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ABSTRACT OF THE THESIS 

 

The Impact of Dust Activity 

 on the Ionosphere of Mars  

Through an Analysis of Ionospheric Variability 

 

by 

 

Dylan Dempster 

 

Master of Science in Geophysics and Space Physics 

University of California, Los Angeles, 2019 

Professor Christopher T. Russell, Chair 

 

Currently, the Martian atmosphere is thin, arid, and unable to support liquid water. 

Surface features on Mars suggest that the atmosphere was not always like this but instead was 

robust enough to support rivers and oceans. Determining how exactly the atmosphere 

transitioned from the thick, wet atmosphere that created massive surface features to the dry one 

we observe today is dependent upon a thorough understanding of the interaction between the 

Martian ionosphere and the solar wind. The structure and composition of the ionosphere play an 

important role in this interaction. Dust storms on Mars occur seasonally and can be large enough 

to disturb the structure of the upper atmosphere. Utilizing insitu observations by the Mars 

Atmosphere and Volatile EvolutioN (MAVEN) satellite, this study analyzes the impact of dust 
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on the upper atmosphere and ionosphere. By accounting for predictable sources of ionospheric 

variability like EUV Flux, SZA, and neutral densities, the less quantifiable impact of regional 

and global dust activity is determined. The results of this study suggest that significant dust 

activity can cause disturbances in ionospheric densities. These disturbances are tied to 

perturbations in the thermosphere caused by aerosol heating of atmospheric dust. A complete 

analysis of the evolution of the Martian atmosphere requires the inclusion of the impacts of dust 

activity on the Martian ionosphere.  
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1. Introduction 

For many reasons, Mars is one of the most studied planets in our solar system. Its 

similarities to Earth and unique atmospheric structure fascinate scientists looking for proof of 

extra-terrestrial life. The current state of Mars could also shed some light on what the future of 

our Earth might look like. There is evidence that long-standing water on Mars created some of 

the observable features on the Martian surface [Carr, 1996]. In order for surface features like the 

delta shown in Figure 1, to form, large amounts of flowing water must have existed in the 

ancient history of Mars [Jakosky and Haberle, 1992]. Today, temperatures and atmospheric 

pressures are very low, which causes liquid water to sublimate or evaporate quickly. The 

presence of fluvially-generated surface features imply that the Martian atmosphere was once 

robust enough to maintain a significant 

amount of liquid water on its surfaces. The 

process of how the atmosphere of Mars 

transitioned from a robust, water-filled one to 

the arid, carbon-dioxide dominated one we 

see today is an active area of study. There is 

current evidence that the Martian atmosphere 

is being stripped away through the processes 

of sputtering and photochemical escape 

[Jakosky 1994]. This may explain how the 

atmosphere was able to support standing 

water in the past but no longer can now.  

Figure 1. Multilobate deposits in Eberswalde 

crater shown in the figure above is evidence that 

liquid water existed on Mars at some point in its 

ancient history. F marks the delta front of this 

feature. Figure from Di Achille et al 2010. 
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In order to understand the processes that govern atmospheric escape on Mars, it is 

necessary to gain a sufficient understanding of the upper atmosphere and ionosphere. There are 

many factors that govern the characteristics and dynamics of the upper regions of the Martian 

atmosphere. The formation of an ionosphere is mainly caused by Extreme Ultra-Violet (EUV) 

flux from the sun ionizing the neutral particles in the upper atmosphere. The structure of the 

ionosphere is therefore dependent upon the EUV flux as well as the characteristics of the neutral 

atmosphere that is being ionized. With a thorough understanding of the factors that influence the 

upper atmosphere of Mars, it will be possible to predict how these factors might affect the 

structure and composition of the thermosphere and ionosphere of Mars. 

 

1.1 Martian Atmosphere 

Currently, Mars has a very thin atmosphere dominated by carbon dioxide with trace 

amounts of noble gases and nitrogen. The NASA fact sheet on Mars describes surface pressures 

ranging from 4.0 to 8.7 mb (as a reference, the surface pressure on Earth is 1013.25 mb). The 

reason for the large range in measured surface pressure is thought to be large amounts of CO2 

being exchanged with the polar caps and the atmosphere, driven by the elliptical nature of the 

Martian orbit [Hess, 1979]. During the southern summer, Mars is slightly closer to the sun and 

an increase in solar forcing causes CO2 to sublimate from the polar caps and enter the 

atmosphere. During the southern winter, the atmospheric CO2 condenses on to the polar caps 

again. The same process occurs in reverse in the northern hemisphere but to a lesser extent 

[Prettyman et al., 2009]. This leads to high seasonal variability in CO2 densities in the Martian 

atmosphere. The synoptic weather features on Mars are surprisingly similar to that of the Earth 
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despite its much thinner atmosphere. One reason for this similarity is the angle of tilt of the 

planet’s axes with respect to the sun.  

 

1.2 Dust Storms 

The previously mentioned ellipticity of the Martian orbit contributes to one of the unique 

weather phenomena that occur on Mars: Dust storms. The “dusty season” on Mars starts just 

after perihelion, where the southern hemisphere is tilted toward the sun and the planet itself is 

closest to the sun. The increased temperature gradients due to solar forcing cause surface winds 

to increase in intensity and pick up dust with it [Haberle et al., 1982]. This is the genesis of dust 

storms on Mars. The scales of the storms can vary from a few kilometers to the entire planet. 

Figure 2 shows the results of a study done by Wang et al. [2015] where the occurrence of large-

scale dust storms and their duration are shown. Two global scale dust storms occurred in Mars 

Figure 2. This figure produced by Wang et al. [2015] shows the occurrence and duration 

of large-scale dust storms over a 12-year period. The two global scale storms originate 

from the southern hemisphere. It is still not clear as to what causes global scale storms 

but it is thought that aggregation of smaller scale storms is the most likely mechanism 
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Years 25 and 28. The mechanism for the genesis of global scale dust storms is still not well 

understood but the leading theories include a method of aggregation where regional scale dust 

storms combine to develop into global storms [Martin and Zurek, 1993].  

 Kass et al. [2016] show a 

repeating dusty season occurs on 

Mars with three large-scale regional 

dust storms. The study uses zonally 

averaged daytime temperatures at 50 

Pa (~25 km) from the Thermal 

Emission Spectrometer (TES) on 

board the Mars Global Surveyor 

(MGS) as well as from the Mars 

Climate Sounder (MSC) on board the 

Mars Reconnaissance Orbiter 

(MRO). Temperature measurements 

are used as a proxy for dust content 

because direct solar heating of dust 

as well as changes in global 

circulation from this heating cause 

temperature to increase during dust 

activity [Kass et al., 2016]. Figure 3 

shows the three regional-scale storms from the study labeled A, B, and C being repeated for 

multiple Martian Years (MY). Storms A and C are similar in that they both occur near mid 

Figure 3. Zonally averaged daytime termperatures 

plotted against Solar Longitude (Mars Season) and 

Martian Latitude. The 3 regional storms are shown to 

have interannual similarities for 6 different Mars 

Years from Kass et al. [2016]. 



 5  

 

latitudes and usually have a northern response due to the changing structure of global circulation 

during regional scale dust storms. Storms A and C also have the potential to develop into Planet 

Encircling Dust Events (PEDE) also called global dust storms. B storms are isolated in the 

southern pole and do not generally have a distinct northern response. It seems that B storms do 

not tend to develop into Global Events due to their confinement to the southern pole. The inter-

annual repeatability of these regional storms makes them important in the analysis of the long-

term evolution of the Martian atmosphere. 

 

1.3 Martian Ionosphere 

Extreme ultraviolet radiation from the sun is the primary source for the creation of the 

Martian ionosphere [Fox and Delgarno, 1979]. Mars does not have an intrinsic magnetic field, so 

the solar wind can interact with the Martian atmosphere directly. The EUV flux ionizes the 

dayside neutral atmosphere creating electrons and ions which form the ionosphere. Before the 

MAVEN mission, there were not many observations of the nightside ionosphere. It was thought 

that ions and electrons flow across the terminator due to day-to-night pressure gradients [Ulusen 

and Linscott, 2008]. Electrons trapped to magnetic field lines can impact neutrals at high 

energies to ionize them. These precipitating electrons are another significant source for the 

nightside ionosphere [Fox, et al. 1993]. Insitu observations of the nightside ionosphere by the 

MAVEN satellite confirmed that the changes in observed ionosphere composition can be 

explained by a combination of impact ionization, day-to-night plasma transport and the chemical 

survival of dayside plasma [Girazian et al., 2017]. Figure 4 shows the ion species on Mars as a 

function of altitude as observed by Viking 1 and 2 landers (data points) [Hanson et al., 1977] and 
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simulated densities (solid line) calculated by Shinagawa and Cravens [1989]. O2
+ is the dominant 

ion species at altitudes below around 250 km.  

An important result of the direct interaction of the solar wind with the Martian ionosphere 

is atmospheric loss. Ionized particles can be “picked-up” by the magnetic field of the solar wind. 

These charged particles gyrate with large enough gryo-radii that some of them can impact the 

exobase of the Martian atmopshere with energies that allow atmospheric atoms and molecules to 

escape [Jakosky, 1994]. Another source of atmospheric escape is a result of photochemical 

processes. The dominant ionosphere species of O2
+ goes through dissociative recombination that 

results in two energetic O atoms. Some of these “hot” oxygen atoms have energies that surpass 

the escape velocity of Mars and are lost to space [McElroy et al., 1977]. Understanding the 

factors that influence the upper atmosphere and ionosphere will help scientists study atmospheric 

escape at Mars more effectively. 

Figure 4. This figure shows ion densities as a function of altitude on Mars. The 

solid lines are calculations from Shinagawa and Cravens, 1989 and the data points 

are insitu measurements from Viking 1 and 2 (Hanson et al., 1977) white squares 

represent O+ density, black triangles CO2
+ and black squares O2

+. 
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1.4 Photochemistry of Martian Ionosphere 

The ions produced by the photoionization of the neutral atmosphere undergo a series of 

chemical reactions. In collision dominated regions, the ionosphere is approximately in 

photochemical equilibrium. The following simplified chemical scheme [McElroy and 

McConnell, 1971; Stewart, 1972; Kumar and Hunten, 1974] shows the main reactions that occur 

in the Martian ionosphere: 

𝐶𝑂2 + ℎ𝜈 → 𝐶𝑂2
+ + 𝑒       (1) 

𝐶𝑂2
+ + 𝑂 →  𝑂2

+ + 𝐶𝑂     (2) 

𝐶𝑂2
+ + 𝑂 → 𝑂+ + 𝐶𝑂2      (3) 

𝑂+ + 𝐶𝑂2 →  𝑂2
+ + 𝐶𝑂     (4) 

𝑂2
+ + 𝑒 →  𝑂 + 𝑂               (5) 

Reaction (1) is the photoionization of the neutral CO2 atmosphere. Reactions (2) and (4) occur 

rapidly and make O2
+ the major ion species at altitudes below 220km [cf., Schunk and Nagy, 

2000]. Reaction (3) does not occur as rapidly as reactions (2) and the products of reaction (3) are 

quickly converted into O2
+ in reaction (4). The main loss mechanism of the ionosphere is the 

dissociative recombination of O2
+ represented in reaction (5). This reaction results in a hot 

oxygen corona on Mars, similar to that of Venus [Ip et al., 1988].  

The result of these chemical reactions is an ionosphere that is predominantly composed 

of O2
+ ions and electrons. A typical ionospheric composition can be seen in Figure 4 above. The 

densities in the ionosphere are heavily dependent on the amount of atmosphere that the ionizing 

radiation passes through as well as on the intensity of the EUV flux [Chapman et al. 1931]. This 

concept gives us the Chapman relation which defines the value of the theoretical peak density. It 

can be written as αNm
2 = (η S / e Hn ) cos(SZA) where Nm is the electron peak number density, α 
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is the recombination coefficient, S is the ionizing flux at the top of the Martian atmosphere, η is 

the ionization efficiency, Hn is the atmospheric scale height, SZA is the solar zenith angle, and e 

= 2.718.  

 

1.5 Past Studies of the Influence of Dust on the Atmosphere 

Dust activity on Mars and its effect on the lower atmosphere has been investigated in 

previous studies. Early Mariner missions used radio occultation to view temperature profiles 

during global dust events [Kliore et al., 1973]. Observations by the Viking Infrared Thermal 

Mapper investigated diurnal temperature variations during global dust storms and found that both 

mean temperatures and diurnal 

variation increased dramatically 

during the global dust event in 1977 

[Martin and Kieffer, 1979]. The 

arrival of the Mars Global Surveyor 

(MGS) and the commencement of 

the Radio Science (RS) experiment 

significantly contributed to the 

study of the Martian atmosphere 

and ionosphere. Insitu 

measurements using data collected 

from aero-breaking maneuvers with 

the accelerometer on board the 

MGS helped add a significant 

Figure 5. Results of a photochemical equilibrium 

model performed by Wang and Nielson [2003] 

showing electron number density profiles for non-

dusty (solid), dusty (dotted) and the case where 

neutral densities increase but temperatures stay 

the same. 
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amount of data to the study of the upper atmosphere [Keating, 1998]. Modeling efforts combined 

with observations from multiple missions at Mars showed that altitudes of peak electron 

densities increase 

significantly during times 

of global dust activity 

[Wang and Nielsen, 2003], 

while the peak densities 

themselves remain 

relatively constant. The 

results of the 

photochemical equilibrium 

model used in this study 

are shown in Figure 5.  It is 

clear that during the 

“dusty” atmosphere case, 

the electron density profile 

shifts upward following the atmospheric column expansion of the neutral atmosphere. Figure 6 

shows some of the earliest observations of the impact of dust on the Martian Ionosphere as 

measured by the Mariner 9 spacecraft, produced by Hantsch and Bauer, [1990]. This study 

showed that the peak altitude of electron density profiles dramatically increased during the 

global dust storm that occurred on Mars in 1971. Changes in the optical depth and scale height of 

the neutral atmosphere are the reasons for this shift in peak altitudes. 

 

Figure 6. Measurements of electron peak altitudes by various 

spacecraft. The measurements of Mariner 9 show a case of 

elevated peak altitudes corresponding to a dust event in 1971 

[from Hantsch and Bauer, 1990] 
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2. Data and Methods 

2.1 Data  

2.1.1 Mars Atmosphere and Volatile EvolutioN Mission (MAVEN)  

The MAVEN mission’s primary scientific objective is to investigate the upper atmosphere of 

Mars and its interaction with the solar wind. The satellite was in an elliptical orbit with a 

periapsis of ~125-175 km and an apoapsis of 6200 km during primary mission phase [Jaksosky 

et al., 2015]. The spacecraft has four different modes of observation: a periapsis segment that 

focuses on the composition and structure of the upper atmosphere; inbound and outbound 

segments that emphasize escaping species observations; and an apoapsis segment that 

emphasizes observations of the planet’s disk. Orbits of the satellite have a period of 4.5 hours. 

MAVEN is equipped with a wide range of instruments to fulfill its mission. The ones used in this 

study are the Neutral Gas and Ion Spectrometer (NGIMS) and the Langmuir Probe and Waves 

(LPW) instrument. The NGIMS instrument is a spectrometer that measures the characteristics of 

neutrals and ions in the Martian upper atmosphere. Its purpose is to understand the impact of 

altitude, Mars season, local solar time, and longitude on the upper atmosphere and ionosphere. 

Figure 7. The left picture shows one of the booms of the LPW instrument on board the 

MAVEN satellite used to measure electron densities and temperatures. The right picture 

shows the NGIMS instrument used in this study to measure neutral and ion densities.  



 11  

 

The LPW instrument is used to collect electron densities and temperatures. Its primary purpose is 

to collect information on the electron content of the ionosphere in order to gain a better 

understanding of its evolution over time. Together, NGIMS and LPW provide a convenient way 

to analyze the upper atmosphere of Mars. Both instruments are shown in Figure 7. 

 

2.1.2 Mars Reconnaissance Orbiter (MRO)/ Mars Climate Sounder (MCS) 

The Mars Climate Sounder (MCS) is an instrument on board the Mars Reconnaissance 

Orbiter (MRO) that is used to remotely sense the Martian lower atmosphere. The primary 

objective of MRO is to find evidence that could help scientists understand the role of water on 

Mars [Graf et al., 2005]. MRO uses various instruments to probe the atmosphere, surface, and 

subsurface of Mars in order to gain some insight into the composition of each region. The MCS 

instrument, shown in Figure 8, measures thermal emission from the limbs of the Martian 

atmosphere using nine spectral bands 

[McCleese et al., 2007]. The measurements 

have a vertical resolution of 5 km and are 

horizontally contiguous. The main goal of the 

MCS instrument is to understand seasonal, and 

local time variations in water, dust, and carbon 

dioxide in the atmosphere. To do this, MCS 

uses an infrared limb-sounding technique. Nine 

spectral bands allow the instrument to detect the 

composition of the lower atmosphere as well as 

its vertical temperature structure. 

Figure 8. This image shows the Mars Climate 

Sounder instrument on board the Mars 

Reconnaissance Orbiter 
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2.2 Methods 

2.2.1 Fixed Altitude Analysis 

Ionospheric variability is quantified in this study by analyzing fixed altitude density 

observations taken near the periapsis of the MAVEN orbit. In a steady-state atmosphere where 

hydrostatic and photochemical equilibrium dominate, densities of charged and neutral species 

should remain constant temporally when measured at a fixed altitude and a fixed location on a 

planet. Any deviations from this constant density value are caused by some dynamic atmospheric 

process or other external source. Figure 9 shows electron number densities measured at 160 km 

by MAVEN. Since the periapsis of MAVEN is below 160km, it is necessary to separate the 

inbound and outbound measurements as MAVEN is in a different location spatially for the 

inbound and outbound 

intersection of 160 km. It is 

also important to note the use 

of the solar longitude (Ls) of 

Mars as a proxy for time. Solar 

longitude represents the 

location of Mars in its orbit 

around the sun and therefore 

changes in this position 

correspond to changes in time 

as well. The data in the figure is from 80-110 Ls for Mars Year 34 which corresponds to the 

Earth date range of 28 October 2017 to 03 January 2018. The Figure shows the inherent 

Figure 9. Electron number densities at 160 km are plotted 

against the solar longitude corresponding to the 

observation. The large variability implies that the 

ionosphere on Mars is being influenced by forces outside 

of hydrostatic and photochemical equilibrium. 



 13  

 

variability in the Martian ionosphere implying that it is not in a static state. Dynamic processes in 

the Martian atmosphere can be caused by changes in solar EUV flux, changes in local or global 

circulation, crustal magnetic field influence, and even atmospheric dust content [Schunk and 

Nagy, 2000]. By utilizing measurements collected by MAVEN, neutral and charged atmospheric 

constituents at fixed altitudes can be used to quantify the variability within the thermosphere and 

ionosphere.  

To understand the relative importance of various drivers, it is necessary to quantify the 

impact of each parameter. It is possible to utilize photochemical approximations to find a 

quantifiable measure of the variability in certain dynamic processes that govern the ionosphere. 

Solar flux, neutral gas density, and electron temperature are three quantifiable factors that 

influence electron and ion densities. Other factors like crustal magnetic field strength, lower 

atmospheric dust content, and day-to-night plasma transport processes are less quantifiable but 

still a significant source of variability.  

Normalizing densities to variations in the quantifiable drivers makes it possible to analyze 

less quantifiable sources of ionospheric variability. Photochemical equilibrium does not always 

hold in the Martian ionosphere. If data is normalized to variations caused by photochemical 

effects, the remaining variability must be caused by some other source. Three of these non-

quantifiable sources are the day-to-night transport of plasma on Mars, impacts from crustal 

magnetic fields, and the atmospheric dust content from dust activity in the lower atmosphere. At 

altitudes near 200 km above the Martian surface, day-night transport of plasma caused by plasma 

pressure gradients begins to play a significant role in the structure of the ionosphere [Zhang et 

al., 1990]. This transport is a complex process that results in a dynamic ionosphere. Local crustal 

magnetic fields exist on Mars and are strong enough to impact the ionosphere [Ness et al., 2000]. 
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These magnetic fields can trap charged particles creating regions where electron densities change 

due to magnetic fields [Mitchell et al., 2001]. By normalizing electron densities measured by the 

MAVEN satellite to photochemical drivers it is possible to understand the impact of other less 

quantifiable sources of ionospheric variability. 

 

2.2.2 Ionospheres in Equilibrium 

 An ionosphere in the collisional regime is in equilibrium when the production rate of ions 

is approximately equal to the loss rate. In the simplified case of the Martian ionosphere, where 

we assume that O2
+ is the dominant ion species, this equilibrium can be defined as: 

𝐼 ∙ 𝑛(𝐶𝑂2) = 𝑘 ∙ 𝑛(𝑒) ∙ 𝑛(𝑂2
+)    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (1) 

 The left side of the equation represents the production rate of O2
+ ions through the 

ionization of the neutral CO2 upper atmosphere. I represents the ionization frequency and n(CO2) 

represents the number density of CO2 particles. The right side of the equation represents the loss 

term. The primary loss mechanism in the Martian ionosphere is the dissociative recombination of 

O2
+ ions. The loss of O2

+ is dependent on the dissociative recombination rate coefficient (k), the 

O2
+ density and the electron density. If we make the additional assumption that the ionosphere is 

in a state of quasi-neutrality, then the electron density should be roughly equal to the ion density 

in regions where O2
+ is the dominate ion species. This leaves the simplified equation below: 

𝐼 ∙ 𝑛(𝐶𝑂2) = 𝑘 ∙ (𝑛(𝑒))
2

    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (2) 

Solving for the electron number density yields an expression for the approximate electron 

number density at a fixed altitude: 

(𝑛(𝑒)) = √
𝐼 ∙ 𝑛(𝐶𝑂2)

𝑘
     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (3) 
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The above equation shows that at a particular fixed altitude, the electron density is dependent 

upon three factors: the ionization frequency, the density of the neutral atmosphere at this fixed 

altitude, and the dissociative recombination rate coefficient.  

The MAVEN satellite is able to take measurements of EUV flux, but due to spacecraft 

limitations, these measurements are not always available. Instead, the F10.7 index is used to 

characterize variability associated with changes in the solar flux. The solar radio flux at the 

wavelength 10.7 cm constitutes the F10.7 index. This index has been used historically as an input 

in ionospheric models to represent ionizing flux. The ionization frequency is proportional to 

solar activity. Therefore, the F10.7 index can be used to replace ionization frequency values for 

the normalization to solar flux. F10.7 index values are measured at the Earth, so in order to 

extrapolate these values out to Mars it is necessary to take into account the difference in orbital 

distance and the angle between the Earth and Mars. Once extrapolated, the square root of these 

F10.7 index values represent the variability in electron number density due to changes in solar 

Figure 10. Normalized Ionization Frequencies and F10.7 index values are plotted to 

show the close correlation between the ionization frequencies calculated from 

MAVEN/IUVS  measurements and the extrapolated F10.7 index values provided by 

X. Fang (pers. comm. 2019). 
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flux. Figure 10 shows ionization frequency values during a time that MAVEN was measuring 

EUV flux, and the extrapolated F10.7 index at Mars [X. Fang, Private Communication, 2019] 

corresponding to the same time. The values are normalized to the minimum value of each array 

in order to compare the trends in the data. The plot shows that the extrapolated F10.7 index 

corresponds well with the ionization frequencies derived with MAVEN insitu IUVS 

measurements.   

The variability in electron density caused by the neutral atmosphere can be measured 

using the NGIMS instrument on board MAVEN. NGIMS measurements sample at the same time 

interval as the LPW instrument, so electron densities and CO2 densities are measured at the same 

time and position. The square root of the constant altitude CO2 densities represents a theoretical 

estimate of the variability in the 

ionosphere associated with changes in 

the neutral atmosphere. Figure 11 

shows the variability of the neutral 

atmosphere on Mars for a selected time 

period between 28 October 2017 

(Ls=80) and 03 January 2018 (Ls=110) 

as an example. The density 

measurements are taken at 160 km for 

each inbound pass of MAVEN. The 

variability seen in this plot is a major 

source of ionospheric variability as will be shown in later sections. 

Figure 11. Inbound CO2 densities at 160km are 

plotted against solar longitude. Large variabilities 

in the neutral atmosphere will impact the 

ionosphere. 
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Finally, the dissociative recombination rate coefficient, k, depends on the electron 

temperature as shown below [Schunk and Nagy, 2000]: 

𝑘 = 7.38 ∙ 10−8 (
1200

𝑇𝑒
)

0.56

𝑐𝑚−3𝑠−1    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4)     [cf. , Schunk and Nagy, 2000]  

The electron temperature is also measured by the LPW instrument so it can be used to predict the 

variability of the electron density due to changes in the electron temperature. The impact from 

electron temperature variations are relatively small compared to other factors and are ignored for 

this study. 

 Utilizing the methods described above, it is possible to remove the variability of the 

ionosphere associated with the changes in solar flux, neutral density, and the dissociative 

recombination rate coefficient. By comparing these theoretical densities with the insitu 

measurements of the MAVEN satellite, it becomes possible to investigate the impact of other 

less quantifiable sources of variability in the Martian ionosphere. 

 

2.2.3 Solar Zenith Angle Effect 

 The structure of a planetary ionosphere is dependent on the amount of ionizing flux that 

reaches the neutral upper atmosphere. At a constant altitude, the location on a planet that will 

experience the most direct ionizing flux is at the subsolar point. This is where the sun-planet line 

intersects with the planet and solar radiation impacts the planet exactly perpendicular to the 

atmosphere. On any other region of the planet, solar radiation must pass through more 

atmosphere in order to reach the same altitude. As the radiation passes through the atmosphere at 

an angle, some of the light is attenuated by the atmosphere. Therefore, the energy causing 

ionization at the subsolar point is greater than the energy ionizing the neutral atmosphere near 
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the dawn and dusk regions of the planet. Ionospheric density is therefore dependent upon the 

optical depth of the upper atmosphere of a planet as well as the solar zenith angle. 

 The MAVEN satellite is in an orbit with a periapsis that precesses. This results in the 

ability for the satellite to collect data from a wide range of solar zenith angles. The issue with a 

precessing orbit in this study is that measuring at fixed altitude will result in an array of electron 

densities at different solar zenith angles. The electron array will then show a SZA dependence 

that needs to be removed in order to analyze the dynamic effects previously discussed. To do 

this, observed electron densities are mapped to the subsolar point using a multispecies single-

fluid Magneto Hydrodynamic (MHD) model [Ma et al., 2014]. The MHD model approximates 

the effect of the optical depth effect by utilizing a cosine factor and assuming an average 

absorption coefficient of 2.6 × 10−17 𝑐𝑚2 for CO2 and 1.5 × 10−17 𝑐𝑚2 for O. Figure 12 

shows the MHD model produced electron densities averaged over a Mars day [Fang et al., 2018]. 

The sharp decrease in densities 

near 90 SZA represents the 

optical depth effect.  The 

resulting modeled electron 

densities can be used to create a 

ratio between the subsolar point 

densities and the densities at 

different SZA. This ratio can 

then be used to predict what the 

densities would be at the 

subsolar point of Mars given 

Figure 12. Electron Number Densities 

produced by Fang et al. [2018] using an 

MHD model for the Martian ionosphere 

[Ma et al., 2014]. 
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observed densities measured at other regions of the planet. This relationship can be shown in the 

following equations that apply to densities at a fixed altitude: 

𝑟𝑎𝑡𝑖𝑜(𝑆𝑍𝐴) =  
𝑀𝐻𝐷 𝑀𝑜𝑑𝑒𝑙 𝑒−(𝑆𝑍𝐴) 

𝑀𝐻𝐷 𝑀𝑜𝑑𝑒𝑙 𝑒−(𝑆𝑍𝐴 = 0)
    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (5) 

𝑆𝑢𝑏𝑠𝑜𝑙𝑎𝑟 𝑒− =
𝑀𝐴𝑉𝐸𝑁 𝑒−(𝑆𝑍𝐴)

𝑟𝑎𝑡𝑖𝑜(𝑆𝑍𝐴)
     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (6) 

This process removes the effect that SZA has on the observations seen by MAVEN.  

 

2.2.4 Influence of Dust 

 In order to compare the dust content of the lower atmosphere to the upper atmospheric 

densities measured by MAVEN, a spatially gridded dataset of measured and estimated column 

dust optical depths created by Montabone et al. [2016] is used. In addition to MCS data, the 

dataset utilizes observations from previous datasets of the Thermal Emission Spectrometer (TES) 

aboard the Mars Global Surveyor, and the Thermal Emission Imaging System (THEMIS) aboard 

Mars Odyssey. The column dust optical depth (CDOD) data are averaged on to a grid divided 

into spatial and temporal bins with 6° longitude by 3° latitude spatial resolution and 1 sol 

temporal resolution. An iterative procedure is used to weight the average CDOD values in space, 

time and retrieval quality. In order to make up for the missing data, the available CDOD values 

are spatially interpolated to create regularly gridded maps. The resulting maps can be used to 

represent the dust content in the lower atmosphere below where MAVEN is taking upper 

atmospheric observations. This study utilizes this dataset to analyze upper atmospheric responses 

to spatial and temporal changes in atmospheric dust. Figure 13 shows the dust optical depth 

values from this dataset in the longitude and latitude bins that the data is organized in. These 

observations are from 17 June 2018 during the Planet Encircling Dust Event of 2018. The dust 
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extent during this time is quite wide and can be seen to extend into both hemispheres and 

completely encircles the planet. As a reference, CDOD during the non-dusty season remain 

below 0.2 and increase to around 0.3 during the dusty season. Strong regional storms can cause 

CDOD to increase to 0.5-0.8 and strong planet-encircling storms have CDOD that can be greater 

than 1.0 [Montabone et al., 2016]. 

 

 

 

Figure 13. Dust optical depth values from Montabone et al. [2016] plotted against 

Martian longitude and latitude. This data corresponds to the planet encircling dust 

event that occurred in 2018. 
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3. Results 

3.1 Electron Normalization 

In this study, electron density values need to be normalized in order to remove the known 

sources of ionospheric variability so that less quantifiable sources can be identified and 

investigated. The three quantifiable sources of ionospheric variability used in this study are: 

EUV flux (F10.7 Index as proxy), solar zenith angle, and CO2 density. In order to view the 

impact of normalization from each of these sources, plots of individual normalization are shown 

in Figures 15, 17, and 18 from 22 May 2018 (Ls = 180) to 29 July 2018 (Ls=220). This time 

period was chosen as the MAVEN spacecraft observed an ionosphere that was particularly 

variable. Therefore, the normalization has a more observable impact on data during this time. 

This time period also corresponds to the time of the Planet-Encircling Dust Event of 2018 that 

will be analyzed later in this study.  

Figure 14 shows the normalization using the F10.7 Index which represents variability due 

to changes in EUV flux. In the plot, electron number densities measured at 160 km by the 

MAVEN spacecraft are shown before (black) and after (red) normalization to the square root of 

the F10.7 Index. The SZA of MAVEN is plotted below the density plot to show how the fixed-

altitude observations precess across the terminator during this time. The normalization process 

used is based on the square root dependence of EUV flux shown in section 2.2.2. The densities 

are normalized to a constant F10.7 value of 28.8. This reference value is used because X. Fang 

assumes this F10.7 index when calculating modeled electron densities utilized to map MAVEN 

observations to the subsolar point described later in this section. The normalized densities 

decrease over the entirety of the time period due to the fact that data is normalized to a lower 
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F10.7 Index value compared to the average F10.7 Index during the time period. The local 

variability in the F10.7 values can be seen when comparing the difference in individual data 

points. The difference between 

normalized and original data is 

relatively small at 190 Ls when the 

F10.7 index is at a local minimum 

(F10.7 index values used for 

normalization are plotted in Figure 

15). The difference is larger at 200 Ls 

where the F10.7 index is higher. A 

more quantifiable measure of the 

effectiveness of the normalization 

process is shown in Table 1. The 

Figure 14. Electron number densities observed at 160 km by MAVEN are plotted between 

22 May 2018 and 29 July 2018. The original electron densities are plotted in black and the 

densities normalized to the F10.7 index are plotted in red. 

Figure 15. F10.7 index values at Mars during times 

of MAVEN observations are plotted against Ls. This 

data was provided by X. Fang [Private 

Communication]. 
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overall standard deviation of electron densities before normalization is 10433.5 cm-3. After 

normalizing electron densities to a constant F10.7 index value, the standard deviation decreases 

to 10177.7 cm-3. Although there is a decrease in standard deviation, the change is not very large, 

which implies that changes in solar flux do not contribute significantly to the ionospheric 

variability in this time period.  

 Figure 16 shows the normalization process of mapping observed density values to the 

subsolar point of Mars using the MHD model described in section 2.2.3. In this plot, electron 

number densities at 160 km from 22 May 2018 (Ls = 180) to 4 July 2018 (Ls = 205) are plotted 

for data that is SZA dependent (black) and for data that has been mapped to the subsolar point 

(red). The end time for this dataset is slightly different than the previous figure because data 

measured at a SZA less than 90 cannot be used for this normalization process. The model used 

Figure 16. Electron number densities observed at 160 km by MAVEN are plotted 

between 22 May 2018 and 29 July 2018. The original data is plotted in black and the red 

data set represent electron densities that have been mapped to the subsolar point using 

modeled electron densities provided by X. Fang [pers. comm. 2019]. 
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for mapping to the subsolar point does not accurately represent density values that have a SZA 

greater than ~90 so no data was used when MAVEN was observing on the night side of Mars. 

Differences in the densities of the original and normalized data increase as SZA increases since 

densities approaching the terminator decrease. This serves as a qualitative validation that the 

normalization process is working properly. Quantitatively, the mapping process does not seem to 

have a significant impact on reducing ionospheric variability. In fact, the standard deviation 

increases to 10707.5 cm-3 which implies that there is more variability in the electron densities 

mapped to the subsolar point. A likely explanation for this is that the mapping process always 

increases densities since the subsolar point is where the maximum electron density on Mars is 

observed. Since the 

mean electron density 

during this time period 

increases from this 

process, the standard 

deviation will increase 

as well. With that said 

the mapping process 

does not contribute 

significantly to the 

variability in the data 

during this time period. 

Figure 18. CO2 densities observed at 160 km by MAVEN 

are plotted between 22 May 2018 and 29 July 2018. This 

data is used to normalize the electron densities in Figure 

17 
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 In Figure 17, electron number densities are normalized to a constant CO2 density using 

corresponding CO2 measurements (shown in Figure 18) from the MAVEN satellite. Electron 

number densities at 160 km from 22 May 2018 (Ls = 180) to 29 July 2018 (Ls=220) are plotted 

for the original data (black) and for normalized data (red). Electron densities in an ionosphere are 

dependent on the square root of the neutral density as shown in section 2.2.2. The square root of 

MAVEN measured CO2 densities are used to normalize the electron density observations to the 

average CO2 density during the time period. Before the normalization process a strong wave-like 

feature can be observed in the original electron number densities. This feature is present in the 

CO2 data, so if the wave in the electron densities is caused by the wave in the CO2 densities then 

the normalization process should remove this feature. While the wave-like feature is not 

completely removed, the perturbation is significantly smaller which qualitatively shows the 

effectiveness of this method. The standard deviation after normalization to a constant CO2 

Figure 17. Electron number densities observed at 160 km by MAVEN are plotted 

between 22 May 2018 and 29 July 2018. The original electron densities are plotted 

in black and the densities normalized to a constant CO2 density are shown in red. 
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density decreases significantly to 7764.3 cm-3. This is the lowest standard deviation for all three 

normalization processes. This implies that the neutral atmosphere plays the most important role 

in governing ionospheric variability.  

 

3.2 Impacts of Dust Activity on Upper Atmosphere 

 Through the use of the normalization methods described above, it is possible to remove 

known sources of ionospheric variability in order to investigate other lesser understood sources. 

One of these sources is significant dust activity in the lower atmosphere. As mentioned 

previously, Martian dust storms can lift enough dust into the Martian atmosphere to disrupt 

atmospheric processes. The impacts from dust can reach all the way to the upper atmosphere 

(>120 km) of Mars despite the dust itself only reaching altitudes of around 60 km. The 

mechanism for this is the heating of the lower atmosphere by the dust which causes the 

atmospheric column above the dust to rise. This atmospheric expansion causes higher densities 

to be lifted to higher altitudes. As we have seen in previous sections, the ionosphere is dependent  

Electron 

Density 

Standard 

Deviation 

Non-

Normalized 

Normalized 

to F10.7 

Normalized 

to SZA*  

Normalized 

to CO2 

Standard 

Deviation 
10433.5 cm-3 10177.7 cm-3 10707.5 cm-3 7764.3 cm-3 

Relative 

Standard 

Deviation 

27.85% 27.17% 28.58% 20.72% 

Table 1. Standard deviation and relative standard deviation are shown in this table to show 

the effect of normalization on the sample electron densities shown in section 3.1. 

*The SZA normalization only utilizes data where MAVEN SZA < 80 to prevent variability 

associated with the model’s difficulty modeling densities in the terminator from being 

included. The other normalization methods utilize data with SZA < 90. 
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Figure 19. CDOD values from the dataset created by Montabone et al. [2016] are 

averaged over all longitudes for each latitude and time bin between 1 July 2016 and 

3 March 2017. These values are plotted over solar longitude (Ls) to show the 

seasonal evolution of atmospheric dust content during MY 33. 

A 

B 

C 

Figure 20. CDOD values from the dataset created by Montabone et al. [2016] are 

averaged over all longitudes for each latitude and time bin between 16 January 2017 

and 3 March 2017. This plot shows storm C of the MY 33 dusty season. The latitude 

of the MAVEN satellite at 200 km is plotted for both the inbound and outbound 

passes to show what part of the Martian upper atmosphere the satellite was 

observing. 

C 
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upon the neutral upper atmosphere, so it is expected that changes in the ionosphere will mimic 

changes in the neutral atmosphere. Before looking at the ionospheric response to dust storms, it 

is important to look at the neutral upper atmospheric response. 

 

3.2.1 Regional Scale Dust Storm 

 This study first analyzes the upper atmospheric effects of regional scale dust activity 

during MY 33. The dust cycle in MY 33 had the typical characteristics of an average Mars dusty 

season as defined by Kass et al. [2016] with a clear A, B, and C storm. Figure 19 shows the 

CDOD averaged over all longitudes for the dusty season of MY 33. Figure 20 focuses on the C 

storm of MY33 and also plots the latitude at which MAVEN is at 200 km altitude for the 

inbound and outbound pass. During this storm, the MAVEN satellite passes directly above 

strong dust activity for the outbound pass and weaker dust activity for the inbound pass. 

Additionally, MAVEN has 

a unique orbital 

configuration during this 

time period. Figure 21 

shows the SZA of the 

inbound and outbound 

passes at 200km. The 

inbound and outbound 

positions have very similar 

SZA during this time 

period. Both neutral gases 

Figure 21. The solar zenith angle of the MAVEN 

spacecraft at 200 km is plotted in red for the inbound pass 

and in black for the outbound. 
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and plasmas are dependent on SZA, so to compare inbound and outbound upper atmospheric 

measurements accurately, their SZA must be similar.  Thus the comparison of the inbound and 

outbound observations of MAVEN at 200 km can show if there is a different atmospheric and 

ionospheric response to the dusty (outbound) case and non-dusty (inbound) case. It is important 

to note that there is still dust in the atmospheric column below the inbound passes of MAVEN, 

but the amount of dust is significantly lower than what is below the outbound pass. So, while the 

inbound pass is used as a representation of a non-dusty case, the resulting comparisons might be 

less dramatic than comparisons with an actual clear-sky case.  

 

3.2.1.1 Neutral Atmosphere  

 The neutral upper atmospheric response to dust activity can be seen by utilizing fixed 

altitude density observations taken by the MAVEN satellite. Figure 22 shows CO2 densities 

measured at 200km for each MAVEN orbit and plotted against solar longitude (Ls) for the 

outbound (a, c, and e) and inbound (b, d, and f) passes. The data points are colored using the 

average CDOD value for three scales: local (e, f), zonal (c, d), and global (a, b). The black line 

represents a 10-orbit running mean of the density data. One important factor in the analysis of 

the impact of dust on the upper atmosphere is the area of influence of the dust. If dust has a very 

small area of influence then the upper atmosphere will respond to the local variations in 

atmospheric dust content. On the other hand, if upper atmospheric densities are only sensitive to 

regional or global atmospheric dust content then local dust will not help in the study of the upper 

atmosphere. The extent of the local region is defined to be a square of 18 degrees longitude by 

15 degrees latitude (roughly 750 km by 750 km) with its center at the longitude and latitude of 

where MAVEN is observing. The CDOD values from the Montabone et al. [2016] dataset that  
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Figure 22. CO2 densities observed by MAVEN at 200 km are plotted against solar 

longitude between 01 February 2017 and 30 April 2017. CDOD values are 

represented in color for the average atmospheric dust content of the local region 

below the MAVEN satellite (a, b), the circle of latitude corresponding to 

MAVEN’s position (c, d), and the globe (e, f). Outbound data is plotted in panels 

a, c, and e and inbound data is plotted in panels b, d, and f. 

a)  b)  

c)  

f)  e)  

d)  
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fall within this square are averaged and plotted in color in figures 22a and 22b. These plots show 

that the local dust content does not have an observable impact on upper atmospheric CO2 

densities. If local dust had a strong upper atmospheric impact the measurements observed over 

strong local dust would correspond with higher densities and lower dust activity with lower 

densities. Both for the inbound and outbound passes, some of the highest CO2 densities are 

observed over areas of minimal dust activity, while some of the lowest densities are measured 

where local dust activity is near its peak. These observations show that local dust does not have a 

significant impact on the upper atmosphere directly above it. 

The regional scale dust activity is represented by averaging the CDOD values from the 

Montabone et al. [2016] dataset over all longitudes within the circle of latitude that the MAVEN 

satellite is observing in. Upper atmospheric winds near the equator move the thermosphere in a 

primarily zonal direction along lines of latitude [Bougher et al.,2015], so a zonally averaged 

CDOD value is likely to capture the influence of dust better than the local scale. Comparing 

Figures 22c and 22d show that the neutral densities correlate quite well to the changes in zonally 

averaged CDOD.  

Finally, globally averaged CDOD values are used in Figure 22e and 22f. Although 

changes in global dust content seem to show a response for the outbound CO2 densities the 

inbound densities do not have the same response. The reason for this is due to the fact that the 

MAVEN satellite does not pass over a significant area of zonal dust for the inbound pass, but this 

information is lost when using globally averaged CDOD. That is why this study uses zonally 

averaged dust for the analysis of regional scale dust storms. 

In order to see the impact of zonally averaged dust on the upper atmosphere of Mars, 

Figures 22c and 22d are enlarged in Figures 23a and 23b. Comparing panels a and b show that 
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the outbound pass is observing data over an area of higher dust activity than the inbound pass. 

Between 320 Ls and 340 Ls there is a significant increase in CDOD for the outbound pass. The 

inbound pass experiences enhancement of dust activity at these times as well but not to the extent 

that the outbound pass sees. Dust activity below the MAVEN spacecraft begins to die down 

around 345 Ls for both the inbound and outbound passes. Both before and after the presence of 

dust activity, the CO2 densities for the inbound and outbound passes are comparable. This is 

expected due to the close proximity both spatially and temporally of the inbound and outbound 

observations. However, during the time that the outbound passes are over a region of intense dust 

activity, the outbound CO2 densities are as much as two times higher than the inbound densities.  

To represent this more clearly, Figure 24 shows the running mean for the outbound and 

inbound passes. Here it is much easier to see the similarities in the CO2 densities for the inbound 

Figure 23. CO2 densities observed by MAVEN at 200 km are plotted against 

solar longitude between 01 February 2017 and 30 April 2017. CDOD values are 

represented in color for the average atmospheric dust content of the circle of 

latitude corresponding to MAVEN’s position. Outbound data is plotted in panel a 

and inbound data is plotted in panel b. 
 

a)  b)  
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and outbound passes until 330 Ls where the outbound densities dramatically increase. The 

densities return to comparable values at around 343 Ls. Figure 25 plots the divergence (outbound 

minus inbound) in neutral densities (black) and the divergence (outbound minus inbound) in 

zonally averaged CDOD values (blue) to show the thermospheric response to changes in zonal 

dust content. The first significant difference occurs at around 325 Ls. There doesn’t appear to be 

a response in the upper atmosphere to this initial deviation in dust activity. A second divergence 

occurs at 330 Ls, where the outbound and inbound neutral densities begin to significantly 

diverge. Several spikes occur in the divergence of CDOD values, one at 332 Ls and one at 338 

Figure 24.  10-orbit running means of CO2 densities observed by MAVEN at 200 km are 

plotted against solar longitude between 01 February 2017 and 30 April 2017. Outbound 

means are plotted in black and inbound means are plotted in red.  
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Ls. There are spikes in the density divergence values as well but these occur at 336 Ls and 339 Ls 

slightly offset from the spikes in CDOD divergence.  

 

There are a few possible explanations for why divergence in the CO2 densities does not 

always correlate to divergence in zonally averaged CDOD and why some divergence correlations 

are offset. One reason could be that it takes time for the upper atmosphere to respond to changes 

in lower atmospheric dust content. The process by which the atmosphere is heated by the 

absorption and reemission of solar radiation by dust is time-dependent and does not occur 

instantaneously. We know from Figure 20 that the regional storm does not begin until around 

Figure 25.  The difference between the outbound and inbound 10-orbit 

running mean of CO2 densities observed by MAVEN at 200 km is plotted in 

black against solar longitude between 01 February 2017 and 30 April 2017. 

The blue line represents the outbound/inbound difference in CDOD values 

averaged in the circles of latitude where MAVEN observed the neutral 

densities 
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325 Ls. It is possible that the effects from dust took approximately 5 degrees Ls (1 Earth week) to 

reach the upper atmosphere due to the gradual heating of the atmosphere. Another explanation is 

that the effects from dust may take time to propagate downstream. This also explains why the 

peaks in CDOD divergence and CO2 divergence are slightly offset. Thermospheric winds carry 

neutral and charged densities downstream primarily in the zonal direction near the equator 

[Bougher et al.,2015], which is where most observations are taken during this time period. Since 

this study uses zonally averaged CDOD, it is possible that the dust is disturbing the atmosphere 

that is downstream from MAVEN. It would then take time for the disturbances caused by dust to 

propagate to where the spacecraft is taking measurements. This explains the offset of the peak 

divergences. Thermospheric winds are not always perfectly zonal. So effects from dust may be 

pushed outside of the circle of latitude that MAVEN is taking measurements in and the 

spacecraft would not see changes in CO2 densities despite a divergence in zonal CDOD. The 

behaviors of fixed-altitude CO2 density measurements during the MY33 dusty season imply that 

regional dust content can have a significant impact on the structure of the neutral upper 

atmosphere. 

 

3.2.1.2 Ionosphere 

 As has been discussed previously, changes in the structure of the neutral upper 

atmosphere of Mars will cause changes to occur in the ionosphere as well. An ionosphere in 

photochemical equilibrium is sensitive to changes in neutral gas densities. By analyzing electron 

densities during the regional storms of the MY 33 dusty season it is possible to observe the 

ionospheric response to atmospheric dust content. 
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 In the previous section, it was shown how CO2 densities at 200 km responded to varying 

levels of atmospheric dust content. The C dust storm from the dusty season of MY 33 provided 

an opportunity to compare the inbound and outbound observations of the MAVEN satellite 

which represented a non-dusty and dusty atmosphere respectively. A similar approach will be 

used to analyze electron densities which represent the ionosphere of Mars during these two 

cases. In Figure 26, normalized electron densities measurements at 200 km for each orbit of the 

MAVEN satellite for the outbound (a) and inbound (b) passes are plotted. Electron number 

densities are normalized to a constant solar flux and mapped to the subsolar point using the 

techniques described in section 2.2.2 and 2.2.3. Data before 330 Ls is difficult to analyze as these 

observations were taken near the terminator of Mars where the subsolar mapping technique 

becomes unreliable. The data points are colored using CDOD values averaged over all longitudes 

Figure 26. Electron densities observed by MAVEN at 200 km are plotted against solar 

longitude between 09 March 2017 and 30 April 2017. CDOD values are represented in color 

for the average atmospheric dust content of the circle of latitude corresponding to MAVEN’s 

position. Outbound data is plotted in panel a and inbound data is plotted in panel b. 
 

a)  b)  
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within the latitude bin corresponding to the latitude of the MAVEN satellite during observations. 

The black lines represent a 10-orbit running mean of the electron densities.  

 Zonally averaged CDOD is significantly higher for the outbound data compared to the 

inbound data from the start of the dataset until around 340 Ls at which point the CDOD values 

are relatively comparable. Electron number densities are elevated during this time period. 

Outbound electron densities average around 1 × 104 𝑐𝑚−3 compared to around 8 × 103 𝑐𝑚−3 

for the inbound densities. The electron densities return to comparable values once the dust 

content below the inbound and outbound passes become comparable. Similar to the 

thermospheric response, the ionosphere is enhanced for the observations that occur over the 

region with more zonal dust content.  

Figure 27a shows the 10-orbit running mean of both the inbound and outbound densities 

at 200 km. The initial divergence of the inbound and outbound mean followed by the 

convergence around 342 Ls is clear when plotted on the same axes. In order to show that the 

trends present in electron densities are mainly caused by neutral atmosphere variation, Figure 

27b shows the 10-orbit running mean of electron densities normalized to a constant CO2 density 

using the process described in section 2.2.2. The resulting electron densities exhibit much less 

long-term variability and the inbound and outbound densities are comparable once normalized. 

This proves that the changes in the ionosphere are closely linked to the neutral atmosphere 

variation and is evidence that the Martian ionosphere is approximately in photochemical 

equilibrium at 200 km. The large disturbance that occurs between 346 Ls to 351 Ls is somewhat 

accounted for by the CO2 normalization, however, there is still a disturbance present in 27b. The 

upper atmosphere of Mars is very dynamic so it is possible that this disturbance is a result of 

atmospheric waves or possibly an area of enhanced atmospheric transport. The limited spatial 
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resolution makes it difficult to make any conclusions as to what causes this feature. Influence 

from dust can be eliminated as a source since there is no significant dust activity occurring 

during this time. 

 

3.2.1.3 Discussion of Regional Scale Dust Storm Results 

 Analysis of CO2 and electron number densities measured by the MAVEN satellite during 

the MY 33 dusty season provides observational evidence that atmospheric dust content can alter 

the structure of the Martian thermosphere and ionosphere. It is important to note that the impact 

of dust on the ionosphere is tied closely with the neutral thermosphere through photochemical 

processes. The results show that zonally averaged dust content provides the best context when 

Figure 27.  10-orbit running means of electron densities observed by MAVEN at 200 

km are plotted against solar longitude between 09 March 2017 and 30 April 2017. 

Outbound means are plotted in black and inbound means are plotted in red. Panel a 

represents electron densities that have not been normalized to a constant CO2 density 

while panel b shows electron densities that have been normalized to a constant CO2 

density. 
 

a)  b)  
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analyzing how dust can affect the neutral upper atmosphere. Local dust can disturb the local 

circulations and atmospheric structure on Mars. These disturbances are not confined to the local 

area in which they are initiated, however, and instead propagate throughout the Martian 

atmosphere. We have shown this to be the case with the MAVEN measured upper atmospheric 

responses to a disturbed atmosphere (outbound) and an undisturbed one (inbound). A clear 

thermospheric disturbance is observed by MAVEN in outbound observations when zonally 

averaged dust is high. This disturbance is not observed when the zonal dust is low, as we see in 

the inbound case. The delayed thermospheric response to dust activity and the offset of CDOD 

versus density divergences supports the theory that disturbances from dust are a dynamic process 

that take time to propagate through the Martian atmosphere. 

The electron density response is highly dependent on the photochemical processes 

occurring in the ionosphere. When the ionosphere reaches heights where collisions become 

infrequent and transport processes dominate, it is no longer safe to assume that ionospheric 

disturbances will mimic the thermosphere. However, an important layer of the Martian 

ionosphere, including the location of peak electron and ion densities, occurs in the region where 

collisions are important. When investigating the variation of the Martian ionosphere over any 

time period, it is important to understand the influence of atmospheric dust content during 

regional scale dust storms. The fact that these regional storms are observed for most dusty 

seasons on Mars implies that the ionosphere evolves in response to these storms every Martian 

year. Through modeling efforts, this evolution can be captured and incorporated into the analysis 

of atmospheric escape on Mars and could shed light on what an ancient Martian atmosphere 

could have looked like. 
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3.2.2 Global Scale Dust Storm  

Another case to be 

analyzed in this study is the Planet 

Encircling Dust Event (PEDE) that 

occurred in MY 34. On June 1st 

2018, the first signs of a large-

scale dust storm became apparent 

on Mars as detected by the Mars 

Exploration Rover. Between June 

2nd and June 8th, a local dust storm 

travelling over Meridiani Planum 

stalled and began to spread east.  

On June 19th, the storm became 

classified as a PEDE as new dust 

sources allowed atmospheric dust to encircle the globe. By mid-July the storm reached its peak 

intensity and entered into its decay phase for the next several months. Figure 28 shows the 

evolution of the dust coverage over a few dates during the PEDE. During this time the MAVEN 

satellite collected data continuously. PEDEs do not occur every Mars year so this event is the 

only global event that has been observed by the MAVEN satellite. Figure 29 shows zonally 

average CDOD values during the PEDE along with the latitude of the MAVEN satellite at the 

time of observation plotted against solar longitude. The periapsis of MAVEN is close to 160 km 

so the inbound and outbound measurements are very close spatially. The similarity in SZA is 

Figure 28. Images of Mars taken by the MARCI 

instrument on board the MRO showing the evolution of 

the 2018 PEDE. Images retrieved from Malin Space 

Science Systems weekly Mars Weather Report 
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plotted in Figure 30. Both the inbound and outbound pass of 160 km consistently occur over 

areas of significant dust activity and offer the opportunity to measure the neutral upper 

atmosphere and ionosphere response to this global dust event. It is important to note that the 

MAVEN spacecraft is precessing across the terminator during this time period. Both neutral 

atmosphere and ionosphere densities should naturally decrease as the spacecraft samples at 

higher SZA. In the following analysis, this natural variability occurs but is distinct from the 

thermospheric and ionospheric response to dust. 

 

Figure 29. CDOD values from the dataset created by Montabone et al. [2016] are 

averaged over all longitudes for each latitude and time bin between 27 March 2018 

and 14 September 2018. The latitude of the MAVEN satellite at 160 km is plotted for 

both the inbound and outbound passes to show what part of the Martian upper 

atmosphere the satellite was observing. At about 210 Ls and 220 Ls the MAVEN 

spacecraft altered its periapsis which causes the latitude values at 160 km to diverge. 
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3.2.2.1 Neutral Atmosphere 

 In order to analyze the area of 

influence of dust during a global dust 

event observations of the CO2 

densities at constant altitudes are 

compared with the binned and 

gridded dataset of Column Dust 

Optical Depth (CDOD) values 

provided by Montabone et al. [2016]. 

In Figure 31, CDOD values are 

averaged for regions varying in size 

and are plotted in color over CO2 

densities measured by MAVEN at 160 km. Analyzing these plots helps show the scale at which 

the effects of dust become important.  

In Figure 31a and 31b, fixed-altitude CO2 densities are shown during the 2018 PEDE 

with the black line representing the 10-orbit running mean. The CDOD values are shown in color 

and are used to represent the local dust content below the MAVEN satellite. The local region is 

defined by a rectangular bin that is 18 degrees longitude by 15 degrees latitude. This bin 

corresponds to a rectangle on the surface of Mars that is approximately 750 km by 750 km 

centered on the MAVEN satellite. The orbit to orbit variability in local dust content is apparent 

as each orbit of MAVEN observes the upper atmosphere in a different location above the 

Martian surface. Upon analysis of the density data, there is no obvious link between the local 

dust content and the fixed-altitude CO2 densities. Evidence of this conclusion can be seen around 

Figure 30. The solar zenith angle of the MAVEN 

spacecraft at 160 km is plotted in red for the inbound 

pass and in black for the outbound. The 

perturbations near the start of the data set and near 

210 Ls and 220 Ls are a result of orbital maneuvering 

of MAVEN 
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199 Ls where large local dust content can be seen associated with both high and low CO2 

densities. This compliments the conclusions made from the regional scale dust case where there 

was no significant local dust influence either. There is no clear trend that indicates local dust 

enhancement is linked to disturbances in the Martian upper atmosphere during global dust 

storms.  

 Figure 31c and 31d are similar to panels a and b except the CDOD values are averaged 

over all longitudes centered on the latitude bin that the MAVEN spacecraft is over during time of 

observation. The evolution in this zonally averaged CDOD is slow and orbit to orbit variability is 

small, unlike the local CDOD values. There are still some trends that appear outside of the 

overall increase in global atmospheric dust content. One feature occurs around 200 Ls where the 

CDOD values reach a maximum that is not consistent with the global maximum at around 210 

Ls. Figure 26 shows that the MAVEN satellite begins to move away from the latitudes where the 

most amounts of dust are. So despite the global dust content reaching a maximum near 210 Ls, 

the maximum zonal dust content during MAVEN observations at 160 km occurs near 200 Ls. 

There is not a response in densities to this local peak in zonal dust content so it can be concluded 

that the effects of global dust dominate the effects of zonal dust during this PEDE. 

Figure 31e and 31f, show CO2 densities measured by the MAVEN satellite at 160 km 

with globally averaged CDOD values shown in color. Once dust activity starts (~192 Ls) there is 

a significant increase in the CO2 densities. This is due to the heating of the dust in the lower 

atmosphere which causes the atmospheric column to rise and higher densities to be lifted to 

higher altitudes. The CO2 densities remain elevated even as the spacecraft begins sampling near 

the terminator and moves to the night side of Mars. A wave-like feature is seen from 192 Ls to 

205 Ls. This is likely caused by tidal waves being induced by the thermal heating of the dayside  
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Figure 31. CO2 densities observed by MAVEN at 200 km are plotted against solar 

longitude between 22 May 2018 and 29 July 2018. CDOD values are represented in 

color for the average atmospheric dust content of the local region below the MAVEN 

satellite (a, b), the circle of latitude corresponding to MAVEN’s position (c, d), and the 

globe (e, f). Outbound data is plotted in panels a, c, and e and inbound data is plotted in 

panels b, d, and f. 

a)  b)  

c)  

f)  e)  

d)  
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of Mars and is possibly enhanced by the presence of dust. One thing to note is the smooth 

temporal variation of dust on the global scale. Global dust content does not evolve rapidly but 

instead steadily increases to a peak and then slowly drops off. This means that global CDOD  

values can primarily be used to investigate the long-term evolution of the upper atmosphere due 

to dust and cannot be used to investigate the orbit to orbit variability. For the analysis of the 

PEDE, globally averaged CDOD is used since there is no evidence that the local and zonal dust 

content reveal any information about the upper atmospheric impact of dust during this global 

storm. 

 

3.2.2.2 Ionosphere Impact of Global Dust 

 For an ionosphere that is in photochemical equilibrium, it is expected that changes in the 

neutral atmosphere will also cause changes in the ionosphere. One way to prove this is to look at 

Figure 32. CO2 (a) and electron (b) densities observed by MAVEN at 200 km 

are plotted against solar longitude between 22 May 2018 and 26 June 2018. 

CDOD values are represented in color for the average of global atmospheric 

dust content. This plot only includes inbound data. 

a)  b)  
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insitu observations of MAVEN during a time when the neutral upper atmosphere of Mars 

experiences dramatic changes. One such time is during the Planet Encircling Dust Event of 2018. 

It has been shown in previous sections how the neutral atmosphere responded to the PEDE using 

MAVEN observations. It follows that the ionosphere should mimic this neutral atmosphere 

response. Figure 32 shows CO2 densities (a) and normalized electron number densities (b) 

measured by MAVEN at 160 km during the PEDE from 22 May 2018 (Ls = 180) to 29 July 2018 

(Ls=220). The color shows the globally averaged CDOD corresponding to the time of 

observation. Electron densities are normalized to a constant EUV flux using F10.7 index values. 

The electron densities are also mapped to the subsolar point to eliminate the effect of SZA. Only 

densities measured when the MAVEN spacecraft was at a SZA of 80 or less (less than 202 Ls for 

this time period) are used since the MHD model used for the subsolar mapping is only valid for 

the dayside of Mars. The evolution of the ionosphere over this time period closely follows the 

neutral atmosphere. The wave-like feature present starting around 190 Ls and continuing through 

200 Ls is visible in both the neutral atmosphere and ionosphere. This indicates that the 

ionosphere is in approximate photochemical equilibrium during this time period. This 

observational evidence supports the theory that the effects from the global dust storm are not 

limited to the neutral atmosphere but extend to the ionosphere as well.  

Another way to show the relationship between the neutral upper atmosphere and 

ionosphere is to normalize the electron density to a constant CO2 density utilizing MAVEN CO2 

observations. If the ionosphere is in perfect photochemical equilibrium, the resulting electron 

densities should remain at a constant value. Figure 33 shows the result of this normalization 

process. The wave-like feature that is present in Figure 32 is effectively eliminated after 

normalization and the electron densities are much closer to a constant value compared to the 
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non-normalized data. From this we can conclude that the upper atmosphere is in approximate 

photochemical equilibrium and the changes that occur in the ionosphere are dominated by the 

changes that occur in the neutral atmosphere.  

 

3.2.2.3 Discussion of Global Storm Results 

Due to the global extent of the PEDE it is difficult to go beyond the qualitative analysis 

of the upper atmospheric observations. The seasonal variability of CO2 densities makes it hard to 

compare the observations during the PEDE to a clear-sky Mars atmosphere from another time 

period. The fact that MAVEN was crossing the terminator during this period complicates 

analysis. Additionally, the complex processes that control the day-to-night transport of plasma on 

Figure 33. Electron densities observed by MAVEN at 200 km are plotted against solar 

longitude between 22 May 2018 and 26 June 2018. CDOD values are represented in color for 

the average of global atmospheric dust content. The electron densities are normalized to a 

constant solar flux and a constant CO2 density. Modelled electron densities are used to map 

the observed electron densities to the subsolar point. 
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Mars introduce variability into the ionosphere that cannot be accounted for easily. However, it is 

quite clear that there is a response in both the thermosphere and the ionosphere to changes in 

dust activity. It is shown that the perturbations impacting the ionosphere are mainly due to 

thermospheric disturbances. Further, the ionosphere is shown to be in approximate 

photochemical equilibrium as well. Unlike the regional storm analysis, there is no non-dusty case 

to compare the disturbances from the PEDE to and thereby determine a quantifiable impact. 

However, sections 3.2.2.1 and 3.2.2.2 show that the ionosphere responds to thermospheric 

disturbances in a similar fashion that the ionosphere responds to the 2016 regional storm. This 

would suggest that similar quantifiable results would emerge if there were non-dusty 

observations to compare the PEDE measurements to. Once more data has been collected on the 

Martian atmosphere and more accurate models for upper atmospheric neutral densities are 

created, it will be possible to better quantify the upper atmospheric response to global dust. 

 

3.3 Additional Considerations 

3.3.1 Impact of Magnetic Field 

 During this study, quantifiable sources of ionospheric variability were used in order to 

help analyze the impact of dust on the thermosphere and ionosphere of Mars. It is important to 

remember that other non-quantifiable sources impact the ionosphere as well. One such source is 

the crustal magnetic field on Mars. The Martian crustal magnetic field is highly variable and 

concentrated primarily in the southern hemisphere as can be seen in Figure 34. The magnetic 

field observations from the Mars Global Surveyor were used to produce a global map of crustal 

magnetic field values. Some studies have shown the influence of crustal magnetic field on 

electron densities. Withers et al., [2009] reviews multiple studies which show that the crustal 
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magnetic field on Mars affects 

the topside ionosphere higher 

than 400 km altitude. 

However, this study focuses 

primarily on the lower Martian 

ionosphere below 200 km 

which has not been shown to 

correlate with magnetic field 

strength. Figure 35 shows 

electron densities normalized 

to CO2, SZA, and solar flux measured by MAVEN during the regional storm in 2016 (a) and the 

PEDE in 2018 (b). The magnitude of the magnetic field at the location of the MAVEN spacecraft 

is shown in color. The magnetic field data was acquired from a Martian magnetic field model 

produced from Mars Global Surveyor observations [Cain et al., 2003]. For both cases, the 

strength of the magnetic field does not appear to have an impact on the electron densities as high 

densities are seen when observing in areas of both high and low magnetic field magnitudes.  

3.3.2 Ion Response and Atmospheric Escape 

Another important factor to consider is how changes in the upper atmosphere affect 

atmospheric escape at Mars. One primary source of atmospheric escape on Mars is the 

photodisassociative recombination of O2
+. When two O2

+ ions recombine, two high energy O 

molecules are produced. The high velocities of these molecules cause the formation of the hot 

oxygen corona on Mars. Some of the hot oxygen atoms have enough energy for velocities to 

reach the escape velocity of Mars and are lost to space. Another form of atmospheric loss is 

Figure 34. The radial component of the crustal magnetic 

field of Mars at 400 km. This data was collected using 

measurements from the Mars Global Surveyor [Connerney 

et al., 2001]. The majority of crustal magnetic field 

observations are concentrated in the southern hemisphere 

of Mars. 
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caused by pick-up and sputtering processes. Interactions with the solar wind cause ions and 

electrons to be picked up by the solar wind magnetic field which then get carried off to space 

[Luhmann et al., 1991]. Both of these processes are dependent upon plasma densities in the 

ionosphere, so it follows that changes in ionospheric densities will impact the atmospheric loss at 

Mars. This study focused primarily on changes in electron densities, so to show the ion response 

to dust Figures 36 and 37 show the fixed-altitude O2
+ density response to the regional and global 

scale dust storms compared to the responses in electron densities shown in sections 3.2.1 and 

3.2.2.  

Figure 36 shows the electron and O2
+ response for the regional scale dust storm in MY 33 

with data plotted from 09 March 2017 to 30 April 2017. In this plot electron densities are not 

normalized since the same normalization processes cannot be applied to the O2
+ densities. It was 

shown earlier in the study that the enhancement of outbound electron densities from 330 Ls to 

343 Ls is a result of zonal atmospheric dust content. A similar response is seen in the O2
+ 

Figure 35. Normalized electron densities during the 2016 regional dust storm (a) and the 

2018 (PEDE) are plotted against solar longitude with the magnetic field magnitude shown in 

color. The magnetic field data was calculated using a Martian magnetic field model produced 

from MGS observations [Cain et al., 2003]. 

a)  b)  
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densities, however, the response is not quite as large. Although O2
+ is the primary ion species at 

200 km, other ions species are not negligible and could account for the slightly smaller response 

of the O2
+ densities. There is a clear response, however, with O2

+ densities being enhanced by as 

much as 40 %.  

In Figure 37, the fixed-altitude electron and O2
+ density response at 160 km for the PEDE 

in 2018 are shown. Again electron densities are not normalized in order to compare them 

accurately with the ion densities. The relationship here is not as obvious as the regional storm 

response, however, the presence of the wave-like feature in the ionosphere shows some 

correlations between the electron and ion behavior during the PEDE. The perturbation in electron 

densities that starts around 190 Ls and continues to 200 Ls was shown previously to be linked to 

the thermospheric response to global dust. A smaller but comparable perturbation can be seen in 

Figure 36. The 10-orbit running mean of electron (a) and ion (b) densities during the 2016 

regional dust storm are plotted against solar longitude. Inbound densities are shown in red and 

outbound in black. The outbound passes of MAVEN observed the ionosphere in a region of 

higher zonal dust content between 330 Ls and 342 Ls which corresponds with higher electron 

and ion densities for the outbound plots. 

a)  b)  
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the O2
+ densities at the same time periods. This implies that ion densities are also sensitive to 

thermospheric disturbances from global dust storms. 

An analysis of both dust scales shows that there is not only a dust response of electron 

densities but of ion densities as well. Oxygen escape is an important source of atmospheric loss 

on Mars and this escape is dependent upon O2
+ densities. A more quantitative analysis of the ion 

response to dust is necessary to be able to predict how the influence of dust could impact the 

evolution of the Martian atmosphere over long time scales. 

 

 

 

Figure 37. The 10-orbit running mean of electron (a) and ion (b) densities during the 

2018 PEDE are plotted against solar longitude. Inbound densities are shown in red and 

outbound in black. Global dust activity begins around 190 Ls where wave-like 

ionospheric disturbances occur. The ion densities mimic these perturbations at a smaller 

scale. 

a)  b)  
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4. Conclusion 

The thermosphere and ionosphere of Mars are governed by a variety of complex 

processes that determine their characteristics and composition. In order to study these regions 

effectively, it is necessary to understand the relative importance of each process and how each 

one affects the ionosphere. Some factors have a quantifiable impact that can be predicted based 

on certain assumptions. For example, the impact of variation in EUV flux, SZA, and neutral gas 

density in the Martian upper atmosphere can be predicted assuming photochemical equilibrium. 

Once normalized to these quantifiable sources of ionsopheric variability, other less quantifiable 

sources can be analyzed more effectively. One such factor is atmospheric dust content in the 

lower atmosphere. 

Dust activity on Mars occurs frequently and is observed to cause significant disturbances 

in global circulation. Perturbations of this scale are thought to extend into the upper atmosphere 

despite the dust only reaching altitudes of around 60 km. The MAVEN satellite samples 

thermosphere and ionosphere densities insitu and can be used to analyze the effect that 

significant dust activity has on the Martian upper atmosphere. One such analysis was performed 

during the dusty season of MY 33 to show the influence of atmospheric dust on the structure of 

the upper atmosphere of Mars. The unique orbital characteristics of the MAVEN satellite during 

storm C of the MY 33 dust cycle offered an opportunity to compare inbound and outbound 

charged and neutral density measurements for a dusty and non-dusty case. During this time 

period the outbound data was observed when the MAVEN satellite was over a region with high 

zonal atmospheric dust content while the inbound was over a region that had significantly less 

zonal dust. The inbound and outbound data for each orbit are observed in quick succession 

temporally, allowing direct comparison of the trends of neutral and charged densities. The 
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neutral upper atmosphere responded significantly to the increase in atmospheric dust content in 

the outbound data but remained relatively constant for the inbound data when there was less 

atmospheric dust below MAVEN. The CO2 densities at 200 km differed by a factor of 2 between 

the dusty and non-dusty case. The electron densities showed a similar response and inbound and 

outbound densities differed by a factor of 1.25. This is consistent with the theoretical prediction 

of how electron densities would respond to changes in neutral gas for an ionosphere in 

photochemical equilibrium. Regional dust storms on Mars occur every Mars year, so ionsopheric 

responses to regional dust become important when analyzing the long term evolution of the 

Martian ionosphere.  

Although less frequent, global dust storms on Mars disturb the atmosphere much like 

regional storms but on a larger scale. Upper atmospheric responses to these global storms would 

then be expected to be more dramatic. MAVEN observations during the Planet Encircling Dust 

Event in 2018 allowed for an opportunity to analyze these changes. Unfortunately, a quantifiable 

analysis of the impacts of global dust storms on the upper atmosphere using MAVEN data is 

difficult due to the lack of clear-sky observations to compare atmospheric responses to. 

Additionally, a large portion of low altitude measurements were taken on the nightside of Mars 

where the ionosphere and thermosphere are poorly understood. However, the observations that 

are taken on the dayside at the start of the dust storm show a qualitative increase in 

thermospheric densities. Ionospheric densities increase as well showing that the ionosphere is 

coupled well with the thermosphere. This coupling proves that the atmosphere is in approximate 

photochemical equilibrium during the dust event. Since the ionospheric response to disturbances 

in the thermosphere seen during the PEDE behave similarly to the response seen for the regional 
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scale, it is possible to conclude that similar quantifiable results would occur if clear-sky data was 

available to compare to during this time.  

When analyzing the evolution of the Martian ionosphere it is important to factor in 

disturbances from dust events as they are shown to have a significant impact on both the 

ionosphere and thermosphere. Atmospheric escape on Mars is heavily dependent upon the 

structure of the ionosphere. This study shows that regional and global dust can have a significant 

impact on the behavior of the ionosphere. Further analysis of this relationship is necessary to 

gain a more complete understanding of the evolution of the Martian atmosphere. 
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