density. The major ambipolar di�usion used in this work is derived from
momentum equation 6.28 the 5-moment approximation. In the derivation of the 1-D
major di�usion equation, the di�usion approximation is used (no wave phenomena and
subsonic �ow). In addition, charge neutrality (where the electron density ne equals the
ion density ni) and zero currents are assumed. Heat �ow and stress e�ects are neglected
similar to the derivation of the minor molecular di�usion. The ionosphere is assumed
as unmagnetized, therefore B is neglected. E in Equation 6.28 is the small polarization
electrostatic �eld which develops between the electrons and the ions due to a very slight
charge separation. Its treatment is also neglected in the derivation of the ambipolar
di�usion equation. Considering all the assumptions yields for the 1-D ambipolar di�usion
equation

nsws = −Da
s

[
∂ns
∂z

+ ns

(
msg

2kBTp
+

1

Tp

dTp
dz

)]
, (6.44)

where Da
s is the ambipolar di�usion coe�cient for species s and Tp= (Ti + Te)/2 is the

plasma temperature. Da
s is calculated from

Da
s =

2kBTp
msνcolls

. (6.45)
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In IonA-2, νcolls for species s is calculated as the sum of the neutral-ion νins , ion-ion ν
ii
s and

ion-electron νies collision frequencies. For the calculation of the elastic ion-neutral collision
frequencies, Maxwell molecule collisions are applied. When the neutral approaches the
ion, the neutral becomes polarized and the interaction potential between the two particles
is that of an ion with an induced dipole. This yields for each ion i (after Eq. 9.73 and
9.40 of Banks and Kockarts (1973))

νini =
∑
n

mn

mn +mi

2.6 · 10−9nn

√
αpoln

mred

(6.46)

where the index n denotes the atmospheric neutral species. mi and mn are the ion and
neutral species masses, nn is the number density of the neutral species in cm−3, αpoln is
the polarizability of the neutral n in 10−24 cm3 and mred = (mimn)/(mi + mn) is the
reduced mass in amu. The neutral polarizabilities for IonA-2 were taken from Mason and
McDaniel (1988).
For the ion-ion collisions, Coulomb interactions between the ions are relevant. The average
ion-ion collision frequency for momentum transfer for each ion i with ions j in IonA-2 is
taken from Eq. 4.140 of Schunk and Nagy (2009) in combination with Eq. 9.40 of Banks
and Kockarts (1973))

νiii =
∑
j

mj

mi +mj

16
√
π

3

njmj

mi +mj

(
2kBTred
mred

)−3/2 q2
i q

2
j

m2
red

ln (Λ). (6.47)

The species masses mi and mj are in g, nj in cm−3. The Boltzmann constant kB is
needed in cm2 g s−2K−1. ln(Λ) is the Coulomb logarithm, the factor by which collisions
with a small incidence angle are more e�cient than large-angle collisions. It is ∼ 15
for ionospheres (Schunk and Nagy , 2009). qi and qe are the ion and electron charges in
esu. mred is the reduced mass in g and Tred = (miTj + mjTi)/(mi + mj) is the reduced
temperature in K.
The average ion-electron collision frequency for momentum transfer (Eq. 9.111 of Banks
and Kockarts (1973)) yields

νiei =
4
√

2π

3

(
niq

4
e

(kBTe)
3/2√me

)
ln (Λ). (6.48)

The ion density ni is in cm−3, the electron mass me in g and the the electron charge qe
in esu.

6.1.5 Solving the 1-D continuity equation

The vertical 1-D continuity equation in the 5-moment approximation (Eq. 6.27) is

∂nu
∂t

+
∂

∂z
(nuwu) = P tot

u − Ltotu , (6.49)
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Figure 6.2: Illustration of the operator splitting method. Designed after Figure 6.1 in Jacobson

(2007)
.

with the total photochemical production P tot
u and total photochemical loss Ltotu of species

u. Equation 6.49 is solved in IonA-2 with the operator splitting method described in
Jacobson (2007) and illustrated in Figure 6.2. Instead of solving the transport part and
the photochemical part simultaneously, the processes are calculated in a sequential manner
for each time step. The input parameters at the begin of the �rst time step are provided
into the transport scheme. After the transport calculation for time step 1, the results are
passed on to the photochemical scheme, which is solved for the same time step 1. The
�nal results from time step 1 are then passed as input parameters into time step 2. The
following Sections describe the calculation of the individual photochemical and transport
schemes in IonA-2.

Solving the system of photo-chemical reactions

Without transport, the photochemical part of the continuity equation (Eq. 6.49) reduces
to

∂nu
∂t

= P tot
u − Ltotu . (6.50)

Equation 6.50 is a homogeneous di�erential equation of degree and order 1. A homo-
geneous di�erential equation has no separate term involving the independent variable
(here time t). Due to the fact, that transport is neglected in the above equation, it is
an ordinary di�erential equation (ODE). Its order is the highest derivative rank of the
equation, while the degree is determined as the largest polynomial exponent of the high-
est order equation derivative (Jacobson, 2007). In an atmosphere/ionosphere with N
species, chemical processes occur simultaneously between all available species. Therefore
Equation 6.50 needs to be solved for N species simultaneously. This yields a system of
N homogeneous di�erential equations, where P tot

u and Ltotu for each species u consist of
the sums of the individual production and losses by the applied reactions. This system
of ODEs has known initial densities for the N species at t = 0 and is therefore an initial
value problem.
The overall lifetime τ sA of species s is de�ned as (Jacobson, 2007)
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Figure 6.3: Lifetimes of selected species in the Mars atmosphere calculated with the IonA-2var,flux
model setting for DoY 336 (2005) after six hours model run time.

τ sA =
1

1
τsA,r1

+ ...+ 1
τsA,rN

(6.51)

where τ sA,r1 to τ sA,rN represent the e-folding lifetimes of species s (the time in which the
original density of species s is reduced to 1/e) in the individual loss reactions r1 to rN .
The individual e-folding lifetimes of species s from each loss reaction depend on the kind
of the reaction. For unimolecular reactions of species s, bimolecular reactions of species
s with species v and termolecular reactions between species s, v and w, the following
equations are used

τ sA,r1 =
1

kr1
(6.52)

τ sA,r2 =
1

nv · kr2
(6.53)

τ sA,r2 =
1

nv · nw · kr3
(6.54)

where nv and nw are the initial densities of species v and w. If the lifetimes of the
species in a photochemical model di�er by orders of magnitudes, the system of ODEs
is called sti�. Certain ODE solver methods are better suited then others to cope with
sti� photochemical systems. Figure 6.3 illustrates, that the system of ODEs for the
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Mars atmosphere/ionosphere with the included reactions is a sti� ODE system due to the
lifetime variations of several orders of magnitudes. The system of ordinary di�erential
equations in this work is therefore solved with the Matlab function ODE15S, which is a
solver for sti� ODEs.
The used version of the ODE15S is based on the Gear's method (Gear , 1971), for which
Jacobson (2007) gives a good introduction. ODE solvers are based on explicit, implicit or
semi-implicit time-stepping methods. In an explicit time-stepping procedure the newly
calculated values, e.g. the number densities of the atmospheric species at time t are
calculated from already existing values (e.g. from t−∆t, t− 2∆t). In implicit methods,
additional and initially unknown terms at time t are solved in combination with the
wanted variables. Explicit ODE solvers are not well suited for solving sti� problems.
Their time step is limited by the species with the shortest lifetime. Larger time steps may
lead to a destabilization of the ODE solution. Sti� ODEs are often and e�ciently solved
with semi-implicit methods, which are based on calculations for the actual time step, the
start of the actual time step and sometimes additionally include the solutions at earlier
time steps. The ODE15S solver is based on Gear's method, which is semi-implicit. Gear's
method solves the backward di�erentiation formula (BDF). For that, the discretized �rst
derivation of the individual species densities (denoted here as n̂, which stands for the
individual densities nu of all species u))

dn̂t
dt
≈
n̂t −

∑g
j=1 αg,j · n̂t−j∆t
∆t · βg

0 ≈ ∆t · βg
dn̂t
dt
− n̂t +

g∑
j=1

αg,j · n̂t−j∆t (6.55)

yields the basis for the backward di�erentiation formula of order g. The values for the
scalars αg,j and βg depend on the order g of the BDF method. Equation 6.55 is iteratively
solved by replacing the left term of the equation by the predictor matrix Pt at time t and
iteration m

Pt∆n̂t,m = ∆t · βg
dn̂t,m
dt
− n̂t,m +

g∑
j=1

αg,jn̂t−j∆t

Pt∆n̂t,m = B̂t,m (6.56)

where ∆n̂t,m = n̂t,m+1−n̂t,m and dn̂t,m/dt is the �rst derivation of n̂t at time t and iteration
m. ∆n̂t,m in Eq. 6.56 is calculated with matrix decomposition/backsubstitution for each
iteration m, which allows the calculation of n̂t,m+1. Updates of B̂t,m for each iteration and
regularly for Pt �nally result in ∆n̂t,m ≈ 0. The convergence of the procedure is checked
with a local and a global error test. The local error test is repeated after every iteration
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with a normalized root-mean-square error (NRMS)

NRMSt,m =

√√√√ 1

N

N∑
u=1

(
∆nu,t,m

Rtolnu,t,1 + Atol,t

)2

(6.57)

where ∆nu,t,m is the particle density change of species u at time step t for iteration m, N
is the number of active species in the photochemical system, Rtol and Atol are the relative
and absolute error tolerance of the iteration procedure. nu,t,1 is the number density of
species u at the iteration start of the time step t. Rtol provides control of the procedure
error relative to ni,t,1. The absolute error tolerance Atol provides control against �xed
number densities. The local error test is passed, if NRMSt,m falls below a certain value
which depends on the order of the method g. If the local error test does eventually not
succeed after some iterations, the time step of the procedure is reduced until NRMSt,m
falls below the de�ned value. After passing the local error test, a global error test is
performed with a cumulative normalized root-mean-square error

NRMSt =

√√√√ 1

N

N∑
u=1

( ∑
m ∆nu,t,m

Rtolnu,t,1 + Atol,t

)2

(6.58)

where
∑

m ∆nu,t,m is the sum of the changes in species u particle density during time
step t. The NRMSt border value for the global error test is also dependent on the order
of the method g. If the global error test does not succeed, the time step of the method
is reduced. After every few successful time steps, the time step width and order of the
method are newly estimated and updated.

Solving the system of transport equations

The solution for the 1-D system of transport equations is achieved in the operator splitting
scheme by omitting the photochemical terms in the continuity equation 6.50

∂nu
∂t

= − ∂

∂z
(nuwu) . (6.59)

The calculation of the minor molecular di�usion and ambipolar di�usion are both based on
Equation 6.59. For minor molecular di�usion, the �ux term nuwu is replaced by Equation
6.37, while for ambipolar di�usion Equation 6.44 is applied. Inserting Equation 6.37 into
Equation 6.59 and assuming Tu = TN for all species u yields a second-order, parabolic,
partial di�erential equation

∂nu
∂t

= J1
∂2nu
∂z2

+ J2
∂nu
∂z

+ J3nu (6.60)
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with the Jx parameters

J1 =K +Dm
u (6.61)

J2 =
∂K

∂z
+
∂Dm

u

∂z
+K

(
1

HN

+
1

TN

∂TN
∂z

)
+Dm

u

(
1

Hu

+
1 + βcorr
TN

∂TN
∂z

)
(6.62)

J3 =−K

[
− ∂

∂z

(
1

HN

)
+

1

T 2
N

(
∂TN
∂z

)2

− 1

TN

∂2TN
∂z2

]
+
∂K

∂z

[
1

HN

+
1

TN

∂TN
∂z

]

−Dm
u

[
− ∂

∂z

(
1

Hu

)
+

1 + βcorr
T 2
N

(
∂TN
∂z

)2

− 1 + βcorr
TN

∂2TN
∂z2

]

+
∂Dm

u

∂z

[
1

Hu

+
1 + βcorr
TN

∂TN
∂z

]
. (6.63)

Equation 6.60 is solved with an implicit and stable numerical method described in Ap-
pendix O of Schunk and Nagy (2009). For the solution of the second order di�erential
equation, one set of initial conditions (the initial nu density) and two boundary conditions
(the �ux nuwu) need to be applied.
The altitude range for the model is discretized into a set of vertical grid points with a
width of ∆z. The spatial derivatives in Equation 6.60 are replaced by space-centered
spatial derivatives, while the time derivative is replaced by a forward time derivative

∂2n

∂z2
=
nt+∆t
j+1 − 2nt+∆t

j + nt+∆t
j−1

(∆z)2 (6.64)

∂n

∂z
=
nt+∆t
j+1 − nt+∆t

j−1

2 (∆z)
(6.65)

n = nt+∆t
j (6.66)

∂n

∂t
=
nt+∆t
j − ntj

∆t
(6.67)

where t is the current time and t + ∆t the future time step, j is the grid index, which
increases from lower model border to the upper border of the model. The species index
u is omitted for clarity. Inserting these expressions into Equation 6.60 yields

−I1
j n

t+∆t
j−1 + I2

j n
t+∆t
j − I3

j n
t+∆t
j+1 = Stj (6.68)
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with the parameters Ix and Stj

I1
j = 1− ∆z

2

J2(j)

J1(j)
(6.69)

I2
j = 2 +

(∆z)2

(∆t) J1(j)
− (∆z)2 J3(j)

J1(j)
(6.70)

I3
j = 1 +

∆z

2

J2(j)

J1(j)
(6.71)

Stj =
(∆z)2 J4(j)

J1(j)
+

(∆z)2

(∆t) J1(j)
ntj. (6.72)

Equation 6.68 in combination with the �ux boundary conditions is then iteratively solved
for the future time step t + ∆t with the matrix decomposition algorithm described in
Schunk and Nagy (2009) and yields the future densities nt+∆t

u for all species u. The
transport equation for ambipolar di�usion is solved in a similar way.

6.2 IonA-1

IonA-1 (Ionization in Atmospheres 1) is a one-dimensional photochemical model of the
Martian dayside ionosphere. The ionospheric calculations are conducted based on database
inputs of the solar �ux (SIP V2.38) and neutral atmosphere (MCD V5.2) from 50 to 250
km altitude. Included e�ects are the primary ionization of the neutral atmosphere by
solar radiation and secondary ionization by a parameterized electron impact ionization.
Dissociative recombination of O+

2 is the included loss process for the generated ions. No
transport e�ects are taken into account. This limits the usable altitude range of the
model from the bottom of the ionosphere up to 160 km altitude, where the time between
chemical reactions is short enough to neglect plasma transport. It is assumed, that the
neutral temperature TN , ion temperature Ti and electron temperature Te are equal. Due
to the underlying databases for solar �ux and neutral atmosphere, environmental condi-
tions can be easily changed in IonA-1 (e.g. changing solar �ux by solar cycle/zenith angle
or the neutral atmosphere at a certain longitudinal/latitudinal position of the planet).
This allows a �exible modeling of the long MaRS observation periods with their changing
environmental conditions. Another advantage of IonA-1 is the short model run time of a
few seconds per ionospheric pro�le. The software architecture for IonA-1 is illustrated in
Figure 6.4, a summary of the model parameters is found in Table 6.1.

6.2.1 Input parameters

For each MaRS observation, the observation time tMARS, solar longitude LS, planetary
longitude Ωlon, latitude Ωlat, solar zenith angle χ and local solar time LST are extracted
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Figure 6.4: Flow diagram for the IonA-1 ionospheric model
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Table 6.1: Summary of the IonA-1 and IonA-2 input parameters and speci�cations
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for that projected planetary surface position, when the sounded altitude above the areoid
is 130 km (as described in Chapter 4). tMARS is used to calculate the time tEARTH , for
which the solar �ux between 0.45 and 95 nm in 1 nm resolution with separate bright solar
lines is extracted from the SIP V2.38 data base and calibrated to the planetary position
(details in Chapter 5). The MCD V5.2 CO2, N2 and O neutral densities and neutral
temperature TN from the selected database scenario yield the neutral atmosphere for the
ionospheric calculations. The altitude resolution of the neutral atmospheric density and
temperature is 0.2 km, calculated by MCD V5.2 internal interpolation routines. The
altitude resolution of IonA-1 is likewise 0.2 km from 50 to 250 km altitude above the
areoid.

6.2.2 Photochemical reaction scheme

The total photo-absorption σsta and -ionization σsti cross sections for CO2, N2 and O are
taken from Schunk and Nagy (2009) between 5 and 95 nm (5 nm bin resolution with
separate bright solar lines) and from Avakyan et al. (1998) below 5 nm (integrated to
a resolution of 1 nm bins with Equation 6.12). No further branching ratios psu,r (λ) for
di�erentiated ion states or dissociative ionization are applied. It is assumed that all
produced ions from CO2, N2 and O are directly converted into the production of O+

2 .
This assumption is based on the most important reactions in the Mars ionosphere for
CO2 (Schunk and Nagy , 2009)

CO2 + hν → CO+
2 + e− (6.73)

CO+
2 +O → O+

2 + CO (6.74)

→ O+ + CO2 (6.75)

O+ + CO2 → O+
2 + CO (6.76)

O+
2 + e− → O +O, (6.77)

where ions other than O+
2 are converted into this species. In addition, the reaction cycle

of Krasnopolsky (2002)

CO2 + hν → CO+ +O + e− (6.78)

→ C+ +O2 + e− (6.79)

C+ + CO2 → CO+ + CO (6.80)

CO+ + CO2 → CO+
2 + CO. (6.81)

shows, that additional products of the dissociative photo-ionization of CO2 are also con-
verted into O+

2 . Reaction 6.76 also yields a sink for the O+ produced by the photo-
ionization of O. However, the ion densities measured by the retarding potential analyzers
on the Viking landers (Hanson et al., 1977) in Figure 2.13 show, that the dayside iono-
spheric main peak of Mars consists mainly of O+

2 , with a smaller amount of CO+
2 . This
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means, that not all CO+
2 ions are converted into O+

2 . The remaining CO
+
2 mostly a�ects

the ionospheric region at and slightly above the main peak. In addition, the dissocia-
tion/ionization model processes of N2 yields small amounts of NO+ in the lower iono-
sphere instead of O+

2 (see model results of Fox (2015) and González-Galindo et al. (2013)
in Figure 2.13). The assumption of TN = Ti = Te changes the appearance of the electron
density pro�le at that altitude, where the electron temperature and ion temperatures sig-
ni�cantly deviate from the neutral temperature. These deviations are investigated in the
more elaborated reaction scheme of IonA-2. No e�ects of double ionization are included
in IonA-1.
In IonA-1, the solar �ux Φ (h, λ, χ) at altitude h is derived from the integration of the
optical depth τ (Eq. 6.8) of the Lambert-Beer law (Eq. 6.7) by the trapezoidal numerical
integration Matlab routine TRAPZ. Due to the discretization of the given SIP V2.38 solar
�ux into 1 nm bins, the primary O+

2 production P pr

O+
2

in Equation (6.11) and (6.10) reduce
to

P pr

O+
2

(χ, h) =
∑
s

ns (h)

λsu,r∑
0

Φ (h, λ, χ)σsti (λ) dλ (6.82)

for s = CO2, N2 and O.
The secondary ionization in IonA-1 is calculated by the W s

E-value approach. Other de-
scriptions for the W s

E-value are the average energy loss per produced ion-electron pair or
the mean energy per ion-electron pair. W s

E is de�ned by

W s
E =

Es
e

< Npair >
(6.83)

where Es
e is the energy of the photo-electron derived from the photoionization of species

s and < Npair > is the average number of produced ion-electron pairs. As shown in Table
1 of Wedlund et al. (2011), the variation in the experiment and model values of W s

E for
the di�erent species is quite large. The authors however present a sophisticated modeling
approach for the W s

E-value calculation for several species by applying a 1-D model of
the TRANS-* family to solve the kinetic transport Boltzmann equation for suprather-
mal electrons, including electron/ion backscattering during the precipitation calculations.
Among other species, they provide W s

E-values for CO2, N2 and O in dependence of the
photo-electron energy Es

e . The secondary electron production P sec
e,r for the species CO2,

N2 and O in IonA-1 is calculated in three steps

• The available energy distributions of the individual photo-electrons is derived by
subtracting the energy of the �rst ionization potential Es

ip of species s from the
photon energy Eph of the given interval center wavelengths λ (0.75 nm, 1.5 nm, 2.5
nm, ..., 94.5 nm)

Es
e(λ) = Eph(λ)− Es

ip. (6.84)
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The lowest center wavelength is set to 0.75 nm instead of 0.5 nm, because as dis-
cussed in Chapter 4, the SIP V2.38 1210 wavelength (0.1 nm resolution) contains
no �ux in the 0.1 - 0.4 nm bins.

• In the next step, a mean value W av
E (h) is derived for each altitude h

W av
E (h) =

∑
s ns (h) ·W s

E∑
s ns (h)

(6.85)

• The total secondary electron production P sec
e (h) at altitude h is then derived by the

sum over all secondary ionization reactions r (one reaction available for each species
s)

P sec
e (h) =

∑
r

∑
λ

P pr
e,r(λ, h)

Es
e (λ)

W av
E (h)

. (6.86)

This results in the total electron production by photo-ionization in dependence of the
altitude above the areoid h

Pe(h) = P pr
e + P sec

e . (6.87)

Under the assumption, that i.) the ionosphere consists of one dominant species O+
2 , ii.)

the ionosphere is in equilibrium (P tot
O+

2

= Ltot
O+

2

), iii.) the O+
2 density is equal to the electron

density e− and iii.) the dissociative recombination of O+
2 (Eq. 6.21) is the only loss

process Equation 6.50 yields

P tot
O+

2
= Ltot

O+
2

= nO+
2
· ne · kr (6.88)

P tot
e = Ltote = ne · ne · kr (6.89)

ne =

√
P tot
e

kr
(6.90)

where kr is the reaction coe�cient for dissociative recombination of O+
2 (Alge et al., 1983)

kr = 1.95 · 10−13

(
Ta,e
300

)−0.7

[m3/s]. (6.91)

where it is assumed, that Te is equal to TN .

6.2.3 Application

Figure 6.5 shows the IonA-1 results for the MaRS observation of DoY 348 (2005) based
on the MCD-MY scenario. Panel (a) contains the altitudes, where the solar �ux at a
certain wavelength λ reaches 1/e, while Panel (b) contains the comparison between the
IonA-1 results and the MaRS observation. While most of the solar radiation is absorbed
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Figure 6.5: IonA-1 results for the MaRS DD observation of DoY 348, 2005 with LS= 340.28 ◦,
Ωlon= 70.10 ◦, Ωlat= 65.85 ◦ and χ= 74.90 ◦. (a) Altitude where τ= 1 (Eq. 6.7) for the solar bins
and lines of SIP V2.38. (b) IonA-1 electron density derived from the primary electron production
P pre only (blue) and total electron production P tote (χ, h) (red). The dashed line is the IonA-1
total electron density derived without solar wavelengths below 10 nm.

in the main peak region, the M1 layer is mainly produced by solar radiation below 10 nm.
Due to the absorption of the high energetic photons, secondary ionization is the major
e�ect in the lower ionosphere. The steps in the τ= 1 altitudes for every �ve 1-nm-bins
(for λ≥ 10nm) are caused by the photo-absorption/-ionization cross sections of Schunk
and Nagy (2009), which are available in bins of 5 nm width. Even if the resolution of
IonA-1 solar �ux is 1 nm, the resolution of the cross section causes a clustering of the
τ= 1 altitudes at certain heights.
The steady-state and single ion (O+

2 ) IonA-1 model is su�cient for estimating the general
ionospheric behavior in dependence of changing environmental conditions and for a rough
error estimate of the M1 parameters derived from the MaRS data set. Its computational
speed of few seconds per ionospheric pro�le enables the user to derive and compare iono-
spheric model results for many di�erent observing conditions. IonA-1 is, however, not
su�cient for modeling the processes possibly responsible for the small scale disturbances
of the lower ionosphere. This is conducted with the IonA-2 model.



104 CHAPTER 6. MODEL DEVELOPMENT

Figure 6.6: Flow diagram for IonA-2. Orange elements illustrate the IonA-2con core algorithm
without external changes of the neutral atmosphere and solar �ux. The combination of orange
and red panels shows the �ow diagram for IonA-2var, where the neutral atmosphere/solar �ux
input changes over model run-time.
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6.3 IonA-2

IonA-2 is a 1-D time-marching photochemical model for the Mars upper atmosphere and
ionosphere from 65 - 300 km altitude. It includes a complete day-night photochemical
cycle in combination with minor neutral di�usion and ambipolar transport processes. The
�ow diagram of the main IonA-2 features in Figure 6.6 illustrates the two available pro-
cessing modes. The convergence mode (IonA-2con) is illustrated by the orange elements.
They represent the essential core algorithm of IonA-2, where the initial input solar �ux and
neutral atmosphere do not change during the model run. Exit conditions for the IonA-2con
model are either the convergence at a pre-selected local time or reaching a pre-set model
run-time. IonA-2con is basically used for the validation of the IonA-2 core algorithm. The
combination of the orange and red elements in the �ow diagram describes the variable
(IonA-2var) mode. IonA-2var starts with initial solar �ux and neutral atmospheric con-
ditions for a given planetary longitude, latitude and local time. Exit conditions are also
convergence at a certain solar time or a certain amount of passed model time. During the
day-night cycle, the neutral atmosphere and solar zenith angle dependent solar �ux are
updated every 60 seconds. The following Sections describe the IonA-2 cross sections, the
validation of the core algorithm and the input parameters and architecture of the variable
IonA-2var mode. A summary of the model input parameters and its software architecture
is given in Table 6.1.

6.3.1 Photoabsorption/-dissociation and -ionization cross section
derivation

Huebner and Mukherjee (2015) provide a data base of photoabsorption, -dissociation and
-ionization cross sections from experimental and theoretical data sources, the PHoto Ion-
ization/Dissociation Rates PhIDRates database. They calculated rate coe�cients for the
quiet/active Sun and black body radiation for more than 140 species and approx. 265
branches. The raw cross sections σsraw (λ) for the species Ar, CO, H, H2, H2O, H2O2,
O(1D), N , NO, NO2, O and O2 are taken from their database, which is online available2.
The O3 cross sections are taken from Sander et al. (2011). The σsraw (λ) are integrated
to the selected bin width of 1 nm by using Equation 6.12. The photo cross sections for
CO2 and N2 are the most important for the lower Mars ionosphere and are therefore
investigated here in detail. The numbering of the reactions is that of the reaction scheme
2 in the Tables C.5 to C.15 in Appendix C.

2http://phidrates.space.swri.edu
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CO2 photo cross sections

The seven branches considered for the photoabsorption, photodissociation and photoion-
ization of CO2 in PhIDRates are

CO2 + hν → CO +O(1D) (IP002)

CO2 + hν → CO+
2 + e− (IP016)

CO2 + hν → CO+ +O + e− (IP018)

CO2 + hν → O+ + CO + e− (IP017)

CO2 + hν → C+ +O2 + e− (IP019)

CO2 + hν → CO +O (IP001a)

CO2 + hν → CO(a3Π) +O (IP001b)

The Cameron emission band system of CO arises from the spin forbidden transition of the
metastable (approx. 7.5 ms (Lawrence, 1971)) lowest excited triplet state of CO(a3Π) to
the singlet ground state CO(X1Σ+). It is the strongest observed feature in the ultraviolet
Martian dayglow emission (Fox and Dalgarno, 1979), which was �rst observed by the �y-
bys of the Mariner 6 and 7 spacecrafts in 1969 - 1970 (Barth et al., 1971; Stewart , 1972).
The loss processes for CO(a3Π) included in the Cameron band emission of Bhardwaj
and Raghuram (2011) and Jain and Bhardwaj (2012) are photodissociation/ionization,
quenching by other species and radiative decay. The available PhIDRates photo cross
sections for CO(a3Π) are similar to those for CO. The quenching or radiative decay of
CO(a3Π) results in the ground state of CO. Therefore CO(a3Π) is handled in IonA-2
similar to the ground state CO and not as a di�erent sub-species. This reduces the num-
ber of investigated CO2 branches to six.
Above wavelengths of approx. 100 nm, the CO2 absorption cross sections depend strongly
on the temperature of the absorber gas. Anbar et al. (1993) show, that the use of temper-
ature dependent CO2 absorption cross sections in a model of the Mars atmosphere causes
large di�erences in the CO2 photodissociation rates. Therefore a linear temperature de-
pendence of the CO2 absorption cross sections between 195 K and 300 K is assumed in
IonA-2. The raw CO2 absorption cross sections for 300 K are taken from the compilation
of Huestis and Berkowitz (2011) and Keller-Rudek et al. (2013). Additional absorption
cross sections are available for 195 K from Stark et al. (2007) between 106.1 and 118.7
nm, from Yoshino et al. (1996) between 118.7 - 175.5 nm and from Parkinson et al. (2003)
available in the observation range from 163 to 192.5 nm. All absorption cross section data
are online available from the MPI-SA (Keller-Rudek et al., 2013).
For the ionization processes, the thorough evaluation of partial absolute cross section of
Berkowitz (2015) is used as a guide.

• 800 nm to 90 nm - (IP002), (IP001a)
The branching ratios for the two dissociation channels are calculated from the ab-
solute cross sections available from PhIDRates.
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• 90 nm to 74 nm - (IP002), (IP001a), (IP016)
The �rst ionization potential of CO2 is 89.99 nm, therefore (IP016) becomes avail-
able in this wavelength region. The ionization e�ciency is extracted from the plots
1-3 of Shaw et al. (1995). This introduces an unpredictable, but small error, because
approx. 20 data points are extracted from the plot for each 1 nm interval. Mul-
tiplying the ionization e�ciency with the derived absorption cross sections yields
the absolute cross sections for (IP016). The residual absorption cross sections are
distributed to (IP002) and (IP001a) according to the PhIDRates branching ratios.

• 74 nm to 68 nm - (IP002), (IP001a), (IP016)
Shaw et al. (1995) state a problem with the experiment in this wavelength region,
which is obvious in their plot 4. Therefore the PhIDRates branching ratios for
(IP002), (IP001a) and (IP016) are used instead.

• 68 nm to 64 nm - (IP002), (IP001a), (IP016), (IP017)

The thermochemical threshold of 19.0701 eV (
∧
≈ 65.01 nm) (Berkowitz , 2015) indi-

cates the onset of the dissociative ionization process (IP017) in this interval. The
ionization e�ciency is taken from Shaw et al. (1995), the branching ratios are taken
from PhIDRates.

• 64 nm to 41 nm - (IP002), (IP001a), (IP016), (IP017), (IP018), (IP019)

The thermochemical threshold of 19.4664 eV (
∧
≈ 63.69 nm) (Berkowitz , 2015) for

(IP018) and the thermochemical threshold of 22.69 eV (
∧
≈ 54.64 nm) (Masuoka and

Samson, 1980) for (IP019) indicate the onset of the dissociative ionization processes
in this wavelength area. It is assumed, that all absorbed photon energy is going into
photoionization below 62 nm (Berkowitz , 2015; Shaw et al., 1995). The branching
ratios above 62 nm are taken from PhIDRates, the branching ratios below from the
branching ratios calculated on the basis of the absolute partial dissociative ionization
cross sections of Berkowitz (2015).

• 41 nm to 13 nm - (IP016), (IP017), (IP018) (IP019)
Branching ratios are calculated from the absolute ionization cross sections of Ma-
suoka (1994) and used with the de�ned absorption cross sections. Double ionization
e�ects in this interval are small compared to the cross sections for (IP016) and are
therefore neglected.

• 13 nm - 4 nm - (IP016), (IP017), (IP018) (IP019)
The absolute partial ionization cross sections of Berkowitz (2015) near the K-edge
of the C atom (between approx. 6 and 4 nm), where the energetic photons are
attacking the innermost (K-)shell of the atom, are used in combination with the
absolute partial ionization cross sections of Masuoka (1994) (available down to 12.4
nm) to calculate branching ratios for the partial ionization processes.
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• 4 nm - 0.45 nm - (IP016), (IP017), (IP018) (IP019)
No absolute partial cross sections are available in this wavelength range. Berkowitz
(2015) state, that (IP016) is one of the stronger channels, along with (IP017) −
(IP019). Additionally, CO++

2 is present. The double ionization products are ne-
glected in this work by assuming that CO++

2 dissociates fast. It is assumed, that
all energy is equally distributed between the channels (IP016), (IP017), (IP018)
(IP019).

N2 photo cross sections

The three branches considered for the photoabsorption, photodissociation and photoion-
ization of N2 in PhIDRates are

N2 + hν → N +N(2D) (IP006)

N2 + hν → N+
2 + e− (IP023)

N2 + hν → N+ +N + e− (IP024).

A branching ratio of 50 % ground state N and 50 % excited N(2D) is assumed, (see
Richards et al. (1981), Shi et al. (2017) and references therein). This assumption is e.g.
used by González-Galindo et al. (2013). No cross section measurements for temperatures
below 295 K are available, therefore this temperature range is used for the calculations.
Again, the selection of measurements follows the discussion of Berkowitz (2002, 2015).

• 800 nm to 80 nm - (IP006)
The photo-dissociation cross sections for this wavelength range are taken from the
work of Chan et al. (1993). The data set is downloaded from the MPI-SA database.
The onset of (IP006) in the data set is at 108 nm.

• 80 nm to 66 nm - (IP006), (IP023)
The ionization potential for N2 is at approx. 79.58 nm (Berkowitz , 2002), therefore
(IP023) becomes available in this wavelength region. The cross sections in this
wavelength region are those from Shaw et al. (1992). Their absorption cross sections
are downloaded from MPI-SA and integrated to 1 nm bins. The ionization e�ciency
of Shaw et al. (1992) is not online available. It is therefore extracted from the plots in
the publication. This introduces an unpredictable, but small error, because approx.
10 - 20 data points are extracted from the plot for each 1 nm interval. The ionization
e�ciency is integrated to 1 nm bins. Multiplying the ionization e�ciency with the
derived absorption cross sections yields the absolute cross sections for (IP023). The
residual absorption cross sections is used for (IP006).

• 66 nm to 12 nm - (IP023), (IP024)
Shaw et al. (1992) provide calculated photo-dissociation e�ciency down to 68 nm.
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Additionally, their ionization e�ciency reaches 1 at approx. 66 nm. Therefore it
is assumed, that all absorbed photon energy is going into ionization e�ects down-
ward of 66 nm. The thermochemical threshold for (IP024) is approx. 51.04 nm
(Berkowitz , 2002), therefore (IP024) becomes available in this wavelength region.
The onset of double ionization N2 + hν → N+ + N+ + e− + e− has its threshold
at approx. 31.87 nm. The cross sections in Table 2 of Samson et al. (1987) are
used for this wavelength interval. The authors do not separate single and double
ionization e�ects in their measurements. The double ionization cross sections of
Cole and Dexter (1978) (extracted from the plot of Samson et al. (1987)) are used
to separate the two e�ects. Double ionization is small in this interval compared to
(IP023) and is therefore not further investigated.

• 12 nm to 2 nm - (IP023), (IP024)
The photoionization and dissociative photoionization cross sections of Stolte et al.
(1998) are used. Double (N++) and triple (N+++) ionization e�ects increase in
this wavelength interval. The measured contribution of triple ionization to the
absorption cross section is always lower than 1% and is therefore neglected. The
contribution of double ionization increases up to approx. 25% at 1.55 nm. Stolte
et al. (1998) made no e�ort, to separate the signals of N+ and N++

2 , because N++
2

dissociates fast into 2N+. Therefore double ionization is not further investigated.

• 2 nm to 0.45 nm - (IP023), (IP024)
When no or no reliable measurements for cross sections of a molecule in a certain
wavelength range are available, atomic additivity is often used instead. In atomic
additivity, the cross section for a molecule is assumed to be the sum of the cross
sections of the individual atoms. In this wavelength interval, the absorption cross
sections from Henke et al. (1993) for N are used. The branching ratios are taken
from the measurement for the lowest available wavelength (1.55 nm) of Stolte et al.
(1998).

6.3.2 Validation of the IonA-2 core algorithm

IonA-2con represents the core algorithm of IonA-2 where all external variations of the
neutral atmosphere, neutral temperature and solar �ux from the change in local time
and solar zenith angle with time are deactivated. IonA-2con is used to validate the basic
algorithm of IonA-2 by comparing its results to the output of the 1-D photochemical
model of the Mars atmosphere and ionosphere of González-Galindo (2006) (called GG-
model from now on) after 6 hours of run-time. The comparison of the IonA-2con results
with the GG-model output is done to determine the agreement between i.) the densities
of the main species of the lower dayside ionosphere O+

2 , CO
+
2 , NO

+ and O+ and ii.)
the nitrogen species cycle NO, N , N(2D), because those species are not provided in the
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MCD V5.2 and are involved in the ionospheric NO+ density. It is assumed, that the core
algorithms and equations of IonA-2 are implemented correctly, when no large deviations
in the results occur between the two models for mostly similar input parameters. For the
comparison of the IonA-2con and GG-model model outputs, similar input atmospheres,
temperatures and a similar photochemical reaction scheme are used. The individual
output densities are then derived by running both models for 6 hours of model time with
constant solar �ux. No transport e�ects are tested during the validation process and are
therefore turned o� in both models.

Input parameters

The input atmosphere for the comparison of IonA-2con and GG-model consists of altitude
pro�les of the electron temperature3, neutral temperature TN and atmospheric/ionospheric
densities for the species CO, CO2, H, H2, H2O, H2O2, HO2, N , N(2D), N2, NO, NO2,
OH, O, O(1D), O2, O3, C+, CO+, CO+

2 , H
+, HCO+

2 , N
+, N+

2 , NO
+, O+ and O+

2 in
a 2 km resolution between 80 and 200 km altitude. The input neutral temperature and
atmospheric/ionospheric densities (including the altitude range and vertical resolution)
are those from Figure 3a of González-Galindo et al. (2013)4, which contains the output of
the GCM of the Laboratoire de Météorologie Dynamique for the Mars ionosphere. The
LMD-GCM is one of the input sources for the Mars Climate Database. The ionosphere of
Figure 3a of González-Galindo et al. (2013) is shown in Figure 2.14 in Chapter 2, selected
neutral species are found in Figure A.1 in Appendix A. The ionosphere described in Figure
3a of González-Galindo et al. (2013) is associated with Ωlon= 0 ◦, Ωlat= 0 ◦ and LST= 12h
for a F10.7= 118.3 (the F10.7 value is only a solar �ux indicator and not actually used
in the GG-model or the GCM). The presented results are averaged data from model runs
for the time period where LS is between 0 ◦ and 30 ◦.
The photochemical reaction scheme used by both models is given in Table C.1 - C.4 in
Appendix C and is similar to that used in González-Galindo et al. (2013). The electron
impact ionization by photoelectrons used in both models is the secondary ionization ef-
�ciency parametrization of Nicholson et al. (2009). The photoabsorption/-dissociation/
-ionization cross sections and input solar �ux used in the IonA-2con and GG-model di�er.
Due to the fact, that the publicly available and widely used photo cross sections and
branching ratios di�er, it was agreed to use mostly similar sources for two most impor-
tant species for this work, CO2 and N2. For CO2 it was agreed to use the Huestis and
Berkowitz (2011) absorption cross section compilation and ionospheric branching ratios
from Schunk and Nagy (2009) (available between 5 and 105 nm). Additionally, it is as-
sumed, that below 167 nm, all CO2 photo-dissociation is going into the production of CO
and O(1D), while above 167 nm all photo-dissociation is going into the production of CO

3Digitalized by F. González-Galindo from the model results of Rohrbaugh et al. (1979) in Kie�er et al.

(1992)
4provided by F. González-Galindo, personal communication
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and O. For N2, the absorption cross sections in the models were chosen individually, but
it was agreed to use the branching ratios of Schunk and Nagy (2009) (5 to 105 nm) in
both models. The GG-model computes the photo-absorption by a fast scheme, which i.)
uses self-calculated tables of photo-absorption coe�cients σsa ·ns integrated over individual
solar wavelength intervals for each absorbing species s as a function of their column den-
sities and ii.) uses the assumption of equilibrium for the fastest species OH, O(1D) and
HO2. IonA-2 is applying the Lambert-Beer law (Eq. 6.8) with individual cross sections
for 1 nm solar �ux bins instead. The solar �ux input for IonA-2con is derived from the
SIP V2.37 ASTM spectrum of the solar �ux of DoY 012 in 2004 for a F10.7=118.3. The
SIP solar �ux spectrum is scaled for the appropriate Mars-Sun distance of 238,407,759
km5 (approx. LS= 15 ◦) with Equation 5.3. No equilibrium assumption is used. The
termolecular reactions are multiplied with 2.5 to consider the e�ect of CO2 as a collision
partner compared to the lighter species where the original reactions where measured in
(Nair et al., 1994).

The IonA-2 core algorithm

The algorithm for IonA-2con is described in the orange part of Figure 6.6. In the �rst step,
the input con�guration for the model is set: altitude resolution, primary input species (the
species for which primary densities are provided) and the photochemical reaction scheme
is selected from the pool of available reactions and secondary ionization parametrization
modes. In the next step, the start densities for the neutral atmosphere (here additionally
the start densities for the ionosphere), neutral temperature and electron temperature are
imported. Afterwards, IonA-2 creates the ODE reaction �le for the selected photochemical
scheme. The �le contains the system of ordinary di�erential equations for all species u
(Equation 6.50)

∂nu
∂t

= P tot
u − Ltotu

= P pr
u + P sec

u +
∑
r

P rea
u (6.92)

where P rea
u indicates the net production/loss from all reactions which contain species u.

The automatic generation of the reaction �le is a vast improvement compared to the
manual �le creation. In a model with more than 100 included reactions, the automatic
�le generation allows a fast change of the used reaction scheme, including e�cient and
consistent changes in reaction coe�cients.
The calculation of the photoabsorption, -dissociation and -ionization production is con-
ducted by the use of the trapezoidal numerical integration of the Lambert-Beer law (Eq.
6.7) by the Matlab routine TRAPZ. The primary photo-production P pr

u of species u is

5calculated with SPICE
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then derived from Equation 6.11.
The secondary ionization parametrization of Nicholson et al. (2009) is implemented in
IonA-2con for comparison purposes with the GG-model. Nicholson et al. (2009) provide
analytic functions for the secondary ionization e�ciency εu, which is the ratio of secondary
to primary ion production for each individual species u. Their εu is based on the calcula-
tion of the primary and secondary ionization in the Mars ionosphere with a 1-D kinetic
electron transport model coupled to the output of a 3-D Mars global circulation model.
The secondary ionization production in IonA-2con P sec

u for ion u is derived by multiplying
the direct and individual primary photo-production of u from its neutral species s with
the secondary ionization e�ciency εu

P sec
u = P pr

u,r · εu. (6.93)

The system of ODEs (Eq. 6.92) is then solved by the Matlab ODE15s routine.
The combination of the absolute ODE solver error Atol, relative ODE solver error Rtol

and time step ∆t determine the stability of the solver solution and the solver's speed.
For a run time of 1 hour and a Atol = 10.0 (which indicates, that the solver error for
densities lower than 10.0 m−3 is not controlled by the solver), several con�gurations were
tested with the highest resolution of ∆t = 30 s and Rtol = = 1.0 · 10−12 and a lowest
resolution of ∆t = 300 s and Rtol= 1.0 · 10−6. It is found, that the di�erence caused by
the change of Rtol is almost neglectable compared to the di�erences introduced by the
increase of the model time step ∆t. The calculation of P pr

u and P sec
u is not included in the

ODE solver, but calculated in a separate routine. Therefore P pr
u and P sec

u are handled as
constants in the solver and are only updated every model time step ∆t. This behavior
introduces a natural boundary on the model step width ∆t. The solver conditions used
in the comparison with the GG-model data are ∆t = 150 s and Rtol = = 1.0 · 10−8. The
data set computed with this solver setting has a maximum deviation of 0.13% (H+ at 132
km altitude, the errors for the other densities are considerably smaller) compared to the
data set with the highest resolution for 1 hour model run time. This is entirely su�cient
for the computations in this work.

Comparing the IonA-2con and GG-model results

Two wavelength ranges are investigated for the SIP V2.37 solar �ux spectrum of DoY 012
(2004). The �rst scenario IonA-2con,all contains the solar �ux from 0.45 - 800 nm, while
IonA-2con,part contains the solar �ux from 5 - 800 nm. The provided secondary ionization
e�ciency functions of Nicholson et al. (2009) are applied between 80 and 200 km altitude.
This results in partly negative values for εu for few species u at low altitudes, which is
caused by the closeness to the lower border of the given parametrization. Following F.
González-Galindo6, negative values are set to 0, while εu larger than 100 are set to 100.
Figure 6.7 illustrates the IonA-2con,all and IonA-2con,part results for DoY 012 in compari-

6personal communication
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Figure 6.7: Comparison between the model input (thin dashed gray lines), GG-model (black lines),
IonA-2con,all and IonA-2con,part results for DoY 012 (2004).
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son with the initial ion densities and the GG-model results. The shown ionospheric species
agree well above the ionospheric main peak. The individual densities are well met and
important features as the altitude of the ionospheric main peak are in good agreement.
Below the main peak region, the di�erences between IonA-2con and the GG-model in-
crease. Due to the fact, that the input atmosphere/ionosphere, the solar zenith angle, the
neutral/electron temperatures and the chemical reaction scheme (including the reaction
coe�cients) are equal for this comparison, there are four sources for di�erences between
the models:

i.) the input solar �ux
The spectral intensity distribution may di�er due to the use of di�erent SIP database
versions, underlying models (e.g. ASTM or VUV) or spectral resolution. The
absolute intensity may di�er due to di�erent distance scaling (e.g. for a di�erent
LS).

ii.) the photo calculations
The photoabsorption/-dissociation/-ionization cross sections and branching ratios
for the individual species are mostly taken from di�erent sources.

iii.) the secondary ionization parametrization and

iv.) di�erent ODE-solver techniques.

The fast scheme of the GG-model makes it impossible to directly compare input solar
�uxes or photoabsorption cross sections. Additionally, di�erences introduced by a di�erent
implementation of the secondary ionization (the strongest source of ionization for the main
ionospheric species below 100 km altitude) or the use of other ODE solvers/integrators
cannot be determined without having direct access to the GG-model. The di�erences
between the IonA-2con,all (0.45 - 800 nm solar �ux) and IonA-2con,part (5 - 800 nm solar
�ux) imply, that the di�erences between the CO+

2 , O
+
2 and O+ densities are partly caused

by a di�erent handling of the solar radiation below 5 nm, but no exact source for the
di�erences can be determined.

6.3.3 The IonA-2var mode

The IonA-2var mode extends the possibilities of IonA-2con by providing a scheme for the
ionospheric calculation for changing solar zenith angle, neutral atmosphere and temper-
ature. Neutral atmospheric and ionospheric calculations for changing solar zenith angle
and local time in this work are necessary for three reasons:

i.) The densities of certain nitrogen species are not available from the MCD V5.2 and
need build-up time for the consistent computation of NO+.
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Figure 6.8: IonA-2var,flux results for DoY 336 (2005) for a start LST of 9 h and a model run
time of 4 Mars hours. This results in a solar zenith angle of 78.78 ◦ and a local solar time of
13 h. The secondary ionization in Panel (a) is calculated with the approach of Nicholson et al.

(2009), while the secondary ionization in Panel (b) is calculated with the approach of Wedlund

et al. (2011).

ii.) Small amounts of O+
2 , NO

+, HCO+, CO+
2 and O+ have been observed with MVN-

NGIMS for solar zenith angles between 110 ◦ and 120 ◦ (Girazian et al., 2017). In
addition, the recombination of N and O to NO on the planetary nightside is an
e�cient source for NO (Stiepen et al., 2015). Therefore the e�ect of the planetary
day-night cycle is not neglected in this work.

iii.) The ionosphere is not in a complete equilibrium state due to the changing solar �ux
and is therefore not fully represented by equilibrium models.

Input parameters

The input atmosphere for IonA-2var consists of altitude pro�les of the neutral temperature
TN and atmospheric densities for the major atmospheric species Ar, CO, CO2, H, H2,
H2O, N2, O, O2 and O3 from the MCD V5.2. The neutral atmospheric species and
neutral temperature are extracted from the Mars Climate database in a 0.2 km resolution
between 10 and 300 km altitude. The neutral atmosphere is extracted for the local time
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resolution of 0.1 Mars hours for a complete cycle of 24 hours of Mars local time. The
electron temperature is taken from Rohrbaugh et al. (1979). The input solar �ux in 1
nm bin resolution with separate bright solar lines is derived from the SIP V2.38 similarly
to the input for the IonA-1 model for each individual DoY. The photo cross section are
taken from Huebner and Mukherjee (2015), except for O3 (Sander et al., 2011), CO2 and
N2. Due to the importance of the CO2 and N2 cross sections for the model calculations,
they have been investigated in detail for this work as discussed earlier in the text. In
addition, SIP solar �uxes in a 1 Å resolution from the 1210 wavelength bin distribution
and associated cross sections are available for the wavelength range between 0.45 - 10 nm.
Those cross sections are needed for a detailed investigation of the origin of the merged
excess electron densities. The IonA-2 densities are calculated with an altitude resolution
of 1 km.
Figure 6.8 shows the IonA-2var,flux results (the term �ux is explained later in the text).
While the results in Panel (a) are calculated with the secondary ionization approach of
Nicholson et al. (2009), the secondary ionization approach in Panel (b) is that ofWedlund
et al. (2011). It is obvious, that the IonA-2 results in Panel (b) show a much better
agreement with the main ionospheric region. In the approach of Nicholson et al. (2009),
the M1 region is strongly underestimated. This might be caused by the fact, that the
secondary ionization parametrization of Nicholson et al. (2009) is available for a solar
zenith angle of 0 ◦ only. Therefore, the secondary ionization parametrization used in this
work is the W s

E-value approach of Wedlund et al. (2011).

Variation of the solar �ux and neutral atmosphere with time

The day-night cycle implemented in IonA-2 consists of the length of one Mars day (24.6597
hrs)7, which is the synodic period of one Mars day (the rotation time of Mars until the
Sun reaches the same position in the sky). One Mars hour therefore consists of 1.027 h.
The initial model start local time is at 9 h LST. At the begin of each model time step,
the major neutral atmospheric species and the neutral temperature are updated from the
MCD V5.2 for the associated local time. The solar zenith angle χ is calculated from the
current local time LST

χ (LST ) = arccos

(
cos

(
LST − 12

24
· 2π
)
· cos (φinc · sin (LS)) · cos (Ωlat)+

cos (φinc · sin (LS)) · sin (Ωlat)

)
(6.94)

with the Mars axis inclination Φinc, solar longitude LS and the planetary latitude Ωlat.
This equation is similar to that used in the LMD-GCM8.

7Mars fact sheet at NASA https://nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.html
8personal communication with F. González-Galindo
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Reaction scheme 2 and transport processes

The reaction scheme 2 of IonA-2var is an updated version of reaction scheme 1 used for
the validation of the core algorithm of IonA-2. It is found in Table C.5 to Table C.15
of Appendix C. The additional reactions in reaction scheme 2 are selected based on the
work of Fox and Sung (2001) and Fox (2012, 2015) to test the e�ect of a wider range of
reactions on the ionosphere of Mars. Figure 6.9 shows an example for the strongest CO+

2 ,
O+, O+

2 and NO+ production/loss rates for the converged IonA-2var,flux reults for DoY
336 (2005).
Figure 6.10 shows example pro�les for the vertical transport e�ects implemented in IonA-
2. The neutral species C, H2O2, HO2, O(1D), N(2D), N , NO, NO2 and OH experience
eddy di�usion and minor molecular di�usion. While the eddy di�usion is dominant in
the lower atmosphere, molecular di�usion becomes the dominant process in the upper
neutral atmosphere. Major di�usion of the major atmospheric species CO2, N2, O, O2,
O3, H2O, H, H2, Ar and CO is not yet included in IonA-2. The variation of the major
neutral species in the atmospheric day-night cycle during one Sol is provided by the Mars
Climate Database. For the minor molecular di�usion an upper and a lower boundary con-
dition are needed for each of the included species in IonA-2var. For IonA-2var,NOflux, the
boundary �uxes for all minor neutral species in IonA-2 are set to zero. For IonA-2var,flux,
the lower �ux boundary for N and NO is set to the limiting velocity at the homopause
wu = K/HN (Hunten, 1973), while the �ux borders for all other minor species are set
to zero. Ambipolar di�usion is calculated for the ions Ar+, CO+

2 , CO
+, C+, HCO+

2 ,
HCO+, H+, N+

2 , NO
+, N+, O+

2 and O+. For ambipolar di�usion all boundary �uxes
are set to zero.

The IonA-2var time step and the convergence criterion

During the tests described earlier in this Chapter, a model time step of 150 s is found to
provide an acceptable compromise between model speed and precision of the calculation.
It is however found for IonA-2var, that the model results also depend on the time step due
to the regular update of the solar zenith angle, major neutral species, neutral temperature
and the photoionization rate in the ODE solver. A smaller time step directly decreases
the error introduced by the constant primary ionization rate in the ODE solver. However,
for the major neutrals and TN , a decrease of the model time step does not increase
the accuracy of the results. The MCD V5.2 neutral atmosphere is only an interpolation
between grid points of the 3-D GCM. Therefore a smaller time step does not automatically
increase the precision of the computations in IonA-2 due to the interpolated MCD data.
As a compromise, the model time step is set to 60 s for the IonA-2 model calculations.
The problem with the external update of the major neutrals will be avoided in future
computations by implementing the major molecular di�usion of Vlasov and Davydov
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Figure 6.9: Production and loss rates of strong reactions for the converged IonA-2var,flux results
for DoY 336 (2005) after 18 Sol and 13 h LST of model run time for (a) CO+

2 , (b) O
+, (c) O+

2

and (d) NO+.
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Figure 6.10: (left) Minor molecular di�usion coe�cients Dm
N and Dm

NO and eddy di�usion coef-
�cient K calculated with IonA-2var,flux for the conditions of the MaRS observation of DoY 336
(2005) also shown in Panel (2b) of Figure 8.2. (right) Ambipolar di�usion coe�cients for N and
NO for similar IonA-2var,flux conditions.

(1982).
The convergence criterion for the IonA-2var mode is de�ned in dependence of the local
solar time. Due to the changing external conditions over one Sol, the convergence cannot
be measured from one time step to the next, because the atmosphere and ionosphere are
always changing. Instead, the convergence is tested at a pre-de�ned local solar time. If
the maximum change of the N , N(2D) and NO densities at each altitude falls below 3.5%
from one Sol to the next at a preselected local solar time it is assumed, that the model
has reached convergence.

6.3.4 Application

The improved CO2 and N2 absorption, dissociation and ionization cross section, the ex-
panded reaction scheme 2 and transport e�ects in combination with the implemented
day-night cycle result in a consistent 1-D model of the Mars upper atmosphere and iono-
sphere. The IonA-2 ion densities are compared to the in-situ ion observations of the
Viking landers / the 1-D model results of Fox (2015) and the 3-D model atmosphere
and ionosphere of the LMD-GCM in Chapter 8. The comparison between the MaRS
ionospheric electron density pro�les and the ion composition for the IonA-2var,NOflux and
IonA-2var,flux boundary condition in Chapter 8 provide new insights on the potential
production mechanisms and composition of the merged excess electron densities. In addi-
tion, the 1 Å high resolution solar �ux and cross sections between 0.45 - 10 nm yield more
information about the potential role of short solar X-ray in the Mm formation process.
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Chapter 7

E�ects of observational and

environmental parameters on the

merged excess electron densities

The undisturbed main structure of the Mars day side ionosphere consists of the photo-
chemical region with the dominant M2 layer and the weaker M1 layer/shoulder. Below
M1, additional features can be found merged (Mm) or detached (Md) from the main
ionospheric region. In this Chapter, the parameters derived from the observed merged
excess electron densities (Chapter 4) are compared with observational (Chapter 4) and
environmental parameters (Chapter 5) to determine the potential origin of the Mm fea-
tures. First, potential correlations between the derived environmental parameters and the
main ionospheric features M2 and M1 are investigated. The found correlations yield not
only information about the formation processes for M2 and M1, but also yield a chance
for testing the reliability of the derived environmental parameters in combination with the
MaRS observations (e.g. the obvious correlation between the vertical TEC of the iono-
sphere and the available solar �ux). In the second step, potential correlations between
the observational/environmental parameters and the identi�ed Mm provide constraints
for the potential formation processes of the merged excess electron densities in the Mars
dayside ionosphere. Figure 7.1 shows the distribution of the 266 MaRS observation foot-
points of the MaRSquiet data set from 2004 - 2014 on the Mars surface with respect to
the radial component of the crustal magnetic �eld. The 117 Mma,3km observations with
identi�ed merged excess densities are highlighted as red triangles, while the white circles
indicate the undisturbed MaRS electron density pro�les.
The in-situ ion observations of the MVN-NGIMS experiment described in Chapter 2 show
a dawn/dusk asymmetry of the upper ionosphere of Mars. The periapsis outside of the
deep dips is approximately 150 km, therefore the information about a main peak asymme-
try are sparse. The MaRSquiet data set contains 36 (3) low ΦSUM observations, 158 (31)
moderate ΦSUM observations and 15 (23) high ΦSUM observations for afternoon (morn-
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Figure 7.1: Distribution of the 266 MaRSquiet observation footpoints on the surface of Mars. The
map is taken from Connerney et al. (2001) and shows an overlay of the crustal magnetic �eld
with the Mars topography. Black and white lines indicate isomagnetic contours of the radial �eld
component at (400 ± 30) km altitude for B = ±10, 20, 50, 100, 200nT . Red triangles indicate
the 117 observations containing merged excess electron densities (Mma,3km), white dots are the
remaining 149 undisturbed MaRS observations.
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ing) local times. The data coverage of the quiet MaRS observations is therefore yet too
sparse to identify this local time dependence for an undisturbed ionosphere. In addition,
MaRSquiet is too small to identify the separate e�ects of the changing solar activity, solar
longitude LS, planetary longitude Ωlon and latitude Ωlat on the state of the ionosphere.
Therefore, the following correlations will cover most of the environmental parameters by
investigating the e�ects of the changing solar radiation at the top of the atmosphere
(covering the LS Sun-planet distance variation) in dependence of the solar zenith angle
(covering the solar �ux variation due to Ωlat) and crustal magnetic �eld at the observation
location.

7.1 The M2 main peak region

The MaRSall data set contains 451 observations. A part of those observations contain large
scale noise caused by unexpected movement of the ground station/spacecraft, additional
plasma in the radio ray path or other sources. Due to the fact, that the focus of this
investigation is on the small scale Mm excess densities, instead of MaRSall , only those
266 MaRSquiet observation with small scale noise are further investigated. The smaller
noise level of those observations provides more reliable parameters with less �uctuation
induced by external sources.
Panel (a) of the Figures 7.2, 7.3, 7.4 and 7.5 contain the M2 parameters with their
associated error bars derived from the MaRSquiet data set. Panel (b) contains the weighted
average Xw

Xw =

N∑
i=1

1
σX,i
·Xi

N∑
i=1

1
σX,i

(7.1)

of each parameter X. Xw is calculated from all N data points Xi with associated error bar
σX,i in each 5 ◦ solar zenith angle bin of Panel (a). If asymmetric error bars are available
for a given parameter, the mean error values are used for further calculation. The given
error bars in Panel (b) are the weighted standard deviation σX,w

σX,w =

√√√√√√√
N ·

N∑
i=1

1
σX,i
·
(
Xi −Xw

)2

(N − 1)
N∑
i=1

1
σX,i

. (7.2)

Panel (a) of Figure 7.2 contains the electron content nobsTEC of the vertical MaRS elec-
tron density pro�les computed from Eq. (4.4). The nobsTEC is subdivided into the three
solar proxy intervals, low ΦSUM,low, moderate ΦSUM,mod and high ΦSUM,high, which are
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Figure 7.2: (a) Derived full vertical TEC nobsTEC with error bars for the MaRSquiet data set. Gray,
green and red triangles indicate the ΦSUM,low, ΦSUM,mod and ΦSUM,high observations with de-
tected merged layers, circles indicate the remaining observations. Colored error bars belong to the
Mm, black error bars to the undisturbed observations. (b) 5 ◦ solar zenith angle weighted average
nobsTEC for the three solar proxy intervals ΦSUM,low (gray), ΦSUM,mod (green) and ΦSUM,high (red).
The error bars indicate the calculated weighted standard deviation of the data points.
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calculated from the SIP V2.38 model solar �ux between 0.45 - 95 nm and are discussed
in detail in Chapter 5. The gray, green and red triangles indicate observations with de-
tected merged excess densities of the Mma,3km group for the three solar proxy intervals,
while the undisturbed observations are represented by circles. For an ionosphere ideally
controlled by solar radiation, the vertical TEC should vary with the solar zenith angle
and the neutral scale height Hn as (Withers , 2009)

nTEC ' 4.13
ne,max,0(M2)√

Ch (h, χ)
·Hn (7.3)

with
Hn =

kBTN
< m > g

, (7.4)

where nTEC is the vertical TEC, ne,max,0(M2) the M2 peak density for solar zenith angle
χ= 0 ◦ and Ch (h, χ) the Chapman function for grazing incidence angle. The Ch (h, χ)
function (Chapman, 1931b; Smith and Smith, 1972) is a geometrical correction for the dif-
ference between a horizontally layered and a spherical atmosphere. It reduces to 1/ cos(χ)
for small solar zenith angles. The scale height Hn of the neutral atmosphere is calculated
from the Boltzmann constant kB, the atmospheric neutral temperature TN , the average
< m > (homosphere) or molecular/atomic (heterosphere) mass and the gravity accelera-
tion g. As expected from Eq. 7.3, the observations in Fig. 7.2 show a strong solar zenith
angle dependence. In addition, the observed TEC is strongly related to the SIP V2.38
model solar �ux (found in Eq. 7.3 by the ne,max,0(M2) variable, which is also dependent
on the available solar �ux in Chapman-theory). The di�erence between the vertical TEC
in the three �ux levels is even better visible in Panel (b). Here, the weighted average
TEC nobsTEC and weighted standard deviation are calculated from all data points in each
5 ◦ solar zenith angle bin, independent of the availability of Mm. For solar zenith angles
larger than 75 ◦ the calculated weighted standard deviation of the ΦSUM,low and ΦSUM,high

has no overlapping part.
Panel (a) of Figure 7.3 contains the observed M2 peak densities nobse,max(M2) of MaRSquiet
subdivided into the ΦSUM,low, ΦSUM,mod and ΦSUM,high solar proxy intervals. The peak
density of an ionosphere ideally controlled by solar radiation should vary with the solar
zenith angle and is usually compared with the Chapman relation (Chapman, 1931a)

ne,max,χ (M2) = ne,max,0 (M2) · cosεch (χ) , (7.5)

where ne,max,χ (M2) is the peak density at the solar zenith angle χ and εch = 0.5 is
the exponent for perfect agreement with the Chapman theory. The observed data in
Fig. 7.3 demonstrate the decrease of nobse,max(M2) with increasing solar zenith angle, as
predicted from the Chapman relation. Equation (7.5) is �t to the moderate solar proxy
interval ΦSUM,mod to illustrate the obvious in�uence of the changing solar �ux on the Mars
ionosphere. For solar zenith angles lower than 85 ◦, almost all of the M2 densities within
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Figure 7.3: (a) Derived M2 electron density with error bars for the MaRSquiet data set. (b)
5 ◦ solar zenith angle weighted average nobse,max(M2) and weighted standard deviation σobsne,max

(M2)
of the all data in Panel (a). The color code is similar to that in Figure 7.2. The dashed line
illustrates the �t of the Chapman relation (7.5) on the ΦSUM,mod proxy data range. The derived
parameter is εch = 0.407± 0.002, which does not include the ideal value of εch = 0.5.
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the solar proxy interval ΦSUM,low are below the Chapman relation �t (dashed line in Fig.
7.3), while most of the M2 densities of interval ΦSUM,high are found above. For higher χ,
the ΦSUM,high data are found still above the ΦSUM,low data, but they are not separated
by the Chapman-�t any more. This is explained by the fact, that Eq. 7.5 is based on
idealized conditions. E.g. the assumption of a locally radial symmetric atmosphere is less
probable to be ful�lled in the more variable atmosphere and ionosphere near the planetary
terminator. The e�ect of the varying solar radiation on the ionospheric state is more easily
seen in Panel (b), where the weighted average M2 electron density data nobse,max(M2) of
ΦSUM,low are found below and the weighted average data of ΦSUM,high are found above the
weighted average data of ΦSUM,mod for all solar zenith angles. The in�uence of the solar
�ux on the nobse,max(M2) observations is less strong than for the nobsTEC data. The calculated
weighted standard deviation error bars of the ΦSUM,low and ΦSUM,high overlap except for
the 75 ◦ − 80 ◦ solar �ux interval. The vertical TEC of an observation is stronger a�ected
by solar radiation changes than the nobse,max(M2) behavior, because nobsTEC is additionally
in�uenced by the M2 peak width hobswidth(M2) (see Figure 7.5 below). The hobswidth(M2) for
ΦSUM,high increase for increasing χ, which is not the case for the low solar �ux hobswidth(M2),
where only the scatter of the data points widens. Due to the double increase in nobse,max(M2)
and hobswidth(M2) for the high solar zenith angles, the di�erence between the ΦSUM,low and
ΦSUM,high TEC is more pronounced than for the nobse,max(M2) or hobswidth(M2) alone. It is
expected to �nd the observed trend of increasing M2 densities for increasing solar �ux
continued for the ΦSUM,high data for lower χ.
The derived M2 peak altitudes hobsmax(M2) are shown in Figure 7.4. The Chapman relation
(Chapman, 1931a) for the peak altitude is

hmax,χ (M2) = hmax,0 −Hn · ln (cosχ) , (7.6)

where hmax,χ is the peak altitude for the solar zenith angle χ, hmax,0 is the peak altitude
for χ= 0 ◦ and the Hn the neutral scale height. Despite the large variation of the observed
M2 peak altitudes in Fig. 7.4, an altitude/solar zenith angle dependence, as expected from
the Chapman theory, is evident for higher solar zenith angles. The change in solar �ux
during the observation periods from 2004 to the end of 2014 and its impact on the Martian
ionosphere is not as clear as for the M2 densities. The Chapman relation (7.6) was �t to
the observations assigned to the moderate solar proxy interval ΦSUM,mod. The in�uence
of the varying solar �ux on the Mars ionosphere, already found for the full pro�le TEC
(Fig. 7.2) and peak electron density (Fig. 7.3), is con�rmed and re�ected in an increase
of the peak altitude for increasing values of the solar �ux for solar zenith angles between
75 and 85 ◦ (Panel (b) of Fig. 7.4). For higher χ, there is no clear division between the
low and high solar �ux data by the �t, even if the ΦSUM,high h

obs

max(M2) values are still

found found above the ΦSUM,low h
obs

max(M2) data points in this interval. The problem with
the Chapman �t is caused by the i.) low number of the ΦSUM,mod data points in this solar
zenith angle interval and ii.) the proximity to the terminator. For lower χ, close to none
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Figure 7.4: (a) Derived M2 altitude hobsmax(M2) with error bars for the MaRSquiet data set. (b)

5 ◦ solar zenith angle weighted average h
obs
max(M2) and weighted standard deviation of the all data

in Panel (a). The color code is similar to those in Figure 7.2. The dashed lines illustrates the
�t of the Chapman relation (7.6) on the moderate solar �ux data. The derived parameter is
Hn= 8.8± 0.3 km.
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Table 7.1: Slopes of the M2 width and solar �ux in dependence of the solar zenith angle derived
from the �ts in Figure 7.5 and 7.6.

high solar �ux observations are available.
Figure 7.5 shows the observed M2 layer widths hobswidth(M2) with associated error bars.

The linear �ts illustrate the behavior of the M2 width due to the varying solar �ux.
The �t-slopes are listed in Table 7.1. In an ionosphere, developing in a single-species
atmosphere by monochromatic radiation, with only locally constant Hn, an increase in
M2 width with solar zenith angle can be caused by two e�ects:

i.) Increasing/decreasing solar �ux between ionospheric observations can cause the neu-
tral atmospheric temperature to rise/fall, generating higher/lower scale heights Hn

by an expanding/collapsing atmosphere (Eq. 7.4).

ii.) The increasing M2 peak altitude for increasing zenith angle (see Fig. 7.4) may cause
the formation of the M2 layer in altitude regions with a higher neutral scale height
Hn.

Fig. 7.6 shows the ΦSUM vs. χ dependence for the used MaRS observations, grouped into
the three solar �ux intervals. The resulting �t-slopes are listed in Table 7.1. There is only
a very slight decrease in M2 width with increasing solar zenith angle for the ΦSUM,low

interval. This indicates, in combination with the decreasing ΦSUM in Fig. 7.6, that the
atmosphere cooled down slightly for the higher zenith angle observations. This would
explain the absent M2 width increase for higher zenith angle data. For the ΦSUM,mod and
ΦSUM,high intervals, the M2 width is increasing, as is the solar �ux ΦSUM with increasing
χ. Therefore the increase in M2 width can be caused by higher neutral scale heights, by
increasing ΦSUM , and by the increase in M2 peak altitude, i.e. a main peak in regions of
potential higher Hn.

7.2 The secondary layer M1

This Section correlates the behavior of the derived M1 parameters (Chapter 4) with
selected environmental parameters (Chapter 5). For the M2 parameter comparison earlier
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Figure 7.5: (a) Derived M2 width hobswidth(M2) with error bars for the MaRSquiet data set. (b) 5 ◦

solar zenith angle weighted average h
obs
width(M2) and weighted standard deviation of the data in

Panel (a). The color code is similar to those in Figure 7.2. The slopes of the �tted lines can be
found in Table 7.1.
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Figure 7.6: Derived ΦSUM solar �ux distribution for the MaRSquiet data set. The color code is
similar to that in Figure 7.2.

in this Chapter, the selected MaRS observations are divided into the three de�ned intervals
of the solar �ux proxy ΦSUM . However, the computations with IonA-1 show (Figure 6.5 in
Chapter 6), that the model M1 layer is mostly produced by photoionization and secondary
impact ionization by solar radiation with wavelength below 10 nm. Therefore the solar
�ux proxy ΦXray is used here for the correlations, which consists of the integrated SIP
V2.38 model solar �ux from 0.45 - 10 nm. The weighted average and weighted standard
deviation are calculated from Eq. (7.1) and (7.2). Data points with only one visible error
bar contain only the error in the indicated direction. The error detection method shows
no variation of the M1 parameter in the opposite direction. For few M1 detections the
variation in the M1 parameter shows no variation at all. For other M1 detections, the
automatic error approximation did not work correctly (e.g. due to strong underestimation
of the lower range of the M1 parameters by the automated M1 detection method). Those
M1 parameters are not used for the calculation of the weighted average.
Panel (a) of Figure 7.7 contains the electron content nobsTEC(M1) of the M1 layer. As for
the vertical TEC of the full ionospheric pro�le nobsTEC , it is computed from Eq. (4.4), but
here for the residual M1 layer after the linear �t. No Chapman-relation (Eq. 7.3) is �t to
the M1 data, because a large factor in the M1 formation is secondary impact ionization
which is not included in the classical Chapman-theory (Chapman, 1931a). This argument
is valid for the subsequent M1 correlations. From the behavior of the full vertical TEC
nobsTEC in Figure 7.2 it is exptected, that the M1 TEC also decreases with increasing χ.
The MaRS data in Panel (a) of Figure 7.7 con�rm this predicted behavior in general. The
weighted average TEC values with the weighted standard deviation error bars in Panel
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Figure 7.7: (a) Derived M1 TEC nobsTEC(M1) with error bars for the MaRSquiet data set. Gray,
green and red triangles indicate the Mma,3km observations with detected merged layers. The
respective colored circles indicate the remaining observations. (b) 5 ◦ solar zenith angle weighted
average nobsTEC(M1) for the three solar proxy intervals ΦXray,low (gray), ΦXray,mod (green) and
ΦXray,high (red). The error bars indicate the calculated weighted standard deviation of the data
points. For 17 detected M1 electron densities, the automatic error approximation did not work.
These data points are not included in the nobsTEC(M1) calculation and show no error bars.
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(b) indicate, that the e�ect of the changing solar radiation on nobsTEC(M1) is similar but
slightly less clear than for nobsTEC . There are four possible explanations:

i.) Additional dynamic physical e�ects play a role in the M1 formation which is not
important for the M2 main peak region.

ii.) The solar proxies are determined from the SIP V2.38 model �ux for Earth calibrated
for the Mars position. Due to the fact, that the solar �ux has a higher variability
in the X-ray than in the EUV, the ΦXray proxy might be less reliable for Mars than
the ΦSUM proxy.

iii.) The method for deriving the M1 parameters might weaken the relation between
the solar �ux proxy intervals and nobsTEC(M1). The test with the 50 IonA-1 model
electron density pro�les in Panel (c) of Figure B.2 in Appendix B shows a slight
underestimation of the derived center TEC compared to the �real� model TEC, even
if the �real� model TEC is still found within the derived error bars.

iv.) The large derived error bars of the M1 TEC might diminish the derived M1 TEC
dependence on the solar �ux proxy intervals.

The M1 peak electron densities are derived in a similar way as the M2 peak electron
densities, but for the M1 residual electron density. Panel (a) of Figure 7.8 contains the
observed M1 peak densities nobse,max(M1) subdivided into the three ΦXray solar proxy in-
tervals. Panel (b) contains the weighted average nobse,max(M1) values with the weighted
standard deviation error bars of the MaRSquiet data in Panel (a). The M2 peak shows a
decrease in peak electron density for decreasing solar �ux when the solar zenith angles
are equal. This behavior is found even stronger for the M1 peak electron density. How-
ever, the above discussed reasons for a dampening of the correlation between the solar
proxy intervals and the M1 parameters are still valid. As shown in Panel (b) of Figure
B.2 in Appendix B, the derived IonA-1 center M1 electron densities (determined with
the M1 detection method from the IonA-1 model electron densities) slightly overestimate
the �real� model M1 electron densities for approximately half of the data set. The �real�
model electron densities are however still found in the derived M1 ranges.
The derived M1 peak altitudes hobsmax(M1) are shown in Figure 7.9. The clear increase

for the M2 peak altitude with increasing solar zenith angle is also found for the M1 peak
altitude. However, the M1 altitude increase from ΦXray,low to ΦXray,high solar proxy obser-
vations for similar solar zenith angles is less pronounced. The ΦXray,mod data even show a
strange and inhomogeneous altitude behavior compared to the relation between the low
and high solar �ux proxy observations. Panel (a) of Figure B.2 in Appendix B shows,
that the M1 altitude derived from the IonA-1 model ionospheres is close to the altitude
of the �real� model ionosphere for most cases. Due to the fact, that the M1 TEC and M1
peak electron density are still correlated with the solar �ux proxies similar to the M2 pa-
rameters, the found behavior is not easily explained. Using the solar �ux proxy ΦSUM for
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Figure 7.8: (a) Derived nobse,max(M1) with error bars for the MaRSquiet data set. (b) 5 ◦ solar zenith
angle weighted average nobse,max(M1) and weighted standard deviation of all data in Panel (a). The
color code is similar to Figure 7.7. The error approximation did not work for 17 nobse,max(M1),
which are not included in the nobsTEC(M1) calculation. 23 nobse,max(M1) show no variation in the M1
electron density. They are included in the weighted average with an assumed error of 1 · 109m−3.
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Figure 7.9: (a) Derived M1 altitude hobsmax(M1) with error bars for the MaRSquiet data set and

ΦXray solar proxy. (b) 5 ◦ solar zenith angle weighted average h
obs
max(M1) and weighted standard

deviation of all data in Panel (a). The color code is similar to Figure 7.7. The error approxi-
mation did not work for 17 hobsmax(M1), which are not included in the h

obs
max(M1) calculation. 24

hobsmax(M1) show no M1 altitude variation. They are included in the weighted average with an
assumed error of 1 km.
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Figure 7.10: (a) Derived M1 altitude hobsmax(M1) with error bars for the MaRSquiet data set

and ΦSUM solar proxy intervals. (b) 5 ◦ solar zenith angle weighted average h
obs
max(M1) and

weighted standard deviation of all data in Panel (a). The color code is similar to Figure 7.7. The
error approximation did not work for 17 hobsmax(M1), which are not included in the h

obs
max(M1)

calculation. 24 hobsmax(M1) show no M1 altitude variation. They are included in the weighted
average with an assumed error of 1 km.
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Table 7.2: Slopes of the M1 width and solar proxies in dependence of the solar zenith angle derived
from the �ts in Figure 7.11 and 7.12.

hobsmax(M1) in Figure 7.10 yields slightly better results, especially for the low solar zenith
angles. The M1 vertical TEC and M1 peak electron density are directly correlated with
the X-ray solar �ux. The altitude of the M1 peak however shows a better correlation
with ΦSUM , because the M1 altitude depends on the composition and temperature of the
underlying neutral atmosphere, which is determined by the whole solar �ux output of the
Sun.
Figure 7.11 shows the observed M1 layer widths hobswidth(M1) with associated error bars.

hobswidth(M1) is calculated as the di�erence between the upper and lower altitude where
the M1 electron density reaches 50 % of nobse,max(M1). As discussed in Chapter 4, the M1
width determined by the M1 detection procedure does not provide information about the
absolute state of the ionosphere as it is for the M2 layer. As shown in Panel (d) of Figure
B.2 in Appendix B, the M1 width determined from the IonA-1 model is generally under-
estimated by the straight line procedure used for the M1 parameter detection. Therefore
the width of the M1 layer can only be used to determine relative changes of hobswidth(M1)
in dependence of environmental parameters, but not for determining the absolute state of
the ionosphere. As for the M2 layer, the linear �ts in Panel (a) of Figure 7.11 illustrate the
behavior of the M1 width, but here in dependence of the ΦXray solar proxy. The �t-slopes
are listed in Table 7.2. Figure 7.12 shows the ΦXray vs. χ dependence for the MaRSquiet
data set, grouped into the three solar proxy intervals. The resulting �t-slopes are listed in
Table 7.2. The slopes for ΦXray,low, ΦXray,mod and ΦXray,high are small compared to their
error bars. The �uctuation of the parameters for ΦXray,low and ΦXray,mod is even higher
than for their ΦSUM equivalents. This is caused by the high variability in the solar X-ray
output of the Sun. The small increase of the �t slope for the M1 width in the ΦXray,mod

and ΦXray,high intervals and the strong increase of the �t slope for ΦXray,low indicate, that
the increase in M1 width is caused by the increase of the M1 main peak altitude to higher
altitudes, where the temperature is higher for the highest solar zenith angles. This is due
to the fact, that the ΦXray,low M1 widths consist only of observations for high solar zenith
angles, while the �t on the other two solar proxy intervals covers the full observable solar
zenith angle range.
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Figure 7.11: (a) Derived M1 width hobswidth(M1) with error bars for the MaRSquiet data set. (b)

5 ◦ solar zenith angle weighted average h
obs
width(M1) and weighted standard deviation of all data

in Panel (a). The color code is similar to those in Figure 7.7. For 20 detected M1 parameters,
the automatic error approximation did not work. Those data points are not included in the
h
obs
width(M1) calculation.
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Figure 7.12: Derived ΦXray solar proxy distribution for the MaRSquiet data set. The color code
is similar to that in Figure 7.7.

7.3 Merged excess electron density

The merged excess electron densities (Mm) derived in Chapter 4 are compared to a se-
lection of observational (Chapter 4) and environmental parameters (Chapter 5) to draw
conclusions about their potential formation processes. The vertical Mm TEC is based on
the visible part of the merged excess density and is therefore (together with the lower alti-
tude limit of the ionospheric pro�le hL) its most reliable feature. Two categories of merged
excess electron densities Mma and Mmc have been de�ned in Chapter 4 based on this pa-
rameter. The Mma category is used to identify potential origins of the merged excess
electron densities by investigating potential correlations with environmental parameters.
The Mmc category is a subcategory of Mma. It is used to prove that the sporadic Mm exist
independently of disturbances introduced by the Abel inversion of ionospheric deviations
from a radial-symmetric behavior. The plots found here are those for the Mma,3km and
Mmc,3km categories, while the plots for the Mma,5km and Mmc,5km categories are found
in Appendix D. Deviations between the Mma,3km/Mmc,3km and Mma,5km/Mmc,5km groups
are discussed in the text if they occur.
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7.3.1 Detectability of the merged excess electron densities

The merged excess electron density occurrence rate Px

Px =
Nx

N
· 100.0 (7.7)

is the number of Mm identi�cations Nx in all MaRS observations in the data set for a
given interval N . Px is used in this Section to show that the selected vertical TEC limit for
the Mma,3km category (which is the lower TEC limit of Mma,3km and Mma,5km) is chosen
small enough to avoid the introduction of an unwanted bias by the detection method. For
that, Px is determined in dependence of the upper baseline noise level σnoise,UB, the lower
baseline noise level σnoise,LB and the lower baseline mean µLB.
Figure 7.13 shows the e�ect of the observational noise in the upper baseline σnoise,UB
and the Mm identi�cation process on the occurrence rate of the merged excess electron
densities. Panel (a) contains the Mm occurrence rates for Mma,3km (called PMm,a) and
Mmc,3km (called PMm,c) in dependence of the upper baseline noise level σnoise,UB. In
additon, the occurrence rates of the potential merged excess electron densities (Ppot) are
shown. They contain all potential Mm identi�cations of the detection algorithm described
in Chapter 4, independent of their nobsTEC(Mm). If the occurrence rates with σnoise,UB >
12 · 108m−3 are neglected due to the low number of observations in those intervals, Ppot
is decreasing for increasing σnoise,UB. The same trend is found for PMm,a, but not for
PMm,c. This might either be caused by the low number of only 31 Mmc identi�cations in
the MaRSquiet data set due to the very strict applied boundaries or by a dominating other
e�ect (e.g. spacecraft orbital geometry) caused by the additionally applied boundary
conditions. Panel (b) of Figure 7.13 contains the individual TEC nobsTEC(Mm) of the
potential and detected merged excess electron densities. The red squares and error bars
are the weighted mean nobsTEC(Mm) (Eq. 7.1) and weighted standard deviation σobsTEC(Mm)
(Eq. 7.2) of the Mma,3km data set, which includes the Mmc,3km observations due to the
fact that they are a subgroup of Mma,3km. It is found, that the nobsTEC(Mm) values are
increased at very low and high σnoise,UB. Two explanations are found for the increased
TEC at very low σnoise,UB:

i.) The low number of only four MaRS observations in this interval might provide a
non-representative sample of the available TEC (e.g. only detections for a certain
solar �ux) or

ii.) the extremely low upper baseline noise introduces no fake small merged excess
densities (which would bias the nobsTEC(Mm)) into the observations.

The higher nobsTEC(Mm) for increasing σnoise,UB are explained by the bias introduced into
the Mm groups during the identi�cation process. Only those merged excess densities are
included into Mma,3km, which have a nobsTEC(Mm) value larger than the limit de�ned in Re-
lation 4.10. This limit depends on σnoise,UB and therefore causes an increase in nobsTEC(Mm)
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Figure 7.13: (a) Px of all potential Mm (black), Mma,3km (gray) and Mmc,3km (yellow) in de-
pendence of σnoise,UB. Numbers on top of the bars indicate all MaRSquiet observations in an
interval. Numbers within the bars indicate the identi�cations in the respective Mm categories.
(b) nobsTEC(Mm) with error bars σobsTEC(Mm) for the potential Mm (black circles), Mma,3km (gray
triangles) and Mmc,3km (yellow triangles) in dependence of σnoise,UB. Red squares and error bars
are the respective weighted average and weighted standard deviation of Mma,3km. The deviation
of the nobsTEC(Mm) distribution/error bars from a regular Gaussian behavior cause some of the
error bars to include negative values which cannot be fully shown in a logarithmic plot. Weighted
average and standard deviations are calculated for intervals with more than 3 Mm detections only.
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for increasing σnoise,UB. The potential bias introduced in further correlations by the Mm
identi�cation method is accepted to avoid Mm misdetections caused by increased obser-
vational noise. It could be assumed, that the increased nobsTEC(Mm) for higher σnoise,UB is
proof that the Mm identi�cation method might partly cause the decrease of PMm,a for in-
creasing noise, but the e�ect of decreasing occurrence rates for increasing σnoise,UB is also
visible in Ppot, where all merged excess densities are included independently of their level
of σnoise,UB. It is therefore assumed, that the decrease of PMm,a for increasing σnoise,UB
is mostly caused by the disguise of Mm with small nobsTEC(Mm) by enlarged observational
noise and not by the selected identi�cation method.
It is therefore concluded, that

(1) an increased upper baseline noise level may obscure available merged excess densi-
ties.
Therefore only correlation tests with positive Mm detections are valid, correlation
tests with the negative (no Mm excess densities detected) Mm occurrence rates are
not feasible.

(2) merged excess densities are real features of the ionosphere.
The regularly occurring Mm in the Mmc,3km group, which contains Mm with larger
nobsTEC(Mm) than 3, 000m · 3·σnoise,LB indicates, that merged excess densities exist
independently of the additional electron density introduced by the Abel-transform
of inhomogeneities of the above ionosphere / deviations from radial symmetry.

Figure 7.14 shows, that there is a correlation found between the upper baseline noise
σnoise,UB and the lower baseline mean µLB. Therefore the dependence of the merged
excess density occurrence rates on σnoise,UB might be passed on to the relation of Px and
nobsTEC(Mm) with the lower baseline mean µLB. Panel (a) of Figure 7.15 contains the
occurrence rates Ppot, PMm,a and PMm,c in dependence of the lower baseline mean µLB.
Instead of the complete MaRSquiet dataset, only those 175 MaRS observation of the data
set are considered here as basic data for the Px calculation, which have a minimum lower
baseline of 15 km. This is done to avoid the introduction of bias into the calculation of
µLB by extremely short lower baselines. While no clear linear dependence between the
calculated occurrence rates and µLB is found, there are two distinct aspects visible in the
plot. The �rst obvious feature is the accumulation of observations in the [−1.0 · 109m−3

to 0m−3] and [0m−3 to 1.0 · 109m−3] intervals. This is explained by the fact, that the
lower baseline of an undisturbed ionospheric pro�le is expected to be close to µLB = 0,
with a small negative deviation for the lower baseline electron density derived from the
di�erential Doppler. The maximum of PMm,c at the [0m−3 to 1.0 · 109m−3] interval is
explained by a combination of the Mmc group selection e�ect and the relation between
µLB and σnoise,UB. Only those merged excess densities are included into Mmc, which have
an absolute value of µLB smaller than 6·σnoise,UB. As shown in Figure 7.14, the most
negative µLB correspond with the lowest σnoise,UB. Those observations therefore do not
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Figure 7.14: Lower baseline mean µLB in dependence of the upper baseline noise level σnoise,UB.
Only those Mm identi�cations from the 175 observations in the MaRSquiet data set are shown
which have a lower baseline range > 15 km. The red squares are the calculated mean, the error
bars and the standard deviation of the Mma ful�lling the above criterion. The color code of the
dots/triangles is similar to that in Figure 7.13.

ful�ll the boundary conditions and are not included in the Mmc group. Figure 7.14 shows,
that µLB increases for increasing σnoise,UB. As long, as the increase in σnoise,UB is similar
to the increase in µLB more observations are identi�ed as Mmc, which leads to a higher
PMm,c. When the increase of µLB is stronger than that of σnoise,UB, the observations are
no longer included in Mmc. Therefore a maximum must occur in PMm,c.
The second obvious feature in the bar plot is, that the potential Mm with the highest
negative µLB have very low nobsTEC(Mm) in comparison with the nobsTEC(Mm) of the two
Mm detections with the highest positive µLB. The explanation for that is found in the
relation between the nobsTEC(Mm) and the average deviation of the lower baseline from the
zero line µLB. The e�ect which causes a positive µLB does also in�uence the area where
the Mm occur. Therefore an increase in µLB should cause an increase in nobsTEC(Mm),
while a decrease in µLB is expected to lead to a a decrease in µLB. The behavior seen
in the extreme examples is not obvious for the full data set in Panel (b) of Figure 7.15.
The e�ect might be weak compared to other in�uences which play a role in the amount
of available nobsTEC(Mm).
It is therefore concluded, that

(3) no clear correlation e�ect is found between the Mma occurrence rates and µLB.

(4) the Mmc category is not used for further correlation with environmental parameters.
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Figure 7.15: (a) Ppot, PMm,a and PMm,c for the 175 Mm from MaRSquiet where the range of
the lower baseline exceeds 15 km in dependence of 1.0 · 109m−3 bins of µLB. (b) nobsTEC(Mm)
with error bars σobsTEC(Mm) for the potential Mm (black circles), Mma,3km (gray triangles) and
Mmc,3km (yellow triangles) groups in dependence of µLB. Red squares and error bars are the
calculated weighted average and weighted standard deviation in the intervals de�ned in Panel (a).
The deviation of the nobsTEC(Mm) distribution/error bars from a regular Gaussian behavior cause
some error bars to include negative values which cannot be fully shown in a logarithmic plot.
The weighted average and standard deviation are calculated for intervals with more than 3 Mm
detections. The color code and numbering is similar to that in Figure 7.13.
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The low number of observations in this category in combination with the bias caused
by the chosen category conditions prevent this application.

7.3.2 The dependence of the merged excess electron densities on
observational and environmental parameters

The previous Section showed, that the merged excess electron densities are real features
of the Mars dayside ionosphere and that the feasible category for further investigations
is the Mma category. In this Section correlations of Mma,3km are conducted with fur-
ther observational and environmental parameters. The Mmc,3km results are shown for
completeness. Signi�cant plots for the Mma,5km and Mmc,5km categories are provided in
Appendix D and are discussed in the text.
Figure 7.16 illustrates the solar zenith angle χ distribution of Mma,3km and Mmc,3km.
Panel (a) contains the Mm occurrence rate distribution with χ, while Panel (b) contains
the σnoise,UB level of the MaRSquiet data set in dependence of their associated solar zenith
angles. While PMm,a shows a weak decrease for increasing χ, no clear dependence of
σnoise,UB on χ is found except for the fact, that for solar zenith angles above 85 ◦ no ob-
servations with σnoise,LB< 5 · 108m−3 are found.
The important facts from the above investigations are:

(1) 117 Mma,3km observations out of the 266 MaRSquiet observations contain merged
excess densities, which is approximately 44%.
90 Mma,5km observations of the 239 MaRSquiet ,5km observations contain merged ex-
cess densities, which is approximately 38%.

(2) The merged excess electron densities show a wide range of shapes already illustrated
in Figure 4.7 of Chapter 4.

(3) Merged excess densities are identi�ed for all solar zenith angles on the planetary
dayside accessible with MaRS.

(4) A small decrease in PMm,a is found for decreasing solar zenith angle.

The crustal magnetic �eld of Mars may play an important role in the formation of the
Mm excess densities. On Earth (details in Chapter 2), sporadic E layers occur below the
ionospheric main peak which can have peak magnitudes similar to those in the F region.
The most widely accepted theory for the sporadic E layer formation on Earth is the
wind-shear theory. When charged particles are dragged along with neutral winds in the
Earth global magnetic �eld, the combination of wind-shear regions and Lorentz-force can
cause the accumulation of long-lived ions into sporadic E layers. The in�ux of meteoric
material on Mars in combination with the photochemical ionization reactions and the
crustal magnetic �eld might cause the local formation of sporadic E layers on Mars. This
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Figure 7.16: (a) Occurrence rates of Mma,3km and Mmc,3km in dependence of 5 ◦ solar zenith
angle bins. The color code and numbering is similar to that in Figure 7.13. (b) σnoise,UB distri-
bution in dependence of the solar zenith angle χ for the MaRSquiet data set. Mma,3km data are
illustrated by �lled gray triangles, the remaining MaRSquiet observations without merged excess
density detections as �lled black dots. Red squares and error bars are the average and standard
deviation of the MaRSquiet data sets for 5 ◦ solar zenith angle intervals.
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Table 7.3: Occurrence rates of Mma,3km in dependence of the total crustal �eld strength Btot.
The �rst two columns contain the lower and upper Btot interval limits, column 3 contains all
MaRSquiet observations in the given interval, column 4 contains the number of Mma,3km detec-
tions and column 5 the Mm occurrence percentage.

hypothesis is tested by investigating if the occurrence rate of Mma,3km is correlated with
the total strength of the Mars crustal magnetic �eld Btot in 400 km altitude. Table 7.3
contains the number of MaRSquiet observations binned into 10 nT intervals of Btot. As
it it already visible from Figure 7.1, almost 75 % of the MaRSquiet observations are from
regions with Btot lower than 10 nT . Those are very small magnitudes, because the crustal
magnetic �eld vectors derived by Connerney et al. (2001) for the Martian surface are
rarely zero. Including all observations below 20 nT increases the percentage to almost
89% and including all observations below 30 nT yields more than 92% of the MaRSquiet
data set. No clear increase in the Mm occurrence rate is found for increasing magnitude
of Btot.
This leads to the following results:

(5) The investigation of the correlation between the occurrence rate of merged excess
electron densities and strong crustal magnetic �elds is inconclusive.
The low number of available MaRSquiet observations for high Btot makes it impossible
to draw reliable conclusions about the occurrence rate of merged excess electron
densities for higher magnetic �eld strength Btot. More observations above the high
crustal magnetic �eld regions, especially on the southern hemisphere, are required.

(6) Mm excess densities are available above regions with very low crustal magnetic �eld.
This implies, that the formation mechanism for the identi�ed merged excess electron
densities may di�er from the wind-shear theory on Earth.

The integrated vertical TEC of the whole ionospheric pro�le nobsTEC and the main peak
electron density nobse,max(M2) show a dependence on the ΦSUM solar proxy intervals, while
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Table 7.4: Occurrence rate of Mma,3km and Mmc,3km in the low, moderate and high ΦSUM ,
ΦXray, Φ0.45−3nm, Φ0.45−1nm and ΦEARTH solar proxy intervals. For each parameter, the �rst
column contains all MaRSquiet observations in a given solar proxy interval, the second column
contains the number of Mm occurrences, the third column the occurrence percentage, while the
fourth and �fth columns contain the number and percentage of Mmc,3km observations in each
solar proxy interval.

the M1 TEC nobsTEC(M1) and maximum electron density nobse,max(M1) are related with the
ΦXray solar parameter. Therefore the question arises, if the occurrence rate of the merged
excess densities depends on the amount of solar �ux available at Mars and/or on the
general solar activity cycle (e.g. by the number of occurring �ares). This is investigated
in Table 7.4 for the solar parameters ΦSUM , ΦXray, Φ0.45−3nm, Φ0.45−1nm and ΦEARTH .
While the SIP V2.38 integrated solar �ux for ΦSUM , ΦXray, Φ0.45−3nm and Φ0.45−1nm is
calibrated for the position of Mars, the values for ΦEARTH are taken directly from the
solar �ux model without any time or distance calibration. A potential correlation between
the Mm occurrence rate and the Mars solar �ux parameters indicates a connection of the
excess densities with the amount of SIP V2.38 solar �ux available at the Mars position.
A potential correlation with ΦEARTH indicates a correlation with the Sun's general solar
activity level. As discussed in Chapter 5, the Sun's activity level cannot be directly
inferred from ΦSUM due to the eccentricity of the Mars orbit (see solar �ux variation at
the Mars position in the middle Figure of Panel (b) in Fig. 5.2). The results in Table
7.4 indicate no correlation between the Mm occurrence rate and the ΦSUM solar �ux
ranges. As shown in Chapter 6, solar X-ray radiation below 10 nm is penetrating deepest
into the Mars atmosphere. This is the part of the solar radiation spectrum primarily
responsible for the formation of the M1 layer. If transport processes and the e�ects of
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precipitating solar energetic particles are neglected, only this radiation range is capable
of producing ions in the lowest ionospheric altitude region. So the lower wavelength solar
proxies might yield a better base for a correlation. The Mm occurrence rates for the solar
�ux intervals of ΦXray, Φ0.45−3nm and Φ0.45−1nm show a partial increase for increasing solar
�ux. This correlation is, however, quite weak. Small decreases/increasing of the detected
Mm in the high solar �ux intervals would already change the found correlations due to the
low number of observations in those intervals. For the ΦEARTH solar �ux intervals, the
correlation is much more stable. The behavior of the Mm identi�cations in the Mma,5km

(Appendix D, Table D.1) is similar.
The found results indicate the following:

(7) The activity level of the Sun may play a key role in the origin of the Mm excess
densities.
The strong correlation between the Mm occurrence rate and ΦEARTH indicates a
relation of the Mm formation with the Sun's activity level. As discussed in Chapter
2, eruption processes (e.g. solar �ares) are a source for short solar X-ray, which
increases for an increasing solar activity level. Short solar X-ray is therefore a po-
tentially important source for the formation of the merged excess electron densities
in the otherwise undisturbed planetary atmosphere.

(8) The solar radiation spectrum provided by the SIP V2.38 with a resolution of one
data set per day for the Earth orbit might not be su�cient to reproduce the short
solar X-ray at the Mars position at all times.
Even if the calibrated proxies ΦSUM and ΦXray show a correlation with the vertical
TEC and peak densities of the M2 and M1 layers, ΦEARTH seems to be a better
indicator for the amount of available short solar X-ray at the Mars position. The
range of ΦXray might be too wide to provide a correlation with the electron density at
the lower boundary of the dayside ionosphere. The spatial and temporal variability
of the Sun's short X-ray output is too high as that SIP V2.38 can be a reliable
indicator at the Mars position. The MVN-LPW-EUV photometers (see Chapter 2)
provide the soft solar X-ray and EUV irradiance (0.1-3 nm and 17-22 nm, 0.1-7 nm,
121-122 nm) for Mars from the end of 2014 until today. These observations will be
used to correlate the occurrence of merged excess electron densities with the short
X-ray solar radiation at Mars for the upcoming occultation seasons.

The vertical TEC and peak electron density of the M2 and M1 regions show a depen-
dence on the solar �ux proxies in combination with the solar zenith angle. Panel (a) of
Figure 7.17 shows nobsTEC(Mm) in dependence of χ, with color coded low, moderate and
high Φ0.45−3nm ranges. The comparison with the Φ0.45−3nm proxy is shown here, because it
provides the clearest correlation with the Mm occurrence rate (see Table 7.4). The plots
for the correlation with the Φ0.45−1nm and ΦXray proxies are provided in the Appendix for
Mma,3km and Mma,5km (Figure D.1 to D.5). Panel (b) of Figure 7.17 contains the weighted
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Figure 7.17: (a) Mma,3km vertical TEC in dependence of the solar zenith angle χ. (b) The
weighted average Mm TEC nobsTEC(Mm) (squares) and weighted standard deviation (error bars)
calculated for 5 ◦ solar zenith angle bins and the Φ0.45−3nm proxy levels used in Panel (a).
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average nobsTEC(Mm) (Eq. 7.1) and weighted standard deviation (Eq. 7.2) of the data in
Panel (a) to provide a clearer view of potential nobsTEC(Mm) dependences on the SIP V2.38
model solar �ux. The weighted standard deviation in the 55 ◦−60 ◦ bin and the 80 ◦−85 ◦

bin includes negative values due to the included high TEC outliers in those solar zenith
angle bins. It is obvious, that no clear di�erence is found for the nobsTEC(Mm) for low and
high proxy values. Similar results are found for Mma,3km and Mma,5km in combination
with the Φ0.45−1nm and Φ0.45−3nm solar proxies. An explanation for the lack of correlation
between the nobsTEC(Mm) and the derived SIP V2.38 model solar �ux parameters is already
discussed in the preceding paragraph. Another explanation is provided by the fact, that
not the full merged excess density layer is visible due to the presence of the M1 layer.
Panel (a) of Figure 7.18 shows the Mm maximum altitudes hobsmax(Mm) and their upper
hU,smooth(Mm) and lower hL,smooth(Mm) borders in comparison to the smoothed lower
border of the undisturbed pro�les hL,smooth. Panel (b) shows the data of Panel (a) sep-
arately averaged in 5 ◦ solar zenith angle bins. The average hL,smooth values of the Mm
pro�les are found lower in the atmosphere than the average hL,smooth values of the undis-
turbed pro�les. However, the error bars of the averaged Mm and undisturbed pro�les still
overlap, except for the highest solar zenith angle data. This implies, that the e�ect of
the Mm excess densities is relatively weak compared with the variation of the lower iono-
spheric border. The altitude di�erences between Mma,5km and the associated undisturbed
pro�les is even larger than for the Mma,3km category (see Fig. D.6 in the Appendix).
This leads to the following results:

(9) The merged excess electron densities are found in an altitude region between ap-
proximately 70 to 110 km altitude.

(10) The smoothed lower borders of the merged excess electron densities in MaRSquiet
are on average found in lower altitudes than the smoothed lower borders of the
undisturbed pro�les.
This is another indication, that the source for the merged excess electron densities in
the undisturbed dayside ionosphere is short solar X-ray ray radiation, which causes
the primary ionization at the lower base of the ionosphere.

(11) The increase of the lower ionospheric base for the undisturbed pro�les is mirrored
by the observations containing merged excess electron densities.
This is an expected behavior if the primary source for the Mm region is short solar
X-ray.

After investigating the altitude distribution of the merged excess densities, it will
be tested, if the physical processes causing the Mm excess densities are restricted to
the altitude region of the visible excess density or if the e�ect extends up into the M1
layer or even alters the full ionospheric pro�le. Panel (a) of Figure 7.19 compares the
reduced full pro�le TEC (nobsTEC-n

obs
TEC(Mm)) of the Mma,3km excess densities with the
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Figure 7.18: Comparison between the Mma,3km altitude ranges and the smoothed lower bor-
der of the undisturbed MaRSquiet observations. (a) Gray triangles indicate the Mm altitude
hobsmax(Mm). The upper and lower error bars indicate the smoothed upper hU,smooth(Mm) and
lower hL,smooth(Mm) borders of the Mm excess density. The violet minuses indicate the smoothed
lower borders hL,smooth of the undisturbed MaRSquiet pro�les. (b) hL,smooth of the Mm and undis-
turbed pro�les, separately averaged in 5 ◦ solar zenith angle bins. The given error bars indicate
the calculated standard deviation of the data points.
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Figure 7.19: (a) Weighted average (circles) and weighted standard deviation (error bars) of the
MaRSquiet TEC separately calculated for observations with (nobsTEC-n

obs
TEC(Mm)) and without Mm

(nobsTEC) in the ΦSUM proxy intervals. The colored error bars are associated with the triangles.
(b) Di�erences between the averaged TEC values of Panel (a) in percent of the undisturbed TEC.
The error bars are calculated with the classical error propagation.
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Figure 7.20: (a) Weighted average (circles) and weighted standard deviation (error bars) of the
MaRSquiet M1 TEC separately calculated for observations with (nobsTEC(M1)-nobsTEC(Mm)) and
without Mm (nobsTEC(M1)) in the ΦXray proxy intervals. The colored error bars are associated
with the triangles. (b) Di�erences between the averaged TEC values of Panel (a) in percent of
the undisturbed TEC. The error bars are calculated with the classical error propagation.
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nobsTEC values of the undisturbed observations in MaRSquiet . The reduced full pro�le TEC
is used here to eliminate the Mm TEC as potential source for enhanced nobsTEC values.
The weighted average and weighted standard deviation are calculated separately for the
MaRS observations containing Mm (nobs,redTEC ) and the undisturbed pro�les (nobs,uTEC) in 5 ◦

solar zenith angle bins and for the three ΦSUM solar �ux proxy intervals. Error bars are
only calculated for a bin, if more than one observation is available. The observations are
grouped due to their ΦSUM �uxes and solar zenith angles bins, because nobsTEC depends on
both parameters (see Figure 7.2). Panel (b) of Figure 7.19 contains the di�erence nobs,diffTEC

of nobs,redTEC and nobs,uTEC from Panel (a) in percent of the associated nobs,uTEC

nobs,diffTEC =
nobs,redTEC − nobs,uTEC

nobs,uTEC

· 100.0. (7.8)

The error bars are calculated with classical error propagation from the error bars in Panel
(a). Figure 7.20 shows a similar calculation for the M1 TEC nobsTEC(M1), grouped for
the ΦXray X-ray �ux ranges and solar zenith angle bins, due to their dependence on
those parameters (see Figure 7.7). The plots for the MaRSquiet ,5km data set are found in
the Appendix (Fig. D.7 for the full vertical TEC and Fig. D.8 for the M1 TEC). The
comparison of the weighted average TEC for the disturbed and undisturbed MaRSquiet
observations provides similar results for the whole ionospheric pro�le and the M1 layer.
Most calculated TEC di�erences have positive values. This indicates a relation between
the occurrence of the merged excess electron densities and an increase in TEC for nobsTEC
and nobsTEC(M1). However, the error bars of the TEC di�erences include the zero line in
all/most of the intervals in Figure 7.19 and 7.20.
This shows that

(12) indications for a weak correlation between the occurrence of merged excess electron
densities and nobsTEC and nobsTEC(M1) are available, but obscured by the necessary
binning of the variable ionospheric observations.

For completeness, Figure 7.21 shows the variation of the Mm electron density nobse,max(Mm).
The M2 and M1 maximum density both show a dependence on χ as it is expected for
a layer based on simple Chapman-theory. This is not the case for nobse,max(Mm). Similar
results are found for the MaRSquiet ,5km data set (see Fig. D.9 in the Appendix). Two
explanations are provided:

i.) The line �t used for the nobse,max(Mm) determination may not provide the correct value
due to the general shoulder shape of the merged excess densities.

ii.) Additional physical processes, independent of χ, may disguise a possible solar zenith
angle dependence.



156
CHAPTER 7. EFFECTS OF OBSERVATIONAL AND ENVIRONMENTAL

PARAMETERS ON THE MERGED EXCESS ELECTRON DENSITIES

Figure 7.21: Mm maximum electron density. (a) The gray triangles indicate the Mm maximum
electron density nobse,max(Mm) of MaRSquiet . (b) nobse,max(Mm) averaged in 5 ◦ solar zenith angle
bins. The given error bars indicate the calculated standard deviation of the data points.



Chapter 8

Exploration of the potential origins of

the merged excess electron densities

In the previous Chapter it was determined from the MaRSquiet data set that the occurrence
of the merged excess electron density a�ects the ionospheric base in the altitude region
between 70 and 110 km. The remaining part of the ionosphere shows no signi�cant
enhancement of electron densities compared to the ionospheric variability. Short solar
radiation and solar energetic particles (SEPs) are potential sources for the merged excess
electron densities and their possible role in the formation of the merged excess electron
densities will be discussed in the following Chapter.
Solar photons with high energies are absorbed at the described altitude region while high
energetic SEPs might also reach that height, especially along open crustal �eld lines. The
most quiet MaRS observations of the ionospheric dayside have been selected for this work

i.) to investigate if merged excess electron densities do occur in otherwise undisturbed
observations or if they are only a side product of the strongly disturbed ionosphere
and

ii.) to derive the essential variability of the merged excess electron densities in otherwise
undisturbed ionospheric observations.

This work focuses on the derivation of the characteristics for the merged excess electron
density in otherwise undisturbed ionospheric observations and on the role of solar radiation
in the formation of Mm. Solar photons at a certain altitude can either ionize the local
atmospheric neutrals or, if present, particles of extraplanetary origin. The �rst Section of
this Chapter investigates the e�ect of short solar X-ray on the local atmospheric neutrals.
First, the role of the local neutral atmospheric composition in the formation/composition
of the merged excess electron densities will be investigated, followed by the comparison of
the potential merged excess electron densities derived from IonA-2 with the identi�ed Mm
parameters of the MaRS observations. Subsequently, the sporadic nature of the merged
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electron densities will be discussed in combination with the variability of their observed
shapes. Other potential sources for merged excess electron densities, which comprise
local metal ions of meteoric origin, internal atmospheric waves, and the in�ux of SEPs,
are discussed at the end of this Chapter.

8.1 Local ionospheric ions as potential source for merged

excess electron densities

In this Section, the 1-D time-marching photochemical model IonA-2 is used to investigate,
if the ionization of local neutral atmospheric species by short solar X-ray and impact
ionization is su�cient to produce merged excess electron densities in the observed altitude
region with the appropriate magnitude of vertical TEC and electron density.

8.1.1 The e�ect of the local composition of the neutral atmo-
sphere on the potential merged excess electron densities

As discussed in Chapter 6, IonA-2 in the IonA-2var mode is based on the MCD V5.2
neutral atmosphere (CO2, N2, O3, O, H2O, O2, H, Ar, CO and H2 - now called major
neutral species) of a full Martian Sol, extracted for the LS, Ωlon and Ωlat parameters
of a selected MaRS observation. The solar �ux is provided by the SIP V2.38 model for
Earth and then calibrated to the Mars position at the time of the MaRS observation. The
photochemical reactions of IonA-2var provide additional neutrals (C, H2O2, HO2, O(ID),
N(2D), N , NO, NO2 and OH - now called minor neutral species) and ion (Ar+, CO+

2 ,
CO+, C+, HCO+

2 , HCO
+, H+, N+

2 , NO
+, N+, O+

2 , O
+) species. Ambipolar di�usion is

computed for all ions, while minor neutral di�usion transport is calculated for the minor
neutrals. No minor di�usion is computed for the major neutrals. Their transport requires
major neutral di�usion, a physical e�ect not yet included in IonA-2. Instead, the major
neutral species of the Mars upper atmosphere are regularly updated based on the verti-
cal neutral density pro�les the Mars Climate Database for the changing local solar time
conditions. IonA-2 uses time steps of 60 s and a variable solar �ux input to simulate the
changing solar zenith angle conditions at the selected position on the planet. IonA-2var
always starts at 9 h LST with the start densities for the major neutrals derived from the
MCD. The densities of all minor species are set to zero, except for NO. Start densities
for NO are taken from the neutral atmospheric densities1 of the LMD-GCM for which
the ionosphere is given in Figure 3 of González-Galindo et al. (2013) for 9 h local solar
time. The correspondent Figure for the Mars ionosphere is shown in Chapter 2 as Figure
2.14, the neutral atmospheres are found in Appendix A as Figure A.1. It was decided
to use NO start densities above zero to reduce the model run-time until convergence. It

1provided by F. González-Galindo, personal communication
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Figure 8.1: IonA-2var results for (a) DoY 111 (2006) for 16 hrs local time and χ = 59.22 ◦ and (b)
DoY 336 (2005) for 13 hrs local time and χ = 78.78 ◦. Panel 1 (a,b) contain the IonA-2var,flux
ionospheric composition after 7 (for 1a) and 4 (for 1b) Mars hours model run time, respectively.
Panel 2 (a,b) contain the IonA-2var,flux ionosphere after convergence. Panel 3 (a,b) contain the
IonA-2var,NOflux ionosphere after convergence. The IonA-2 model assumes plasma neutrality.
Therefore the shown model ion densities and ion sum correspond to the model electron densities.
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Figure 8.2: IonA-2var results for (a) DoY 111 (2006) for 16 hrs local time and χ = 59.22 ◦ and
(b) DoY 336 (2005) for 13 hrs local time and χ = 78.78 ◦. Panel 1 (a,b) contain the IonA-
2var,flux neutral atmosphere after 7 (for 1a) and 4 (for 1b) Mars hours model run time. Panel 2
(a,b) contain the IonA-2var,flux neutral atmosphere after convergence. Panel 3 (a,b) contain the
IonA-2var,NOflux neutral atmosphere after convergence.
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is assumed that IonA-2var has achieved convergence, if the maximum change of the N ,
N(2D) and NO densities at each altitude falls below 3.5% from one Sol to the next at
a preselected local solar time. A test calculation with zero start densities for all minor
neutrals shows a di�erence to the regular calculation of zero above 150 km altitude and
< 2 % below 150 km altitude, which is well below the convergence criterion of the model.
However, the internal model run time (Mars Sols) until convergence was similar for both
model runs. This was caused by the small amount of NO in the input lower neutral
atmosphere.
While general model convergence is achieved fast above 120 km, many Sols of model run
time are needed until the lower atmosphere achieves a convergent state. This is caused
by the slow downward di�usion of NO, especially at the lowest altitudes of the model.
Future convergence computations will be faster, because the now available N , N(2D) and
NO densities can be used as new start parameters.
Figure 8.1 contains the IonA-2var model ion densities based on the MCD-MY scenario
and calculated with reaction scheme 2 in comparison with the observations from DoY
111 (2006) with a model local solar time of 16.0 h (the time of the observation is at
16.0 LST) and DoY 336 (2005) for a model LST of 13.0 h (the observation LST is 13.1
h). Full hours LST have been chosen for the model output due to the later discussed
symmetry of the solar zenith angle to 12 h LST. The MaRS observation of DoY 111
(2006) was chosen for comparison with the IonA-2 model, because of its very pronounced
V-shaped merged excess density. It is found though ((a) Panels of Figure 8.1), that the
combination of the derived MCD neutral atmosphere and SIP solar �ux for the observa-
tional conditions of DoY 111 with IonA-2var do not perfectly reproduce the altitude of
the observed ionospheric main peak. This indicates an input neutral atmosphere which
is too dense compared to the observation. In this case, the altitude where the optical
depth τ reaches unity (see Eq. 6.8) is found at higher altitudes since the atmosphere is
more dense. However, the agreement between the observation and the model altitudes
of the lower ionospheric base is good. The MaRS observation of DoY 336 (2005) has
been chosen for comparison, due to the more complex shape of the merged excess elec-
tron density compared to the V-shape of DoY 111. Both MaRS observations took place
above low crustal �elds with a Btot of approx. 11 nT for DoY 111 and approx 2 nT for
DoY 336. Panel (1) and (2) of Figure 8.1 and 8.2 show the IonA-2var,flux results for the
approximate solar zenith angles of the observations. The IonA-2var,flux mode uses a net
downward �ux velocity of K/Hn (see Chapter 6 for details) for N and NO as a lower
boundary condition at 65 km altitude. While Panel (1) shows the IonA-2var,flux results
after the �rst few hours of calculation, Panel (2) shows the convergence distribution of
N and NO at the given local times. Panel (3) shows the convergence distribution in the
IonA-2var,NOflux mode, where a zero �ux lower boundary condition for the minor di�usion
of N and NO is applied. The increase of the NO density at the lower model altitudes
from Sol 0 in Panel (1) to the convergence after several Sols in Panel (2) of Figure 8.2
is caused by the net production of NO in the thermosphere and its downward transport.
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Figure 8.3: IonA-2var,flux convergence results for DoY 336 (2005) on a linear scale.

Due to the lower boundary �ux velocity of K/Hn for Panel (2), the NO density for Panel
(3) with zero downward �ux is even larger than in Panel (2).
The following conclusions can be drawn:

(1) All model electron density pro�les (red dots) for DoY 111 (2006) and DoY 336
(2005) in Figure 8.1 could reproduce the observed V-shaped merged excess electron
density feature. This occurred without arti�cial enhancement of the SIP V2.38
X-ray �uxes.

(2) The electron density of the modeled potential Mm stays almost similar for the three
computed scenarios (low NO, high NO, very high NO). Only its composition
changes from predominantly O+

2 in Panel (1) to predominantly NO+ in Panel (3).
This is caused by the larger abundance of NO in the lower atmosphere for the
convergence scenarios.

Figure 8.3 shows a comparison between the convergent IonA-2var,flux model results for
DoY 336 (2005) from Panel (2b) of Figure 8.1 with the observed MaRS electron density
on linear scale. Without any adjustments to the model input parameters, the agreement
between the modeled and observed peak densities is excellent. The width of the model
main peak is only slightly too wide, which is an indicator for a slight overestimation of the
model electron temperature (Te) around the main peak compared to the Te at the time
of the observation. The observed ionospheric base with the M1 region and the merged
excess electron density are well met by the IonA-2var,flux electron densities, except for the
small scale structure in Mm at the lower boundary. However, the MaRS radio science
experiment can only observe the ionospheric electrons, but not the ions. Therefore the
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Figure 8.4: The left Panels (a,c) are taken from Fox (2015) and show the Martian ionosphere
and neutral atmosphere calculated with the low solar �ux standard model for χ = 60 ◦ (lines)
and the results of the Viking 1 lander Viking-RPA (symbols) from Hanson et al. (1977). The
right Panels (b,d) show the convergent IonA-2var,flux results for DoY 111 (2006) in similar scale.
In addition, Panel (d) contains the convergent IonA-2var,NOflux results for N and NO as black
dotted lines.
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IonA-2var ion densities need to be compared to other observations/models for validation of
the general ion distribution in the model results. Figure 8.4 shows the comparison between
the converged IonA-2var,flux results for DoY 111 (2006) and the model results of the 1-
D photochemical/transport model of Fox (2015) (now called Fox-model). In addition,
Panel (a) of Figure 8.4 contains the Viking-1 lander Viking-RPA ion results for the Mars
ionosphere. Even though the environmental conditions of the Viking-RPA observations
and input parameters for the Fox-model di�er from those of the MaRS observation of DoY
111 (2006), the available ion densities are su�cient to evaluate the general ion distribution
of the IonA-2 model results. While the Viking-RPA observations, the Fox-model and the
IonA-2var,NOflux model results for DoY 111 (2006) have similar solar zenith angles, they
di�er widely for other parameters.

• The F10.7 parameter at Earth for the Viking observations is 70. The solar input
for the Fox-model is taken from the SIP V1.24 for an F10.7 of 68 at Earth, while
the SIP V2.38 F10.7 at Earth is 106.1 for the solar �ux used in IonA-2var.

• The Viking-RPA observations took place at LS = 97 ◦ which is close to aphelion,
the Fox-model is calculated for the average Mars-Sun distance of 1.524 AU. The
MaRS observation took place at an LS of approx. 42 ◦.

• The neutral atmosphere of the 1-D convergence model of Fox (2015) was originally
designed to explain the Viking-RPA observation, the IonA-2var model uses the neu-
tral atmosphere of the Mars Climate Database for a Martian Sol derived for the
conditions of the MaRS observation.

• The Fox-model and IonA-2var,flux both use a downward �ux for N and NO during
their computations. While the downward �ux in the Fox-model is 100 cm−2s−1 for
N and 2 ·107 cm−2s−1 for NO, the �ux in the IonA-2 model is variable and depends
on the available density of the species at the lower boundary (nu ·K/Hn).

Despite all described di�erences between the Viking-RPA observations and the two mo-
dels, the agreement between the Viking-RPA observation and the Fox-model on the one
hand and the IonA-2var results on the other hand is quite good. The shape and position of
the individual O+

2 , CO
+
2 and O+ IonA-2var ions are in general agreement with the Viking-

RPA observations and the Fox-model. However, the altitude of the ionospheric main peak
di�ers slightly. This might either be caused by di�erences in altitude calibration or by
the higher density of the neutral atmosphere in the Fox-model (see lower Panels in Figure
8.4). The electron density in the lower ionosphere is slightly larger for the Fox-model
than for IonA-2var. The same is found for the CO+

2 peak densities of the Fox-model, but
cannot be investigated for the O+

2 of the main peak due to the logarithmic presentation
of the Fox ion densities. Di�erences in the electron densities of the two models are most
probably caused by the di�erent versions of the SIP model. The larger electron density
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of the Fox-model in combination with the larger NO density at 80 km altitude explains
the larger NO+ densities below 100 km altitude in comparison with the IonA-2var results.
The general shape of the neutral N and NO are similar in both models, but their altitude
dependent N/NO ratio di�ers. The exact reason for this deviation remains unclear due
to the large di�erences in the model input parameters and model scheme. The variation
of the N/NO ratio in the IonA-2var results during the day is illustrated in Figure 8.6.
A discussion of the balance between N and NO in the lower thermosphere and upper
mesosphere of Mars is found later in this text.
The above discussion allow to draw the following conclusions:

(3) Despite the di�erences between the Viking-RPA environmental and the Fox (2015)
model conditions on the one hand and the IonA-2var,flux model parameters for DoY
111 (2006) on the other hand, an overall good agreement is found between the
IonA-2var,flux ion distribution and the other independent results. This good agree-
ment allows to be con�dent, that the IonA-2var,flux model results are physically and
chemically reasonable.

8.1.2 The modeled potential merged excess electron densities in
comparison with the MaRS observations

The IonA-2 results in the previous Figures depict the modeled potential Mm for the ap-
proximate solar zenith angle and local time of the associated MaRS observations. How-
ever, IonA-2var is no convergence model for a single solar zenith angle, but relies on the
major neutral atmosphere of the 3-D Mars Climate Database of a full Martian Sol. For
every day/night cycle of passed model time, IonA-2var provides 24 neutral atmospheric
and ionospheric states, one for every Mars hour. Those additional model results for DoY
111 (2006) and DoY 336 (2005) provide a larger coverage of solar zenith angles than the
single atmospheric/ionospheric result for the time of the MaRS observation. During a
Martian Sol of model run time, all local solar times are covered by IonA-2var, but usually
not all solar zenith angles. The planetary latitude Ωlat and solar longitude LS of the
selected MaRS observation geometrically constrain the possible solar zenith angles due
to the inclination of the Mars rotation axis in combination with the planet's position on
its orbit around the Sun. This is illustrated in the variation of the solar zenith angles
associated with the local solar times in Figure 8.5. For the MaRS observation of DoY
336 (2005) the lowest solar zenith angle reached by the model is 78.01 ◦ at 12 h LST.
The model outputs for the shown morning and afternoon local times have similar solar
zenith angles (χ). Due to geometrical reasons, χ is always symmetric to 12 h LST and the
IonA-2var results have been produced in 1 h LST intervals. This also results in a similar
solar input �ux for the morning and afternoon model ionospheres with the same temporal
distance to 12 h LST. This might however not be the case for the major neutrals from
the Mars Climate Database, if a di�erent parametrization of the solar �ux is applied in
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Figure 8.5: Convergent IonA-2var,flux ionospheric results for DoY 336 (2005) for 8 - 16 h local
solar time.
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Figure 8.6: Convergent IonA-2var,flux neutral atmospheric results for DoY 336 (2005) for 8 - 16
h local solar time.
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the underlying GCM.
Figure 8.5 shows the variability of the modeled Martian ionospheric dayside for DoY 336
(2005), while Figure 8.6 contains the associated neutral atmosphere. The evolving iono-
sphere is a�ected by the change in solar �ux, neutral temperature and underlying neutral
atmospheric densities during the course of the day. Even if the solar input into the plane-
tary atmosphere is symmetric to 12 h LST, the resulting ionospheres are not. The lowest
region of the afternoon ionosphere is predominantly composed of NO+, while the morning
ionosphere contains a higher amount of O+

2 . This is explained by the longer lifetime of
NO+ at lower altitudes in comparison with O+

2 (see Figure 6.3). The altitude where the
optical depth τ reaches unity rises to higher altitudes for an increasing solar zenith angle.
This reduces the production of O+

2 at the lowest ionospheric altitudes from noon to dusk.
NO+ is produced by the interaction between O+

2 and NO (r. IR120) and withstands the
photochemical processes in IonA-2 slightly longer than O+

2 and therefore provides the re-
maining �excess� in the lowest ionospheric region when the production of O+

2 ceases. The
assymetry between morning and afternoon ionosphere is also seen by González-Galindo
et al. (2013) (see lower Panels of Fig. 2.14). The general shape of the LMD-GCM NO+

for χ ∼ 90 ◦ (18 h LST) is quite similar to the IonA-2var result for 16 h LST. Di�erences in
the extent of the M1 layer are explained by the di�erent parametrization of the secondary
ionization in the two models and the di�erent solar �ux input. While the LMD-GCM
results were calculated with the impact ionization parametrization of Nicholson et al.
(2009), the IonA-2 model is using the parametrization of Wedlund et al. (2011). This
might also cause some of the di�erences between the LMD-GCM morning results at 6 h
LST and the IonA-2var results for 8 h LST. The exact reason for the additional structure
in the upper part of the IonA-2var NO+ pro�les remain unclear due to the di�erent in-
put parameters, position on the planet and used reaction scheme. The most important
di�erence in the underlying neutral atmosphere, the ratio between N and NO, will be
discussed later in this Chapter.
The subsequent comparisons of the model results with the identi�ed Mm contain only the
parameters of the potential Mm derived from the convergent IonA-2var,flux results. The
derived parameters for the potential Mm from the convergent IonA-2var,NOflux ionospheres
are very similar to those derived from the IonA-2var,flux model results and therefore omit-
ted in the plots to provide a better view on the di�erences between the morning and
afternoon ionosphere. The modeled potential merged excess electron densities have been
identi�ed with the same procedures which were used for the determination of the Mm in
the MaRS observations (see Chapter 4 for details). Smoothing of the model results is ne-
glected in this process, because the model electron densities do not contain observational
noise. Panel (a) of Figure 8.7 contains the altitude of the derived maximum electron
density of the Mm of the converged IonA-2var,flux results for DoY 111 (2006) and DoY
336 (2005) in comparison with the identi�ed Mma,3km of the MaRSquiet data set of Figure
7.18. The �error� bars in this Figure indicate no real error bars of observation or model,
but the extent of the merged excess electron density. The model altitudes are in good
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Figure 8.7: Altitude of the maximum Mm electron density (a) and maximum electron density (b)
of the modeled IonA-2var,flux potential merged electron densities for DoY 111 (2006) (green) and
DoY 336 (2005) (red) for the (M)orning and (A)fternoon neutral atmospheres in comparison
with the Mm parameters derived from the MaRSquiet data set.
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Figure 8.8: Vertical TEC of the modeled IonA-2var,flux potential merged electron densities for
DoY 111 (2006) (green) and DoY 336 (2005) (red) for the (M)orning and (A)fternoon neutral
atmospheres in comparison with the Mm parameters derived from the MaRSquiet data set.

agreement with the altitude range of the identi�ed Mm, except for the interval between
85 and 90 degree solar zenith angle, where only very few identi�ed Mm are available.
The lower extent of the modeled potential Mm is obviously larger than the average lower
altitude extent of the observed Mm. This is an expected result, because the model data
are not a�ected or constraint by observational noise. The altitude increase of the Mm
maximum for higher solar zenith angles found for the observed Mms is reproduced by
the model. This behavior is also visible for the observed M2 and M1 peaks. It is ex-
plained for all absorbable solar radiation by the increase of the altitude where the optical
depth τ reaches 1 with increasing solar zenith angle. Panel (b) of Figure 8.7 contains the
comparison between the maximum electron density of the modeled potential Mm and the
identi�ed Mm from Figure 7.21. The identi�ed Mm maximum electron densities show no
pronounced solar zenith angle dependence. As already discussed in Chapter 7, a potential
trend in the identi�ed Mm may be obscured by the pronounced scatter in the data set.
This might be caused by problems with the line-�tting method or additional physical pro-
cesses whose combined e�ects disguise a potential trend. The model potential Mm shows
a decrease for increasing solar zenith angle similar to the one observed in the MaRS mea-
surements for the main peaks of M2 and M1. This decrease is di�erent for the morning
and the afternoon ionospheres. In IonA-2var, the only change in solar �ux is provided
by the change in solar zenith angle. Therefore the morning and afternoon ionospheres
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with a similar temporal distance to 12 h LST experience the same solar input �ux. While
the general decrease of the maximum electron density of the potential Mm for increas-
ing solar zenith angle is caused by the decrease in available solar radiation at a certain
altitude, the di�erences between the morning and afternoon ionospheres are caused by
photochemical processes including the underlying neutral atmosphere. Figure 8.8 shows
the vertical TEC nobsTEC(Mm) of the identi�ed Mm in comparison with the vertical TEC of
the model potential Mm. Neither a clear trend is found in the nobsTEC(Mm) in relation to
the solar zenith angle, nor a clear correlation with the short solar X-ray proxies Φ0.45−3nm

and Φ0.45−1nm. The latter is attributed to an enlarged variability in the Suns short X-ray
output, that would lead to a decrease in the validity of the SIP V2.38 short X-ray �ux for
the Mars position. The derived potential model TEC is well in agreement with the vertical
TEC of the identi�ed Mm. The model TEC shows a decrease for increasing solar zenith
angle and di�erences between the morning and afternoon ionospheres. The decrease in
the modeled vertical TEC is explained by similar arguments already explained above in
the discussion of the maximum electron density. The di�erences between the morning and
afternoon ionospheres provide additional information about the correlation with the solar
�ux proxies. For DoY 111 (2006), the Φ0.45−1nm solar �ux proxy is 9.2 · 1010s−1m−2, while
Φ0.45−3nm yields 3.9 ·1011s−1m−2. This corresponds to the moderate solar �ux proxy range
in Table 5.4 of Chapter 5. For DoY 336, Φ0.45−1nm is 1.2 · 1011s−1m−2, while Φ0.45−3nm

yields 5.1 · 1011s−1m−2. This corresponds to the high solar �ux proxy range. The short
solar X-ray used for the proxies is also used as an input solar �ux for IonA-2. Therefore
it would be expected, that the modeled vertical TEC for DoY 336 is always higher than
that for DoY 111. Nevertheless, the given data points in Figure 8.8 indicate, that this is
not the fact, but no results were available for a similar χ in both observations. Therefore,
either the uncertainties introduced by the underlying neutral atmosphere or those given
by the line �tting method are too large to allow the identi�cation of the TEC variation
introduced by the tested range of short solar X-ray �uxes.
This leads to the following results:

(4) The change in the short solar X-ray input for IonA-2 from DoY 111 (2006) to DoY
336 (2005) is not strong enough to provide a signi�cant di�erence in the modeled
potential Mm vertical TEC in comparison to the variability introduced by the un-
derlying neutral atmosphere and the applied detection method.

(5) The IonA-2 results show an ionospheric dawn/dusk asymmetry, which agrees well
with the �ndings of González-Galindo et al. (2013). There is a good agreement
between theNO+ behavior in the lower ionosphere for the dusk terminator, but large
deviations at the dawn terminator. Some of the di�erences can be explained by the
di�erent approaches for the parametrization of the secondary impact ionization. The
chosen parametrization in the IonA-2 model shows an excellent agreement with the
MaRS observations of the M1 peak, which is also strongly a�ected by the secondary
ionization.



172
CHAPTER 8. EXPLORATION OF THE POTENTIAL ORIGINS OF THE

MERGED EXCESS ELECTRON DENSITIES

Figure 8.9: (a) Altitude where the optical depth τ reaches unity, based on the convergent DoY 336
(2005) IonA-2var,flux results with 1 Å resolution in the 0.45 - 10 nm range. (b) 1 Å resolution
CO2 absorption cross sections.

(6) The altitude range, maximum electron density, and vertical TEC derived from the
IonA-2var potential Mm agree well with the observed Mm.

The good agreement between model and observational results provides additional con�-
dence in the IonA-2 model and shows that it can be used to reveal the underlying physical
and chemical processes leading to the observed excess electron densities.

8.1.3 The e�ect of the short solar X-ray variability on the occur-
rence rate and shape of the potential Mm

The derived altitude range, maximum electron density and vertical TEC from the IonA-
2var potential Mm agree well with the parameters of the identi�ed Mm. However, the
SIP V2.38 solar input �ux for the modeled MaRS observations of DoY 111 (2006) and
DoY 336 (2005) was not enhanced in any way. But if Mm is a persistent feature in the
IonA-2var model, why aren't Mm identi�ed in more/all MaRS observations? This topic is
explored by investigating the e�ect of a variable short solar X-ray radiation on the IonA-2
model ionosphere. In a �rst step, the wavelength range is determined which generates the
potential Mm in IonA-2var. In the second step, this wavelength range is varied and the
temporal response of the ionosphere is investigated. The variation of the short solar X-ray
also provides an estimate of the possible shapes of the potential Mm with the physical
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and photochemical processes implemented in IonA-2. For this investigation, the original
SIP V2.38 input solar �ux in 1 nm resolution between 0.45 and 10 nm is replaced by the
SIP V2.38 1 Å solar �ux (from the SIP V2.38 1,210 wavelength spectrum). In addition,
the cross sections in the 0.45 - 10 nm range are replaced by the 1 Å bin cross sections for
all species.
Panel (a) of Figure 8.9 illustrates the atmospheric altitude at which the optical depth τ
is unity in the 0.45 - 10 nm solar radiation range. The distribution of τ is calculated for
DoY 336 (2005) based on the IonA-2var,flux results. The optical depth for DoY 111 (2005)
is almost similar, but slightly shifted downwards due to the lower solar zenith angle of the
observation compared to DoY 336. The structure in the absorption altitudes is explained
by Panel (b) of Figure 8.9, which shows the used total absorption cross sections of CO2

between 0.45 and 10 nm. The structure in the absorption cross sections is mirrored by the
altitude where τ reaches unity. It is caused by the so called K-edge, which is the binding
energy of an electron at the innermost shell (called the K-shell) of an atom. Photons
with energies slightly above the binding energy of the electron have a higher probability
of being absorbed than photons with an energy slightly below that border. This causes
a sudden increase in the absorption cross section just above the electron binding energy.
The peak between 6 and 4 nm wavelength is caused by the K-edge of the C atom, while
the peak below 4 nm is caused by the K-edge of the O atom of CO2 (see Chapter 6).
From the altitude distribution of the optical depth it is deduced, that for DoY 336 (2005)
the solar radiation below 1.5 nm is primarily responsible for the potential merged excess
electron densities in IonA-2var.

Panel (1) of Figure 8.10 and 8.11 contain the IonA-2var,flux and IonA-2var,NOflux
convergence results for DoY 336 (2005) shown in Panel (1b) and Panel (3b) of Figure 8.1
with a focus on the merged excess electron densities. Those data are the input neutral
atmosphere and ionosphere for the IonA-2var model. In addition, the solar �ux below
1.5 nm was set to zero at the beginning of the calculations. The IonA-2var results after
20 min of model time are given in Panel (2), while Panel (3) shows the results after 40
min of model time. The electron density in the lowest part of the ionosphere shows a
continuous decrease with time for both modeled scenarios. Complex structures as seen
in the observation of DoY 336 are neither found in the O+

2 dominated potential Mm of
Figure 8.10 nor in the NO+ dominated potential Mm of Figure 8.11. The decrease of the
potential Mm in both model scenarios is further explored by determining the di�erence
between the reduced solar �ux results from Panel (3) of both Figures with the associated
IonA-2var results for a full solar �ux input after 40 minutes of model time. Using the
IonA-2var model results for the full solar �ux input after 40 minutes of model time as
baseline is necessary, because the ionosphere is a temporally evolving structure and using
the original input data at 13 h LST as a baseline would distort the calculated di�erences.
Figure 8.12 shows the di�erence between the respective results for full and reduced solar
�ux in percent of the full solar �ux results. -100 % means a complete reduction of the
potential Mm in that altitude, while 0 % indicates no change compared to the full solar
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Figure 8.10: Panel (1) contains the linear (a) and logarithmic (b) representation of the IonA-
2var,flux results of DoY 336 (2005) in Panel (1b) of Fig. 8.1 as starting point for the calculations.
Panel (2) contains the IonA-2var,flux results calculated with the solar �ux > 1.5 nm after 20 min
of run time. Panel (c) contains the IonA-2var,flux results with the solar �ux > 1.5 nm after 40
min of run time.
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Figure 8.11: Panel (1) contains the linear (a) and logarithmic (b) representation of the IonA-
2var,NOflux results of DoY 336 (2005) in Panel (3b) of Fig. 8.1 as starting point for the calcu-
lations. Panel (2) contains the IonA-2var,NOflux results calculated with the solar �ux > 1.5 nm
after 20 min of run time. Panel (c) contains the IonA-2var,NOflux results with the solar �ux >
1.5 nm after 40 min of run time.
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Figure 8.12: Di�erence between the IonA-2var results for DoY 336 (2005) for the �ux range 1.5
- 800 nm and 0.45 - 800 nm after after 40 min of model time in percent of the full solar �ux
results. (left) derived from the converged IonA-2var,flux results, (right) derived from the converged
IonA-2var,NOflux results.

�ux results. It is found, that the potential merged excess electron density decreases faster
when it consists mostly of O+

2 and slower for the NO+ dominated part. This can be
explained by Figure 6.3, where the di�erent lifetimes of the species are illustrated in
dependence of altitude. It is shown, that the lifetime of NO+ exceeds those of O+

2 below
an altitude of approximately 80 km. An increase in solar �ux from 0.45 - 10 nm by a factor
10 was also tested, but could not explain the observed complex potential Mm structure.
Only a further increase of the V-shape was achieved (not shown).
In the next step, an extreme model scenario is created to test the capability of IonA-2var
to produce a complex structure in a potential Mm. For that, the SIP V2.38 wavelength
bins between 0.55 and 1.55 nm are set to zero, while the solar �ux of the lowest available
SIP interval (0.45 to 0.55 nm) is increased by a factor 1,000. The neutral atmosphere and
ionosphere of Panel (2b) of Figure 8.1 are again used as the input scenario. IonA-2var,flux
is executed for 5 and 20 minutes of model time. Surprisingly, the model results did not
lead to an enhancement of electron density in the lowest part of the ionosphere, but
show a wide layer structure in the altitude range of the identi�ed merged excess electron
densities (see Figure 8.13). This behavior is explained by the absorption/ionization range
of the lowest SIP solar �ux bin. Figure 8.14 illustrates the ionization range of the solar
radiation from 0.45 - 0.55 nm in the IonA-2var model. The input parameters for this
scenario are the neutral atmosphere of Panel (2b) of Figure 8.2 (similar to the earlier
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Figure 8.13: Panel (1) contains the linear (a) and logarithmic (b) representation of the IonA-
2var,flux results of DoY 336 (2005) in Panel (2b) of Fig. 8.1 as starting point for the calculations.
Panel (2) contains the IonA-2var,flux results calculated with the enhanced �ux from 0.45 - 0.55
nm after 5 min of model time. Panel (c) contains the IonA-2var,flux results with the enhanced
solar �ux after 20 min of model time.
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Figure 8.14: IonA-2var,flux results for the neutral atmosphere of Panel (2b) of Figure 8.2 with
the enhanced solar input �ux between 0.45 - 0.55 A and a model run time of 20 minutes.

calculations for enhanced solar �ux), but the ionospheric densities are all set to zero. The
only remaining input solar �ux for this calculation is the SIP solar �ux between 0.45 and
0.55 nm, enhanced by a factor of 1,000. IonA-2var,flux was then executed for 20 minutes
of model time. The resulting ionosphere shows the wide layer structure in the altitude
range of the merged excess electron densities, which is also seen in Figure 8.13. Due to
the wide area of the absorption of the solar �ux between 0.45 - 0.55 nm, no small scale
structures are produced with IonA-2 in the range of the potential merged excess electron
densities.
These investigations allow to draw the following conclusions::

(7) The solar radiation < 1.5 nm is the main source for the potential Mm in IonA-2var.

(8) The higher the NO+/O+
2 ratio in a potential merged excess electron density, the

longer is the lifetime of the potential Mm if the short solar X-ray is decreased.

(9) An increase/decrease in solar �ux < 1.5 nm leads to an instant (in minutes) in-
crease/decrease of the potential Mm, respectively. No complex structures occur
during this process.

(10) IonA-2var is not capable of producing other than V-shaped potential merged excess
electron densities. The absorption region for the 1 Å solar radiation bins in the
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neutral atmosphere is too wide.

(11) The variability of the solar �ux, which is not properly mirrored in the averaged
solar spectrum of the SIP, provides an explanation for the sporadic occurrence of
the merged excess electron densities in the ionospheric dayside obervations of MaRS.

8.1.4 Discussion of the uncertainties in the IonA-2var results

The comparison of the IonA-2 potential merged excess electron densities with the identi-
�ed Mm shows, that the interaction between short solar X-ray below 1.5 nm with the local
Martian atmosphere is su�cient to explain the presence of the V-shaped merged excess
electron densities in the dayside ionosphere of Mars. The model potential Mm consist of
a combination of O+

2 and NO+, depending on the locally available amount of NO. The
rate between O+

2 and NO+ also determines the lifetime of the potential merged excess
electron densities. The additional small scale structure observed in the Mm of DoY 336,
however, is not explained by the model.
Potential sources for uncertainties in the derived results comprise the input neutral at-
mosphere, the input solar �ux, uncertainties in cross sections/secondary impact ioniza-
tion/reaction rates and temperatures in combination with the sparse coverage of the
investigated altitude region by other experiments and the neglection of multidimensional
atmospheric/ionospheric e�ects in the 1-D IonA-2 model. These uncertainties will be
discussed in the following Section.

The MCD V5.2 neutral atmosphere The Martian atmosphere provided by the
MCD V5.2 is the result of a sophisticated GCM. While the model has been validated
against several data sets for the lower atmosphere (e.g. Lewis et al. (1999)), exospheric
temperatures (e.g. González-Galindo et al. (2015)) and ionospheric electron densities
(e.g. González-Galindo et al. (2014)), it is unclear how closely the provided atmospheres
reproduce the conditions at the time of a selected MaRS observation. In addition, the
input solar �uxes for the MCD and the IonA-2 model are always di�erent. The major
neutrals, provided by the MCD, are therefore dependent on a di�erent solar �ux than the
minor neutrals/ionosphere.
Due to the fact, that our knowledge about the Martian atmosphere is limited by a low
number of observations compared to Earth, the Mars Climate Database yields one of the
most reliable sources for individual calculations over a full Martian Sol. The MCD-MY
scenario used in this work is designed to roughly mimic the observed planetary conditions
(atmospheric dust load and solar variability) for the Mars years 24 to 31. The IonA-2
calculations over a full Martian Sol are necessary for the recombination of N and O (r.
IR016) on the Martian night side. The self-consistent calculation of the major di�usion
and the neutral, ion and electron temperatures from one input �ux will make IonA-2
independent of the Mars Climate Database neutral atmosphere in future calculations.
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The SIP V2.38 solar �ux The SIP V2.38 solar �ux model is based on observations for
the position of Earth. The underlying models, which translate the observed solar features
into full solar spectra might over- or underestimate the Suns output in certain solar �ux
ranges. The SIP resolution of one average solar spectrum per day may not be su�cient
to provide a realistic X-ray variability at Mars.
Before the arrival of MAVEN at Mars at the end of 2014, no solar �ux monitor for the
planet was available. The SIP V2.38 solar spectra are therefore a tool widely used in
the modeling community of the Mars ionosphere (e.g. Mendillo et al. (2011), González-
Galindo et al. (2013) or Fox (2015)). Future inputs for IonA-2 will include the observations
of the MVN-LPW-EUV EUV and soft X-ray monitor on board of MAVEN.

Uncertainties in cross sections, impact ionization, reaction rates and ion/elec-
tron temperatures in combination with the sparse observation coverage of the
region of interest The most important ionization cross sections in the atmospheric
region of interest are those for CO2. CO2 provides the highest ionization rate in the
lower ionosphere due to its high volume mixing ratio. The di�culties in the CO2 cross
section derivation have been already discussed in Chapter 6. The most important error
source introduced in IonA-2 for the region of interest are the branching ratios for the CO2

absorption cross sections for solar �ux below 4 nm. In this particular wavelength range,
no exact values exist for the partial ionization cross sections. In IonA-2, the branching
ratios for the available ionization channels are equally distributed instead of attributing
all photo-ionization to CO+

2 , even if it is one of the stronger channels (Berkowitz , 2015).
In addition, double ionization e�ects are neglected. The branches of the reaction pro-
vide CO+

2 , O
+, C+ and CO+. However, as discussed in Chapter 6, there are reactions

which can convert the latter ions back into CO+
2 . Therefore the di�erence caused by the

branching ratios is assumed to be small. The potential error source might cause a slight
underestimation of the full extent of the potential Mm.

The secondary impact ionization is an important feature in the altitude region of in-
terest. In IonA-2 it is parametrized with the W-value approach of Wedlund et al. (2011)
and not based on a direct physical approach. This neglects the possible vertical transport
of the energetic electrons. As shown in Chapter 6, the use of the approach of Nicholson
et al. (2009) largely underestimates the electron density of the M1 region, which is not
the case for the approach of Wedlund et al. (2011). The parametrization of the secondary
impact ionization will be replaced by a physical approach in a future version of IonA-2.

Not all reaction rates used in the IonA-2 model (or other models of the Mars iono-
sphere) are well constraint by measurements. An example is the factor of 2.5, which is
widely used as a correction factor for termolecular collision reactions of two species with
CO2 and was �rst introduced by Nair et al. (1994). Most reaction rates have been mea-



8.1. LOCAL IONOSPHERIC IONS AS POTENTIAL SOURCE FOR
MERGED EXCESS ELECTRON DENSITIES 181

sured for lighter collision partners in comparison to CO2 and the factor of 2.5 is used to
adapt the reaction rate to the larger CO2 molecule. A second problem is the availability
of the required reaction constants and temperature dependences for the Mars atmosphere
and ionosphere. Some reactions (e.g. r. IR001) are only upper limits for possible re-
actions, while others are theoretical estimates (e.g. r. IR086). For some reactions, no
temperature dependence is known (e.g. r. IR019), while other measured reaction con-
stants contain large error bars (e.g. r. IR057). This situation is especially di�cult if
the experimental coverage of the region of interest is sparse and the model results can
only be validated against a small number of di�erent instrument data sets. The input
neutral atmosphere and solar �ux in combination with the reaction scheme and transport
of IonA-2 provide an excellent agreement with the electron density of the MaRS observa-
tion of DoY 336 (2005). But even if the photochemical cycle of the dayside ionosphere of
Mars seems to be roughly understood, there are still many open questions. One of them
is the nitrogen cycle at Mars and the associated N/NO ratio in the lower thermosphere
and upper mesosphere, which is not well constraint by observations. The Viking Landers
observed neutral NO down to approximately 120 km altitude with a density of approx-
imately 1013 m−3 and ∼ 2 · 1012 m−3 in 130 km altitude (see Figure 2.1 in Chapter 2),
but no N densities could be derived. In addition, no NO+ could be uniquely determined
from the ion measurements (Hanson et al., 1977).
The model ionospheres of e.g. Krasnopolsky (2002), Fox (2004), González-Galindo et al.
(2013) or Fox (2015) all contain the major ionospheric features. In addition, NO+ is
always present, as is a potential Mm (stronger or weaker, depending on the underlying
neutral atmosphere, the solar �ux and the secondary ionization in the models). The
model of Fox (2015), the LMD-GCM, and IonA-2 all contain NO+, especially in the
lower ionosphere, but while the Fox-model and IonA-2 show a dominance of NO over N
in the upper mesosphere, the neutral atmosphere of the LMD-GCM (see Figure A.1 in
Appendix A) shows a dominance of N over NO in the full provided data range of 80 to
200 km altitude. This di�erence shows, that the nitrogen cycle in the upper atmosphere
of Mars and the associated ratio between N and NO require a thorough discussion. More
information about the nitrogen cycle of Mars is found e.g. in Krasnopolsky (1993) and
Lefèvre and Krasnopolsky (2017).
The predominant production mechanism for N and N(2D) in the Mars dayside thermo-
sphere is the photo-dissociation of N2

N2 + hν → N +N(2D). (r. IP006)

The electron impact dissociation

N2 + e− → N +N(2D)

might provide an additional amount of N and N(2D), but this e�ect is not yet included in
IonA-2 due to the parametrization of the impact ionization by the approach of Wedlund
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et al. (2011). It will be investigated in a future version of IonA-2. De-excitation or
quenching of N(2D) during collisions (r. IR020 and r. IR021) with ambient atoms or
molecules changes the ratio between the production ofN andN(2D). In the thermosphere,
NO is mainly formed by

N(2D) + CO2 → NO + CO. (r. IR019)

The production of N and NO is balanced by the sink equation

N +NO → N2 +O. (r. IR014)

In addition, the reaction
NO+ + e− → N(2D) +O. (r. IR097)

plays an important role in the production of N(2D). At night, N and O recombine to
NO (r. IR016). During this reaction, the NO ultraviolet nightglow is produced by the
spontaneous and fast de-excitation of the excited NO product. Those and many other
processes in the IonA-2 reaction scheme provide the balance between the production of
N and NO in the day and night cycle of the Martian atmosphere and ionosphere. The
nitrogen species with the higher net production from the described processes is transported
downwards from the thermosphere into the upper mesosphere, because photochemistry
in that altitude region is much faster than transport.
In IonA-2 NO dominates over N in the model lower altitudes. In the following Section
it is shortly investigated with an extreme model scenario, if and how the IonA-2 model is
capable to reproduce the dominance of N over NO shown by the neutral atmosphere of
the LMD-GCM. For this purpose, reaction IP006 is changed to

N2 + hν → N +N

instead of the so far assumed output of 50% N and 50% N(2D) (see Chapter 6). In
addition, the reaction

N + CO2 → NO + CO (r. IR012)

is disabled. A IonA-2 test run for the MaRS observation of DoY 336 (2005) yields a
dominance of N over NO after 34 Mars hours of model time. Figure 8.15 shows the
resulting neutral atmosphere and ionosphere after 2 Sol and 4 Mars hours of model time.
This time frame was chosen to resemble the solar zenith angle conditions of the observa-
tion. Suppressing reaction IR012 plays an important role in the process of achieving the
dominance of N over NO in the upper mesosphere. This reaction mechanism provides
only an upper limit and no reaction has been observed between the species so far (Fer-
nandez et al., 1998). Therefore, the suppression of this reaction is physically/chemically
reasonable. The e�ect of a change in the photo-dissociation branching ratio for N2 on
the dominance between N and NO in the upper mesosphere is described by Krasnopolsky
(1993). The author found, that small changes in the production rate of N and N(2D)
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Figure 8.15: Neutral atmosphere (a) and ionosphere (b) derived in the IonA-2var,flux mode from
the MCD V5.2 major neutral species input for DoY 336 after 2 Sol + 4 Mars hours run time.

from photo-dissociation of N2 are able to change the dominance of either N or NO at 80
km altitude.
The frequent remote and in-situ observations of the upper neutral atmosphere and iono-
sphere of Mars by MAVEN down to approximately 150 km altitude in combination with
deep dips down to approximately 120 km altitude will provide new observational insight
in the model chemistry of the poorly constraint region of the upper mesosphere. Panel (a)
of Figure 2.13 shows the averaged altitude pro�les of the Mars ionospheric composition
derived from MVN-NGIMS observations for a solar zenith angle of 60 ◦. The NO+ density
of approximately 3 · 108m−3 is in excellent agreement with the IonA-2var,flux results for
the MaRS observation of DoY 336 (2005). The Martian neutral atmosphere shown in the
right Panel of Figure 2.9 for a solar zenith angle of 45 ◦ however shows a N density of
∼ 2 · 1014, which is orders of magnitudes larger than the IonA-2var N densities, even for
the case, where N dominates. (the shown IonA-2var atmosphere is only an example and
has not yet reached convergence). An equilibrium calculation can be used to estimate the
expected NO+ densities from the reported MVN-NGIMS N density

NO+ =
nO+

2
· nN · 1 · 10−16

ne · 2 · 10−14
(

300K
Te.

)0.8 . (8.1)
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Figure 8.16: Electron temperature Te vari-
ation derived from the inbound leg of the
MVN-LPW observations during the deep
dip campaign in April 2015 (Ergun et al.,
2015) . The average solar zenith angle at
periapsis is 12 ◦. The mean Te is illustrated
by circles, the horizontal lines are the Te un-
certainties, the connecting line is a �t to the
data.

Using the approximate densities given in the
Figures 2.9, 2.13 (MVN-NGIMS) and Figure
8.16 (MVN-LPW) (nO+

2
∼ 2 · 1010m−3), (nN ∼

2 · 1014m−3), (ne ∼ 2.5 · 1010m−3), (Te ∼
800K) yields nNO+(155km) ∼ 1.8 · 1012m−3.
This is extremely large in comparison to the
nNO+(155km) ∼ 1.3 · 108m−3 measured by the
MVN-NGIMS instrument and unrealistic com-
pared to the M2 main peak electron densities
in Figure 7.3. Some of the discrepancies may
be explained by the variance of N due to the
di�erent solar zenith angles in the neutral at-
mosphere and ionospheric observations and a
potential di�erent solar �ux during these obser-
vations. Another large part of the discrepancies
might be caused by the high observed MVN-
LPW electron temperature used in the equilib-
rium calculation. Figure 8.16 shows the aver-
age electron temperatures Te derived with the
MVN-LPW experiment. Those are the �rst di-
rect measurements of Te below 200 km altitude.
These electron temperatures are much higher at
the altitudes of the ionospheric main peak than
the model results provided by Rohrbaugh et al.
(1979), which are used in IonA-2. This model is
based on the Viking lander results. The Viking
landers could not observe Te at altitudes be-
low 200 km, but the model extrapolates these
measurements to the required altitude range.
Including the recently reported MVN-LPW Te
into IonA-2 results in a large overestimation of
the electron density in the ionospheric main peak region, not in agreement with the MaRS
observations. MVN-LPW observed this Te close to the subsolar point, which might par-
tially explain the high temperatures. In addition, the authors state, that the given electron
temperature at lower altitudes might be over- but not underestimated. These controversal
results show, that the region of interest is still poorly understood. Models like IonA-2 are
therefore urgently required to gain more insight into the underlying processes.

Multidimensional transport IonA-2 is a 1-D model which does not include the e�ects
of horizontal transport. The comparison of the NO nightglow observations of MEX-
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SPICAM and MVN-IUVS with results of the LMD-GCM (Gagné et al., 2013; Stiepen
et al., 2017; González-Galindo et al., 2015) show a global transport pattern, which tends to
accumulate light species as N and O at the planetary poles. Those e�ects are neglected in
IonA-2, but might play a role in the balance between N and NO in the upper mesosphere
and thermosphere. The strength of this e�ect will be investigated with a future version
of IonA-2, where altitude pro�les of the NO nightglow are included and compared with
the MEX-SPICAM and MVN-IUVS observations.

The discussion of the potential sources of uncertainty in the IonA-2 model shows, that
the overall photochemical scheme of the Mars dayside ionosphere is roughly understood,
but many open questions remain. As shown by comparisons with the MaRS electron
density observations, IonA-2 provides the approximately correct altitude for the included
absorption/ionization processes. This makes short solar X-ray below 1.5 nm wavelength a
highly probable source for the V-shaped Mm. The dominant ion in the identi�ed merged
excess electron densities remains unclear due to the large uncertainties in the applied
reaction rates and local temperatures. A wealth of new information about the upper
atmosphere is continuously provided by the Mars Express and the MAVEN spacecraft
and presents new challenges for the existing models. The new data will be a great help
for constraining the Martian atmospheric and ionospheric composition and variability.
Models like IonA-2, on the other side, are required to interpret and understand these
observations.

8.2 Other potential sources for merged excess electron

densities

Figure 8.17 shows six examples of observed MaRS electron density pro�les which contain
merged excess electron densities. Panel (a) and (b) show the two Mm from Figure 7.21
with a maximum electron density above 1010m−3. The merged excess electron density
in Panel (a) consists of a very pronounced V-shape, for which an enlarged �ux in short
solar X-ray yields a probable explanation. The observation in Panel (b) shows a strong
Mm directly below M1. Other physical processes than the enhanced short solar X-ray are
needed to explain this shape. The electron density pro�les in Panel (c) and (d) contain
examples for complex wavelike structures in the lower baseline below the Mm features.
The MaRS observations in Panel (e) and (f) have been conducted on the same Earth
day, approximately 24 h apart. The observation footpoints vary in longitude, but are
observed at almost the same latitude and solar zenith angle. While the �rst observation
in Panel (e) shows only a very pronounced Mm but an otherwise undisturbed ionosphere,
the electron density pro�le in the second observation (Panel (f)) is largely disturbed. The
potential sources for the shown disturbances are shortly discussed in this Section. In
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Figure 8.17: MaRS electron densities for (a) DoY 337 (2013), (b) DoY 339 (2005), (c) DoY
323 (2005), (d) DoY 006 (2006), (e) DoY 011 (2014) 2:35 a.m. UTC at Earth and (f) DoY 011
(2014) 11:40 p.m. UTC at Earth. Gray dots indicate observations derived from di�. Doppler,
while blue dots indicate electron density derived from X-band. Gray/purple lines indicate the
noise level 3·σnoise,UB, the red line indicates the lowest valid altitude hL,val.
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addition, a short summary of the current observation status for the metallic ions in the
lower ionosphere of Mars is given. Other potential sources for the merged excess electron
densities cannot be ruled out but will be topic of future investigations.

Internal waves in the Mars upper atmosphere Both MaRS observations in Panel
(c) and (d) of Figure 8.17 show a merged excess electron density structure below the M1
layer. Underneath Mm, the lower baselines of both pro�les contain wavelike structures.
The lower baseline disturbance in Panel (c) could even be identi�ed as a possible detached
excess electron density feature. Short solar X-ray alone is an unlikely source for these
features. The lowest available wavelength interval in the SIP model is 0.45 - 0.55 nm. The
altitude, where τ reaches unity for this wavelength interval is ∼ 72 km for DoY 111 (2006)
with an solar zenith angle of 58.80 ◦ and ∼ 86 km for DoY 336 (2005) with a χ of 78.96 ◦.
Shorter solar wavelengths might penetrate deeper into the Martian atmosphere, but the
investigations with IonA-2 show, that the absorption range for an 1 Å bin is much too wide
to explain the small scale structure in DoY 336 (2005). Another potential explanation
for the observed disturbances is provided by a combination of internal waves in the Mars
upper atmosphere and the movement of the projected footpoint of the observation over the
surface of Mars. Upward traveling waves play an important role in the vertical coupling of
the atmosphere/ionosphere system on Earth and gravity waves have been also identi�ed
in the upper atmosphere of Mars (see Chapter 2 for a detailed discussion). Fritts et al.
(2006) determined typical spatial scales of 20 - 200 km in 100 - 130 km altitude. Density
�uctuations vary from approx. 5 to 50 %. The spatial scale of these waves might provide
an explanation for the wavelike structures in the lower baseline of the shownMaRS pro�les.
In an radio occultation ingress observation, the ionosphere and neutral atmosphere are
successively sounded from top to bottom. During that time, the projected footpoint of the
observation moves slightly over the surface of Mars. The observed pro�les are therefore
not completely vertical. When the radio ray is passing through the region of a small
gravity wave, the horizontal radial symmetry of the neutral atmosphere and the radial
symmetry of the ionosphere is disturbed. The Abel-transform of the received signals,
which assumes radial symmetry, might react to such local horizontal disturbances with
the production of the seen wavelike structures.

Solar energetic particle precipitation The MEX-MARSIS instrument observed con-
siderable ionospheric electron density structures over regions of strong and predominantly
vertical crustal magnetic �elds. They extent as much as 50 km above the surrounding
ionosphere, with an average of 19 km (Gurnett et al., 2005; Duru et al., 2006; Gurnett
et al., 2008). Duru et al. (2006) used the (Cain et al., 2003) magnetic �eld model (based
on MGS-MAG/ER observations) for correlations with the position of hyperbola-shaped
traces in the ionograms of the MEX-MARSIS ionosounder. It was found, that many struc-
tures occur over highly magnetized regions of Mars for a magnetic �eld strength larger
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than 150 nT at 150 km altitude and a �eld orientation within 20 ◦ from the vertical. The
authors connect the structures with solar wind electrons, which reach the base of the
ionosphere along the open �eld lines and heat the ionosphere. Solar wind electrons pene-
trating deep into the Mars ionosphere are another possible cause of Mm excess densities.
The MaRSquiet data set contains only 5 observations over crustal �elds with a magnitude
larger than 20 nT (roughly estimated by converting the 150 nT value to 400 km altitude
by the simple assumption of an inverse quadratic distance dependence of the magnetic
�eld) and a deviation angle from vertical of at most 30 ◦ (it is assumed, that the deviation
angle from vertical will increase for higher altitudes). These �ve observations comprise
two observations with and three observations without Mm excess density, for which the
TEC however is found well within the scatter of all observations (not shown here). Due
to the low number of MaRS observations over stronger crustal magnetic �elds, no valid
conclusion about the in�uence of the crustal magnetic �eld on the MaRS TEC can be
drawn. The atmosphere of Mars is directly exposed to the precipitation of solar energetic
particles (SEPs) due to the lack of an intrinsic magnetic �eld. This causes impact ioniza-
tion and the production of secondary electrons (see e.g. Lillis et al. (2012)). While the
MaRS observation at 2:35 a.m. UTC Earth time of DoY 011 (2014) (Panel (e) in Figure
8.17) shows obvious disturbances in the lower part of the electron density pro�le only, the
MaRS observation later on the same day (11:40 p.m. UTC, Panel (f) in Figure 8.17) shows
an overall strongly disturbed ionosphere, indicating a long lasting event. No SEP monitor
was present at Mars during the time of observation, but Ulusen et al. (2012) correlated
Mars Global Surveyor radio science observations with the MGS-MAG/ER Electron Re-
�ectometer as an indicator for SEP events. A similar comparison was done for this day
with the MEX-ASPERA3 electron spectrometer (Barabash et al., 2004) which shows a
strong and slowly decreasing solar event in the days before the MaRS observation. Around
2:30 a.m., a slight increase in the electron spectrometer data2 is found, while no data are
available for the strong event at 11:40 p.m.3. Further investigations and comparison with
other instruments are therefore needed. Future simultaneous observations of MaRS and
the MVN-SEP instrument will put further constraints on the interactions between SEPs
and the lower dayside ionosphere of Mars.

Metallic ions in the lower ionosphere of Mars The discovery of the sporadic elec-
tron density structure below the M1 layer by Pätzold et al. (2005) in the MaRS observa-
tions intensi�ed the investigation of this topic by modelers and observers (e.g. Molina-
Cuberos et al. (2008);Withers et al. (2008);Whalley and Plane (2010); Pandya and Haider
(2014)). However, due to a missing monitor for interplanetary dust particles at Mars, the
input �ux of meteoric particles for the models was poorly constraint. The comet Siding
Spring (discovered at the Siding Spring observatory in Australia by R. McNaught (Mc-

2provided by M. Fränz, personal communication
3This work was presented as a poster on the EGU 2016 in Vienna - abstract EGU2016-1040.
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Naught et al., 2013)) passed within 141,000 km of Mars on the 19. October 2014 (Espley
et al., 2015). During this rare opportunity the comets coma and plasma interacted di-
rectly with Mars and allowed the direct observation by Mars Express and MAVEN (e.g.
(Gurnett et al., 2015; Restano et al., 2015; Benna et al., 2015b). During the passage of
Siding Spring, the MVN-IUVS experiment detected Mg+ in the range from 5 · 109m−3

to 3 · 1010m−3 at 120 km altitude (Schneider et al., 2015). The remote identi�cation of
Mg+ is conducted by detecting the resonant scattering of solar UV photons by Mg+.
Mg+ is reliably detected, if the detection region is lit and if the solar disturbance of the
instrument is not too pronounced. Crismani et al. (2017) used the MVN-IUVS observa-
tions of one Martian year to investigate the parameters of the observed Mg+. A main
peak concentration of ∼ 2.5 · 108m−3 was found at approximately 90 km altitude with
an uncertainty of ∼2.5 km. Variability of the Mg+ at a �xed altitude of 90 km was
identi�ed and attributed to the seasonal warming and cooling of the Martian atmosphere.
At the equator, the Mg+ density decreases up to a factor 5 towards the dawn and dusk
terminators. This e�ect is weaker at the poles, due to the less pronounced diurnal cycle
in these regions. No correlation between the Mg+ density and predicted meteor showers
were found during the investigated Martian year. Even if Mg+ is detected in the Mars
atmosphere, the only detection of the associatedMg was found by MVN-IUVS during the
passage of Siding Spring. This yields a big challenge for the existing meteor-ionosphere
interaction models, which predict a large Mg layer in combination with the Mg+.
The mean peak altitude of the Mg+ layer in the MVN-IUVS observations is in good
agreement with the altitude range of the merged excess electron densities in the MaRS
observations. However, the mean peak density is too small to be regularly seen by MaRS
due to the inherent noise level of the observations. Only strong positive deviations from
the mean could be detected by MaRS.Mg+ obviously contributes to the observed merged
excess electron densities at 90 km altitude but is most probably not the only source. The
absorption of short solar X-ray by the planetary neutral atmosphere in IonA-2 is therefore
the major source for ionization in the investigated altitude region. Whalley and Plane
(2010) assume, that the main source for the ionization of Mg in that altitude range is
charge exchange with ambient O+

2 . This implies for MaRS radio science, that the ratio be-
tween the ambientMg+ and O+

2 (and probably NO+) is indistinguishable in the observed
electron density. At Earth, the wind shear mechanism is assumed to provide the strong
metallic sporadic E-layers in the lower ionosphere. This mechanism does however require
the presence of a magnetic �eld. Only few MaRS observation are available over strong
crustal �elds. Therefore no correlations with this parameter is currently possible. The
majority of merged excess electron densities is however found over weak magnetic �elds.
It is therefore expected, that an enhancement of the Mg+ densities by wind shear is not
the primary source for the identi�ed merged excess electron densities in the MaRSquiet
data set.
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Chapter 9

Summary of the derived results and

future prospects of the developed data

base and software

The lower dayside ionosphere of Mars consists of two major features, the main ionospheric
layer M2 and the lower and weaker M1 region. In 2005, Pätzold et al. (2005) discovered
small scale sporadic electron density structures beneath M1 in the observations of the Mars
Express radio science experiment (MaRS). Radio science experiments can only sense the
electron density distribution but not the ions, therefore the origin and composition of
these features remained unknown. Until today, no in-situ observations of the atmospheric
and ionospheric composition have been conducted in the altitude region between 70 and
110 km. The large number of radio science observations with Mars Global Surveyor were
conducted in X-band only. The resulting electron density pro�les provide no possibility
to distinguish between real small scale structures and features introduced by unexpected
movement of the spacecraft or the ground station. In contrast, the radio science ex-
periment MaRS provides dual-frequency ionospheric observations. This technique allows
to distinguish between disturbances introduced by unexpected movement and frequency
shifts caused by plasma along the radio ray path. The observations conducted by MaRS
therefore allow a thorough analysis of the small scale variability of the lowest part of the
Martian dayside ionosphere with unprecedented accuracy.
Potential energy sources for the ionization processes in the region of interest are short so-
lar X-ray or solar energetic particles. Potential targets for these ionization processes are
either local neutral species of planetary origin or metallic neutrals of extraplanetary ori-
gin (interplanetary dust particles/remnants of meteoroids). Another potential source for
those features are internal gravity waves. For this work, the small scale sporadic electron
density structures are divided into two categories. The features merged with the main
ionospheric body are called merged excess electron densities (Mm), while the features
detached from the main ionospheric body are called detached excess electron densities
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(Md). This work focuses on the question, if the ionization of the ambient neutrals by
short solar X-ray is su�cient to explain the occurrence rate and characteristics of the
merged excess electron densities. The �rst of the following two Sections gives a summary
of the conducted work and the achieved results, while the second Section provides a brief
summary of the future prospects and potential applications of this work.

9.1 Summary of the derived results

More than 10 years of Mars Express MaRS radio science observations (2004 - 2014) pro-
vide a profound data base for this exploration of the potential origins of the merged
excess electron densities. From the wealth of information, only those MaRS observations
with the smallest amount of large scale observational noise have been selected for this
work. They are used to investigate, if merged excess electron densities form in otherwise
undisturbed observations of the ionospheric dayside or if they are only a by-product of a
strongly disturbed ionosphere. The MaRSquiet data set consists of 266 dayside observa-
tions of the ionospheric electron density. The combination of the MaRS dual-frequency
observations in X- and S-Band provide a third product, the di�erential Doppler. While
the X-Band is more sensitive to unexpected movement of spacecraft or ground station,
the di�erential Doppler shows a higher sensitivity to additional plasma caused by solar
wind disturbances along the radio ray path.
Statistical correlations between the occurrence rate/characteristics of the identi�ed Mm
and the observational and environmental parameters of the observation provide informa-
tion about potential formation processes. For each observation in the MaRSquiet data set,
characteristics of the ionosphere, observational parameters (Chapter 4) and environmental
parameters (Chapter 5) at the time of the observation have been derived. Characteristics
of the ionosphere consists of the M2, M1 and Mm vertical TEC, peak electron density,
altitude and width with error bars where possible. The error bars for M1 are derived
with the help of a fast 1-D equilibrium model (Chapter 6). Observational parameters
comprise the areocentric position of the MaRS observation, the altitude calibration of the
observations (areoid), parameters of the electron density pro�les (noise level and o�set of
the upper baseline, upper and lower altitude borders of the electron density pro�le, the
lowest valid altitude of an observation, the noise level and o�set of the lower baseline).
Environmental parameters are the SIP V2.38 solar �ux proxies and the crustal magnetic
�eld strength in 400 km altitude.
Radio science experiments can only sense electrons, but they can not provide any informa-
tion about the corresponding ionospheric ions, therefore a model of the Mars ionosphere is
needed to investigate the potential Mm formation by solar X-ray and explore the e�ect of
a changing neutral atmosphere on the Mm composition. Chapter 6 describes the develop-
ment of the IonA-2 model, which is a 1-D time-marching photochemical transport model
with an implemented diurnal cycle. For the simulation of the diurnal cycle, IonA-2 uses
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the MCD V5.2 major neutral species and neutral temperature for a full Sol in combination
with the SIP V2.38 Earth solar �ux spectra calibrated for the Mars position. The photo-
chemical scheme in combination with eddy and minor di�usion of the minor neutrals and
ambipolar di�usion of the ions provides vertical pro�les of several minor neutral species
and major ions for a full Martian Sol. This work focuses on the ionospheric dayside, no
nightside pro�les are shown. The comparison between the IonA-2 and the MaRS electron
density pro�le from DoY 336 (2005) shows an excellent agreement between model and
observation. The IonA-2 ion distribution shows a surprisingly good agreement with the
Viking-RPA in-situ observations and other independent model ion densities of Fox (2015),
despite the di�erences between the Viking-RPA environmental and the Fox (2015) model
input conditions. This good agreement between IonA-2, the MaRS measurements, other
independent observations, and other �state-of-the-art� model results provides con�dence
in the physical and chemical validity of the developed ionospheric model. It builds a
powerful tool for the investigation of possible formation processes of the merged excess
electron densities.
Chapter 4 to 6 provide a solid base for the investigation of possible formation mecha-
nisms. Results based on these investigations are subsequently discussed in Chapter 7 and
8. Chapter 7 describes the derivation of the Mm occurrence rates and characteristics and
correlates them with observational and environmental parameters. These investigations
provide information about potential formation processes of the merged excess electron
densities. The in�uence of the solar �ux and the underlying neutral atmosphere is dis-
cussed in Chapter 8. It contains the comparison between the model potential Mm derived
for changing solar �ux conditions and underlying compositions of the Mars neutral at-
mosphere and the MaRS identi�ed Mm. The results discussed in Chapter 7 and 8 are
summarized in the following two Sections.

9.2 Mm characteristics deduced from the MaRS obser-

vations

The MaRSquiet data set yields a profound base for the derivation of the Mm occurrence
rates and characteristics. Correlations of the derived Mm attributes with observational
and environmental parameters yield information about potential formation processes of
the merged excess electron densities.

Existence of the merged excess electron densities A very �rst step requires the
con�rmation of the physical existence of these ionospheric features. If the external noise
introduced by unexpected movement or plasma is low enough, merged excess electron
densities are found in the electron density pro�les derived from X-Band and those from
di�erential Doppler for the same MaRS occultation. This shows, that the Mm are more
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than a feature caused by external disturbances of the observation. The further investiga-
tion of the e�ect of the upper baseline noise level σnoise,UB and deviations from a radial
symmetric atmosphere on the identi�ed merged excess electron densities in Chapter 7
con�rms, that the Mm are real features in the Mars ionosphere. However, an increased
σnoise,UB may obscure existing merged excess electron densities. Approximately 44% of
the MaRSquiet data set contain pronounced identi�ed merged excess electron densities.
Additional potential Mm have been detected in the observations, but are neglected in
the statistics to avoid a bias by including the weak detections. It is now obvious from
the conducted investigations, that there is no clear border between a pronounced merged
excess electron density and the weaker �dips� at the lower base of the ionosphere, they
most probably share the same origin. The identi�ed merged excess electron densities show
a wide variety of shapes.

Correlation of the identi�ed Mm characteristics with observational and envi-
ronmental parameters Merged excess electron densities are found for all solar zenith
angles of the ionospheric dayside accessible in the MaRSquiet data set (50 ◦ to 90 ◦). The
bulk of Mm has been identi�ed over regions with low crustal magnetic �elds. However,
a correlation between the occurrence rate of the merged excess electron densities and
strong crustal magnetic �elds remains inconclusive due to the low number of available
MaRSquiet observations for high Btot. The occurrence rate of the merged excess electron
density strongly correlates with the Sun's activity level. This is a �rst indicator for the
importance of the Sun's emissions in the formation process of the Mm. Solar events,
which provide potential energy sources for the Mm in the form of background short X-ray
�ux, are rare for low solar activity, as are CMEs and solar �ares. The merged excess
electron densities are found in an altitude range of approximately 70 to 110 km altitude,
only accessible by short solar X-ray �ux. In addition, the smoothed ionospheric base of
the merged excess electron densities is on average found lower in the Martian atmosphere
then the base of the smoothed undisturbed observations. This indicates a Mm formation
process, which requires energy sources that are capable to penetrate the Mars ionosphere
deeper than usual (e.g. short solar X-ray or SEPs). However, neither the vertical TEC
nor the maximum electron density of the Mm show a correlation with the solar zenith
angle or the short X-ray solar �ux proxies Φ0.45−1nm and Φ0.45−3nm. Those solar �ux
proxies are calculated from the calibrated SIP V2.38 solar �ux model, which originally
provides solar �ux spectra for Earth with one average solar spectrum per day. The Sun's
variability in the short solar X-ray at the Mars position during the time of a Mars ob-
servation might therefore not be su�ciently well represented by the proxies. The mean
value and standard deviation for the vertical TEC and the maximum electron density
are 2.569 · 1013 ± 2.562 · 1013m−2 for the vertical TEC and 0.44 · 1010 ± 0.20 · 1010m−3

for the maximum electron density, respectively. Those values neglect the two strongest
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TEC observations in Figure 7.17. The standard deviation in the vertical TEC is almost
as strong as the associated mean, even when the two outliers are not taken into account.
This is caused by the non-Gaussian distribution of the data. An additional merged excess
electron density does not signi�cantly increase the vertical TEC of the entire pro�le or
the M1 layer. A potential trend is obscured by the high TEC variability in the MaRSquiet
data set.

9.3 Comparison of the IonA-2 potential Mm with the

identi�ed MaRS merged excess electron densities

Modeling the ionosphere electron density exemplarily for two selected MaRS observations
with di�erent solar zenith angles and Mm shapes provides additional insight into the
atmospheric and ionospheric processes in the Mm region.

The e�ect of short solar X-ray on the local neutral atmosphere The character-
istics of the potential Mm derived from the IonA-2 model electron density depend directly
on the SIP solar radiation below 1.5 nm. The model produces V-shaped merged excess
electron densities without arti�cial enhancement of the SIP V2.38 X-ray �uxes, if the
solar �ux distribution below 1.5 nm is taken into account in 1 and 0.1 nm resolution. A
direct comparison between two MaRS observations and the associated IonA-2 results for
the approximate position and time of the observation yield a good agreement between
the general V-shape structure of the observed and modeled Mm. An increase/decrease in
solar �ux < 1.5 nm yields a prompt (in minutes) increase/decrease of the potential Mm,
which might partially explain the sporadic appearances of the Mm structure in the MaRS
observations. The higher the NO+/O+

2 ratio of a potential merged excess electron density,
the longer is its lifetime during a decrease in short solar X-ray. IonA-2 is not capable of
producing substructures in the V-shaped Mm. The atmospheric absorption region for the
1 Å solar radiation bins is too wide to produce ionospheric small scale structures without
the implementation of any further physical processes. The characteristics of the model
potential Mm for all analyzed pro�les agree well with those of the identi�ed Mm with
regard to altitude range, maximum electron density and TEC.

The e�ect of the poorly constraint nitrogen cycle on Mars on the model results
The actual ratio between the N and NO species in the lower thermosphere and upper
mesosphere of Mars is still unknown due to the lack of in-situ observations of the local
composition and due to the currently poorly constraint reaction schemes and atmospheric
input parameters. The IonA-2 model provides a dominance of NO over N in the lower
model altitudes, similar to the results of Fox (2015). On the other hand, N dominates
over NO in the LMD-GCM. The dominance of N over NO is reproducible with IonA-2
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with small changes of the reaction scheme. Both IonA-2 model scenarios however result
in a certain amount of NO+ in the lower ionosphere. During the dominance of NO over
N , the main reaction for the production of NO+ is the charge exchange between O+

2 and
NO (r. IR120). If N dominates over NO, the main production mechanism for NO+ is
the charge exchange between O+

2 and N (r. IR117). Therefore NO+ (in combination with
O+

2 ) is a probable candidate for the merged excess electron densities.

Final results The merged excess electron densities identi�ed in the MaRS observations
show a positive correlation with the Sun's activity. Their base is on average found deeper
in the atmosphere, than the base of the averaged undisturbed MaRS electron density
pro�les. This indicates a dependence of the formation process on energy sources which
penetrate deep into the atmosphere. Short solar X-ray which ionizes the local neutral
atmosphere provides a satisfying explanation for the identi�ed V-shaped merged excess
electron densities in the MaRS observations. This result is in contrast to previous model
predictions who assumed a meteoric origin of the sporadic layers. However, other potential
sources might provide an additional electron density contribution (meteoric Mg+), addi-
tional sub-structures (gravity waves) or strong Mm enhancements with large disturbances
in the ionosphere (SEPs). The sporadic occurrence of the merged excess electron densi-
ties in the MaRS observations is assumed to be a combination of observational (increased
observation noise level, shift of the lower baseline by ionospheric deviations from radial
symmetry) and environmental (solar �ux variation, changes in the neutral atmospheric
composition) factors.

9.4 Outlook

The subsets of the MaRS observations, MaRSall and MaRSquiet with their derived observa-
tional and environmental parameters yield a promising data base for further investigations
of the still poorly understood lower ionosphere of Mars. The 1-D time-marching IonA-2
model is already a powerful tool with large potential for further investigations.

MaRS observations 2004 - 2014 The MaRSquiet data set provides an excellent data
base for the derivation of statistical characteristics for the detached excess electron den-
sities.
The interaction between solar energetic particles and the lower atmosphere and ionosphere
of Mars can be investigated by a correlation between the Mm derived from MaRSall and
the observations of the MEX-ASPERA3 electron spectrometer. The observations of the
electron spectrometer yield a rough indicator for SEP activity at Mars.

MaRS observations 2015 - ongoing The derivation of the Mm characteristics and
occurrence rate from these new MaRS observations with the already existing software tools
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will provide an excellent data base for comparison with the observations of the MAVEN
spacecraft. The MVN-LPW-EUV solar monitor observes certain solar �ux bins directly
at Mars, which will provide a realistic database for the comparison with the identi�ed
merged excess electron densities. A similar approach is possible with the MVN-SEP Solar
Energetic Particle instrument. The MVN-IUVS instrument provides the possibility of a
direct comparison of the Mg+ density with the available ionospheric electron density.
The upcoming occultation season at the end of February 2018 will provide observations
over the southern hemisphere of Mars, where the strongest crustal �elds are available. For
the very �rst time, these observations will give the opportunity to explore if wind shear
in combination with the meteoric Mg+ is a source for pronounced merged or detached
excess electron densities over strong crustal �elds.

Interplanetary comparison In 2009, Pätzold et al. (2009) discovered electron density
features in the lower ionosphere of Venus, which resemble the excess electron densities in
the Mars dayside ionosphere. A similar analysis of the electron density pro�les derived
with the Venus Express Radio Science Experiment VeRa with already existing tools will
provide a good opportunity for the interplanetary comparison of the feature.

Applicability of the current IonA-2 model IonA-2 in its current development sta-
tus is well suited for the investigation of the role of gravity waves in the formation of
substructures in the V-shaped merged excess electron density. The IonA-2 diurnal at-
mospheric and ionospheric densities can be used as input for further calculations of the
errors introduced in the ionospheric electron density pro�les by deviations from radial
symmetry.

Potential future development stages for IonA-2

• Constrain the IonA-2 reaction scheme by comparing the results directly with MAVEN
observations of the composition, neutral, ion and electron temperatures in the upper
atmosphere.

• Include a simple approach for the determination of the NO night glow produced by
the recombination of N and O on the planetary night side for a comparison with
the night glow observations of MEX-SPICAM (Stiepen et al., 2015).
The resulting night glow intensities will provide constraints for the N/NO ratio in
the Mars upper atmosphere.

• Integrate the MSDM (Meteor Simple Di�usion Model)1 into the software architec-
ture of IonA-2.

1Basic version provided by G. Molina-Cuberos
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PROSPECTS OF THE DEVELOPED DATA BASE AND SOFTWARE

Except for the model used by Crismani et al. (2017), the current meteor layer mod-
els for Mars are based on 1-D neutral atmospheres and ionospheres for a certain
solar zenith angle. Including the MSDM into IonA-2 will provide a valuable tool
for the comparison between the Mg+ observations of MVN-IUVS and the MaRS
electron density observations.

• Include major species di�usion (see e.g. Vlasov and Davydov (1982))
The implementation of major species di�usion will provide independence from the
major neutral densities of the Mars Climate Database. However, the input of ex-
ternal temperatures remains necessary. An application to the Venus ionosphere
is possible, if reasonable neutral, ion and electron temperatures for a full Sol are
provided.

• Self consistent computation of impact ionization, electron, ion and neutral temper-
ature
The implementation of these features will make IonA-2 completely independent of
external temperature input.

This work could provide valuable insight into atmospheric processes in the poorly
understood lower ionosphere and upper atmosphere of Mars. So far, ionospheric models
predicted that the observed excess electron densities are produced predominantly by me-
teor infall from the interplanetary space, a concept which is challenged based on the new
�ndings. The thorough analysis of the MaRS observations and the development of the
IonA-2 model provided the possibility, for the very �rst time, to unravel the underlying
formation processes. This is a signi�cant step towards the understanding of the Martian
atmospheric coupling.
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Appendix A

Supporting information Chapter 2

Figure A.1: LMD-GCM CO2, N2, O, O2, N , NO and N(2D) neutral atmospheric species
associated with the ionospheres given in Figure 3 of González-Galindo et al. (2013) and shown
in this work as lower Panels in Figure 2.14 of Chapter 2. The data were provided by G. González-
Galindo.

.
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B.1 Derivation of the M1 upper parameter range

Panel (a) of Figure B.1 shows the IonA-1 model (see Chapter 6) results for DoY 263
(2009) for the wavelength range 0.5 - 95 nm and 10 - 95 nm. While the model result for
the full wavelength range shows a pronounced M1 layer, it is completely erased for the
reduced wavelength range. A second e�ect of the wavelength reduction is a small rise of
the ionospheric base for the reduced wavelength pro�le. The M1 parameter derivation
from the residuals of a linear �t on the base of the ionosphere therefore introduces an error
to the calculated parameters, because a part of the M1 feature is automatically removed
by the line �t. Limits for this e�ect are estimated from 50 selected MaRS observations.
IonA-1 model runs were conducted for all MaRSquiet observations for the wavelength range
of 0.5 - 95 nm and the MCD V5.2 scenarios MCDclim-low, MCDclim-ave, MCDclim-high,
MCD-cold, MCD-MY and MCD-warm (see Chapter 5). 50 observations have been se-
lected for which the IonA-1 results approximately �t the base of the ionosphere. This
rough match indicates those pro�les for which the di�erences between the real neutral
atmosphere / solar �ux and the chosen MCD V5.2 atmospheric scenario and SIP V2.38
solar �ux is not too large.
After computing the IonA-1 model results for both wavelength ranges, line �ts are con-
ducted on both model pro�les in the altitude range from the maximum �rst derivation
of the IonA-1 electron density below the main peak

(
nI1e
)′
max

to 0.7·
(
nI1e
)′
max

(orange ar-
rows on the purple line in Panel (a)). The �tted straight line is then extrapolated to
the nI1e,max(M2) value, indicated in Panel (a) of Figure B.1 with two orange arrows. This
point yields the rotation basis for the later rotation angle θ determination. The second
line �t is done on the reduced solar �ux pro�le for the same altitude range used for the
full solar �ux pro�le. In addition, the �tted straight line is forced through the determined
rotation point. Both line �ts therefore include the rotation angle θ in dependence of the
maximum electron density nI1e,max(M2) of the full solar �ux IonA-1 result.

201
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Figure B.1: (a) IonA-1 results for DoY 263 (2009) for the MCD V5.2 MCDclim-low scenario.
The purple line is the �rst derivation of the 0.5 - 95 nm model data. The dashed blue line is
the �t on the dark blue part of the 0.5 - 95 nm pro�le, the dashed green line the �t on the dark
green part of the 10 - 95 nm pro�le. θ is the rotation angle between both line �ts. The orange
arrows are explained in the text. (b) θ for the 50 modeled MaRS observations, the solar �ux
proxy intervals ΦSUM,low, ΦSUM,mod and ΦSUM,high are de�ned in Chapter 5.
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Panel (b) of Figure B.1 shows the rotation angles θ for the 50 selected pro�les in depen-
dence of nI1e,max(M2). Other methods, e.g. a rotation point �xed at 1.0·1011m−3 or the
dependence of θ on the solar zenith angle χ were tested, but did not lead to a better pa-
rameterization of the results. Therefore the rotation angle θ is determined in dependence
of the M2 peak electron density by a straight line �t

θ(nobse,max) = 4.77921537 · 10−13 [m−3] · nobse,max(M2) + 0.02456586 [rad]

σ = 0.005174 [rad],

where σ is the error of the �t slope.
The upper range of the M1 parameters is then determined for a MaRS observation in four
steps:

i.) A straight line �t is conducted on the base of the ionosphere from
(
nobse,S

)′
max

to

0.7·
(
nobse,S

)′
max

.

ii.) The rotation point is determined by extrapolating the straight line to the value of
nobse,max(M2).

iii.) The straight line is rotated around the projection of nobse,max(M2) by θ+3·σ.

iv.) Subtracting the rotated straight line from the smoothed nobse electron density pro�le
yields the residuals for determining the upper range of the M1 parameters by the
methods used for the original M1 parameter determination.

B.2 Comparing the derived model M1 parameter ranges

with the direkt M1 model results

A comparison between the derived model M1 parameter ranges with the �real� parame-
ters of the model M1 layers is conducted to test the validity of the method for the M1
parameter derivation. While the model M1 parameter ranges have been determined with
the described method, the direct model M1 parameters are derived by subtracting the
IonA-1 electron density for the reduced solar �ux from the full solar �ux model results.
Panels (a) to (d) of Figure B.2 contain the comparison of the determined ranges with the
�real� parameters for the M1 altitude, electron density, vertical TEC and width of the
modeled M1 region.
The agreement between the derived center M1 and the �real� M1 altitudes is quite good,
while the di�erence between the derived and �real� M1 electron densities increases for
increasing M1 electron density. The �real� vertical TEC is always underestimated, but
still found within the provided M1 ranges. This is not the case for the M1 width. The
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Figure B.2: Comparison between the derived model M1 parameter ranges with the �real� M1
parameters directly derived from the model results. No X-axis labels are provided, because the
data sets are individually sorted for a clear view.

M1 width is the altitude di�erence of those points, where the M1 pro�le reaches 50%
of nobse,max(M1). The derivation of the M1 parameters and their ranges with the straight
line �tting method causes the detected M1 layer always to be too small compared to the
�real� M1 width. In addition, the computed lower and upper width ranges do not al-
ways include the center M1 parameters. While the determined M1 ranges cover the �real'
model M1 parameters for the M1 altitude, electron density and vertical TEC, determining
hobswidth(M1) with the line �t method does not yield a realistic M1 width. This parameter
cannot be used as absolute width, but only as a relative value for the comparison with
other parameters.
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C.1 Reaction scheme 1

Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

GP001 CO2 + hν → CO +O
GP002 CO2 + hν → CO +O(1D)
GP003 H2 + hν → H +H
GP004 H2O + hν → H +OH
GP005 H2O2 + hν → OH +OH
GP006 N2 + hν → N +N
GP007 NO + hν → N +O
GP008 NO2 + hν → NO +O
GP009 O2 + hν → O +O
GP010 O2 + hν → O +O(1D)
GP011 O3 + hν → O +O2

GP012 O3 + hν → O(1D) +O2

GP013 CO + hν → CO+ + e−

GP014 CO + hν → C+ +O + e−

GP015 CO + hν → O+ + C + e−

GP016 CO2 + hν → CO+
2 + e−

GP017 CO2 +hν → O+ +CO+e−

GP018 CO2 +hν → CO+ +O+e−

GP019 CO2 +hν → C+ +O2 + e−

GP020 H + hν → H+ + e−

Table C.1: Reaction scheme 1 for IonA-2
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Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

GP021 N + hν → Np + e−

GP022 NO + hν → NO+ + e−

GP023 N2 + hν → N+
2 + e−

GP024 N2 + hν → Np +N + e−

GP025 O + hν → O+ + e−

GP026 O2 + hν → O+
2 + e−

GR001 CO +OH → CO2 +H 1.5 · 10−19
(
Tn
300

)0.6
Sander et al. (2011)

GR002 H +O2 +M → HO2 +M 1.1 · 10−43
(
TN
300

)−1.3
Sander et al. (2011)

GR003 H +HO2 → H2 +O2 6.9 · 10−18 Sander et al. (2011)

GR004 H +NO2 → NO +OH 4.0 · 10−16 exp
(
−340
TN

)
Sander et al. (2011)

GR005 HO2 +HO2 → H2O2 +O2 3.0 · 10−19 exp
(

460
TN

)
Sander et al. (2011)

GR006 N +NO → N2 +O 2.1 · 10−17 exp
(

100
TN

)
Sander et al. (2011)

GR007 N +O2 → NO +O 1.5 · 10−17 exp
(
−3600
TN

)
Sander et al. (2011)

GR008 N +OH → NO +H 3.8 · 10−17 exp
(

85
TN

)
Atkinson et al. (1989)

GR009 N +O3 → NO +O2 1.0 · 10−22 Sander et al. (2011)
GR010 N +HO2 → NO +OH 2.2 · 10−17 Brune et al. (1983)
GR011 N +O → NO 2.8 · 10−23

(
TN
300

)−0.5
Du and Dalgarno
(1990)

GR012 N(2D) +O → N +O 3.3 · 10−18 exp
(
−260
TN

)
Herron (1999)

GR013 N(2D) +N2 → N +N2 1.7 · 10−20 Herron (1999)
GR014 N(2D)+CO2 → NO+CO 3.6 · 10−19 Herron (1999)

GR015 N2 +O(1D)→ N2 +O 2.15 · 10−17 exp
(

110
TN

)
Sander et al. (2011)

GR016 NO +HO2 → NO2 +OH 3.3 · 10−18 exp
(

270
TN

)
Sander et al. (2011)

GR017 NO +O3 → NO2 +O2 3.0 · 10−18 exp
(
−1500
TN

)
Sander et al. (2011)

GR018 O +HO2 → OH +O2 3.0 · 10−17 exp
(

200
TN

)
Sander et al. (2011)

GR019 O +OH → O2 +H 1.8 · 10−17 exp
(

180
TN

)
Sander et al. (2011)

GR020 O +O +M → O2 +M 1.3 · 10−46 exp
(

900
TN

)
Tsang and Hampson
(1986)

GR021 O +O2 +M → O3 +M 1.5 · 10−45
(
TN
300

)−2.4
Sander et al. (2011)

Table C.2: Reaction scheme 1 for IonA-2
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Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

GR022 O+NO+M → NO2 +M 2.25 · 10−43
(
TN
300

)−1.5
Sander et al. (2011)

GR023 O +NO2 → NO +O2 5.1 · 10−18 exp
(

210
TN

)
Sander et al. (2011)

GR024 O(1D)+H2O → OH+OH 1.63 · 10−16 exp
(

60
TN

)
Sander et al. (2011)

GR025 O(1D) +H2 → H +OH 1.2 · 10−16 Sander et al. (2011)

GR026 O(1D) + CO2 → O + CO2 7.5 · 10−17 exp
(

115
TN

)
Sander et al. (2011)

GR027 O(1D) +O2 → O +O2 3.3 · 10−17 exp
(

55
TN

)
Sander et al. (2011)

GR028 O3 +H → OH +O2 1.4 · 10−16 exp
(
−470
TN

)
Sander et al. (2011)

GR029 O3 +OH → HO2 +O2 1.7 · 10−18 exp
(
−940
TN

)
Sander et al. (2011)

GR030 O3+HO2 → OH+O2+O2 1.0 · 10−20 exp
(
−490
TN

)
Sander et al. (2011)

GR031 OH +HO2 → O2 +H2O 4.8 · 10−17 exp
(

250
TN

)
Sander et al. (2011)

GR032 OH +H2 → H +H2O 2.8 · 10−18 exp
(
−1800
TN

)
Sander et al. (2011)

GR033 OH+H2O2 → H2O+HO2 1.8 · 10−18 Sander et al. (2011)
GR034 C+ + CO2 → CO+ + CO 1.10 · 10−15 McElroy et al. (2013)
GR035 CO+ +CO2 → CO+

2 +CO 1.00 · 10−15 McElroy et al. (2013)
GR036 CO+ +O → O+ + CO 1.40 · 10−16 McElroy et al. (2013)
GR037 CO+ +H → H+ + CO 4.00 · 10−16 Fox and Sung (2001)
GR038 CO+

2 +O2 → O+
2 + CO2 5.50 · 10−17

(
Ti
300

)−0.82
Anicich (1993)

GR039 CO+
2 +O → O+ + CO2 9.6 · 10−17 McElroy et al. (2013)

GR040 CO+
2 +O → O+

2 + CO 1.64 · 10−16 McElroy et al. (2013)
GR041 CO+

2 + e− → CO +O 3.80 · 10−13
(
Te
300

)−0.5
McElroy et al. (2013)

GR042 CO+
2 +NO → NO+ +CO2 1.2 · 10−16 McElroy et al. (2013)

GR043 CO+
2 +N → CO+ +NO 3.40 · 10−16 Fox and Sung (2001)

GR044 CO+
2 +H2 → HCO+

2 +H 9.5 · 10−16 McElroy et al. (2013)
GR045 H+ +O → O+ +H 6.86 · 10−16

(
Ti
300

)0.26

exp
(
−224.3
Ti

) McElroy et al. (2013)

GR046 Np + CO2 → CO+
2 +N 7.50 · 10−16 McElroy et al. (2013)

GR047 N+
2 + CO2 → CO+

2 +N2 9.0 · 10−16
(
Ti
300

)−0.23
Fox and Sung (2001)

GR048 N+
2 +O → NO+ +N 1.33 · 10−16

(
Ti
300

)−0.44
Fox and Sung (2001)

GR049 N+
2 + CO → N2 + CO+ 7.4 · 10−17 McElroy et al. (2013)

GR050 N+
2 + e− → N +N 1.70 · 10−13

(
Te
300

)−0.30
McElroy et al. (2013)

Table C.3: Reaction scheme 1 for IonA-2
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Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

GR051 N+
2 +O → O+ +N2 7.00 · 10−18

(
Ti
300

)−0.23
Fox and Sung (2001)

GR052 NO+ + e− → N +O 4.30 · 10−13
(
Te
300

)−0.37
McElroy et al. (2013)

GR053 O+ + CO2 → O+
2 + CO 9.4 · 10−16 McElroy et al. (2013)

GR054 O+ +N2 → NO+ +N 1.2 · 10−18
(
Ti
300

)−0.45
Fox and Sung (2001)

GR055 O+ +H → H+ +O 5.66 · 10−16
(
Ti
300

)0.36

exp
(

8.6
Ti

) McElroy et al. (2013)

GR056 O+
2 + e− → O +O 2.0 · 10−13

(
Te
300

)−0.7
McElroy et al. (2013)

GR057 O+
2 +NO → NO+ +O2 4.5 · 10−16 Midey and Viggiano

(1999)
GR058 O+

2 +N2 → NO+ +NO 1.0 · 10−21 Fox and Sung (2001)
GR059 O+

2 +N → NO+ +O 1.0 · 10−16 Fox and Sung (2001)
GR060 HCO+

2 + e− → H + CO2 3.4 · 10−13
(
Te
300

)−0.5
Krasnopolsky (2002)

GS001 CO2+e− → CO+
2 +e−+e−

GS002 CO+e− → CO+ +e−+e−

GS003 N2 + e− → N+
2 + e− + e−

GS004 N + e− → N+ + e− + e−

GS005 O2 + e− → O+
2 + e− + e−

GS006 O + e− → O+ + e− + e−

Table C.4: Reaction scheme 1 for IonA-2
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C.2 Reaction scheme 2

Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

IP001 CO2 + hν → CO +O
IP002 CO2 + hν → CO +O(1D)
IP003 H2 + hν → H +H
IP004 H2O + hν → H +OH
IP005 H2O2 + hν → OH +OH
IP006 N2 + hν → N +N(2D)
IP007 NO + hν → N +O
IP008 NO2 + hν → NO +O
IP009 O2 + hν → O +O
IP010 O2 + hν → O +O(1D)
IP011 O3 + hν → O +O2

IP012 O3 + hν → O(1D) +O2

IP013 CO + hν → CO+ + e−

IP014 CO + hν → C+ +O + e−

IP015 CO + hν → O+ + C + e−

IP016 CO2 + hν → CO+
2 + e−

IP017 CO2 +hν → O+ +CO+e−

IP018 CO2 +hν → CO+ +O+e−

IP019 CO2 +hν → C+ +O2 + e−

IP020 H + hν → H+ + e−

IP021 N + hν → N+ + e−

IP022 NO + hν → NO+ + e−

IP023 N2 + hν → N+
2 + e−

IP024 N2 + hν → N+ +N + e−

IP025 O + hν → O+ + e−

IP026 O2 + hν → O+
2 + e−

IP027 Ar + hν → Ar+ + e−

IR001 C + CO2 → CO + CO 7.62 · 10−20
(
TN
300

)0.5

exp
(
−3480.0
TN

) estimate; Fox and
Sung (2001); McEl-
roy and McConnell
(1971)

Table C.5: Reaction scheme 2 for IonA-2



210 APPENDIX C. SUPPORTING INFORMATION CHAPTER 6

Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

IR002 C +NO → CO +N 7.50 · 10−17
(
TN
298

)−0.16
branching estimated,
Chastaing et al.
(2000); Fox and Sung
(2001)

IR003 C +O2 → CO +O 4.90 · 10−17
(
TN
298

)−0.32
Chastaing et al.
(2000)

IR004 CO +OH → CO2 +H 1.5 · 10−19
(
TN
300

)0.6
Sander et al. (2011)

IR005 H +H +M → H2 +M 1.20 · 10−44
(
TN
300

)−1.3
large uncertainty;
Fox and Sung (2001);
Tsang and Hampson
(1986)

IR006 H +HO2 → H2 +O2 6.9 · 10−18 Burkholder et al.
(2015)

IR007 H +HO2 → OH +OH 7.2 · 10−17 Burkholder et al.
(2015)

IR008 H +HO2 → O +H2O 1.6 · 10−18 Burkholder et al.
(2015)

IR009 H +NO2 → NO +OH 4.0 · 10−16 exp
(
−340
TN

)
Burkholder et al.
(2015)

IR010 H +O2 → HO2 2.5· Eq. 6.15,
k300

0 = 4.44·10−44, n =
1.3, k300

∞ = 7.5 · 10−17,
m = 0.2

Burkholder et al.
(2015)

IR011 HO2 +HO2 → H2O2 +O2 3.0 · 10−19 exp
(

460
TN

)
Burkholder et al.
(2015)

IR012 N + CO2 → NO + CO 1.7 · 10−22 estimate; Fox and
Sung (2001); Fernan-
dez et al. (1998)

IR013 N +HO2 → NO +OH 2.2 · 10−17 Brune et al. (1983)

IR014 N +NO → N2 +O 2.1 · 10−17 exp
(

100
TN

)
Burkholder et al.
(2015)

IR015 N +OH → NO +H 3.8 · 10−17 exp
(

85
TN

)
Atkinson et al. (1989)

IR016 N +O → NO 2.8 · 10−23
(
TN
300

)−0.5
Du and Dalgarno
(1990)

Table C.6: Reaction scheme 2 for IonA-2
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Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

IR017 N +O2 → NO +O 1.5 · 10−17 exp
(
−3600
TN

)
Burkholder et al.
(2015)

IR018 N +O3 → NO +O2 1.0 · 10−22 upper limit;
Burkholder et al.
(2015)

IR019 N(2D)+CO2 → NO+CO 3.6 · 10−19 Herron (1999)
IR020 N(2D) +O → N +O 6.9 · 10−19 Fell et al. (1990)
IR021 N(2D) +N2 → N +N2 1.7 · 10−20 Herron (1999)

IR022 N2 +O(1D)→ N2 +O 2.15 · 10−17 exp
(

110
TN

)
Burkholder et al.
(2015)

IR023 NO +HO2 → NO2 +OH 3.3 · 10−18 exp
(

270
TN

)
Burkholder et al.
(2015)

IR024 NO +O3 → NO2 +O2 3.0 · 10−18 exp
(
−1500
TN

)
Burkholder et al.
(2015)

IR025 O +HO2 → OH +O2 3.0 · 10−17 exp
(

200
TN

)
Burkholder et al.
(2015)

IR026 O +O +M → O2 +M 1.3 · 10−46 exp
(

900
TN

)
upper limit; Tsang
and Hampson (1986)

IR027 O +OH → O2 +H 1.8 · 10−17 exp
(

180
TN

)
Burkholder et al.
(2015)

IR028 O +O2 +M → O3 +M 2.5·6.0·10−46
(
TN
300

)−2.4
Burkholder et al.
(2015)

IR029 O +NO → NO2 2.5· Eq. 6.15,
k300

0 = 9.0 · 10−44, n =
1.5, k300

∞ = 3.0 · 10−17,
m = 0

Burkholder et al.
(2015)

IR030 O +NO2 → NO +O2 5.1 · 10−18 exp
(

210
TN

)
Burkholder et al.
(2015)

IR031 O(1D) + CO2 → O + CO2 7.5 · 10−17 exp
(

115
TN

)
Burkholder et al.
(2015)

IR032 O(1D) +H2 → H +OH 1.2 · 10−16 Burkholder et al.
(2015)

IR033 O(1D)+H2O → OH+OH 1.63 · 10−16 exp
(

60
TN

)
Burkholder et al.
(2015)

Table C.7: Reaction scheme 2 for IonA-2
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Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

IR034 O(1D) +O2 → O +O2 3.3 · 10−17 exp
(

55
TN

)
Burkholder et al.
(2015)

IR035 O3 +H → OH +O2 1.4 · 10−16 exp
(
−470
TN

)
Burkholder et al.
(2015)

IR036 O3+HO2 → OH+O2+O2 1.0 · 10−20 exp
(
−490
TN

)
Burkholder et al.
(2015)

IR037 O3 +OH → HO2 +O2 1.7 · 10−18 exp
(
−940
TN

)
Burkholder et al.
(2015)

IR038 OH +H2 → H +H2O 2.8 · 10−18 exp
(
−1800
TN

)
Burkholder et al.
(2015)

IR039 OH+H2O2 → H2O+HO2 1.8 · 10−18 Burkholder et al.
(2015)

IR040 OH +HO2 → O2 +H2O 4.8 · 10−17 exp
(

250.0
TN

)
Burkholder et al.
(2015)

IR041 Ar+ + CO → CO+ + Ar Ti ≤ 900K

3.70 · 10−17
(

300
Ti

)0.43

+

1.6 · 10−15 exp
(
−57.4
kBTi

)
Ti > 900K
2.3 · 10−17

(
Ti
900

)

Anicich (2003); Fox
and Sung (2001);
Midey and Viggiano
(1998)

IR042 Ar+ + CO2 → CO+
2 + Ar Ti ≤ 700K : 5.0·10−16

Ti > 700K

5.0 · 10−16
(

700
Ti

) Anicich (2003); Dotan
et al. (1999)

IR043 Ar+ +N2 → N+
2 + Ar 1.1 · 10−17

(
300
Ti

)−1.13

Anicich (2003); Dotan
and Lindinger (1982);
Fox and Sung (2001)

IR044 Ar+ +NO → Ar +NO+ 3.1 · 10−16 Anicich (2003, 1993)
IR045 Ar+ +O2 → Ar +O+

2 Ti ≤ 900K

4.9 · 10−17
(

300
Ti

)0.78

+

9.2 · 10−16 exp
(
−41.8
kBTi

)
Ti > 900K
2.08 · 10−17

(
Ti

900.0

)1.65

Anicich (2003); Fox
and Sung (2001);
Midey and Viggiano
(1998)

Table C.8: Reaction scheme 2 for IonA-2
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Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

IR046 C+ + CO2 → CO+ + CO 1.10 · 10−15 Anicich (2003, 1993);
Fahey et al. (1981b)

IR047 C+ +NO → NO+ + C 7.50 · 10−16
(

300
Ti

)0.2

Anicich (2003); Fox
and Sung (2001);
Miller et al. (1984)

IR048 C+ +O2 → O+ + CO 5.22 · 10−16 Anicich (2003, 1993)
IR049 C+ +O2 → CO+ +O 3.48 · 10−16 Anicich (2003, 1993)
IR050 CO+ +CO2 → CO+

2 +CO 1.10 · 10−15 Anicich (2003, 1993)

IR051 CO+ + e− → C +O 1.80 · 10−13
(

300
Te

)0.55

Rosén et al. (1998);
Fox and Sung (2001)

IR052 CO+ + e− → C +O(1D) 0.25 · 10−13
(

300
Te

)0.55

Rosén et al. (1998);
Fox and Sung (2001)

IR053 CO+ +H → H+ + CO 4.00 · 10−16 Scott et al. (1997)
IR054 CO+ +H2 → HCO+ +H 7.50 · 10−16 Scott et al. (1997)
IR055 CO+ +N → NO+ + C 8.20 · 10−17 Scott et al. (1997)
IR056 CO+ +NO → CO+NO+ 4.20 · 10−16 Anicich (2003, 1993)
IR057 CO+ +O → O+ + CO 1.40 · 10−16 ass. error of 50 %,

Anicich (2003);
Fehsenfeld and Fergu-
son (1972)

IR058 CO+ +O2 → O+
2 + CO 1.5 · 10−16

(
300
Ti

)1.1

Anicich (2003, 1993);
Miller et al. (1984)

IR059 CO+
2 + e− → CO +O 4.20 · 10−13

(
Te
300

)−0.75
Viggiano et al. (2005)

IR060 CO+
2 +H → HCO+ +O 4.5 · 10−16 Borodi et al. (2009)

IR061 CO+
2 +H → H+ + CO2 2.0 · 10−17 Fox (2015); Scott et al.

(1997)
IR062 CO+

2 +H2 → HCO+
2 +H 9.5 · 10−16

(
Ti
300

)−0.15
Borodi et al. (2009)

IR063 CO+
2 +N → CO+ +NO 3.40 · 10−16 Scott et al. (1998)

IR064 CO+
2 + N(2D) → N+ +

CO2

2.00 · 10−16 estimate, Fox and
Sung (2001); Fox
(1982)

IR065 CO+
2 +NO → NO+ +CO2 1.23 · 10−16 Anicich (2003, 1993)

IR066 CO+
2 +O → O+

2 + CO 1.638 · 10−16 Fehsenfeld et al.
(1970); Fehsenfeld
and Ferguson (1972)

Table C.9: Reaction scheme 2 for IonA-2
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Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

IR067 CO+
2 +O → O+ + CO2 9.62 · 10−17 Fehsenfeld et al.

(1970); Fehsenfeld
and Ferguson (1972)

IR068 CO+
2 +O2 → O+

2 + CO2 Ti ≤ 1500K
5.5 · 10−17

(
Ti
300

)−0.82

Ti > 1500K
1.50·10−17

(
Ti

1500.0

)−0.82

Anicich (2003, 1993);
Fox and Sung (2001);
Miller et al. (1984)

IR069 H+ + CO2 → HCO+ +O 3.80 · 10−15 Anicich (2003); Smith
et al. (1992)

IR070 H+ +O → O+ +H 6.86 · 10−16
(
Ti
300

)0.26

exp
(
−224.30
Ti

) Stancil et al. (1999)

IR071 H+ +O2 → O+
2 +H 2.00 · 10−15 Anicich (2003); Smith

et al. (1992)
IR072 H+ +NO → H +NO+ 2.90 · 10−15 Anicich (2003); Smith

et al. (1992)
IR073 HCO+ + e− → CO +H Ti ≤ 300K

2.0 · 10−13
(
Te
300

)−1.25

Ti > 300K
2.00 · 10−13

(
Te
300

)−1.0

Fox (2015)

IR074 HCO+
2 + CO → HCO+ +

CO2

7.8 · 10−16 estimate; Prasad and
Huntress (1980)

IR075 HCO+
2 +e− → H+O+CO 3.128 · 10−13

(
Te
300

)−0.5
Geppert et al. (2004);
Gougousi et al. (1997)

IR076 HCO+
2 + e− → H + CO2 2.30 · 10−14

(
Te
300

)−0.5
Geppert et al. (2004);
Gougousi et al. (1997)

IR077 HCO+
2 + e− → OH + CO 1.242 · 10−13

(
Te
300

)−0.5
Geppert et al. (2004);
Gougousi et al. (1997)

IR078 HCO+
2 +O → HCO+ +O2 5.8 · 10−15 Langevin estimate Fox

(2015)

IR079 N+ + CO → NO+ + C 6.16 · 10−17
(

300
Ti

)0.5

Anicich (2003, 1993);
Fox and Sung (2001);
Miller et al. (1984)

IR080 N+ + CO → CO+ +N 4.93 · 10−16
(

300
Ti

)0.5

Anicich (2003, 1993);
Fox and Sung (2001);
Miller et al. (1984)

Table C.10: Reaction scheme 2 for IonA-2
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Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

IR081 N+ + CO → C+ +NO 5.60 · 10−18
(

300
Ti

)0.5

Anicich (2003, 1993);
Fox and Sung (2001);
Miller et al. (1984)

IR082 N+ + CO2 → CO+ +NO 2.016 · 10−16 Anicich (2003, 1993)
IR083 N+ + CO2 → CO+

2 +N 9.184 · 10−16 (Anicich, 2003, 1993)

IR084 N+ +NO → N +NO+ 4.7175 ·10−16
(

300
Ti

)0.24

Anicich (2003, 1993);
Fahey et al. (1981a);
Fox and Sung (2001)

IR085 N+ +NO → N+
2 +O 8.325 · 10−17

(
300
Ti

)0.24

Anicich (2003, 1993);
Fahey et al. (1981a);
Fox and Sung (2001)

IR086 N+ +O → N +O+ 2.20 · 10−18 theoretical estimate;
Constantinides et al.
(1979); Bates (1989)

IR087 N+ +O2 → O+
2 +N Ti ≤ 1000K

1.45·10−16
(

300
Ti

)−0.3098

Ti > 1000K
3.49 · 10−16

Viggiano et al. (2003);
Anicich (2003); Fox
and Sung (2001);
Dotan et al. (1997);
O'Keefe et al. (1986)

IR088 N+ +O2 → O+
2 +N(2D) Ti ≤ 1000K

6.21·10−17
(

300
Ti

)−0.3098

Ti > 1000K
1.49 · 10−16

Viggiano et al. (2003);
Anicich (2003); Fox
and Sung (2001);
Dotan et al. (1997);
O'Keefe et al. (1986)

IR089 N+ +O2 → NO+ +O Ti ≤ 1000K

3.72·10−17
(

300
Ti

)−0.3098

Ti > 1000K
7.47 · 10−17

Viggiano et al. (2003);
Anicich (2003); Fox
and Sung (2001);
Dotan et al. (1997);
O'Keefe et al. (1986)

IR090 N+ +O2 → NO+ +O(1D) Ti ≤ 1000K

1.49·10−16
(

300
Ti

)−0.3098

Ti > 1000K
3.02 · 10−16

Viggiano et al. (2003);
Anicich (2003); Fox
and Sung (2001);
Dotan et al. (1997);
O'Keefe et al. (1986)

Table C.11: Reaction scheme 2 for IonA-2
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Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

IR091 N+ +O2 → O+ +NO Ti ≤ 1000K

2.07·10−17
(

300
Ti

)−0.3098

Ti > 1000K
7.53 · 10−17

Viggiano et al. (2003);
Anicich (2003); Fox
and Sung (2001);
Dotan et al. (1997);
O'Keefe et al. (1986)

IR092 N+
2 + Ar → Ar+ +N2 1.1 · 10−17 exp

(
−2089
Ti

)
Fox and Sung (2001)

IR093 N+
2 + CO → N2 + CO+ 7.6 · 10−17 Anicich (2003); Frost

et al. (1998)
IR094 N+

2 + CO2 → CO+
2 +N2 9.0 · 10−16

(
Ti
300

)−0.23
Fox and Sung (2001);
Dotan et al. (2000)

IR095 N+
2 + e− → N +N(2D) 1.012 · 10−13

(
Te
300

)−0.39
Fox and Sung (2001);
Zipf (1980); Kella
et al. (1996)

IR096 N+
2 +e− → N(2D)+N(2D) 1.012 · 10−13

(
Te
300

)−0.39
Fox and Sung (2001);
Zipf (1980); Kella
et al. (1996)

IR097 NO+ + e− → N(2D) +O 3.895 · 10−13
(
Te
300

)−0.80
Shuman et al. (2015);
Hellberg et al. (2003)

IR098 NO+ + e− → N +O 0.205 · 10−13
(
Te
300

)−0.80
Shuman et al. (2015);
Hellberg et al. (2003)

IR099 N+
2 +N → N+ +N2 1.0 · 10−17 upper border; Fergu-

son (1973)
IR100 N+

2 +NO → N2 +NO+ 3.6 · 10−16 Scott et al. (1999)
IR101 N+

2 +O → NO+ +N(2D) Ti ≤ 1500K
1.33 · 10−16

(
Ti
300

)−0.44

Ti > 1500K :

6.55 · 10−17
(

1500
Ti

)−0.2

Fox and Sung (2001);
Scott et al. (1999);
McFarland et al.
(1974)

IR102 N+
2 +O → O+ +N2 Ti ≤ 1500K

7.00 · 10−18
(
Ti
300

)−0.23

Ti > 1500K :

4.83 · 10−18
(

1500
Ti

)−0.41

Fox and Sung (2001);
Scott et al. (1999);
McFarland et al.
(1974)

Table C.12: Reaction scheme 2 for IonA-2



C.2. REACTION SCHEME 2 217

Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

IR103 N+
2 +O2 → N2 +O+

2 Ti ≤ 1000K

5.10 · 10−17
(

300
Ti

)1.16

1000 > Ti ≤ 2000K
1.26 · 10−17

(
Ti

1000

)0.67

Ti > 2000K
2.39 · 10−17

(Fox and Sung , 2001;
Scott et al., 1999;
Dotan et al., 1997)

IR104 O+ + C → C+ +O 1.0 · 10−16 estimate; Fox and
Sung (2001)

IR105 O+ + CO2 → O+
2 + CO Ti ≤ 800K

1.1 · 10−15

Ti > 800K
1.1 · 10−15

(
Ti
800

)−0.39

(Anicich, 2003, 1993)

IR106 O+ + e− → O 3.24 · 10−18
(
Te
300

)−0.66
calculated; McElroy
et al. (2013); Nahar
(1999)

IR107 O+ +H → H+ +O 5.66 · 10−16
(
Ti
300

)0.36

exp
(

8.6
Ti

) McElroy et al. (2013);
Stancil et al. (1999)

IR108 O+ +N(2D)→ N+ +O 1.30 · 10−16 Bates (1989); Con-
stantinides et al.
(1979)

IR109 O+ +N2 → NO+ +N Ti ≤ 1000K
1.2 · 10−18

(
Ti
300

)−0.45

Ti > 1000K
7.0 · 10−19

(
Ti

1000

)2.12

(Fox and Sung , 2001;
Hierl et al., 1997)

IR110 O+ +NO → NO+ +O Ti ≤ 300K

7.0 · 10−19
(

300
Ti

)0.66

Ti > 300K
7.0 · 10−19

(
Ti
300

)0.87

Fox and Sung (2001)

IR111 O+ +O2 → O +O+
2 Ti ≤ 900K

1.60 · 10−17
(

300
Ti

)0.52

Ti > 900K
9.0 · 10−18

(
Ti
900

)0.92

(Fox and Sung , 2001;
Hierl et al., 1997)

IR112 O+
2 + C → CO+ +O 5.2 · 10−17 estimate; Prasad and

Huntress (1980)

Table C.13: Reaction scheme 2 for IonA-2
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Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

IR113 O+
2 + C → C+ +O2 5.2 · 10−17 estimate; Prasad and

Huntress (1980)
IR114 O+

2 + e− → O +O 0.52 · 10−13
(
Te
300

)−0.7
Fox (2012); Mehr and
Biondi (1969); Petrig-
nani et al. (2005)

IR115 O+
2 + e− → O +O(1D) 0.92 · 10−13

(
Te
300

)−0.7
Fox (2012); Mehr and
Biondi (1969); Petrig-
nani et al. (2005)

IR116 O+
2 +e− → O(1D)+O(1D) 0.3978 · 10−13

(
Te
300

)−0.7
Fox (2012); Mehr and
Biondi (1969); Petrig-
nani et al. (2005)

IR117 O+
2 +N → NO+ +O 1.0 · 10−16 Scott et al. (1998)

IR118 O+
2 +N(2D)→ NO+ +O 1.80 · 10−16 Fox and Sung (2001);

Goldan et al. (1966)
IR119 O+

2 +N(2D)→ N+ +O2 8.65 · 10−17 estimate; Fox and
Sung (2001)

IR120 O+
2 +NO → NO+ +O2 4.5 · 10−16 Midey and Viggiano

(1999)
IR121 O+

2 +N2 → NO+ +NO 1.0 · 10−21 upper border; Fergu-
son (1973)

IR122 N(2D) + e− → N + e− 3.8 · 10−16
(
Te
300

)0.81
Berrington and Burke
(1981)

IR123 N(2D) +NO → N2 +O 6.7 · 10−17 Fell et al. (1990)

IR124 N(2D) + O2 → NO +
O(1D)

9.70 · 10−18 exp
(
−185
TN

)
Herron (1999)

IR125 O(1D) + Ar → O + Ar 2.1 · 10−18 exp
(
−310
TN

)
Blitz et al. (2004)

IR126 O(1D) + CO → O + CO 3.60 · 10−17 Scho�eld (1978)

IR127 O(1D) + CO2 → O + CO2 7.5 · 10−17 exp
(

115
TN

)
Burkholder et al.
(2015)

IR128 O(1D) + e− → O + e− 2.87 · 10−16
(
Te
300

)0.91
Berrington and Burke
(1981)

IR129 O(1D) +H → O +H 7.445 · 10−19
(
TN
300

)0.1484

exp
(
−78.97
TN

) Fox (2012); Krems
et al. (2006)

Table C.14: Reaction scheme 2 for IonA-2



C.2. REACTION SCHEME 2 219

Number Reaction Reaction coe�cient
[m3/s] bimolecular,
[m6/s] termolecular

Source

IR130 O(1D) +H2 → OH +H 1.5 · 10−16 Fox (2012); Blitz et al.
(2004)

IR131 O(1D) +N2 → O +N2 2.15 · 10−17 exp
(

110
TN

)
Burkholder et al.
(2015)

IR132 O(1D) +O → O +O 2.2 · 10−17
(
TN
300

)0.14
Fox (2012); Jamieson
et al. (1992); Kaloger-
akis et al. (2009)

IR133 O(1D) +O2 → O +O2 3.12 · 10−17 exp
(

70
TN

)
Fox (2012)

IR134 O(1D)→ O 8.604 · 10−3 Fox (2012); Froese
Fischer and Tachiev
(2004)

IS001 CO2+e− → CO+
2 +e−+e−

IS002 CO+e− → CO+ +e−+e−

IS003 N2 + e− → N+
2 + e− + e−

IS004 N + e− → N+ + e− + e−

IS005 O2 + e− → O+
2 + e− + e−

IS006 O + e− → O+ + e− + e−

Table C.15: Reaction scheme 2 for IonA-2
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Appendix D

Supporting information Chapter 7

D.1 Merged excess electron densities in correlation with

observational and environmental parameters

Table D.1: Occurrence rates of Mma,5km in the low, moderate and high ΦSUM , ΦXray, Φ0.45−3nm,
Φ0.45−1nm and ΦEARTH solar proxy intervals. For each parameter, the �rst column contains
all observations in a given solar proxy interval, the second column contains the number of Mm
occurrences, the third column the occurrence percentage, while the fourth and �fth columns contain
the number and percentage of Mmc,5km observations in each solar proxy interval.
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Figure D.1: (a) Mma,5km vertical TEC in dependence of the solar zenith angle χ. (b) The
weighted average Mm TEC nobsTEC(Mm) (squares) and weighted standard deviation (error bars)
calculated for 5 ◦ solar zenith angle bins and the Φ0.45−3nm proxy levels used in Panel (a).
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Figure D.2: (a) Mma,3km vertical TEC in dependence of the solar zenith angle χ. (b) The
weighted average Mm TEC nobsTEC(Mm) (squares) and weighted standard deviation (error bars)
for 5 ◦ solar zenith angle bins and the Φ0.45−1nm proxy levels illustrated in Panel (a).
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Figure D.3: (a) Mma,5km vertical TEC in dependence of the solar zenith angle χ. (b) The
weighted average Mm TEC nobsTEC(Mm) (squares) and weighted standard deviation (error bars)
for 5 ◦ solar zenith angle bins and the Φ0.45−1nm proxy levels illustrated in Panel (a).
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Figure D.4: (a) Mma,3km vertical TEC in dependence of the solar zenith angle χ. (b) The
weighted average Mm TEC nobsTEC(Mm) (squares) and weighted standard deviation (error bars)
for 5 ◦ solar zenith angle bins and the ΦXray proxy levels illustrated in Panel (a).
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Figure D.5: (a) Mma,5km vertical TEC in dependence of the solar zenith angle χ. (b) The
weighted average Mm TEC nobsTEC(Mm) (squares) and weighted standard deviation (error bars)
for 5 ◦ solar zenith angle bins and the ΦXray proxy levels illustrated in Panel (a).
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Figure D.6: Comparison between the Mma,5km altitude ranges and the smoothed lower border
of the undisturbed pro�les of the associated MaRSquiet ,5km data set. (a) Gray triangles indi-
cate the Mm altitude hobsmax(Mm). The upper and lower error bars indicate the smoothed upper
hU,smooth(Mm) and lower hL,smooth(Mm) borders of the Mm excess density. The violet minuses
indicate the smoothed lower borders hL,smooth of the undisturbed pro�les. (b) hL,smooth of the Mm
and undisturbed pro�les, separately averaged in 5 ◦ solar zenith angle bins. The given error bars
indicate the calculated standard deviation of the data points.
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Figure D.7: (a) Weighted average (circles) and weighted standard deviation (error bars) of the
MaRSquiet ,5km TEC separately calculated for observations with (nobsTEC-n

obs
TEC(Mm)) and without

Mm (nobsTEC) in the ΦSUM proxy intervals. The colored error bars are associated with the triangles.
(b) Di�erences between the averaged TEC values of Panel (a) in percent of the undisturbed TEC.
The error bars are calculated with the classical error propagation.
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Figure D.8: (a) Weighted average (circles) and weighted standard deviation (error bars) of the
MaRSquiet ,5km M1 TEC separately calculated for observations with (nobsTEC(M1)-nobsTEC(Mm)) and
without Mm (nobsTEC(M1)) in the ΦXray proxy intervals. The colored error bars are associated
with the triangles. (b) Di�erences between the averaged TEC values of Panel (a) in percent of
the undisturbed TEC. The error bars are calculated with the classical error propagation.
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Figure D.9: Mm maximum electron density. (a) The gray triangles indicate the Mm maximum
electron density nobse,max(Mm) of MaRSquiet ,5km . (b) nobse,max(Mm) averaged in 5 ◦ solar zenith
angle bins. The given error bars indicate the calculated standard deviation of the data points.
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