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Abstract

The primary focus of the present thesis is to investigate and compare the local time, latitu-
dinal, seasonal, and altitudinal variability of heavy (e.g., Ar, CO2) and light mass species
(e.g., He), in the Thermosphere of Mars. The work covered in this thesis starts with a study
of the local time variations in heavier species like Ar and CO2, using measurements from
Neutral Gas Ion Mass Spectrometer (NGIMS) aboard the Mars Atmosphere and Volatile
Evolution (MAVEN) spacecraft. The results show a persistent local time asymmetry in Ar
densities and scale heights (temperatures), wherein the densities during the dusk hours are
larger than those in the dawn hours at all altitudes. Ar being a heavy species and small in
scale height is mostly affected by the dynamical heating and cooling of the atmosphere.
Since the observations used in this study are from two different seasons, to validate these
results, we further investigated the dawn-dusk asymmetry by using the measurements from
same season. This constitutes the second study in this thesis. This was done using simul-
taneous measurements from Mars Exosphere Neutral Composition Analyser (MENCA)
aboard the Mars Orbiter Mission (MOM) observing dusk side and NGIMS observing the
dawn side of Mars. Moreover, these measurements fall during the growth phase of a Planet
Encircling Dust Event (PEDE) in June 2018, which helped us to understand the effect of
lower atmospheric processes on the steady-state of the upper atmosphere and hence the
coupling between the lower and upper atmosphere. The results of the study show that
not only do the dawn-dusk asymmetries persist in the same season, but they are enhanced
due the radiative heating in the lower atmosphere and by the subsequent expansion of the
thermosphere associated with the PEDE–2018.

In the third work, we focus on understanding the spatial and temporal distribution of the
lighter species in the Mars thermosphere, using Helium (He) measurements from NGIMS.
The accumulation of He in nightside winter polar and the equinoctial southern high latitude
regions indicates that the lighter species are primarily controlled by the global circulation
at the thermospheric altitudes on Mars. A comparative picture of spatial and temporal
variations in different mass species is further presented in the fourth work, where diurnal
and latitudinal variations in the mixing ratio of He, N2, Ar with respect to the dominant
species (i.e., CO2) are studied. In addition, we investigated the response of mixing ratios
to the dust storm season of MY 33 and 34 (PEDE-2018). During PEDE-2018, mixing
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ratios show strong depletion compared to the dust storm season of MY 33. In addition,
the variability in mixing ratios shows an anti-correlation with the trend in CDOD. The
depletion factor is found to vary with the varying masses of mixing ratios. While on the
day side variability in mixing ratios seems to be controlled by the seasonal variation in
homopause altitude, a weak correlation on night side suggests the contribution of different
processes. Changes in the atmospheric circulation during dust storm season combined with
mass-dependent behavior of thermospheric species are most likely to affect the nightside
variability of Mars.
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Chapter 1

Introduction to Mars atmosphere

1.1 A Brief Introduction to Mars

‘Mars’ is a bright red-tinted planet, often visible to naked eyes, that has intrigued space
enthusiasts and astronomers around the globe. It is the fourth planet from the Sun in terms
of radial distance and the seventh-largest planet in the solar system in terms of size. For
nearly five decades the planet has been the primary focus of the international planetary sci-
ence community and several space agencies such as the National Aeronautics and Space
Administration (NASA), the European Space Agency (ESA) and the Indian Space Re-
search Organization (ISRO) have been sending spacecraft to explore several aspects of its
surface, subsurface, and atmosphere. The beginning of the Mars exploration era dates back
to the year 1965 when NASA’s Mariner 4 successfully flew past the planet and captured its
first close-up images. Since then, observations from several planetary missions have been
significantly refining our knowledge about the Mars environment. Data from these mis-
sions showed striking features on the surface of Mars that can undoubtedly be associated
with flowing liquids and branching streams in the past. It is also likely that Mars once had
a thick atmosphere and climate conditions that could sustain liquid water on its surface.
The present-day Mars, however, is cold and dry with a thin atmosphere. Spacecraft obser-
vations and model simulations suggest that Mars probably lost most of its atmosphere to
outer space and continues to do so even today (e.g., [8]). This escape process to outer space
depends on several underlying factors, in which the thermosphere (˜100-200 km) plays a
central role. Thus to quantify the escaping processes, planetary scientists have been proac-
tively characterizing the Martian thermosphere using spacecraft observations and model
simulations.

The discussion on the Mars atmosphere must be contextualised in the broader orbital
and physical, topographical and climatological understanding about the planet ([9, 10, 11]),
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an understanding developed through painstaking scientific investigation. Mars and Earth
share several similarities as well as dissimilarities in terms of their orbital and physical
parameters. A comparison of these parameters of Mars and Earth is summarized in Table
1.1. The length of a day on Mars (rotation period) is only 37 minutes longer than that
on Earth. The season driving parameter, known as obliquity, of Mars (25.19°) and Earth
(23.5°) are also similar. However, the orbital period of Mars around the sun is almost
twice (686 days) as that of Earth’s (365 days) orbital period around sun. Further, Mars’s
orbit is more eccentric (0.09) than Earth’s (0.01) with a perihelion of 1.38 Astronomical
Units (AU) and aphelion of 1.68 AU. As a consequence, seasons are more extreme on
Mars and there is a large seasonal variability in its atmospheric composition. A 45% low
insolation received on Mars, which is due to its 1.5 times larger orbital radius than of
Earth, leads to very low temperatures in the Mars atmosphere. The first measurement of
surface temperature (recorded at Viking 1 landing site) showed a value of - 68°C [12]. The
equatorial diameter of Mars is roughly half of that of the Earth. Owing to its lesser mass
than of Earth, the acceleration due to gravity (g) on Mars is 3.7 m/s2, nearly half of that
of Earth’s 9.8 m/s2. As a consequence, the velocity required by the atmospheric species to
escape Mars is also much less (5.2 m/s on Mars vs. 11.2 m/s on Earth). Thus, the orbital
and physical parameters play an important role in structuring the atmosphere of Mars.

Table 1.1: Comparison of Important orbital and Physical Parameters of Mars and Earth.
Source https://nssdc.gsfc.nasa.gov/planetary/factsheet/Marsfact.html

Orbital and Physical parameters Mars Earth
Orbit period (days) 686.98 365.26

Perihelion distance (106 km) 206.62 147.09
Mean orbital velocity (km/s) 24.07 29.78

Orbit eccentricity 0.093 0.017
Rotation period (hrs) 24.62 23.93
Orbital Radius (AU) 1.50 1.00

Obliquity (deg) 25.19 23.44
Solar irradiance (W/m2) 586.20 1361.00

Mass (Kg) 6.42e+23 5.97e+24
Equatorial radius (km) 3389.50 6378.00

Gravitational acceleration (m/s2) 3.72 9.81
Escape velocity, Vesc (km/s) 5.03 11.19

Equilibrium temperature, Te (K) 210 256
Mean density (kg/m3) 3933 5515

Solar irradiance (W/m2) 586.20 1361.00
Average surface albedo 0.25 0.31
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The atmosphere of Mars is also influenced by its surface properties. Although there is
evidence which shows signatures of flowing liquids and water bodies in the past [13, 14,
15], at present there is no evidence of flowing water or bio-signatures on the surface of
Mars. As a matter of fact, the surface of Mars is barren and dusty. This contributes to a
large difference in the climate of Mars and Earth. For example, the absence of liquid water
lowers specific heat and average albedo on Mars (see Table 1.1). The surface albedo is an
important physical parameter for a planet because it determines how much of the incident
radiation is reflected. The reflected far infrared wavelengths (3-50 µm) from the surface get
absorbed in the atmosphere and influence the global temperature of the planet. The surface
conditions together with the seasonal cycle of carbon dioxide CO2 (discussed further and
in section 1.5.1) give Mars an environment where the dust storms and dust devils are very
common and these storms are one of the major driving engines of the planets’ climatology.

Mars’ mountain Olympus mons (shown in Figure 1.1), 25 km high and about three times
the height of mount Everest on Earth, is the second highest mountain in the solar system,
next only to the Rheasilvia mountain on the asteroid Vesta. Its edifice is a massive volcano
with a diameter of 600 km. Mars also houses the deepest and longest valley in the solar
system. Mariner 9 probe discovered a system of canyons know as Valles Mareneris, nearly
10 km deep and 4,000 km in length. The layered sediments in these canyons suggest that
there was once flowing water. Unlike other terrestrial planets, Mars exhibits a dichotomous
geology. The low-lying northern plains have relatively few craters, whereas the elevated
southern hemisphere is covered with large number of craters (including the 2,300 km wide
Hellas Planatia, the largest crater on Mars) indicative of its older age. The northern plains
are some of the flattest and smoothest regions in the solar system (Figure 1.2).

Another important and distinctive surface feature found on Mars (and not on Earth)
is seasonal polar ice caps (shown in Figure 1.6). The temperatures at the polar regions,
particularly during southern polar winter of Mars, are low enough to freeze the atmospheric
carbon dioxide to form a thin layer of CO2 ice. However, as the seasons progress, the
condensed CO2 sublimate and replenish the atmosphere. The sublimation of CO2 ice begins
in early spring in northern hemisphere and completely sublimes by the end of the season.
This seasonal cycle of CO2 (discussed in detail in section 1.5.1) determines the spatial and
temporal variations in compositional and dynamical state of Mars. Thus, CO2 cycle is a
dominant force and a critical aspect of martian climate.

Unlike Earth, Mars does not possess an internal dynamo that could generate a large
global magnetic field. The magnetometer measurements from MGS mission, however,
showed that Mars possess a remanent crustal magnetic field, a remnant of its once active
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Figure 1.1: a) Olympus Mons’ 3D view derived from Mars Orbiter Laser Altimeter’s
(MOLA) topographic data superimposed with the Mars Orbiter Camera’ (MOC) wide-
angle image mosaic, b) Valles Marineris, seen at an angle of 45° from Mars Express (ESA,
2009), and c) Hellas basin as seen by Exomars Trace Gas Orbitor’s Colour and Stereo
Surface Imaging System, CaSSIS on 29 May 2018

global magnetic field, in the southern high lands [16]. These magnetic fields are present
in the rocks on the surface and form localised magnetospheres. The magnetic field lines
from these magnetospheres determine the interaction of the atmosphere with incoming so-
lar wind. There are regions where the magnitude of the crustal magnetic field at certain
altitudes is stronger than the magnetic field of Earth at that altitude. The “cusp” regions,
where these magnetic field lines are vertical, allow the solar wind particles to enter the
atmosphere and ionize its neutral constituents and facilitate the escape of high energy at-
mospheric ions to space. Thus, the crustal magnetic field play an important role in altering
the atmosphere of Mars.

1.2 Seasons on Mars

Mars has four distinct seasons similar to Earth. However due to higher elliptical orbit and
larger orbital period of Mars as compared with Earth, the duration of seasons is nearly
twice as long as on Earth. Martian seasons are defined by “Solar Longitude (Ls)”, which
is an angle between the sun and Mars measured with respect to the northern hemisphere
spring equinox or Ls = 0°. Thus, Ls = 90° corresponds to the northern summer solstice,
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Figure 1.2: Map of surface topography of Mars as observed by MGS-MOLA. The eleva-
tion of topography is presented by the color scale. (Courtesy: NASA)

Ls = 180°, corresponds to the northern autumnal equinox and Ls = 270° marks northern
winter solstice (Figure 1.3).

Mars orbits farthest from the Sun when its northern hemisphere is tilted towards the
sun. Thus, Ls = 90°, in addition to northern summer season, falls in the period of aphelion
time for Mars. Similarly, Mars is closest to the sun during Ls = 250°, hence in addition to
southern summer, it is perihelion time for Mars. Thus, there is a strong temperature differ-
ence between southern summer and northern summer such that atmospheric temperatures
during southern summer are larger than those in the northern summer. The combination
of southern summer during Ls = 270° and perihelion time for Mars, causes extra heating
of the southern hemisphere leading to strong disturbances and intensified wind circulations
in the martian atmosphere. This in turn gives rise to strong local, regional, and global
dust storms. The large seasonal temperature variation also causes the strong atmospheric
CO2 cycle as discussed in section 1.1 and 1.5.1 and spatial and temporal variations in the
atmospheric composition and circulation as well.

1.3 Atmosphere of Mars

Atmosphere is defined as a layer of gases and aerosols that envelopes a planet. It is held
in place by the gravitational pull of the planetary body. Mars atmosphere is very tenuous
compared to Earth’s atmosphere. Mars may have started off with an atmospheric pressure
a little above 1 bar, however, enormous amount of its atmosphere (>99%) has escaped

5



Figure 1.3: Schematic of seasons on Mars. Dashed lines represent the perihelion and
aphelion approaches of Mars to the Sun. Solid radial lines represent the beginning of each
“month”. Color coding indicates surface temperature in each season and the local time
shown for each image (indicating which portion of the planet is facing the Sun in each
position). From http://www-mars.lmd.jussieu.fr/ mars/time/solar_longitude-html

the relatively low gravitational attraction (see Table 1.1) of the planet [17]. The tenous
atmosphere of Mars exerts a surface pressure which is one-hundredth of that on Earth
(Table 1.1). The pressure decreases with increase in altitude and fluctuates with martian
seasons. The seasonal variation in atmospheric pressure is mostly due to the seasonal
variation in polar ice caps [18, 19]. In addition, crustal dichotomy of Mars and geostrophic
balance between pressure gradient and coriolis forces have been observed to contribute
to the observed variability of atmospheric pressure [20, 21]. As shown in Figure 1.4, the
maximum pressure occurs when Mars is near the perihelion (Ls = 251°, northern winter)
and the minimum pressure is recorded near the aphelion (Ls = 71°, southern winter).

All stable atmospheres require a hydrostatic balance or equilibrium between the upward
directed pressure gradient force and the force of gravity in the downward direction.

dp = −ρgdz (1.1)

Here, z is height, g is acceleration due to gravity on the surface. Further, the neutral
atmospheric gas assumes ideal gas law,
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Figure 1.4: Variation in atmospheric pressure with seasons on Mars, as measured by
Viking Lander 1 (green colors), Viking Lander 2 (gray colors), Mars Pathfinder (black),
Mars Phoenix Lander (purple), and Mars Science Laboratory (red/orange colors). This fig-
ure is: modified from Figure 3 of [1]

P = ρRT (1.2)

where, R = 8.314J/K/mol is universal gas constant. By combining and solving the
above equations, we find that atmospheric pressure decreases exponentially with the in-
crease in height.

p = Poexp(
−z

H
) (1.3)

In the above equation, Po is the pressure at a reference height and H is the scale height of
atmospheric pressure given by,

H =
kT

µg
(1.4)

Here, k = 1.38×10−23J/K is the Boltzmann constant and µ is mean molecular mass of
the atmosphere. The scale height is defined as the vertical distance at which the atmospheric
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pressure (and density) reduces to the 1/eth times of the pressure at the reference altitude
(Po). For Mars, the average value of scale height is 10.8 km which is lesser than that on
the Earth (Table 2). As a result, the rate of decrease in temperature with height, also called
lapse rate, is much slower than that on Earth.

τ = −dT

dz
(1.5)

Table 1.2: Comparison of Atmospheric Properties of Mars and Earth. Source
https://nssdc.gsfc.nasa.gov/planetary/factsheet/Marsfact.html

Property Mars Earth
Surface pressure, (Pa) 600 101350

Pressure scale height (H, km) 10.80 8.00
Mean lapse rate, τ(−K/km) 2.50 6.50

Equilibrium temperature, Te (K) 210 256
Surface temperature (K) 140-300 230-315

The atmospheric composition of Mars differs greatly from that of Earth. The compari-
son of composition of both planetary bodies is shown in Table 1.3. The homogeneous/well
mixed region of Mars atmosphere is composed of carbon dioxide CO2 (95% by volume), ni-
trogen (2.7%), argon (1.6%) and traces of helium, oxygen, carbon monoxide, water vapour,
methane and dust. Whereas, Earth’s atmosphere is composed of nitrogen (N2, 78%), oxy-
gen (O2, 21%), argon (Ar, 0.9%) and traces of other gases. Water vapour content in Martian
atmosphere is only 0.13% by volume, much less than that on Earth. As a result, Mars atmo-
sphere is very dry with very less cloud formation. Unlike the primary species N2 on Earth,
CO2 on Mars is a condensable gas. During polar winter seasons, approximately 25% - 30%
of the atmospheric CO2 condenses out in the form of CO2 ice in the polar regions of Mars
[22, 23]. This leads to huge latitudinal gradients in atmospheric pressure which influences
the large-scale wind circulation in the atmosphere of Mars. The seasonal cycle of CO2 is
further discussed in section 1.5.1

Following the altitude and temperature dependent division of the atmosphere of Earth,
the atmosphere of the Mars is divided into Troposphere, Mesosphere and Thermosphere (as
shown in Figure 5). The troposphere of Mars extends from surface to 60 km, whereas on
Earth it is only 12 km deep. In the troposphere, the atmospheric temperature decreases with
the increase in height. The rate of decrease of temperature in the troposphere is ˜2.5 k/km
on Mars and ˜6.5 K/km on Earth. However, measurements from MGS radio occultation
have shown temperature inversion in troposphere below 10 km [24] which is similar to
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Table 1.3: Comparison of Atmospheric Composition of Mars and Earth. Source
https://nssdc.gsfc.nasa.gov/planetary/factsheet/Marsfact.html

Property Mars Earth
Carbon dioxide 95.32 0.04

Nitrogen 2.70 8.00
Argon 1.60 0.93

Oxygen 0.13 21
Water vapour 0.03 1.96

Earth.

In Earth atmosphere, above troposphere lies the stratosphere wherein temperature in-
crease with altitude. The increase in temperature in this region is due to the large abundance
of atmospheric ozone that absorbs solar UV radiations leaving the region hotter than that
in the troposphere. However, there is no such persistent layer on Mars. This is due to
insufficient amount of ozone present in the atmosphere of Mars.

In Mesosphere temperature becomes nearly isothermal. The rate of decrease in temper-
ature (in mesosphere) is much slower as compared with that in troposphere. This is due to
combined effect of weak EUV heating, increased 15 µm cooling and absence of convective
heating in the Mesosphere. Thus, for Mars, there is a continuous decrease of atmospheric
temperature from surface upto Mesopause (˜100 km). At Mesopause the temperature at-
tains a minimum value of ˜160 – 180 K. Mesopause act as an inflection boundary where
slope of temperature profile becomes positive. Above Mesopause lies the Thermosphere of
Mars.

The Thermosphere of Mars extends roughly from ˜100 - ˜200 km, and in this layer the
temperature rapidly increases with increase in altitude. This is primarily due to the absorp-
tion of Extreme Ultraviolet (EUV) and UV radiations. In addition, dynamical processes
such as gravity waves and global circulation have been found to have significant heating
and cooling effect in the region [25, 26, 27, 5, 28]. Further, short term events such as solar
flair and dust storms further complicate the heat budget of the region [29, 30, 31, 32]. A
detailed discussion of the heat budget is given in section 1.6. The complexity of the ther-
mal balance in thermosphere coupled with its strong dependence on solar activity leads
to strong seasonal, latitudinal and local time variabilities. In addition, the atmosphere of
Mars is divided into dynamics-based regions; lower atmosphere (0-50 km), middle atmo-
sphere (50 – 100 km) and upper atmosphere (100-200 km). The upper atmosphere mostly
comprises the thermosphere of Mars. Thermosphere of Mars is the hottest layer of the
atmosphere.
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Figure 1.5 also reveals the significant role of dust events or dust storms on Mars. During
dust storms, a huge amount of dust gets lofted up by the winds in the atmosphere of Mars.
The levitated dust particles absorb heat and alter atmospheric parameters like temperature
and pressure. Although, the occurrence of dust events is common to Mars as well as Earth,
the occurrence of dust storms on global scale, also known as Global Dust Events (GDE)
is unique to Mars. The absorption of heat by dust particles during a planetary scale dust
event can cause enhancement in atmospheric temperature as much as by ˜40 K, as shown in
Figure 1.5 (dashed curves). Martian dust storms and related dynamics are further discussed
in Section 1.5.2.

Figure 1.5: A comparison of the vertical structure of the atmosphere of Mars and Earth
from [2]

The atmosphere of Mars can also be divided on the basis of its composition boundary,
known as homopause. Homopause, in general is defined as a transition boundary between
a well-mixed atmosphere to a diffusively separated region of a planetary body. Below
homopause, the atmospheric constituents are homogeneously mixed by atmospheric turbu-
lence (eddies). At homopause, molecular diffusion becomes dominant process over eddy
diffusion. The region above homopause is known as heterosphere. In the heterosphere, the
atmospheric constituents stratify according to their masses and scale heights [4, 33]. Heav-
ier species such as CO2 and Ar are more abundant near homopause and the lighter species
such as O and He are dominant at higher altitudes.

Several other boundaries can be identified for the atmospheric region above homopause
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based on photo chemistry. These boundaries are related to the Martian ionosphere. How-
ever, the work in this thesis focuses on the neutral upper atmosphere (>100 Km) comprising
of thermosphere and exosphere of Mars. Thus, the ionosphere of Mars is not dealt with in
detail.

1.4 Dynamics

1.4.1 Gravity Waves

Gravity Waves (GWs) are periodic disturbances in the vertical motion of atmospheric den-
sity. As the lower atmosphere (below tropopause) is turbulent in nature, and the atmosphere
above it is relatively stable and stratified, GWs originate in lower part of the atmosphere
and transport energy and momentum to the upper atmosphere. The vertical disturbances
such as temperature and pressure gradient forces on the vertical motion of air parcels pro-
duce the gravity wave oscillations in the middle atmosphere [34] and upper atmosphere
[35]. These oscillations are maintained by gravitational and buoyancy forces, that propa-
gate through the atmosphere and are now well characterized on Mars. As the atmospheric
density decreases with height, the amplitude of gravity wave increases with height to con-
serve energy. At a critical frequency, the oscillatory motion breaks and GWs quickly lose
their kinetic energy and momentum. The critical frequency at which gravity wave breaking
occurs in known as Brunt Vaisala frequency (N, given by equation 1.6) and is a function of
environmental (dTo

dz
) and adiabatic lapse rate ( g

Cp
). The environmental lapse rate is defined

as the rate of change of atmospheric temperature (To) with an increase in altitude (z). Adi-
abatic lapse rate, given by τ = − g

Cp
, is the change in temperature of an air parcel when it

moves vertically and adiabatically due to pressure gradient in the atmosphere.

N = (
g

To

[
dTo

dz
+

g

Cp

])1/2 (1.6)

Here, g is the acceleration due to gravity and Cp is the specific heat at constant pressure.

Gravity waves in lower atmosphere can be excited by several sources that include flow
over surface topography or atmospheric convection [36, 37, 38], front systems, and jet
streams [34]. Whereas, in the upper atmosphere, vertically propagating atmospheric tides
have been found to create fluctuations in the atmospheric density [39]. Rougher topogra-
phy, thinner atmosphere and more volatile weather system of Mars as compared with those
on Earth leads to larger amplitudes of Martian GWs than those in the thermosphere of Earth

11



[40, 41]. The GW dissipates energy through several dissipative processes such as molec-
ular viscosity, thermal conduction, eddy diffusion, fast chemical reactions, ion drag, and
radiative processes [41, 42, 25, 43]. The dissipated energy is absorbed by the atmosphere,
which then produces heating and cooling in the middle and upper atmosphere [25, 44].
Thus, gravity waves are crucial to understand the spatial and temporal variability of the
thermosphere of Mars.

The vertical wavelength of the gravity waves is of the order of few kilometers. Whereas,
the horizontal wavelength ranges from few km to several hundreds of kilometers. Gravity
wave undulations with a time period of a few days to weeks and a spatial scale of the order
of 103 km are termed as Planetary Waves (PWs) [45, 46, 47, 48, 49]. Planetary waves
are inertial waves that occur naturally due to planetary rotation and subsequent influence
of Coriolis and pressure gradient forces. GWs perturbations generated in the atmosphere
above the terminator regions are known as Terminator Waves (TWs). Terminator Waves
originate in the lower atmosphere as a consequence of sudden heating due to night-to-day
transition in dawn terminator and cooling due to day-to-night transition in dusk terminator
[50]. The vertical wavelength of the TWs is of the order of few tens of kilometers [51, 52,
53]. Atmospheric tides are generated due to diurnal differential heating of the atmosphere
by the sun. Tides on Mars are in general triggered by the interaction of atmosphere with
topography of a planet [54, 37]. More recently, studies have found that the atmospheric
tides are closely tied to atmospheric dust loading [55] and water ice aerosol loading [56,
57, 58]. In addition, solar driven atmospheric tides are now well established for middle
atmosphere (˜50 km -70 km) and upper atmosphere (˜70 km – 110 km) [59, 60, 61]. The
time period of atmospheric tides is subharmonic of a solar or lunar day. Similar to GWs,
tides also propagate in vertical direction such that their amplitude grows with height. The
vertical wavelength of tides varies from 10 to 102 km [60, 46].

On Earth, several studies have pointed out the importance of gravity waves of lower
atmospheric origin in terms of their influence on the circulation of thermospheric region
[62, 62, 44]. Similarly, on Mars, gravity waves have been observed to greatly influence
the state of the thermosphere. Vertically propagating gravity waves, have been found to
alter the thermal [25, 35] and dynamical state [42] of the thermosphere of Mars. These
variations play a crucial role in shaping the spatial and temporal state of the thermosphere,
as will be discussed in the following chapters.
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1.4.2 Circulation

In a planetary system, the principal source of large-scale atmospheric circulation is the dif-
ferential heating by solar radiation. The corresponding latitudinal and longitudinal pressure
gradients result in the propagation of winds from high pressure to low pressure regions of
the atmosphere. Our scientific understanding of atmospheric circulation on Mars is second
only to that of Earth. There are remarkable similarities as well as significant differences
between circulations on Earth and Mars. Absence of large water bodies such as lakes and
oceans on Mars results in very low thermal inertia on Mars. In addition, extreme seasons
on Mars generate stronger seasonal variations in the atmospheric circulation as compared
to the seasonal variations in Earth’s wind fields [63, 11, 64].

During equinoxial seasons i.e., Ls = 0° and Ls = 180°, the equatorial latitudes receive
more solar flux than the polar regions of Mars. As a result, an air parcel over the equatorial
latitudes rises from middle atmosphere to high altitudes. The air parcel then tends to move
towards the polar regions of both the hemispheres of Mars. Air parcels thus accumulate or
converge near the poles. The adiabatic compression associated with such convergence of
winds in the polar regions leads to sudden heating in the polar regions of Mars [5]. These
winds return back to the equatorial region and form a pair of meridional wind cells (known
as Hadley cells) in the northern as well as southern hemisphere of Mars. The polar warming
feature above 20 km implies the presence of a two-cell circulation. While the formation of
Hadley cells is symmetric over latitudes during equinoctial seasons, it is stronger over the
summer latitudes during solstice seasons [63, 11]

During solstice seasons i.e., Ls = 90° and Ls = 270°, the region of divergence of air
parcel shifts from equator towards the high latitudes of summer hemisphere. The air parcel
rises towards the high altitudes, crosses over the equatorial region and converges in the win-
ter polar regions of Mars, thus resulting in one of the Hadley cells spanning more than 90
degrees in latitude. During Ls = 270°, southern hemisphere of Mars experiences summer
season and the meridional wind flows northern poleward. Since it is the perihelion time
for Mars, the southern hemisphere becomes much hotter than the northern hemisphere.
This leads to an enhancement in pressure and temperature gradients between the two hemi-
spheres. As a consequence, Mars observes the stronger mean meridional circulation in
southern hemisphere as compared to the northern hemisphere, during Ls = 270° [2].

Coriolis effect is another important factor that influences the atmospheric circulation on
Mars. This effect is related to the rotational motion of the red planet or for that matter any
rotating object. If Mars did not rotate, the atmospheric winds would have a straight path.
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The meridional winds (parallel to longitudes) would only flow from northern summer to
southern winter. The zonal winds (parallel to latitudes), that are generated due to day-night
difference in solar heating would flow from day to night regions of Mars. However, due to
coriolis effect the winds in northern hemisphere, with the increase in altitude and towards
the polar regions would get deflected slightly towards the evening terminator region and the
winds in the southern hemisphere would get diverted towards the dawn terminator. Thus,
instead of following a straight path, winds follow a curved trajectory. As a consequence,
there is an additional zonal wind component in day-night-day direction. For example, dur-
ing Ls = 90° southern hemisphere is in winter season and northern hemisphere is in summer
season. The large-scale circulations in the thermosphere and their seasonal variability are
the major source of local time, latitudinal and seasonal variations in distribution of thermo-
spheric constituents.

1.5 Seasonal Cycles

The important seasonal cycles in the atmosphere of Mars that play a key role in determining
its present atmospheric state are CO2 cycle, dust and H2O cycle. However the only dust
and CO2 cycle have significant effect on the variabilities discussed in this thesis. In the
following sections, we discuss these two cycles.

1.5.1 CO2 cycle

CO2 cycle on Mars is a process in which carbon dioxide is exchanged between dry ice on
the surface, particularly in polar regions and the atmosphere. Along the course of the Mar-
tian year, as the season changes, the atmospheric CO2 condenses and sublimates over the
polar regions of Mars [65, 19] (Figure 1.6). The seasonal CO2 cycle is a direct consequence
of the seasonal variation in the surface temperatures on Mars. During the winter seasons at
the polar regions, the surface temperatures are as low as ˜140 K, which is lower than frost
point of CO2 present in the atmosphere of Mars. This means that the atmosphere is cold
enough to convert the atmospheric CO2 gas directly into CO2-ice (Condensation). Thus,
a significant amount of CO2 is removed from the atmosphere and get deposited onto the
surface in the form a thin layer of CO2-ice. Approximately 25%–30% of the atmospheric
mass (and therefore atmospheric pressure) is cycled as the seasonal polar caps grow and
disappear annually [22, 23]. This process is responsible for the large seasonal variation in
surface pressure observed on Mars (Figure 1.4).
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Figure 1.6: Images of the CO2 ice Cap in the Northern Polar region, captured by the
Hubble Space Tele scope. This Figure shows sublimation of CO2 Ice as the season changes
from winter (far left) to northern spring (far right). Image credit: Phil James, Todd Clancy,
Steve Lee, and NASA (http://hubblesite.org/gallery/album/entire/pr1997015b/)

As 95% of the Mars atmosphere is made up of CO2, the condensation and sublimation
processes lead to seasonal, latitudinal and local time variability of the relative composition
of other atmospheric non-condensable gases (Ar, N2, CO, and etc.) in the lower atmo-
sphere [66] as well as in upper atmosphere of Mars [67]. During polar winter season, when
atmospheric CO2 condenses onto the surface, the atmosphere becomes more enriched with
non-condensable gases relative of CO2. [68, 69] reported 1.5 – 6 times enhancement in Ar
column abundance over the seasonal polar caps of Mars. When spring and summer sea-
sons arrive, the temperature rises above the frost point, CO2 sublimates off the ice caps and
replenish the atmosphere. While the atmospheric CO2 goes through growth and retrieval
process, background atmosphere simultaneously tries to restore its equilibrium state. As a
result, it drives large-scale meridional and zonal winds in the atmosphere of Mars [21, 70].

The climatology of Mars is also indirectly influenced by such important atmospheric
cycles as H2O cycle and dust cycle which can alter the seasonal cycle of CO2 [71]. Sub-
surface CO2-ice can store heat in summer season and can reduce the rate of accumulation
of CO2 on the surface during winter season [72, 73, 74]. Further, dust can influence the
sublimation rate of CO2-ice as it can change the emissivity and albedo of CO2-ice by acting
as condensation nuclei. Surface topography can further affect the CO2 cycle by varying the
amount of CO2 deposition in the polar regions [71]. Thus, CO2-cycle is a key driver of the
Martian climate.
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1.5.2 Dust cycle

The presence of suspended dust in the lower atmosphere is common to both Earth and
Mars [75]. However, the phenomenon of dust storms, that results due to strong winds
and dry and arid surface, is relatively more intense on Mars. The Martian dust storms
can vary from local to regional and global on spatial scales. In addition, dust devils [76],
dust cells [77], dust clouds [78], and dust plumes [79] are other types of dust activity that
have been observed on Mars. The particulate matter that gets lifted up in the atmosphere
usually has radius ranging from 0.9 µm to 1.9 µm in size [80, 81]. The airborne dust
absorbs solar radiations and re-emits at the Infrared (9 µm) wavelength [82]. This results
in significant heating of the Mars’ lower atmosphere [83, 42, 84]. Dust aerosols have been
observed to extend to high altitudes (above 60 km) in Mariner 9 [85], Viking [86], MGS [87,
78], and MRO limb measurements [88], associated with the 1971, 1977, 2001, and 2007
planet-encircling dust events, respectively. Although the airborne dust can extend up to ˜60
km, the thermal expansion of the lower atmosphere significantly influences the thermal,
compositional and dynamical state of the upper atmosphere as well [89, 32, 90, 91, 31].
In addition, dust storms have been observed to have significant effect on the atmospheric
escape rates as well [92, 93].

Dust loading in the atmosphere has been observed to occur repeatedly in each Mar-
tian year, with significant annual variability in the dust abundance. Although year-to-year
variability exists at specific seasons, some aspects of the behavior of dust repeat from one
year to the next. The total atmospheric dust loading is generally characterized by low lev-
els during northern hemisphere spring and summer, and increased levels during northern
hemisphere autumn and winter [82, 94, 95]. Such periodic occurrence of dust loading is
known as dust cycle. Ls = 0° – 135° is the season of low-level dust loading (also referred
as non-dusty season) in which the atmosphere is essentially clear and constitutes few dust
particulates with respect to background atmosphere. It is notable that no large regional or
global dust storms have been recorded during these seasons [96, 97, 98, 99, 82, 95, 100]. Ls
= 135° – 360°, on the other hand, is season of high dust loading. During Ls = 135° – 360°,
Mars is closest to sun (perihelion), during which time it experiences summer season with
in its southern hemisphere. The combination of southern summer season at perihelion time
leads to the heavy dust loading in the atmosphere and formation of regional or global dust
storms. Local, regional and global dust storms with a variety of timings and sizes are ob-
served [82, 95, 101]. However, regional dust storms are more common than the global dust
storms. While, all the dust storms have been observed to originate in southern hemisphere,
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they can vary year-to-year in terms of latitude, timing and duration. In addition, local dust
storms or dust devils are also very common on Mars. They are swirling columns of winds
that leaves giant tracks that are more than 30m wide and ˜4km long. The largest dust devils
can reach up to height of ˜8 km and significantly contribute to the dust suspension in the
atmosphere.

Global dust storm is a dynamical meteorological phenomenon on Mars during which
whole planet gets engulfed in dust particles, thus earning them the name Planet Encircling
Dust Event (PEDE) [96, 97, 102, 103, 104]. One PEDE can cover an area thousands of
kilometers wide, spreading over most of the latitudes of Mars. The storms can be very
massive with denser dust clouds and can reach the altitudes (as high as 80km) higher than
the normal background dust. These storms are so strong that they can have profound ef-
fect on the atmospheric composition and circulation. They can act as space elevators by
increasing the transport of atmospheric species through the atmosphere leading to their es-
cape. Hence, the Global Dust Storms play a vital role in the environmental evolution of
Mars.

1.6 Thermosphere of Mars

‘Thermosphere’, derived from the Greek word ‘Thermos’, which means heat, is the third
atmospheric layer from the surface of Mars. It is the first layer which is exposed to the
solar radiations, and consequently the first one to get heated up by the sun. It is the hottest
layer of the Martian atmosphere. The interaction of atmospheric constituents with Ul-
traviolet (UV) and Extreme Ultraviolet (EUV) causes photoionization of the atmospheric
molecules. Thus, it constitutes a major part of the ionosphere of Mars. It is a transition
region from a well-mixed atmosphere to the region where the atmospheric gases are diffu-
sively separated. This means, at the thermospheric altitudes, the atmospheric constituents
are separated according to their molecular masses and scale heights (temperatures). Ther-
mosphere of Mars starts from the top of the mesosphere which is nearly ˜100 km (known
as mesopause) and extends up to the base of exosphere (referred to as exobase). Like
mesopause, the altitude of exobase does not have a well-defined boundary but varies with
seasons, local time and latitude in the range of ˜160 to ˜220 km [105]. The thermosphere of
Mars can be characterized by two main quantities; thermal structure and the composition
of the gases that makes up the thermosphere.
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1.6.1 Thermal structure

Several observations have added to our knowledge of the thermal structure of thermosphere.
This has allowed for validation of many atmospheric models and cross-calibration between
instruments and techniques. The thermal structure of Mars thermosphere is similar to that
of Earth, yet, is different in several ways. The temperature profile for 100 km-260 km
from the surface (comprising of thermosphere and exosphere) is shown in Figure 1.7 (left
panel). The temperature profiles are derived using Ar (blue) and N2 (green) measurements
from NGIMS using equation (3) and (4). The exponential increase in the temperature
with height, up to approximately ˜170 km, is essentially due to the absorption of solar
radiation. However, the atmosphere becomes isothermal above exobase altitude (˜200 km).
This mean, in the exospheric region, the temperature variation ceases to change with respect
to change in height. The mean exospheric temperature as observed by NGIMS is ˜268 K.
The observed temperatures are also validated using Mars Global Ionosphere Thermosphere
Model (M-GITM) (red dots) simulations, which gives approximate exospheric temperature
as 257 K [4].

1.6.2 Vertical structure

Since the touch down of Viking lander(s) mission, the compositional structure of the up-
per atmosphere of Mars is well established by several spacecraft missions [106, 107, 7,
108, 109, 110]. Measurements from these missions revealed that the atmosphere of Mars
constitutes several molecular and atomic species.CO2 is the dominant one, O, O2, Ar, N2,
CO, NO, C, He and N are the other important neutral species. The vertical structure of
atmospheric abundance, shown in Figure 1.7 (right panel), show a smooth decrease in den-
sities with increase in altitude. Molecular diffusion allows sorting of atmospheric species
in such a way that molecular species, due to heavy masses and smaller scale heights, pop-
ulate the lower altitudes of the upper atmosphere. The atomic neutrals owing to their light
masses and larger scale heights, dominate at higher altitudes. Among all the atomic neu-
trals present in the upper atmosphere of Mars, atomic O becomes the dominant neutral
species above somewhere between 180 km and 270 km [3].

Noble gases (e.g., Ar and He) are the minor species in the thermosphere of Mars. De-
spite that, the inert nature of these species allows them to remain in atmosphere without
interacting with the other species chemically. Helium, owing to its light mass gets easily
carried by the winds. Thus, He density can be used to trace the large-scale circulation in
the atmosphere of Mars. In addition, Argon does not condense at Mars surface and at-
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Figure 1.7: (left) Temperature profiles of Mars upper atmosphere using Ar (blue), N2

(green) measurements from NGIM and modeled using M-GITM simulations (Red) [3].
(Right) Density profiles of atmospheric neutrals as observed by NGIMS [4]

mospheric temperatures [69] Thus, non-reactive species are the most suitable atmospheric
constituents to study the spatial and temporal variabilities in the Martian thermosphere. In
addition, species such as CO and N2 can sustain in the atmosphere for longer time due to
their longer lifetime. Therefore, these species can also help in characterizing the short-term
and long-term variabilities in the Martian thermosphere. Thus, the present study is carried
out using densities of such gases as Ar, He and N2, to bring out thermospheric spatial and
temporal variabilities clearly.

1.6.3 Thermospheric variabilities

Thermosphere of Mars is a very complex region as it is coupled to the atmospheric regions
above and below it. Thermosphere regulates its thermal structure by balancing the incom-
ing and outgoing solar flux through redistribution of heat through several processes. The
primary source of heating of the thermosphere of Mars is the absorption of solar EUV radi-
ations (10 nm-121nm). Since the EUV intensity varies based on local time and solar cycle,
the atmospheric thermal structure at the altitude range of 100– 200 km, is closely governed
by local time and solar cycle [5]. In addition to this, precipitating particles from the solar
wind and solar transient events also produce heating and ionization in the thermosphere of
Mars. e.g., [111, 112, 113, 114, 115, 116, 117, 118].

The wavy nature in the densities of CO2, Ar, and He, observed near periapsis
[4, 119, 120], is attributed to gravity waves. Gravity waves, thermal tides and planetary
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Figure 1.8: Latitude versus Longitude/local time variation of a) Temperature, b) Zonal
Winds, c) [O] and d) [CO2], at 200km, for Ls = 180 [5]

waves originate in the lower and middle atmosphere, propagate towards the upper atmo-
sphere where they deposit energy and momentum at high altitudes causing variations in
the structure of the thermosphere [25, 26, 27]. Further, seasonal inflation and contraction
[5, 119, 41, 27, 121, 122, 4, 123, 124, 120, 26] lead to the spatial and temporal varia-
tions in the thermospheric temperature, composition and circulation as observed e.g., [125]
and modeled by global circulation models such as MGITM and LMD-GCM (Figure 1.8),
[5, 28]. Occasional heating of the thermosphere by solar flares [29] further complicates the
temporal and seasonal variability of the Mars thermosphere.

While dynamical processes have been observed to bring considerable changes to the
structure of the thermosphere, dynamical events such as dust storms, occurring in the
lower atmosphere, significantly affects the densities and temperatures of the thermosphere
[126, 30, 31, 32, 49, 89, 127, 128]. The coupling between the lower atmosphere and ther-
mosphere takes place primarily through the radiative heating of the dust aerosols. The re-
sulting heating and expansion of the Mars atmosphere and subsequent modifications to at-
mospheric circulation drive the changes in the upper atmosphere e.g., [126, 30, 28, 31, 32].
Although the upper atmospheric changes are observed during all dust storms (section
1.5.2), they are more prominent during planet-encircling dust events (PEDEs) such as the
one which occurred in 2018 (PEDE-2018, [31, 32]).

The densities of the Heavy species such as CO2 and Ar exhibit a general solar zenith
angle (SZA) dependent trend, i.e. densities decrease with the increase in SZA [4]. Ther-
mospheric scale heights and temperatures of heavy species have been observed to reach
a maximum near perihelion and a minimum near aphelion and show a strong dependence
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on long-term changes in the solar flux. On shorter time scales however, local factors such
as waves are found to influence the variability. [125] observed strong diurnal variations
in the upper atmospheric CO2 densities and temperatures. They observed that the day-
time thermospheric temperatures are maximum and reaches a minimum at the night side of
Mars. In addition, [129] reported a temperature enhancement near the dusk terminator in
the equatorial and midlatitude region. This enhancement was found to be consistent with
the post-dusk dynamical features modeled and discussed by [130, 5]. While the distribution
of Heavy species is mostly controlled by the processes that result in dynamical heating and
cooling in the thermosphere of Mars, lighter species such as O and He have been observed
to exhibit a peculiar behavior compared to the heavy species.

Lighter species such as O and He, owing to the small their masses, get easily carried
away by the large-scale winds and get accumulated in the regions of wind convergence.
In case of helium, these accumulations are referred to as ‘Helium Bulges’, at the thermo-
spheric altitudes of Mars. The solar zenith angle (SZA) trend of the He densities show an
opposite variation as compared to that of the heavy species, such that densities are found
to be enhanced in the night time regions of Mars thermosphere [131, 4]. Seasonal varia-
tions in the zonal wind circulation [5] triggers corresponding seasonal variations in the He
densities, so much so that the He abundances in the winter polar region are 1–2 orders of
magnitude higher than those in the summer polar region. Existence of such a winter bulge
has been reported for Earth [132, 133, 134, 135, 136, 137] and Venus [138, 139, 140].
Using the He measurements by the Neutral Gas and Ion Mass Spectrometer (NGIMS) on-
board MAVEN, [131] reported the existence of the He bulges in the winter polar nightside
of Mars. They found that the He abundance in the northern polar winter nightside is twice
that on the northern polar summer nightside. The nightside enhancements in density are
a factor of 10–20 larger than the dayside depreciations. These initial observations were
found to agree preliminarily with the MGITM modeling results [131]

Homopause altitude is an atmospheric boundary that separates a well-mixed atmo-
sphere from a diffusively separated region. Above homopause the mixing ratio of lighter
species in general increases with the increase in altitude [4, 33]. The spatial and temporal
variations in homopause altitude [105, 141, 67] affects the relative composition of thermo-
spheric region lying above it. In addition, [142, 143, 105, 144, 145] also calculated total
atmospheric loss from the isotopic record using the fractionation between the homopause
and the exobase. The spatial and temporal variations at 140 km, in the N2/CO2 mixing
ratio, have been found to be related to the variation in homopause altitude during day time
[67].
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1.7 Motivation for this Thesis

As described in the previous sections, the thermosphere of Mars is a very complicated
region due to its coupled interaction with forcings from the top as well as the bottom of the
region. Not only that, this region finds its importance due to its critical role in the escape
of atmosphere to space also [146]. It is a region, where atmospheric constituents can gain
sufficient energy, travel to exosphere and ultimately get lost to the space. The energy and
momentum deposition by several processes not only act as the catalysts to the escaping
processes but also cause spatial and temporal variations in thermospheric composition and
temperature. Thus, it is very important to study the spatial and temporal variabilities in the
Martian thermosphere.

The thermal and compositional structure of the Martian thermosphere and its variabil-
ity have been investigated using several remote sensing techniques such as stellar occulta-
tion observations from UV SPICAM onboard Mars Express [147, 148] and IUVS onboard
MAVEN [149, 150]; solar occultation observations, during solar flare events, from X-ray
radiometer RF -15 aboard Phobos 2 [151]; dayglow observations from UV spectrometers
onboard Mariner 6,7 and 9 [152, 153]; radio occultation measurements from Mariner 4,6, 7
and 9; Mars 2,3,4 and 6 and Viking(s) orbiter [154, 155, 156, 157, 158]. In addition, Radio
occultation experiment aboard MGS, MARSIS aboard MEX have also given valuable in-
formation about thermosphere of Mars [159]. However, vertical profiles of thermospheric
temperature and densities that are derived using aforementioned techniques are either ex-
tended only upto lower thermospheric region of Mars (˜130 km) or have very less altitude
resolution.

Mars thermosphere have also been investigated during descent of several spacecrafts
(using the accelerometers onboard) such as Viking lander 1 and 2 [160, 161, 162, 163, 164];
the Mars Pathfinder [165, 166]. In addition, Mars Pathfinder’s atomic structure instrument
[167], during its descent to surface, also provided thermospheric densities and tempera-
tures [164]. Information about the thermospheric environment using accelerometer mea-
surements during the aerobraking phase of MGS, ODY, MRO helped to further our under-
standing of the complex region [168, 49, 169, 164]. Data from these missions have also
helped in developing atmospheric models and improving the aerobraking operations for
other missions [170, 171, 172, 173]. In addition, the Phoenix lander [174] and Mars rover
missions such as Spirit and Opportunity, Beagle 2, and MSL, have also played prominent
roles in understanding the thermosphere of Mars [175, 176, 177, 178, 179]. However, the
results from these studies are either limited to a maximum altitude of ˜120 km or have high
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uncertainty at high altitudes.

Measurements from the mass spectrometers onboard Viking landers were the only di-
rect measurements of the atmospheric composition that existed for nearly four decades until
MAVEN and MOM reached Mars. Viking’s measurements provided only two altitude pro-
files of atmospheric composition and temperature, upto an altitude of 200 km [180, 106].
This essentially implies that for a long period of time, we had no information about how
thermospheric composition and temperature varies with solar cycle, seasons and local time.
Moreover, the thermospheric variabilities that are discussed in section 1.6.3 do not give a
comprehensive view of the spatial and temporal variations in the thermosphere of Mars.
Thus, Martian atmospheric variability above an altitude of 100 km remained notoriously
understudied.

MAVEN arrived at Mars in September, 2014 [6]. The instruments onboard started
useful science operations in early-2015. Since then, there has been a rapid expansion in
the knowledge base on the thermosphere region of Mars. In addition, MOM, which was
inserted into orbit around Mars in September, 2013 [181], also aims to characterise the
upper atmosphere of Mars. In the past 5 years, mass spectrometers NGIMS/MAVEN and
MENCA/MOM have provided density and temperature profiles of important atmospheric
species (chapter 2) that covers different seasons and regions of Mars above (>100 km) and
throughout the Martian years. This extensive coverage provides an exciting opportunity to
explore the long and short-term variability of the thermosphere of Mars. In addition, it will
be very interesting to see time-correlated measurements for different regions of Mars using
multi-spacecrafts measurements.

1.8 Outline of This Dessertation

The objective of this thesis is to study the spatial and temporal variations in the thermo-
sphere of Mars.In Chapter 2, we describe all the instruments and models we used to cary
out this research work. All the data used in this dessertation is also discussed in chapter 2.
In Chapter 3 we study the local time variations in Ar density in the upper atmosphere of
Mars using measurements from NGIMS. This study is done for an altitude region of 160
km – 200 km. In addition, we have investigated latitudinal and seasonal variations in the
Ar density and the annual variability in the Ar densities by correlating with the solar F10.7
cm flux. In Chapter 4 we remove the possible contribution of seasonal bias to the local time
variations, observed in chapter 2, by using simultaneous measurements from MAVEN and
MENCA. In addition, we also study the effect on PEDE-2018 on the observed variabilities.
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In Chapter 5 we investigate the latitudinal and local time variations in He densities in the
thermosphere of Mars. In addition, we also compare the observed densities and horizontal
winds with MGITM model simulations of He densities and zonal winds. In Chapter 6 we
study the local time, seasonal and latitudinal variabilities in the mixing ratios of important
neutrals in the Martian thermosphere, and also investigate the response of mixing ratios to
the PEDE-2018. Finally, in chapter 7 we summarize the uniqueness of this research and
suggest directions for the future work in these areas.
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Chapter 2

Instruments, Data and Methodology

2.1 Introduction

Historically, Mars has been studied using ground based telescopes from Earth, several flyby
and orbiter missions from outer space, and by landers and rovers on its own surface. At
the time of writing this thesis, there are three robotic Mars rovers, one lander and seven
orbiters that are investigating the surface and atmosphere of Mars. The present thesis uses
data from two recent spacecraft that have been measuring the Mars neutral and space envi-
ronment viz., NASA’s MAVEN and ISRO’s MOM spacecraft. As mentioned in section 1.6,
prior to the arrival of these two missions, the available measurements of the Mars upper at-
mosphere were very limited and hence, the thermosphere of Mars remained under-studied.
However, after the arrival of these spacecrafts at Mars, there has been significant increase
in the available data on a global scale, which helped planetary science community in re-
vealing interesting facts about the Mars upper atmosphere, particularly the thermosphere.
Thus, MAVEN and MOM are among the most influential Mars exploration missions that
helped in understanding the structure and composition of the Martian thermosphere; its
interaction with lower atmosphere, exosphere and solar radiations and, its short- and long-
term variabilities.

The work presented in this thesis is based on measurements from two mass spectrom-
eters, namely NGIMS and MENCA onboard the MAVEN and MOM spacecraft, respec-
tively. Mass spectrometry is a technique that provides the concentration of neutral and ion
species as a function of their respective masses. In most of the mass spectrometers, at first
the species (if neutral) are ionized in an ionization chamber. These ions are then focussed
into a separation region, where they are separated according their charge and mass. The
ions can be separated using electric or magnetic fields. The most common mass spectrom-
etry techniques are Time-of-Flight mass spectrometry, Quadrupole mass spectrometry and
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Ion-Trap mass spectrometry. Both NGIMS and MENCA are Quadrupole Mass Spectrome-
ters. In quadrupole mass spectrometers, ions extracted from the ionizer region are directed
along the axis of a set of four parallel rods, precisely separated and aligned, to produce a
nearly perfect hyperbolic field. With just the right combination of radio frequency (RF)
potential and direct current (DC) potential, an ion, with just the right mass to charge ratio
(m/q), will be directed through the rods to an ion collector (usually a Channel Electron
Multiplier or a Faraday Cup). All other mass to charge ratios will be rejected long before
the ion is collected. By carefully scanning the RF and DC potentials, a mass spectrum, con-
sisting of a number of ion current peaks, may be generated, where species are separated by
passing them through an alternating electric field region. A representative block diagram
of a mass spectrometer and a sample mass spectrum is shown in Figure 2.1

Figure 2.1: Schematic block diagram of a mass spectrometer (top) and a sample mass
spectrum (bottom) generated during lab calibrations of MENCA

The organization of this chapter is as follows: section 2.2 presents the details about
the MAVEN and MOM missions, the NGIMS and MENCA mass spectrometers that are
used to carry out the research of this thesis are discussed in section 2.3. Measurements
(datasets) from these two mass spectrometers are described in section 2.4. Sections 2.5
and 2.6 present the methodology of deriving the final data products such as densities, scale
heights (temperatures), and homopause altitudes from the initial products of NGIMS and
MENCA, respectively. Finally, section 2.7 presents a description of the university of Michi-
gan M-GITM model that is used to compare with the spacecraft measurements. The aux-
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iliary datasets that aid the interpretation of the mass spectrometer results are discussed in
section 2.8.

2.2 Mars Missions

2.2.1 MAVEN

NASA’s Mars exploration spacecraft MAVEN was launched on 18th November, 2013 and
entered the orbit around Mars on 22nd September, 2014 [6]. The primary goal of the mis-
sion is to explore the upper atmosphere of Mars and to investigate its interactions with the
solar wind and radiation so as to understand the processes that led to the loss of atmospheric
volatiles to space. To achieve its goals, MAVEN mission is designed in such a way that
it measures the entire Mars space environment, right from the upstream solar wind region
to the thermosphere. In each orbit, the suite of instruments on MAVEN measure densities
of various neutral and ion species, energetic electrons and ions, densities and temperatures
of thermal electrons, and electric and magnetic fields. All these, along with the outputs
of GCMs, are helpful to quantify the escape rates of the Mars volatiles to outer space.
Thus, the ultimate goal of MAVEN is to get an insight into the history of Mars climate and
atmosphere, liquid water, and its habitability.

Figure 2.2: Location of Instruments on the MAVEN Spacecraft and Articulated Payload
Platform (APP) [6]

To meet its science goals, MAVEN is housed with a set of nine instruments (Figure 2.2)
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that are grouped into three science packages: Particles and Fields Package, Remote Sens-
ing Package and the Mass Spectrometry Unit (Table 2.1). The Particles and Fields Package
includes the Solar Wind Electron Analyzer (SWEA) [182], the Solar Wind Ion Analyzer
(SWIA) [183], Solar Energetic Particles (SEP) [184], Suprathermal and Thermal Ion Com-
position Analyser (STATIC) [185], Langmuir Probe and Waves (LPW) [186], the Extreme
Ultraviolet (EUV) Monitor [187] and Magnetometer (MAG) [188]; Remote Sensing and
Mass Spectrometer packages includes Imaging Ultraviolet Spectrograph (IUVS) [108] and
NGIMS [7], respectively. While each these instruments are designed to measure atmo-
spheric abundances of specific energy and at certain region of altitudes, MAG provides
information about the direction and magnitude of the background and crustal magnetic
fields and EUV measures the solar irradiance at three wavelength bands. Among the nine
sensors that housed on a three-axis stabilized spacecraft, three sensors: IUVS, NGIMS
and STATIC, are mounted on the Articulated Payload Platform (APP) (as shown in Figure
2.2). This allows them to look in any direction independent of the orientation of the space-
craft (RAM). In addition, Radio Occultation Science Experiment (ROSE) [189] onboard
MAVEN can provide the electron density profiles of Mars ionosphere for the altitude re-
gion of 100 – 500 km. However, the present thesis uses the neutral density measurements
from NGIMS to characterize the thermosphere of Mars.

Table 2.1: Packages and instruments onboard MAVEN

Package name Instrument name
Particles and Fields Package Solar Wind Electron Analyzer (SWEA)

Solar Wind Ion Analyzer (SWIA)
Solar Energetic Particle instrument (SEP)

Suprathermal and Thermal Ion Composition instrument
(STATIC)

Langmuir Probe and Waves (LPW)
Magnetometer (MAG)

Remote Sensing Package Imaging Ultraviolet Spectrometer (IUVS)
Mass Spectrometry instrument Neutral Gas and Ion Mass Spectrometer (NGIMS)

MAVEN orbits Mars in an elliptical orbit which is inclined at 75° [6]. The periapsis of
the MAVEN spacecraft was at an altitude of ˜150 km and apoapsis at 6,220 km. However, in
February, 2019, MAVEN’s orbit was changed by performing aerobraking and the apoapsis
altitude of MAVEN’s spacecraft was lowered to an altitude of ˜4,400 km and periapsis
altitude below 132 km. In addition, some targeted campaigns (deep-dip, wind campaign,
and etc) are performed. During these campaigns the periapsis altitude can be as low as ˜120
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km and apoapsis altitude can be as high as ˜1200 km [3, 190]. The average time taken by
MAVEN to complete one orbit around Mars is ˜4.5 hr and it orbits around Mars for more
than five times in one Martian day (sol). The apoapsis altitude, orbital period, and orbital
inclination are selected in such a way that all local solar times and all latitudes between
+75º to -75º are covered.

2.2.2 MOM

ISRO’s first interplanetary mission to Mars – the Mars orbiter Mission (MOM) was
launched in November of 2013 and inserted into the Martian orbit in September, 2014
[181]. The primary science objectives of the MOM are to explore the surface features
of Mars by studying the morphology, topography and mineralogy, study the atmospheric
composition of Mars (including methane), and to understand the dynamics of the upper
atmosphere of Mars and its response to solar winds and radiations. To achieve its science
goals, MOM is equipped with five science experiments. The five instruments are: Lyman
Alpha Photometer (LAP) [191], Methane Sensor for Mars (MSM) [192], Mars Exospheric
Neutral Composition Analyser (MENCA) [193], Thermal Infrared Imaging Spectrometer
(TIS) [194] and Mars Colour Camera (MCC) [195]. In the present study, we use measure-
ments from MENCA to characterize the thermosphere of Mars.

MOM’s orbit around Mars in a highly elliptical, with a periapsis between ˜260- 400 km
and Apoapsis at ˜71,000 km [181]. The orbital period of MOM is ˜72 hours. Due to this, it
is able to complete one full orbit around Mars in nearly three Martian days. In the present
study we use measurements taken during 5-29, June of 2018 during which MOM measured
the Mars upper atmosphere with a period of ˜2 days. During this time the periapsis altitude
of MOM was below 165 km which helped in investigating the thermosphere of Mars.

2.3 Instruments

2.3.1 NGIMS

The Neutral Gas Ion Mass Spectrometer [7] is an instrument onboard MAVEN which is
designed to investigate the structure and composition of the upper atmosphere of Mars. It
is a quadrupole mass spectrometer with a mass range 2-150 amu and resolution of 1 amu.
It measures neutral abundances of He, N, O, CO, N2, NO, O2, Ar, and CO2 in the upper at-
mosphere of Mars. It also measures altitude profiles of dominant ion species such as O2+,
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CO2+, NO+, O+, CO+, C+, N2+, OH+, and N+ along the spacecraft track. In addition,
NGIMS secures isotopic ratios of 13C/12C, 18O/16O, 15N/14N, 40Ar/36Ar, 38Ar/36Ar. All the
measurements are carried out in inbound as well as outbound trajectory of the MAVEN
orbit within 500 km from periapsis. NGIMS operations are carried out by alternating be-
tween a closed and an open source to collect and sample atmospheric species [196, 7]. In
the closed source mode, surface nonreactive species such as Ar, He, CO2, N2, and CO are
measured, and this mode of operation is carried out on every orbit. The open-source mode,
on the other hand, is used alternatively to measure the reactive neutral species and ions
(e.g., O, N, etc.).

During the sampling process in NGIMS, the atmospheric species pass through the ion-
ization, mass separation, and detection regions (Figure 2.3). In the ionization region, an
electron beam of 75 eV is used to ionize ambient species by an electron impact ionization
(EI) technique. These ionized species are then flushed into a mass separation region for
sorting according to their mass-to-charge ratio. For this purpose, NGIMS uses a quadruple
ion-mass filter, that consists of four hyperbolic rods to which radio frequency and static
currents (DC) are applied alternately switching between the two sources. The use of two
separate sources also results in better instrument calibration. The counts detected for each
mass channel are processed for background, instrument sensitivity, and ram enhancement
correction to derive atmospheric abundances [196, 7]

In its nominal orbit, NGIMS measures atmospheric abundance between periapsis and
up to an altitude of 500 km by maintaining its field of view (FOV) within ±2° of space-
craft’s ram direction [7, 4]. Furthermore, between April 14, 2018 and November 12, 2018,
NGIMS performed 19 campaigns dedicated to Ar measurements up to 1,200 km enabling
characterization of the exospheric region [190]. During the year 2016, a wind mode was
introduced to the instrument’s operation [197]. In this new mode, APP is moved ±8° off
the ram axis in local vertical and local horizontal planes, which enables NGIMS to measure
direct along-track and across-track winds (horizontal neutral winds) in the Martian upper
atmosphere [197]. During the wind mode of operation, NGIMS normal science opera-
tions (measurement of abundances) are paused and modulations in CO2 abundance alone
are measured. Each wind campaign lasts for 2–3 days and the subsequent campaigns are
separated by one to several months. During each campaign NGIMS collects wind measure-
ments in a 5–10 set of MAVEN orbits that correspond to nearly the same sets of local time,
latitude and altitudes. The winds are generally measured between ˜140km and ˜240km with
a ˜30 s cadence. The magnitude of winds can vary by ±20m/s and ±6m/s along and across
MAVEN track respectively, owing to errors in data retrieval processes [197].
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Figure 2.3: Schematic of sampling process of NGIMS [7]

2.3.2 MENCA

Mars Exospheric Neutral Composition Analyzer (MENCA) [193] is one of the five sci-
ence experiments onboard MOM. It is a quadrupole mass spectrometer-based instrument
which is designed to measure the neutral composition of thermosphere-exosphere of Mars.
MENCA secures neutral density profiles of such dominant species as CO2, Ar, N2+CO
and O, with the mass range of 1-100 amu and unit mass resolution. It consists of an open
ion source where species are ionized using electron impact technique with electron energy
˜70 eV, a quadrupole mass filter to separate species according to their charge-to-mass ra-
tio. In addition, MENCA consists of a Bayard Alpert (BA) gauge that measure the total
pressure in the source region. It helps in deriving the absolute densities of the atmospheric
species from the observations. In the detection region, MENCA houses a Channel Electron
Multiplier and Faraday Cup to improve the sensitivity and amplify the low currents that
corresponds to trace gases. The output of MENCA is the atmospheric partial pressure of
the species. The method of derivation of density from the partial pressure is described in
[193, 109, 110] and is explained in section 2.5.1. More details about MENCA and its data
can be found in [193, 109, 110]. A detailed description on the sources of errors is also
provided in the supporting information of [109].
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2.4 Observations from NGIMS and MENCA

The data used in this thesis are He, Ar, N, O, and CO2 measurements from NGIMS and
O, Ar, and CO2 measurements from MENCA. Due to outgassing and higher background
noise in the outbound portion of MAVEN and MOM orbits, the analysis of the measure-
ments from both instruments is restricted to Inbound portions of their trajectories. NGIMS
measurements used in Chapter 3 are from Level 3 (Version 6) and key parameter (KP) data
sets (Version 14), from January 2015 to November 2018, which span the Martian years
(MYs) 32-34. Here, Level 3 data provide the derived scale heights and temperatures of
dominant species, such as CO2, Ar, O, etc. [196]. However, NGIMS measurements used
in Chapter 5-6 are from Level 2 (Version 08) data sets which span MY 32-35. The Level 2
data sets provide derived abundances of dominant neutral and ion species in the atmosphere
of Mars. In Chapter 4 density measurements from NGIMS and MENCA corresponds to
05, 08, 10, 13, 16 and 29 June, 2018. While NGIMS measurements are from Level 2 data
set (Version 08, revision 06), MENCA measurements are from Level 01 data sets that con-
tains mass spectrums of raw partial pressure of each species. Thus, densities were derived
following a systematic procedure as discussed in section 2.6 and in [193, 109, 110]. In
addition, the wind observations, used in Chapter 5 are from version 06_r01 data sets of
Level 3 data products. The wind observations are from 41 campaigns that span the period
from 2016 to 2020. However, the winds measured during both the inbound and outbound
segments are used. Finally, Measurements from EUV/MAVEN and computer simulations
of M-GITM have also been used to compare and validate the results.

The aforementioned data sets from NGIMS, are
publicly available at MAVEN Science Data Center
(https://lasp.colorado.edu/maven/sdc/public/) and the NASA Planetary Data System
(https://atmos.nmsu.edu/data_and_services/atmospheres_data/MAVEN/ngims.html).
The data sets from MENCA are available at the Planetary Data System at the Indian
Space Science Data Centre https://mrbrowse.issdc.gov.in/MOMLTA/ and can be ob-
tained by registering at the link. In addition, the data corresponding to the results
presented in Chapter 4 and 5 are publicly available on the Mendeley data repository
http://dx.doi.org/10.17632/dmn8mjs6jw.1 [90] and (https://data.mendeley.com/datasets/
jvzcpt65mh/1) [198], respectively. Finally, M-GITM datacubes for the 4-cardinal seasons
during MY33, that are used in Chapter 5 are archived on the University of Michigan Deep
Blue Data repository.
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2.5 Parameter extraction from NGIMS

The measurements of atmospheric densities from NGIMS that are used in the present study
are available publicly in level 2, level 3 and Key Parameters data sets as discussed in section
2.4. Therefore, only the methodology to derive scale heights (H) and Temperatures and
Homopause altitudes from NGIMS measurements are discussed in this section.

2.5.1 Derivation of scale heights and temperatures

The scale heights (H) and Temperatures are computed by fitting a linear curve to the log-
arithmic of density profiles, between homopause/periapsis (zo) and the exobase/reference
height (z) (as shown in Figure 2.4). The temperatures (T) are derived from the scale heights
using the equation (1.4). Here, no is the density at zo.

n = noexp(
−z − zo

H
) (2.1)

Figure 2.4: Altitude profiles of N2 (left), Ar (middle) and CO2 (right). The blue dots
represents the densities measured by NGIMS and black lines represents the linear fit to the
densities.
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2.5.2 Derivation of Homopause altitudes

In chapter VI, mixing ratios of various species are compared with variations in the Ho-
mopause altitudes. Here, the homopause altitudes are derived using NGIMS data by fol-
lowing a methodology which similar to that of [105]. The homopause altitudes are derived
in three steps that are explained below:

The first step involves the derivation of the exobase altitudes. Exobase is defined as
a transition region from a strongly collisional to collision less region of the atmosphere.
It is a critical altitude at which the mean free path of an upward moving particle is equal
to one pressure scale height. Mean free path (λ) is mathematically related to collisional
crossection (σ) of a particle as,

λ =
1

nσ
(2.2)

where, n = number density of the atmospheric species. For the present study, we use
σ = 3× 10−15cm2, which is collisional crossection of Ar with CO2 [199, 200] and number
density of the dominant species (CO2) in the atmosphere of Mars. To derive the exobase
altitude, we integrate the n ∗ σ downward from very low-density region (high altitudes).
The altitude at which the integrated value becomes 1 is selected as exobase altitude (as
shown in Figure 2.5, pink dotted line).

In the second step Homopause attitudes are derived. Homopause is an altitude region
below which the atmosphere is well mixed. Thus, all the species exhibit same scale heights.
We derive the homopause altitude by taking ratio of N2 and Ar density profiles between the
periapsis and the exobase altitudes derived in first step. Since MAVEN periapsis never
reaches homopause altitude, we fit the log(N2/Ar) profile with a linear function and then
extrapolate it downwards (as shown in Figure 2.5 black line). The altitude where the ratio
N2/Ar becomes equal to the nominal value measured by Mars Science Laboratory, which
is 1.25, is selected as homopause altitude.

2.6 Data retrieval from MENCA

In MENCA the atmospheric abundance is detected in the form of atmospheric partial pres-
sure of the species. In each mass sweep of MENCA, a raw spectrum that contains the
relative abundances of different species in arbitrary units is obtained. Corresponding to
each raw spectrum file, a value of the total pressure is also measured by a Bayard Alpert
(BA) gauge. The raw spectrum is such that there are nine data points per amu with a scan
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Figure 2.5: Represents the methodology followed to derive the homopause altitudes. Here,
the red dots represent the altitude variation of N2/Ar ratio and black line represents the lin-
ear fit to the ratio which is extrapolated towards the lower altitudes. Blue dashed lines mark
the value where N2/Ar = 1. Pink line represents the derived Exobase altitude and green line
is shown to represent the derived homopause altitude derived by taking the crossing point of
N2/Ar=1 and linear fitted line. The data presented in the Figure corresponds to the MAVEN
orbit number #713

rate of 48 points per second. Figure 2.6 show an example of a mass spectrum for amu 33
to amu 42 as obtained on 5 June, 2018. The range 33 amu to 42 amu is shown only to
highlight the Argon-40, which is used to study the local time variations in thermosphere in
Chapter 4. In Figure 2.6, the raw data highlighting the nine points that constitute the Ar
peak are plotted in red color.

The actual partial pressure is obtained by multiplying a total pressure-dependent nor-
malization constant with the raw partial pressure, after incorporating the correction factors.
The factors are Electron Multiplier Gain (EMG) correction, Quadrupole Mass Discrimina-
tion (QMD) correction and the gas-dependent relative sensitivity factors. The details about
the calibration can be found in [193, 109]. The method used to obtain the absolute mass
spectrum, background subtraction and the conversion of the corrected partial pressure to
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Figure 2.6: Raw Spectrum obtained by MENCA on 05 June, 2018 for the mass range of
33 amu – 42 amu, at ˜165 km

the absolute number density are the same as given in [193, 109, 110]. An example of the
corrected mass spectrum observed on 05 June 2018 is shown in Figure 2.7. This is obtained
after implementing all the above corrections. Note that the partial pressure of Ar is smaller
than the major constituents such as amu 44 (CO2). To highlight Ar, we show the partial
pressures from amu 33 to amu 42 in the bottom panel of Figure 2.7 which is similar to top
panel of Figure 2.7.

Figure 2.8 shows the temporal variation of corrected partial pressures of Ar observed
on 05 June, 2020. Here a five-point running average is applied on the original data and the
smoothed data is used for further analysis. The enhancement of Ar partial pressure towards
to the periapsis is apparent in Figure 2.8. The mean background levels in the inbound
and outbound segments (shown with black dashed lines) are much smaller than the partial
pressure at the periapsis. Also shown in the Figure 2.8 is the 2σ level of the background
(blue dashed lines). The points that are clearly above this level are used for obtaining the
Ar densities. Since the background and 2σ levels vary from day to day, we restrict our
analysis to altitudes < 220 km, which are always much above these levels.

In addition, the partial pressures are corrected for the effective pressure enhancement
due to the spacecraft velocity. This ram enhancement factor is given by equation (2.3) by
[201]

R =
vs cosα + v

v
(2.3)
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Figure 2.7: (top) An example of the mass spectrum observed by MENCA on 05 June 2018
that shows all important neutral species between 1-50 amu. (bottom) Same as above, but
shown only for amu between 33 and 42 to highlight Ar peak (amu 40).

Where vs is the spacecraft velocity, α is the angle between the sensor axis and the
spacecraft velocity vector, and v is the average thermal speed of the species. At the peri-
apsis, the MOM spacecraft has an average velocity of ˜5 km s-1. After these corrections,
the total uncertainty in the number density of Ar from MENCA is estimated to be < 50%
[109]. More details about MENCA and its data can be found in [193, 109, 110]. A detailed
description on the sources of errors is also provided in the supporting information of [109].

The neutral densities are derived from the corrected pressure profiles using barometric
law (equation 1.2). A sample derived altitude profile of Ar density is shown in Figure 4.3a.
The scale heights (H) and Temperatures are then computed using the method as explained
in section 2.5.1. The computed SH and Temperatures are show in Table 4.1.
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Figure 2.8: (top) Temporal variation of the partial pressure of Ar observed by MENCA
on 05 June 2015 (Ls=187.8º). The time in the x-axis is given in hours with respect to the
time of periapsis crossing. The grey circles represent the amu 40 spectral data points. The
red stars represent the data points after a smoothing using a 5-point running average. The
dashed black lines represent the mean background levels in the inbound and outbound legs
and the dashed blue lines represent the 2σ standard deviation of the original background
data points of the inbound segment.

2.7 Mars Global Ionosphere Thermosphere Model (M-
GITM)

M-GITM is essentially a modified version of the terrestrial GITM to fit with the Martian
environment using the Mars fundamental physical processes. M-GITM incorporates the
key radiative processes and contains prognostic equations for ion-neutral chemistry of the
Mars upper atmosphere. The modern M-GITM is a whole atmospheric model that can
simulate the thermal, compositional, and dynamical structure of the Mars atmosphere from
the ground to ˜250 km. The model has 5 × 5° horizontal resolution and 2.5 km vertical
resolution, and is normally run at 2s time steps. Model physics and simulated features of
the upper atmosphere (above ˜80 km) are stressed in most applications of the M-GITM
model thus far.
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Unlike the Earth GITM code, the new M-GITM code currently simulates the condi-
tions of the Martian atmosphere all the way to the surface [5]. For the Mars lower at-
mosphere (˜0-80 km), a state-of-the-art correlated-k radiation code was adapted from the
NASA Ames Mars General Circulation Model (MGCM) [202]. This provides solar heating
(long and short wavelength), seasonally variable aerosol heating, and CO2 15-µ m cooling
in the local thermal equilibrium (LTE) region of the Mars atmosphere (below ˜80 km).
In addition, dust opacity distributions are typically prescribed based upon empirical dust
opacity maps obtained from several Martian years of measurements e.g., [100, 94, 95]. For
the Mars upper atmosphere (˜80–250 km), a modern CO2 Non-Local thermodynamic equi-
librium (NLTE) 15-µ m cooling scheme has recently been implemented e.g., [203], along
with MAVEN Extreme Ultraviolet Monitor (EUVM) L3 solar EUV and UV fluxes taken
from the Flare Irradiance Spectral Model for Mars (FISM-M) empirical model outputs on a
daily cadence [204]. Subsequently, M-GITM thermospheric heating, dissociation and ion-
ization rates are simulated at each time step e.g., [5]. Corresponding prognostic fields for
neutral temperatures, neutral densities (CO2, CO, N2, O, O2, He, Ar, and N4S), and photo-
chemical ion densities (CO2+, O2+, O+, NO+, and N2+), plus 3-component neutral winds
are computed on a three-dimensional regular grid. For application in this paper, FISM-M
fluxes are used for driving new M-GITM simulations for the four-cardinal seasons spanning
MY33 (Ls = 0°, 90°, 180°, and 270°).

On several occasions, a suite of M-GITM simulations have been compared success-
fully with MAVEN NGIMS, IUVS, and Accelerometer measurements e.g., [205, 5, 131,
129, 206]. Both remote and in-situ measurements are included in this extensive set of
observation-model comparisons and model validation studies. Observation-model compar-
isons generally reveal that: (a) the M-GITM code well captures the basic dayside density
variations of key neutral species and (b) M-GITM temperatures also closely match NGIMS
and IUVS derived temperatures at low solar zenith angles (SZA). Furthermore, initial he-
lium density distributions from early NGIMS data sets [131] are compared to M-GITM
predictions at 180 km. Even with limited data sampling, the basic observed features are
simulated with significant helium bulges on the nightside. Nevertheless, [206] have re-
ported that M-GITM versus MAVEN ACC mass density comparisons can be quite good
from noon to the dusk terminator, but are poor from midnight toward the dawn terminator.
The latter is likely due to incomplete M-GITM physics addressing gravity wave processes
impacting global winds and the thermospheric circulation patterns throughout all seasons.

M-GITM predictions are used to compare with the observations from NGIMS in Chap-
ter 5. The simulated He densities and horizontal winds are used as reference to explain the
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variability in He densities and neutral winds that are observed by NGIMS. The He densi-
ties and zonal winds output from M-GITM are simulated for four Martian seasons: Ls =
0°, 90°, 180°, and 270° and correspond to the MY 33 nominal dust conditions. The seasons
considered here correspond to a band of ±45° centered at each seasonal cardinal point (Ls
= 0°, 90°, 180°, and 270°). M-GITM datacubes for the four-cardinal seasons during MY33
are archived on the University of Michigan Deep Blue Data repository [207].

2.8 Solar and Dust Indices

Solar Extreme Ultraviolet (EUV) radiations that are emitted in the wavelength range of
0.1 nm -190 nm are quickly absorbed by the Mars thermosphere. This leads to heating and
ionization in the region. EUV radiation changes by a factor of 10 over one solar cycle. This
produces similar variability in the upper atmospheric temperatures and densities. Solar
radio flux at 10.7 cm, also known as F10.7 Index, is often used to investigate the solar
activity dependent variabilities. In the present thesis, we use measurements from EUV
monitor onboard MAVEN to study the annual variability of the thermosphere. The EUV
monitor instrument [187] is a part of LPW suit aboard MAVEN. EUV monitor measures
solar emissions in three separate wavelength bands, soft X-ray (0.1–7 nm), EUV (17–22
nm), and Lyman-α (121–122 nm). The Measurements used from the EUV monitor (In
Chapter 3) spans Martian Year (MY) 32-34.

Dust plays a key role in the spatial and temporal variability of Mars thermosphere. Mars
dust can absorb solar radiations at visible and infrared wavelengths. (For e.g., 0.67 µm in
visible and 9 µm in infrared) wavelength. Thus, to estimate the amount of dust aerosols
present in the atmosphere, several optical methods are used to measure the dust opacity of
the atmosphere of Mars. One of the important parameters to estimate the amount of dust
present in the atmosphere is Column Dust Optical Depth (CDOD). The CDOD acts as a
tracer of lower atmospheric dust activity such that the largest values of CDOD represent
the peak of the dust activity. In the present study (In Chapter 4) we use the CDOD dataset
which is a gridded combination of dust opacity nadir observations by the Thermal Emission
Spectrometer (TES) aboard Mars Global Surveyor, the Thermal Emission Imaging System
(THEMIS) aboard Mars Odyssey, and limb observations by the Mars Climate Sounder
(MCS) aboard Mars Reconnaissance Orbiter (MRO) [100]. We use the dust scenario data
set corresponding to the global dust storm that occurred in Martian Year 34 (PEDE- 2018)
[100].
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2.9 Uncertainity and Errors

The sources of error for deriving the number density using measurements from NGIMS
and MENCA are detailed in [196] and [109], respectively. The total uncertainty in the
number density from MENCA is estimated to be less than 50 percent [110]. The 1 σ

error values in Ar scale heights and temperatures (used in chapter 4) that are derived from
MENCA and NGIMS measurements are shown in Table 4.1 and Table 4.2 respectively.
The homopause altitudes shown in figure 6.5 are derived using a similar methodology as
used by [105]. Homopause altitude is basically a transitional region from a well-mixed
lower atmosphere to diffusively separated atmosphere. However, the homopause altitudes
shown in Figure 6.5 are derived by assuming that homopause altitude is a fixed altitude
and not a gradational region. This spares the possibility of physical errors or uncertainties
except the errors induced due to fitting procedure followed here. To reduce such statistical
error, only those values are shown that are derived with a discrepancy measure (goodness
of fit) of 85% and above. Using this method the mean homopause altitude is calculated as
108 km with the mean uncertainity of ± 10% in the homopause altitudes.

41



Chapter 3

Dawn-Dusk Asymmetries in the Martian
Upper Atmosphere

In this study, we report the first comprehensive observations of local time asymmetries in
densities and scale heights (temperatures) of the Martian upper atmosphere (between 150
and 300 km) measured by the Mars Atmosphere and Volatile Evolution mission/Neutral
Gas and Ion Mass Spectrometer. For this purpose, we use the densities and temperatures
of Ar. In general, the daytime densities and temperatures are greater than the nighttime
values. The maximum and minimum values, however, are observed at the dusk and dawn
terminators, respectively. An enhancement at the dusk terminator is persistently observed
at all altitudes; however, the time of the peak enhancement shifts toward sunlit hours with
increasing altitude. At the dawn terminator, a minimum in density is observed at altitudes of
150–170 km. At higher altitudes, the minimum is observed close to midnight. Accordingly,
the dawn-dusk asymmetry is more prominent at 150–170 km and decreases with increasing
altitude. A maximum ratio of six is observed between the dusk and dawn densities at
160 km. In addition, the local time for the maximum ratio at each altitude moves toward
sunlit hours with increasing altitude. The observed asymmetry is explained in terms of
dynamical heating and cooling due to convergent and divergent winds at the dusk and
dawn terminators, respectively. In addition, upward propagating gravity waves generated
by the solar terminator wave and O/CO2 radiative cooling are also proposed as important
mechanisms contributing to the observed asymmetry.

3.1 Background

As mentioned in the introduction, recent measurements by the MAVEN spacecraft [6] pro-
vided a more detailed picture of the Martian thermosphere and revealed important temporal
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and spatial variabilities [3, 205, 4]. The initial report by [4] revealed detailed altitude vari-
ations for nine atomic and molecular neutral species (CO2, Ar, O, O2, N2, NO, CO, N, and
He). In addition, the densities of CO2, Ar, and He near periapsis exhibit a wavy nature,
which has been attributed to gravity waves. The densities of the heavier species decrease
with increasing solar zenith angle (SZA) [4]. Later, [122] demonstrated longitudinal struc-
tures in the Martian upper atmosphere that are dominated by Waves 2 and 3, accounting
for 8%–16% of the change in mean density. In addition, thermospheric scale heights and
temperatures have been reported to reach a maximum near perihelion and a minimum near
aphelion and show a strong dependence on long-term changes in the solar flux [205]. On
shorter time scales, however, local factors such as waves are found to influence the vari-
ability. Using NGIMS observations, it was shown that the temperatures and densities in the
Martian upper atmosphere have a strong diurnal variation [125]. Thermospheric temper-
atures have been found to reach a maximum during daytime and a minimum at night. In
addition, [129] reported a temperature enhancement near the dusk terminator in the equa-
torial and midlatitude region. This enhancement was found to be consistent with the post
dusk dynamical features modelled and discussed by [130] and [5]. In this study, using
the NGIMS measurements, we demonstrate a consistent asymmetry in the thermospheric
densities, scale heights, and temperatures between the dawn and dusk terminators.

3.2 Data

To complement the NGIMS observations, the present study also uses the F10.7-cm solar
fluxes measured at Earth and corrected for the Martian orbit and/or concurrent measure-
ments of solar indices by the MAVEN mission.

These fluxes are shown in Figure 3.2 which indicates that the observations of the present
study were acquired under a moderate-to-minimum solar activity period. The average
F10.7-cm flux values corrected for the Martian orbit are 60.50 sfu (solar flux unit, 1 sfu
= 10-22 Wm−2Hz−1, 38.90 sfu, and 28.68 sfu for MY 32, MY 33, and MY 34, respec-
tively. The extreme ultraviolet (EUV) monitor experiment on MAVEN measures the soft
X-ray (0.1-7 nm), EUV (17-22 nm), and Lyman−α (121-122 nm) fluxes in the Martian up-
per atmosphere. The average values of the soft X-ray fluxes are 4.02× 10−4Wm−2, 1.53×
10−4Wm−2, and0.5×10−4Wm−2 for MY 32, MY 33, and MY 34, respectively. The EUV
fluxes for these years are 2.98× 10−4Wm−2, 1.98× 10−4Wm−2, and 2.27× 10−4Wm−2,
and the Lyman-α fluxes are 0.0028Wm−2, 0.0023Wm−2, and0.0025Wm−2, respectively.
Combined, these solar indices consistently indicate that the observations presented in this
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Figure 3.1: Latitude, SZA, Ls, and local time distribution of the NGIMS data coverage
between periapsis and 300 km. The distributions are shown between (a) latitude and Ls,
(b) local solar time and Ls, (c) latitude and local solar time, and (d) SZA and altitude. The
three colors correspond to MY 32, MY 33, and MY 34.

study fall within a solar minimum period.

3.3 Results

3.3.1 Mass dependent variability

Figures 3.3a–3.3d show the SZA and altitude variation of CO2, Ar, O, and He densities,
respectively, which are averaged on a 5° × 5 km grid. The data used to construct Figure
3.3 cover all seasons, latitudes, and longitudes during MY 32–MY 34, as shown in Figure
3.1. From Figure 3.3, we can note that the densities of CO2, Ar, and O all decrease with
increasing SZA at all altitudes. The He density, however, shows a peculiar SZA variation,
with enhanced values around the terminator. The SZA variability of all of these species
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Figure 3.2: a) F10.7 solar flux output corrected for martian orbit. (bottom) solar irradiance
measurements from EUVM/MAVEN for spectral band b) 0.1-7 nm c) 17-22 nm d) Lyman-
α

is consistent with that shown in Figure 3.4 of [4] but extend deep into the nightside. The
peculiar variability of He was previously studied by [131] and was interpreted as bulges in
the polar regions. In the following, we study the local time variations of the Martian upper
atmosphere using Ar densities. Most of the following results are applicable to CO2 as well.
From Figure 3.3, we can note that below 150 km, there are large gaps in the local time
coverage. Hence, in the following, we restrict our analysis to altitudes above 150 km.

3.3.2 Local time Vs altitude variability

Figure 3.4 shows the altitude and local time variation of the Ar densities averaged over a 5
km × 1 hr grid using data from MY 33. From Figure 3.4, we can note that the Ar densities
at all local times are higher at lower altitudes and decrease with increasing altitude. In
addition, the densities are higher during daytime than nighttime. The density peak, how-
ever, is observed not at the noon but near the evening (dusk) sector. This feature can be
clearly observed at all altitudes. For 150–170 km, the density peak is observed at 17–18
hr. At higher altitudes, the density peak is observed at ˜16 hr. For 150–170 km, the density
minimum is observed in the morning (dawn)

sector, at 3-5 hr; however, at higher altitudes, the density minimum is observed close to
midnight. A similar variability is also observed for MY 34.
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Figure 3.3: Variability of (a) CO2, (b) Ar, (c) O, and (d) He densities as a function of SZA
and altitude. These Figures were constructed using all of the data shown in Figure 3.1,
which cover several latitudes, longitudes, and Ls values. The densities are averaged over a
grid of 5° SZA × 5 km altitude.

3.3.3 Diurnal variation

The dawn-dusk asymmetry can be more clearly observed in Figure 3.5, where the day-
to-night variation is removed. Here, we consider the hourly averaged densities at each
height and remove the diurnal pattern to obtain the residual densities. We have chosen
the quadratic fit to remove the smoothly varying diurnal pattern so that the dawn and dusk
features are elevated. The top panels of Figures 3.5a–3.5c show the Ar densities (blue open
circles connected by a thick line) for 160 km, 200 km, and 240 km, respectively. The black
lines show quadratic fits to the original data. The fitted values are then subtracted from
the original values to obtain residual densities, which are shown in the bottom panels of
Figure 3.5. From the residual densities, we can clearly note that the densities near the dawn
terminator are smaller than those at the dusk terminator at 160 km. This feature is also
apparent in the original densities. At higher altitudes, the enhancement at dusk is clear in
both the original and residual densities. In addition, the residual densities show a decrease
at the dawn and post sunset hours, which is not apparent in the original data. This decrease
is primarily due to the assumed diurnal pattern of the quadratic fit, with a peak at noon
and a minimum at midnight. Having demonstrated a clear dawn-dusk asymmetry in the
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Figure 3.4: Local time and altitude variation of the mean Ar densities for MY 33. The
mean densities were calculated by averaging all of the data in a 1-hr local time and 5-km
altitude grid.

densities, hereafter, we deal with the original densities shown in Figure 3.4

To further clarify these local time variabilities, Figure 3.6 shows the mean (solid lines)
(averaged over a grid of 1 hr in local time and 5 km in altitude) and 1σ standard deviation
(shaded region) of Ar densities for the dawn (blue) and dusk (pink) sides at three altitudes
(160 km, 200 km, and 240 km) for MY 33. Here, the “dusk side” is defined as local times
between noon and midnight through the dusk terminator, and the “dawn side” is defined as
local times between noon and midnight through the dawn terminator. Note that the bottom
scale of the x-axis in Figure 3.6 displays the local times for the dawn side, whereas the
top scale shows the local times for the duskside but in reverse order. This type of display
is chosen to examine the asymmetry of the density variation at conjugate local times on
the dawn and dusk sides. For example, 8 and 16 hr form a conjugate local time pair;
similarly, 6 and 18 hr form another conjugate local time pair. From Figure 3.6, it is clear
that the mean densities on the duskside are greater than those on the dawn side at most of
the conjugate local times near the terminator. This trend is clearly apparent at all altitude
ranges shown in Figure 3.6. At 160 km, the maximum difference is observed at 17–20
hr for the dusk terminator and 4–7 hr for the dawn terminator. At higher altitudes, the
maximum difference is observed during sunlit hours. The 1σ values of the dawn side and
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Figure 3.5: Local time variation of the Ar densities for (a) 160 km, (b) 200 km, and (c) 240
km for MY 33. The top panels display the original densities (open circles with blue lines)
and a quadratic fit (black lines). The bottom panels show the residual densities obtained
after the quadratic fit is removed from the original densities.

duskside, however, overlap for most of the local times and for all altitudes, except for the
terminator regions at an altitude of 160 km (4–6 hr for the dawn terminator and 18–20 hr
for the dusk terminator).

The dawn-dusk asymmetry is quantified in Figure 3.7, which shows the ratios of Ar
densities at the conjugate local times for the dusk and dawn sides at different altitudes for
MY 33. At all altitudes, the duskside densities are greater than those on the dawn side.
The maximum asymmetry is observed at an altitude of 160 km, where the dusk densities
at 20 hr are greater than the dawn densities at 4 hr by a factor of 6. Notably, at this height,
the dusk densities are enhanced, and the dawn densities are reduced (top panel of Figure
3.5a), leading to a maximum ratio. At higher altitudes, however, the dawn-dusk asymmetry
is primarily due to enhanced densities on the duskside, as the densities on the dawn side
are not greatly reduced. Therefore, the ratio decreases with increasing altitude. From
Figure 3.7, we can note that as the height increases, the local time of the maximum ratio
shifts toward sunlit hours. For example, the maximum ratios at 180, 210, and 250 km are
3.16, 3.12, and 2.64 and are observed at dusk/dawn local times of 19/5, 17/7, and 16/8 hr,
respectively. This gradual shift to sunlit hours is primarily due to the shift in the duskside
density enhancements toward sunlit hours (top panels of Figures 3.5b and 3.5c).
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Figure 3.6: Mean and 1σ standard deviation of the Ar densities for the dawn side (midnight
to noon through the morning terminator; shown for 0–12 hr on the bottom of each panel)
and duskside (midnight to noon through the evening terminator; shown for 24–14 hr on the
top of each panel) at three different altitudes for MY 33.

3.3.4 Seasonal and Latitudinal variability

The seasonal and latitudinal trends of the dawn-dusk asymmetry are shown in Figure 3.8,
based on all of the data from MY 32-MY 34. For this purpose, we divided the observations
into two latitude bands: Southern Hemisphere (SH) high latitudes (40°-90°S) and North-
ern Hemisphere (NH) high latitudes (40°-90°N). From Figure 3.1a, we can note that by
combining the observations in MY 33 and MY 34, the NH and SH high latitudes simul-
taneously have full local time coverage between Ls = 90° and Ls = 160° (hereafter, near
aphelion) and between Ls = 210° and Ls = 300° (hereafter, near perihelion). Accordingly,
the local time and altitude variations of the Ar densities for the NH and SH high latitudes
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Figure 3.7: Altitude and local time variation of the ratios of the dusk to dawn densities at
conjugate local times for MY 33.

are shown in Figure 3.8. In the NH high latitudes (left panels of Figure 3.8), data gaps near
dawn prevent a study of the density variation and its comparison with that on the duskside.
However, from the local time trend, one can clearly note that the dawn side densities are
smaller than those on the duskside at any given altitude. This pattern appears to be more
pronounced near aphelion. Data gaps can also be observed in the local time coverage in the
SH high latitudes (right panels of Figure 3.8), but these gaps do not restrict the dawn-dusk
comparison. From these panels, it is clear that the dawn-dusk asymmetry occurs in the SH
as well and is thus present in both seasons. Again, the asymmetry is more pronounced near
aphelion. At equatorial latitudes (40°S-40°N), the dawn-dusk asymmetry is also clear (data
not shown). However, full local time coverage at equatorial latitudes is only possible when
data from all seasons are combined, which may introduce some seasonal bias; hence, we
do not show the variability at equatorial latitudes.

The latitude and local time variations of the Ar densities are further illustrated in Figure
3.9a, which shows the densities for an altitude of 160 km, averaged over 1 hr in local
time, and 5° in latitude, based on all of the data shown in Figure 3.1. In Figure 3.9a, it
is clear that the Ar densities near the dusk terminator are greater than those at the dawn
terminator. This trend appears to occur for all latitudes, but further latitude-local time
coverage of the observations is required to firmly establish the latitude variation of the
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Figure 3.8: Altitude and local time variations of the Ar densities for the NH (left panels)
and SH (right panels). The top panels represent the variation over an Ls range of 90°–160°,
and the bottom panels represent the variations for 210°–300° Ls.

dawn-dusk asymmetry. To examine any possible seasonal bias in this Figure, we show the
local time and Ls variation of the Ar density for the three Martian years in Figure 3.9b. In
this Figure, it is clear that the duskside densities are greater than those at the dawn for all
seasons, except between Ls = 140° and Ls = 240° in MY 34. In this case, the dawn densities
are greater than those at dusk, potentially because the dawn densities occur between Ls =
185° and Ls = 225°, where a major global dust storm occurred (e.g., [208]). It is known
that thermospheric densities are enhanced during lower atmospheric dust storms [89].

3.3.5 Scale Heights and Temperatures variability

The dawn-dusk asymmetry is not restricted to the Ar density. It is also observed in the CO2

density (data not shown). Moreover, this asymmetry is also apparent in the Ar scale heights
and temperatures. Figure 3.10 shows the scale heights (top panels) and temperatures (bot-
tom panels) of Ar as a function of periapsis SZA. This Figure shows that the scale heights
and temperatures are larger at low SZAs and decrease gradually with increasing SZA; how-
ever, the spread of scale heights and temperatures is enhanced near the terminator.

The local time and seasonal variation of the Ar scale heights and temperatures are
shown in Figures 3.11a and 3.11b, respectively, for MY 32 (left panels), MY 33 (middle

51



Figure 3.9: (a) Latitude and local time variations of the Ar densities for 160 km. All of the
data shown in Figure 3.1 were used to construct this Figure. (b) Ls and local time variation
of the Ar densities at 160 km for (left to right) MY32, MY33, and MY34.

panels), and MY 34 (right panels). In this Figure, it is clear that the scale heights and tem-
peratures are greater for the duskside than for the dawn side. This asymmetry is apparent
for all seasons in both MY 33 and MY 34, where data are available for both terminators. At
the dusk terminator, the average scale heights (temperatures) for MY 32, MY 33, and MY
34 are 15.8 (254), 13.13 (210), and 11.9 km (190.5 K), respectively. At the dawn termina-
tor, these values are 10.8 (174) and 9 km (144 K) for MY 33 and MY 34, respectively. For
MY 32, data are not available for the dawn terminator. The decrease in scale height from
MY 32 to MY 34 is in accordance with the variation in the F10.7-cm flux, which decreases
from 60.5 sfu to 38.9 sfu and then to 28.68 sfu from MY32 to MY 34. The scale heights
reach a maximum of 23 km on the duskside and a minimum of 4.7 km on the dawn side.
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Figure 3.10: SZA variation of the Ar (top panel) scale heights and (bottom panel) temper-
atures for (blue closed circles) MY 32, (red stars) MY 33, and (black open circles) MY 34.

3.4 Discussion

In this study, we investigated the local time variabilities in the Martian upper atmosphere
(between 150 and 300 km) using Ar densities measured by the MAVEN NGIMS for MY
32, MY 33, and MY 34. The daytime densities were found to be higher than the night-
time values; however, the peak density is observed close to the dusk terminator. This dusk
enhancement is consistently observed at all altitudes, but with increasing altitude, the en-
hancement moves toward sunlit hours. For 150–170 km, the density minimum is observed
at the dawn terminator. At higher altitudes, the density minimum is close to midnight.
Thus, there is a clear asymmetry in the densities between the dusk and dawn terminators.
At an altitude of 160 km, the densities at the dusk terminator are sixfold greater than those
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Figure 3.11: Local time and Ls variation in Ar (a) scale heights and (b) temperatures for
(left to right) MY 32, MY 33, and MY 34.

at dawn. The conjugate local times (with respect to noon) at which this asymmetry is ob-
served are ˜18–20 hr on the duskside and 4–6 hr on the dawn side; however, this dawn-dusk
asymmetry decreases with increasing altitude. Moreover, the conjugate local times show-
ing asymmetry shift toward sunlit hours with increasing altitude, primarily due to the shift
in the dusk enhancement. This dawn-dusk asymmetry in the upper atmospheric densities
is observed in both aphelion and perihelion seasons but is more pronounced near aphelion.
Moreover, the asymmetry appears to be present at all latitudes. In addition to the densi-
ties, the scale heights and derived temperatures also show a similar asymmetry. Such an
asymmetry is observed in the CO2 density as well.

The diurnal variation of the Martian upper atmospheric densities and temperatures, with
larger values during daytime and smaller values during nighttime, is consistent with the
previous NGIMS observations [125] and Mars Global Ionosphere-Thermosphere Model
(M-GITM) simulations [5]. In addition, the present study also shows that the densities,
temperatures, and scale heights at the dusk terminator are greater than those at the dawn
terminator. Previously, [206] studied the variability of the Martian thermospheric densities
measured by the MAVEN accelerometer. Using data from the MAVEN deep-dip (DD)
campaigns, they reported that the thermospheric densities on the duskside (DD1 campaign)
are greater than those on the dawn side (DD5 campaign). However, this trend could not
be firmly established, as there was a change in season between the two measurements
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(DD1 occurred near perihelion, whereas DD5 occurred near autumnal equinox). Using
NGIMS observations, [129] reported two local maxima and one minimum in thermospheric
temperatures at the dusk terminator. The enhancement at dusk is consistent with simulation
results obtained for general circulation models [5, 209]. Our study shows a reduction in
temperatures and densities at the dawn terminator, while [129] showed an enhancement.
The results of the present study are also consistent with the results of global circulation
modeling [5, 209]. In global circulation models, the asymmetry is primarily confined to the
equatorial and midlatitudes, while the present study shows an asymmetry at all latitudes.

A dawn-dusk asymmetry was previously studied in the Venusian thermosphere using
Pioneer Venus Orbiter observations (including the orbiter ultraviolet spectrometer) and nu-
merical simulations [210, 30, 211, 212, 213]. These observations showed dusk terminator
O mixing ratios up to 2.5-fold larger than those at the dawn terminator. The dawn-dusk
asymmetry of Ar densities in the Martian upper atmosphere (present study) is qualitatively
consistent with that of O mixing ratios in the Venusian thermosphere, although the varia-
tions in Ar cannot be directly compared with those of O. Super rotation of the thermosphere
and an asymmetrical turbulence pattern due to upward propagating gravity waves have been
proposed as plausible sources of the asymmetry in the Venusian thermosphere. The asym-
metry on Venus was observed only at latitudes poleward of 30° in both the Northern and
Southern Hemispheres, while such a pattern was not apparent in the equatorial latitudes.

In the Martian thermosphere (the present study), however, the dawn-dusk asymmetry
is observed at all latitudes; thus, there are some differences in the dawn-dusk asymmetries
observed in the Martian and Venusian upper atmospheres. To understand the observed
dawn-dusk asymmetry in the densities, scale heights, and temperatures, it is important to
examine the possible mechanisms that lead to cooling at the dawn terminator and heating
at the dusk terminator. The densities and scale heights follow the heating and cooling
trends. The Martian thermosphere is primarily heated by EUV radiation, which reaches
a maximum at local noon and decreases gradually toward the terminator. As there are
no sharp variations in flux at the terminator, the EUV radiation cannot be the source of
the observed asymmetry. Previous modeling studies have shown that adiabatic heating
produced by the convergence of large-scale winds at the dusk terminator and cooling due to
divergence of winds at the dawn terminator can explain the observed asymmetries [5, 209,
129]. While this basic mechanism can explain the observed asymmetries, in the following,
we discuss other possible mechanisms.

CO2 radiative emission at 15 µm is an important cooling mechanism in the Martian
thermosphere. The O/CO2 mixing ratio is generally used as an indicator for this cooling,
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Figure 3.12: Local time variation of the O/CO2 ratio for (top to bottom) 170, 165, 160,
and 155 km, based on observations for MY 33.

as collisions between O and CO2 lead to the excitation of CO2 molecules, which ultimately
radiate at 15 µm (e.g., [214]). This mechanism is examined in the present study using the
NGIMS measurements. Figure 3.12 shows the O/CO2 ratios for 155, 160, 165, and 170
km for MY 33, where the observed asymmetry reaches a maximum (Figures 3.3 and 3.4a).
From Figure 3.12, we can note that the O/CO2 ratio is close to unity near the dawn termi-
nator, indicating that the observed reduction in temperatures, scale heights, and densities at
dawn can be partially attributed to O/CO2 radiative cooling.

Dynamical heating of the thermosphere by upward propagating gravity waves is another
possible mechanism. In particular, gravity waves with high-phase speeds can reach the
middle and upper thermosphere and contribute to the divergence of the viscous heat flux
that tends to heat in the middle and upper thermosphere of Mars [215, 216]. The key aspect
to the practicality of this mechanism is finding a source that continuously supplies gravity
waves at the terminator. The solar terminator wave [52, 51, 217] is one such constant source
of gravity waves. Modeling simulations for Mars have shown that the dusk terminator
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produces strong gravity waves [51] that propagate upward and heat the middle and upper
thermosphere of Mars through divergence of the viscous heat flux. This behavior leads to
strong heating of the middle and upper thermosphere at the dusk terminator, resulting in
an increase in temperatures, densities, and scale heights. At the dawn terminator, however,
the amplitudes of these gravity waves are lower [51]. Assuming that the corresponding
phase speeds are smaller, these waves can lead to heating of the lower thermosphere and
cooling of the middle and upper thermosphere through convergence of the sensible heat
flux [215, 216]. However, the cooling of the middle and upper atmosphere at the dawn
terminator is expected to be weaker due to the smaller amplitudes of the gravity waves.
Thus, cooling and heating by gravity waves generated by the solar terminator wave are
another possible mechanism that may contribute to the observed dawn-dusk asymmetry.
We propose that a combination of these three mechanisms is responsible for the altitudinal
and seasonal variation of the dawn-dusk asymmetry, which requires further investigation
in the future based on general circulation models. Finally, the consistent enhancement in
densities and temperatures at the dusk terminator may have significant implications on the
gaseous escape, as the enhancement can effectively lift gases to altitudes above the exobase,
where they can be easily lost to space.
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Chapter 4

Enhanced densities in the Martian ther-
mosphere associated with the 2018 planet
encircling dust event: Results from
MENCA/ MOM and NGIMS/ MAVEN

In the previous study we investigated the local time variability of Ar and CO2 densities
and scale heights. The results of the previous study showed a consistent temporal asymme-
try in the Ar densities and scale heights at most of the latitudes. In this study, we further
investigate the variability of Ar density to bring out a seasonally consistent and global pic-
ture of the thermosphere of Mars. We present and analyse the unique observations of the
Martian thermosphere made together by the Mars Orbiter Mission (MOM) and the Mars
Atmosphere and Volatile Evolution (MAVEN) spacecraft. The Mars Exospheric Neutral
Composition Analyzer (MENCA)/MOM and the Neutral Gas and Ion Mass Spectrometer
(NGIMS)/MAVEN have simultaneously (on the same day) measured the neutral densities
in the Martian thermosphere. These measurements were made on 5, 8, 10, 13, 16, and 29
June, 2018 when the periapsis altitude of MOM occurred in the mid-thermosphere. This
period falls in the onset and progression time of the planet encircling dust event (PEDE)
in the Mars lower atmosphere. During this time, the inbound trajectories of MAVEN and
MOM spacecraft occurred on the dawn and dusk sides, respectively. Using these observa-
tions, we found that thermospheric densities both on the dawn and dusk sides are enhanced
associated with the onset and growth of PEDE-2018. The enhancement, however, is more
on the dusk side than on the dawn showing the dawn-dusk asymmetry. The densities on
the dusk side reach their maximum on 29 June, 2018 close to the time of peak dust activ-
ity. These results are explained by considering the local time asymmetries in the radiative
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heating of the lower atmosphere and subsequent expansion of the thermosphere due to
PEDE-2018. Furthermore, O/CO2 ratios below 220 km altitude become one on the dawn
side whereas they are always <0.2 at the dusk. This indicates that the radiative cooling is
more efficient on the dawn side than the dusk side.

4.1 Background

Previous studies have shown that increase in dust activity in the Mars lower atmosphere
significantly affects the densities and temperatures of its upper atmosphere [126, 30, 31,
32, 49, 89, 127, 128]. The coupling between the two regions takes place primarily through
the radiative heating of the dust aerosols. The resulting heating and expansion of the Mars
atmosphere and subsequent modifications to atmospheric circulation drive the changes in
the upper atmosphere [126, 30, 28, 31, 32]. Although the upper atmospheric changes are
observed during all dust storms, they are prominent during the planet-encircling dust events
(PEDEs), such as the one occurred in 2018 (PEDE-2018, [31, 32]).

Among the Martian upper atmospheric variabilities, variations near the terminator are
of particular interest. The MAVEN spacecraft, however, covers only one terminator at any
given time due to its slow precession in local time. As a result, measurements from other
terminator are available only after several months and in a different season. It is, therefore,
important to probe the two terminators simultaneously (i.e., on the same day) in order
to have better understanding on their variability. Fortuitously, such measurements were
made in June 2018 when the MAVEN and MOM spacecraft observed the dawnside and
duskside, respectively during the onset and growth phase of PEDE-2018 [218, 219, 220].
During this time, the periapses of both the spacecraft occurred in the mid-thermosphere
and in low-latitude regions. Both the spacecraft have mass spectrometers that measured
important neutral species of the Martian upper atmosphere. In the present study, we use
these near simultaneous observations to get further insight into the Martian thermosphere
at terminators and to study its response to PEDE-2018.

4.2 MENCA and NGIMS measurements

The spatial and temporal coverage of MENCA and NGIMS during the six days are shown
in Figure 4.1. From Figure 4.1, it can be noted that the observations of the present study are
confined to low-latitudes and fall in different longitude sectors. The inbound trajectories
shown in Figure 4.1 start at an altitude of 220 km at the north-of/near the equator and their
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periapses end at the south of the equator. In addition, MOM observations fall on the dusk
side (local times between 17.51 hr and 18.47 hr) whereas those of MAVEN are on the dawn
side (local times between 07.10 hr and 08.20 hr). From tables 4.1 and 4.2, we can note that
the NGIMS and MENCA observations are not exactly simultaneous. Hence, in the text
we often use ‘near simultaneous’ to refer to the observations made on the same day. In
addition to the six days of observations, we also use NGIMS observations from Martian
Years (MYs) 33 and 34 for a statistical analysis

Figure 4.1: MAVEN (closed circles) and MOM (crosses) “along-track” (a) latitude versus
longitude and (b) latitude versus local solar time coverage of the inbound trajectories. The
inbound trajectories start at an altitude of 220 km at north-of/near the equator and their
periapses end at south of the equator.

4.3 Results

4.3.1 Altitude variation of Ar densities

Figure 4.2 shows the altitude profiles of Ar densities measured by NGIMS and MENCA
in the inbound segments of MAVEN and MOM spacecraft, respectively on 5, 8, 10, 13,
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Figure 4.2: Altitude profiles of Ar densities measured by (open circles) MENCA/MOM
and (closed circles) NGIMS/MAVEN on (a-f) 05, 08, 10, 13, 16 and 29 June, 2018. The
NGIMS observations for each day are color coded. Note that on each day MOM has only
one inbound segment and hence the orbit numbers are not provided.

16, and 29 June, 2018. Note that on each day, MENCA has only one profile whereas
NGIMS has more than one due to the less orbital period of MAVEN (˜4.5 hr versus ˜65
hr for MOM). Here, we use Ar densities for studying the Martian thermosphere. The
results of the study, however, are equally applicable to CO2 densities. In general, densities
measured by both NGIMS and MENCA decrease with an increase in altitude. Furthermore,
densities measured by NGIMS in different orbits on a given day show large variability, as
high as an order of magnitude. From Figure 4.1 we can note that the MAVEN orbits on a
given day cover different longitude sectors. Therefore, the observed variability in NGIMS
measurements on a given day is most likely due to longitudinal variations caused by tides
and planetary waves (e.g., [221, 122]). More importantly, densities measured by MENCA
on the dusk side are greater than those measured by NGIMS on the dawn side. This is
particularly evident on 05, 08, 10, and 29 June. The differences are largest on 29 June.

From Figure 4.2, it can be noted that the altitude resolutions of MENCA and NGIMS
measurements are different. The resolution of NGIMS measurements ranges from 0.06
km to 2.51 km whereas those of MENCA lie between 1.81 km and 15.02 km. In order to
compare their densities, it is important to bring these measurements to the same altitude
resolution. For this purpose, the MENCA densities in each profile are interpolated between
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165 km and 220 km with 5 km resolution. Considering the high resolution of NGIMS
measurements, their densities are averaged over 5 km grid. For example, the densities at
170 km are obtained by averaging the densities between 167.5 km and 172.5 km. The
interpolation and averaging procedures are illustrated in Figure 4.3.

Figure 4.3: Altitude profiles of Ar densities observed in the inbound segments on 05 June
2018 by (a) MENCA and (b) NGIMS. The open black circles represent the original data
points and the red closed circles represent the points with 5 km resolution. The 5 km
resolution points for MENCA observations are obtained by linear interpolation and for
NGIMS by averaging within 5 km altitude range.

With the above procedure, we obtained the NGIMS and MENCA density profiles with
5 km altitude resolution. In the following we use these densities to compare the changes
on the dawn and dusk sides.

Figure 4.4 shows mean and standard deviations of Ar densities computed using all the
profiles observed on the six days. These computations were separately carried out for
NGIMS and MENCA observations. From Figure 4.4, it can be noted that the densities on
both terminator sides show large variability within a few days. Despite this, MENCA den-
sities on the dusk side are, on average, 3.5 times larger than those of NGIMS on the dawn
side. On 29 June, when the dawn side observations are measured at the terminator (Table
4.2), the densities at dusk terminator exceed those at the dawn by an order of magnitude
(Figure 4.2f). Furthermore, from Tables 4.1 and 4.2 it can be noted that the average scale
heights and scale height derived temperatures, respectively are 12.24 km and 195.78 K on
the dawn side and 14.17 km and 242.67 K on the dusk side. Thus, the Ar scale heights and
scale height temperatures on the dusk side are, on average, 1.93 km and 46.89 K greater
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Figure 4.4: Mean and standard deviation of Ar density profiles measured by (red)
NGIMS/MAVEN and (blue) MENCA/MOM.

than those on the dawn side. However, these differences become insignificant when the
errors in the scale heights (a few km) and scale height temperatures (a few tens of K) are
considered (Tables 4.1 and 4.2).

4.3.2 Seasonal and Local time variability

Figure 4.5 shows the solar longitude (Ls) versus local time variability of the Ar densities,
scale heights and temperatures by including all the NGIMS observations in MY 34. These
measurements are averaged 1 hr in local time and 5° in Ls. The densities shown in Figure
4.5a correspond to an altitude of 170 km. For comparison, the six days of MENCA ob-
servations from the dusk side are also included (the dotted horizontal arrows in Figure 4.5
point to the MENCA observations). By looking at the NGIMS observations alone, we can
note that the densities on the dusk side are greater than those on the dawn side. This result
is consistent with the dawn-dusk asymmetry presented in Chapter-3.
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Table 4.1: Summary of MOM orbital parameters at the periapsis and scale heights and
derived temperatures for Ar (with 1σ error) measured by MENCA on six days in June
2018

4.3.3 Role of Global Dust Storm (PEDE-2018)

The densities and scale heights between Ls = 185° and Ls = 220° on the dawn side are
relatively larger compared to those in other seasons observed at the same local time. It is
important to note that the PEDE-2018 had its onset around 1 June 2018 (Ls˜=185°) and
peaked during 7-10 July (Ls˜205°), 2018 [218, 220]. Considering the NGIMS densities
alone, it is not clear whether the dawn-dusk asymmetry is retained during PEDE-2018 or
not. This is mainly due to the lack of observations from the dusk side. The MENCA
observations in the present study fill this gap. By comparing the MENCA and NGIMS
observations (Figure 4.4), it is clear that during PEDE-2018 also the densities on the dusk
side are greater than those on the dawn side. This is also apparent in Ar scale heights and
temperatures. Thus, during the PEDE-2018 period the densities are enhanced both on the
dusk and dawn sides so that the dawn-dusk asymmetry is intact.

[31] have studied changes in the upper atmospheric densities during the PEDE-2018 us-
ing NGIMS measurements. A similar analysis is carried out here by including the MENCA
observations and the results are shown in Figure 4.6. The NGIMS and MENCA measured
densities at an altitude of 170 km are shown in Figures 4.6a and 4.6b, respectively. Figure
4.6c shows the 9.3 µm IR absorption column dust optical depth (CDOD) corresponding to
610 Pa [100, 222] averaged between ± 25° latitudes and all longitudes. Figure 4.6a is sim-
ilar to that reported by [31] where they have reported an increase in Ar and CO2 densities
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Table 4.2: Summary of MAVEN orbital parameters at the periapsis and scale heights and
derived temperatures of Ar measured by NGIMS for selected days in June 2018

associated with PEDE-2018 on the dawn side. Comparing, Figures 4.6b and 4.6c, we can
note that MENCA observations on the dusk side start and end during the growing phase
of PEDE-2018. During this period, the SZA at 170 km changes only by ˜ 13° whereas
the densities show three-fold increase. The enhancement is particularly strong between 13
June and 29 June. Note that 29 June falls close to the peak of the PEDE-2108. Therefore,
it is possible that at least a part of the density variation observed by MENCA is driven by
PEDE-2018. However, since the SZA on both dawn and dusk sides varies throughout the
observation period and the neutral densities decrease with an increase in SZA [4, 223], it
is difficult to firmly attribute the observed variabilities to the dust activity. Particularly on
the dawn side (Figure 4.6a), the dust related enhancement is not readily apparent as there
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Figure 4.5: Solar longitude versus local solar time variations of Ar (a) densities at 170 km,
(b) scale heights below the exobase, and (c) scale height temperatures measured by NGIMS
and MENCA in MY34. Horizontal arrows in all panels point to the MENCA observations.

is ˜50° change in SZA during the course of the observation.

To clearly bring out the changes in thermospheric densities due to lower atmospheric
dust activity, the densities at 170 km (shown in Figures 4.6a and 4.6b) are plotted as a
function of SZA in Figure 4.7. For comparison, the densities measured by NGIMS at 170
km in MY 33 and those between Ls=0° and Ls=120° in MY 34 are averaged and shown
in Figures 4.7a and 4.7b as ‘seasonal mean’. These values are considered to represent the
SZA variation of Ar densities in general. All the NGIMS densities shown in Figure 4.7
are averaged over 1° SZA and the SZA variation on the dawn and dusk sides are computed
separately. From Figure 4.7a, we can note that the densities during PEDE-2018 and those of
the seasonal mean, both vary with SZA. However, the densities during PEDE-2018 show
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Figure 4.6: Solar longitude (Ls) variation of Ar densities at 170 km measured by (a)
NGIMS/MAVEN and (b) MENCA/MOM spacecraft. In panel ‘a’, the dots represent the
individual measurements and the solid line represents the ten-orbit smoothing average.
Dashed red line in panels ‘a’ and ‘b’ represent the SZA (mentioned on the right ordinate).
(c) Ls variation of CDOD at 610 Pa. Vertical line at the bottom panel indicates the time of
onset of the PEDE-2018.

a sudden enhancement after SZA=65° and continue to be higher than the mean values.
Comparing Figures 4.7a, 4.6a, and 4.6c, we can note these sudden enhancements occurred
in the growth phase PEDE-2018. Between SZA of 66° and 94°, the average value of the
‘seasonal mean’ densities is 5.05× 106 cm-3 and during PEDE-2018 the value is 13.5 ×
106 cm-3. Thus, the densities during the PEDE-2018 are ˜ 2 times those of the seasonal
mean values. In addition, there are sporadic enhancements in densities at SZAs of 70°-
71° (Ls=˜194°) and 89°-90° (Ls=˜202°). At these SZAs, the PEDE-2018 densities are
3.4 and 4.5 times, respectively of the seasonal mean values. This clearly shows that the
enhancement in densities associated with PEDE-2018 is apparent when the densities are
plotted as a function of SZA

On the dusk side (Figure 4.7b), the densities during PEDE-2018 drastically depart from
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Figure 4.7: SZA variation of the (blue squares) seasonal mean and (closed red circles)
PEDE-2018 Ar densities for 170 km observed (a) on the dawn side, and (b) on the dusk
side. Note that the dates of MENCA measurements are also shown. The seasonal mean
is computed by averaging the densities measured in MY 33 and those measured between
Ls=0° and Ls=120° in MY 34.

the SZA variation. Between SZA of 88° and 100°, the average value of the ‘seasonal mean’
densities is 1.15 × 107 cm-3 and that of the PEDE-2018 is 3.17 × 107 cm-3. This shows
that on the dusk side the densities during PEDE-2018 are ˜2.7 times that of the seasonal
mean values. On 29 June, which is close to the peak of the dust activity, the densities are
6.45 times those of the seasonal mean values. Thus, the thermospheric densities during
PEDE-2018 are, on average, 2-3 times greater than those of the seasonal mean values and
are as high as 6.45 times at the peak of the dust activity. Furthermore, the dust related
density enhancements are slightly larger on the dusk side than on the dawn.

Figures 4.8a and 4.8b show the residual Ar densities during PEDE-2018 after removing
the SZA contribution. Here the SZA contribution is removed by subtracting the seasonal
mean densities from those of PEDE-2018 at each SZA (that are shown in Figure 4.7).
After removing the SZA contribution, the residual densities on the dawn side show clear
enhancement associated with PEDE-2018. The temporal evolution of densities on both
the dawn and dusk sides is nearly same and have similar variation as that of PEDE-2018.
Particularly evident are the intermittent enhancements of the densities observed between
13-16 June and on 29 June.

4.3.4 O/CO2

In this section, we study the altitude variation of O/CO2 ratios on the dawn and dusk sides
using the densities measured by NGIMS and MENCA, respectively. The ratios are useful
to understand the radiative cooling of the thermosphere at 15 µm which takes place due
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Figure 4.8: Solar longitude (Ls) variation of residual Ar densities at 170 km measured
by (a) NGIMS/MAVEN and (b) MENCA/MOM spacecraft. The residual densities are
obtained by removing the seasonal mean densities at each SZA from those measured during
PEDE-2018. The dotted grey lines represent the dates when MENCA measurements were
made. (c) Ls variation of CDOD at 610 Pa. Vertical line at the bottom panel indicates the
time of onset of the PEDE-2018.

to collisions between O and CO2 (e.g., [214]). Figure 4.9 shows the O/CO2 ratios on the
dawn and dusk sides for all the six days. Note that here we use the original densities (not
the binned ones). On the dawn side, the ratios are becoming one above 185 km. On the
dusk side, however, the ratios at all heights are < 0.2.

4.4 Discussion

The results of the present study suggest that thermospheric densities on both dawn and
dusk sides are enhanced during PEDE-2018. PEDE-2018 has its onset around 01 June
2018 and peaked between the end of June and 10 July, 2018 [224, 218, 220]. Accordingly,
the observations of the present study fall in the initial and growth phases of PEDE-2018.
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Figure 4.9: Ratios between O and CO2 densities (a) on the dawn side measured by
NGIMS/MAVEN and (b) at the dusk terminator measured by MENCA/MOM on 05, 08,
10, 13, 16 and 29 June 2018. The dotted vertical line in the left panel is plotted where the
O/CO2 ratio is one.

In addition, the deep convective activity associated with PEDE-2018 was mostly confined
to low- and mid-latitude regions during 9-29 June, 2018 [225]. From Figure 4.1 and Tables
4.1 and 4.2 of the present study, it can be noted that the observations reported here are also
confined to low-latitude regions. Furthermore, [224] have shown that the temperatures in
the lower and middle atmosphere (25-80 Km) are enhanced during PEDE-2018. Hence,
it is likely that the thermosphere probed by MAVEN and MOM was affected by the deep
convective activity associated with PEDE-2018. In fact, previous studies have reported the
PEDE-2018 related warming of the thermosphere and associated changes in the circula-
tion pattern and neutral densities on the dawn side [31, 32]. In addition, it was reported
that the local dust storms can also affect the Martian thermosphere [89, 128]. Thus, the
enhancement in densities reported in the present study concur with those of previous stud-
ies. Accordingly, the hydrostatic expansion of the thermosphere, associated with radiative
heating of the dust aerosols in the lower atmosphere, is most likely playing an important
role in the enhancement of thermospheric densities (e.g., [31, 28, 32, 89, 226].

From the present study it is apparent that the density enhancement associated with
PEDE-2018 is more on the dusk side than on the dawn side. Note that the densities in the
thermosphere are, in general, higher on the dusk side than on the dawn side, known as the
dawn-dusk asymmetry [223]. [223] have studied the dawn-dusk asymmetry statistically us-
ing long-term observations. Since the dawn and dusk observations in that study were from
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different seasons, it was not possible to remove the seasonal bias. The near simultaneous
observations of the present study show that during the growth phase of PEDE-2018, not
only that the dawn-dusk asymmetry is retained, but it got intensified. The dusk/dawn ratios
shown by [223] lie between 2 and 6, while that of the present study, on average, is 3.5. The
low value is possibly because the dawn and dusk observations in the present study are not
exactly from conjugate local times. Corresponding to 17.79 – 18.45 hr on the dusk side, the
conjugate local times on the dawn side would be 5-6 hr [223]. But the dawn side observa-
tions during PEDE-2018 shown in the present study are between 7-8 hr (except 29 June). It
is known that the thermospheric densities increase from dawn towards noon [223, 4, 125].
As a result, the dusk/dawn ratios in the present study are slightly smaller than those re-
ported in [223]. The exception is observed on 29 June when the dusk side densities exceed
those on the dawn side by one order. This is because the dawn and dusk observations on 29
June fall exactly at conjugate local times (˜ 6 LT on the dawn side and ˜ 18 LT on the dusk
side; Tables 4.1 and 4.2). Furthermore, the observations of the present study are in line
with the results of the global circulation model which predict the dawn-dusk asymmetry to
be maximum at equatorial locations [3, 209].

Mars Climate Sounder observations have shown that the dust activity during the PEDE-
2018 has a distinct diurnal variation with the dust reaching highest altitudes in the late af-
ternoon hours and lowest altitudes in the late nights [218]. In addition, Thermal Imaging
System (THEMIS) infrared observations show that evening temperatures are larger than
morning temperatures during the initial and growth phases of PEDE-2018 [220]. Follow-
ing these, we surmise that asymmetrical heating and uplifting of the thermosphere on the
dawn and dusk terminators likely resulted in the stronger response of the thermospheric
densities at the dusk than at the dawn. In addition, changes in the thermospheric circulation
associated with PEDE-2018 (e.g., [32] are likely playing important role in the differential
uplifting of the thermosphere on dawn and dusk sides.

In addition, it is important to note that during growth phase of PEDE-2018 there are
intermittent enhancements in thermospheric densities. Significant enhancements are ob-
served during 13-16 June (SZAs of 70°-71°) and on 29 June (SZAs of 89°-90°). Interest-
ingly, these enhancements are present both on the dawn and dusk sides. Notably, the deep
convection in the lower atmosphere during PEDE-2018 also displays the episodic nature
[225]. Hence, it is likely that the strong episodes of deep convection drive the intermittent
warming of the thermosphere resulting in such enhancements in deep convection. In ad-
dition, the roles of thermospheric circulation and atmospheric dynamics (such as thermal
tides, planetary waves and gravity waves) cannot be neglected. The exact mechanism, how-
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ever, need to be singled out with more observations and using general circulation models.
Furthermore, the present study also shows that O/CO2 ratios at the dawn terminator be-

come one above 185 km, whereas at the dusk terminator they are always < 0.2 below 220
km. Using NGIMS observations in MY33, [223] have shown that below 170 km the O/CO2

ratio becomes one at the dawn terminator, but not at the dusk. The dawn and dusk observa-
tions in that study, however, are from different seasons. The simultaneous observations of
neutral densities on the dawn and dusk sides in the present study unambiguously confirms
this result. This can also be noted from MENCA exospheric observations, which showed
that the O/CO2 ratios at the dusk terminator become 1 at 270±10 km [109]. All these re-
sults consistently indicate that the radiative cooling of the thermosphere is prominent on
the dawn side and not so significant on the dusk side.
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Chapter 5

Latitudinal and Seasonal Asymmetries of
the Helium Bulge in the Martian Upper
Atmosphere

The thermospheric variability we investigated in chapter 3-4 was brought out using Ar and
CO2, a heavy mass species, measurements from the NGIMS/MAVEN. Here, we present
the structure of thermosphere with respect to the light mass species in the region. In the
present study, we investigate the characteristics of helium [He] bulges in the Martian up-
per atmosphere using He densities and winds measured by the Neutral Gas and Ion Mass
Spectrometer (NGIMS) aboard the Mars Atmosphere and Volatile EvolutioN (MAVEN)
spacecraft. The observations are compared with those predicted by the Mars Global Iono-
sphere Thermosphere Model (M-GITM). The results of the present study show that the
nightside He bulge is a persistent feature of the Martian upper atmosphere in all seasons.
The He densities inside the bulges are 1–2 orders of magnitude greater than those on the
dayside. In solstices, the bulges are observed in the winter polar region which is in ac-
cordance with the model predictions. In equinoxes, however, the bulges are observed to
extend from mid-latitudes into the southern polar regions (>60°S), which is contrary to the
model predictions at mid-latitudes. These anomalous bulges are predominantly observed in
the northern spring equinox and are 10 – 30 × greater than the modelled ones. During the
autumnal equinox, the observed winds depart from the modelled winds. Furthermore, the
observed winds point to the southern polar regions where the bulges are observed. Thus,
the results of the present study indicate that in equinoxes the regions of local vertical advec-
tion, that are responsible for the formation of the bulges, are displaced towards the southern
polar regions. The results of the present study point to the need of a larger wind database
from NGIMS in southern polar region, particularly during equinoxes.
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5.1 Background

Thermospheric composition generally shows species dependent response to thermal and
dynamical forcings. Heavier species (such as CO2 and Ar), due to their small scale-height,
show stronger response to changes in the heating than the lighter species [5]. Since CO2

is the dominant neutral species, the thermosphere expands in regions of heating and con-
tracts in regions of cooling. Such a response of was clearly shown in Chapter 4 during the
2018 PEDE time. The lighter species (such as He and O), on the other hand, respond more
to the background circulation (zonal and meridional winds) and related vertical advection
(upwelling and downwelling) leading to their accumulation at specific locations and local
times [227, 5, 228, 229, 134, 230]. Therefore, He/CO2 ratio is often used to better appreci-
ate the He bulge in the Martian thermosphere(e.g., [131]). [134] have shown that while the
vertical advection and molecular diffusion are the dominant processes for the formation of
He bulge on Earth, horizontal winds contribute indirectly by maintaining the thermospheric
mass continuity.

A similar process is envisaged to operate on Mars as well for the formation of the He
bulge [5, 131]. Accordingly, the upwelling part of the vertical advection on the dayside
leads to the depreciation of lighter species (i.e., the He/CO2 ratio decreases). The merid-
ional winds propagate poleward on the dayside which after crossing poles converge on the
nightside. The downwelling of winds at the convergent point leads to the accumulation
of lighter species (particularly helium, where He/CO2 ratio increases) and formation of a
bulge on the nightside [5, 131]. Zonal winds cause local time variations of the bulge by
moving the downwelling part of the vertical advection toward morning and evening ter-
minators. This nightside convergence point also moves latitudinally with season. During
equinoxes the convergent points lie in the mid-latitudes whereas in solstices the conver-
gence happens in the winter polar regions. Modeling studies also predicted formation of
the bulges in the Martian thermosphere [5, 131].

The He bulge, in general, is referred to as the winter He bulge wherein the He densities
in the winter polar region are 1-2 orders of magnitude higher than those in the summer
polar region. Existence of such a winter bulge has been well reported for Earth [132, 133,
134, 135, 136, 137] and Venus [138, 139, 140]. Prior to MAVEN, the He observations on
Mars were only those measured by the Extreme Ultraviolet Explorer Satellite in airglow
remote sensing method [231]. Using the He measurements by the Neutral Gas and Ion
Mass Spectrometer (NGIMS) onboard MAVEN, [131] reported the existence of the He
bulges in the winter polar nightside. They found that the He abundance in the northern
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polar winter nightside is twice that on the northern polar summer nightside. The nightside
enhancements in density are a factor of 10–20 larger than the dayside depreciations. These
initial observations were found to agree preliminarily with the MGITM modeling results
[131].

The present study finds its importance in three major contexts. First, since the initial
report of He bulge on Mars by [131], there has been a substantial amount of He data col-
lected by MAVEN that covers a wide range of latitudes, local times, and seasons. Due
to the limited data set, [131] could not establish the presence of He bulge in the southern
polar winter and also could not clearly resolve the seasonal and local time variations. The
present study addresses these issues with the larger data set. Second, NGIMS/MAVEN has
been measuring the altitude profiles of horizontal winds in the Martian thermosphere since
2016 [197, 232]. These wind measurements span a range of local times and seasons and are
useful to infer the actual circulation pattern of the Martian thermosphere. Such direct wind
measurements are expected to be useful in understanding the transport of lighter species.
Third, since the work of [131], there has been considerable improvement in the M-GITM
code which needs to be validated with the observed He densities and winds (see Section
2.7 for more details). Considering these developments, we revisit the He bulge to get better
insight on its spatial and temporal variability and to offer a more realistic explanation for
its formation based on the improved M-GITM and direct wind measurements.

5.2 He densities from observations and model

The present study uses the Level 2, version 08, revision 01 density data of NGIMS database.
We use the density measurements from all inbound periapsis passes starting from the Mar-
tian year (MY) 32 (solar longitude, Ls = 288°; February 11, 2015) until Ls = 230° in MY
35 (June 30, 2020). Due to instrumentation effects as mentioned in [131], we did not in-
clude the density data prior to February 15, 2015. We use NGIMS measurements of He and
CO2 densities between 160 and 300 km only. For wind observations, we used v06r01 data
sets of Level 3 data products from 41 campaigns that span the period from 2016 to 2020.
The winds measured during both the inbound and outbound segments are used. The winds
from each campaign are averaged with a similar procedure as that of [232]. The observed
and modeled densities used in the present study are averaged over 5 km × 5° × 0.33 hr
altitude-latitude-local solar time (LST) grids. In the present study, we have not included
observations from Ls = 180° to Ls = 360° in MY 34 as there was a planet-encircling dust
event (PEDE-2018) during this period and the focus of the present paper is to study the
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He bulges during nominal dust conditions. The present study also uses the outputs of the
MGITM model, which was discussed in Chapter 2.

5.3 Results

Figure 5.1: Local Solar Time (LST) versus altitude variability of (top panels) He densities
and (bottom panels) He/CO2 ratios during (a) MY 33, (b) MY 34, (c) MY 35 and (d)
Average of MY 32 – 35. The data are averaged within an altitude and local time grid of 5
km × 0.33 hr.

The top panels of Figure 5.1 show the altitude versus local solar time (LST) variability
of He densities. Note that as the data for MY 32 do not cover all LSTs, we do not show
it separately but include it in Figure 5.1d. The patchiness in the data is mainly related to
the data coverage. The low-density streaks observed at 18 hr in MY 33 and 7 hr in MY
34 are mainly due to the spread of observations in different latitudes and seasons. The
diurnal variability of He shows a consistent formation of bulge on the nightside centered
on ˜2 – 6 hr in all the Martian years. The strength (density) and the local time extent of the
bulge, however, decrease gradually with increase in altitude. This is particularly apparent
in MY 35. The He densities inside the bulges are approximately an order of magnitude
higher than those observed during daytime. Since CO2 is the dominant neutral species in
the Martian thermosphere and its variation from dayside-to-nightside is opposite to that of
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He [5, 131], the He bulges can be better appreciated by normalising the He densities with
those of CO2. As shown in the bottom panels of Figure 5.1, the He/CO2 ratios show the
formation of nightside He bulge at altitudes below 230 km. Above 230 km, existence of
the bulge cannot be inferred due to the lower availability of CO2 data. Note that Figure 5.1
gives a broad LST variability of He bulges but does not resolve their latitudinal or seasonal
variability.

To further understand the seasonal, latitudinal and LST variability of the bulges, Figures
5.2a and 5.2b show the He/CO2 ratios and He densities, respectively for an altitude of 200
km as a function of solar longitude (Ls). The top three panels in Figure 5.2 are color
coded according to the season while the bottom panel is color coded according to LST.
The seasons shown in Figure 5.2 correspond to ±45° centered on each Ls. Note that the
gap from orbit #7093 to #8766 in Figure 5.2 is due to the exclusion of data during PEDE-
2018. In Figure 5.2, the existence of bulge can be better appreciated in He/CO2 than in
He alone. Irrespective of season and latitude, the He/CO2 ratio increases during nighttime
and decreases during daytime. The strongest bulges (He/CO2 >1), however, are clearly
apparent in Ls = 0° (marked as E1 & E4), Ls = 90° (E3) and Ls = 180° (E2 & E5). Out
of the five bulges, four bulges are observed in equinoxes (E1, E2, E4, and E5) and one
bulge is observed in the southern winter. No considerable bulge is observed in Ls = 270°;
however, due to limited data availability we cannot conclude on the formation/absence of
the bulge in this season. By comparing with LST (Figure 5.2d), we can note that the bulges
occur during nighttime, mostly in the early morning hours. Among the five bulges shown
in Figure 5.2, four bulges (E1, E3, E4, E5) occur in the southern high latitudes and one (E2)
in the low-latitudes. There is some enhancement of He in the northern polar region at Ls =
0° (MY 34) but the same is not reflecting as bulge in He/CO2 ratio. Overall, no appreciable
bulge is observed in the northern high latitudes, partly due to the limited sampling of winter
polar region near Ls ˜ 270°

5.3.1 Local time and latitude variability

LST-latitude variation of He densities for an altitude of 200 km are presented in Figure 5.3
for four seasons. Among the four seasons, data coverage is better for Ls = 90° (12.3%) and
poor for Ls = 270° (4.7%). For Ls = 0°, the densities are near maximum (of all He densities
in the season) in the southern polar nighttime (between 45°S and 80°S; 3 – 8 LST). The
densities are also relatively higher in the northern mid-latitudes during daytime (˜30°N –
60°N; 10 – 13 LST), but are lowest in the northern polar nighttime (˜70°N; 4 –7 hr). In the
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Figure 5.2: Temporal (as a function of Solar Longitude (Ls)) variation of (a) He/CO2

ratios, (b) He density and (c) MAVEN latitude, for 200 km and color coded according to
the season. Each season covers ±45° Ls. Bottom panel is color coded according to the LST.
In the top panel, horizontal red dashed lines are drawn to highlight the highest and lowest
values of He/CO2 ratios. Dominant He bulges are indicated by E1 to E5

northern summer solstice (Ls = 90°), the densities are near maximum in the southern high
latitude nighttime (50°S – 80°S, 0 – 7 hr) and are minimum in the northern high-latitudes.
For Ls = 180°, the densities are near maximum in the northern equatorial to mid-latitudes
during nighttime (10°N – 30°N; 4 – 7 hr). The densities are also relatively higher in the
southern high latitude nighttime (˜60°S – 80°S; 1 – 8 hr). Much cannot be inferred from
the density variation in Ls = 270°, except that the densities in the southern high latitudes
are relatively smaller compared to those in Ls = 90°. Thus, in the northern summer solstice
(Ls = 90°), the He bulge seems to form in the winter polar region (˜50 – 80°S) whereas in
equinoxes (Ls = 0° and = 180°) the bulges are not confined only to mid-latitudes but are
extended to southern polar regions. Similar conclusions can be drawn about the bulges from
He/CO2 ratios (Figure 5.4) which show much better contrasts in their variability. Note that
the seasons considered here correspond to ± 45° centered at each seasonal cardinal point
(Ls=0°, 90°, 180° and 270°). Reducing the duration will not change the results (c.f. figure
5.2) but will lead to reduced data coverage in each season.

M-GITM predictions of the He bulges (color contours) and horizontal winds (yellow
arrows) for an altitude of 200 km for the four seasons are shown in Figure 5.5. In the

78



Figure 5.3: a) Latitude versus LST variation of He density for (a – d) Ls 0°, 90°, 180°, and
270° as observed by NGIMS at 200 km. The data are averaged on a latitude and local time
grid of 5° × 0.33 hr.

equinoxes (Ls = 0° and 180°), the bulges are observed between 1 – 5 hr at mid-latitudes
(20 – 60°) with nearly equal strength on both the hemispheres. In solstices (Ls = 90° and
270°), the strongest bulges are observed in the winter polar nighttime. In Ls = 90°, there
is a distinct (yet weak) second bulge between low- and mid-latitude regions in the northern
hemisphere. Such a distinct secondary bulge, however, is not apparent at Ls = 270° but
a continuous streak from the winter mid-latitudes to summer low-latitudes is observed.
In addition, the winter bulge in solstices extends to pre-midnight hours and the extended
portion of the bulges is stronger in Ls = 270° than in Ls = 90°. The modelled horizontal
winds seem to converge in regions of the bulges. Comparing the modelled bulges in Figure
5.5 with the observed ones in Figure 5.4, we can note that the latitude and local time of
predicted bulge differ from those of observed ones.

5.3.2 Comparison of observations with model outputs

To get a better understanding on the discrepancies in the location of the bulges in different
seasons, the observed (green arrows) and modelled (yellow arrows) horizontal winds are
also shown in Figure 5.6. The modelled winds are taken from those LST-latitude grids
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Figure 5.4: Similar to Figure 5.3, but for He/CO2 ratios.

where the observations are available. The observed winds correspond to an altitude range
of 200±10 km whereas the modelled winds correspond to a constant altitude of 200 km.
With the limited wind observations, we can note that in Ls = 0° the winds are mainly
observed from equatorial and northern mid-latitudes whereas the bulges are observed in the
southern hemisphere high latitudes. Thus, no firm conclusions regarding wind convergence
in the southern polar night can be drawn. However, in Ls = 180°, the magnitudes of the
observed and modelled winds match well but the observed winds, in general, point toward
south whereas the modelled winds are more toward south – west. Thus, in Ls = 180° the
observed winds point to the regions where observed densities exceed the modelled ones. In
Ls = 90°, the observed winds point in several different directions and hence it is difficult to
draw any conclusions of their effect on the He density variations. Finally, only a few wind
measurements are available in Ls = 270° and hence no conclusions are drawn.

5.4 Discussion

Characteristics of He bulges in the Martian thermosphere during nominal dust conditions
are investigated using He densities and horizontal winds measured by the MAVEN NGIMS
during 2015 – 2020 and 2016 – 2020, respectively and the modern M-GITM simulations.
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Figure 5.5: Similar to Figure 5.3, but the He densities shown are from M-GITM simula-
tions for nominal dust conditions. The arrows show the modeled horizontal winds.

The following are the salient results of the present study.

• In equinoxes, the He bulges are observed to extend from mid-latitudes into the south-
ern polar regions (>60°S). Such an extension to polar latitudes is less obvious in the
northern hemisphere, partly due to limited observations.

• M-GITM predicts the formation of the bulges in the winter polar nightside lati-
tudes (˜45 – 80°) during solstices and in the mid-latitude (˜20 – 60°) nightside in
the equinoxes. The observed He densities in the southern polar regions (>60°S) in
equinoxes are thus unexpected and are 10 – 30x greater than the modelled ones.

• The observed winds during the autumnal equinox (Ls = 180°) point to the direction
of the observed He bulges whereas the modelled winds are slightly offset.

• Winter polar bulge is clearly observed in the southern polar regions at Ls = 90° as
predicted. Such a winter polar bulge, however, could not be observed in the northern
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Figure 5.6: Similar to Figure 5.3 but shows the ratios of the observed and modelled He
densities (shown by colorbar). The green and yellow arrows represent the winds observed
by NGIMS and modelled by M-GITM, respectively. Tails of the arrows show the location
of the winds, length of the arrows show the magnitude (reference magnitude is shown by
red arrow in panel c) and heads of the arrows point to the direction of the winds.

polar regions at Ls = 270°, partly due to limited observations.

As predicted by models [5] and previously reported from NGIMS observations [131],
He bulges are a persistent feature of the nightside Martian thermosphere. The densities
inside the bulges are 1 – 2 orders higher than the dayside minimum densities. Similar to that
observed at the Earth [134, 233], the He bulges on Mars are strongly seasonal dependent.
Particularly, M-GITM predicts their formation at mid-latitudes (˜20 – 60°) in equinoxes
and at the winter poles (˜45 – 80°) in solstices. For Earth, the local vertical advection and
molecular diffusion are shown to be primary drivers of the bulge formation [134, 233]. The
seasonally varying horizontal winds contribute indirectly as their divergence on the dayside
and convergence on the nightside drive the local vertical advection. Similar processes are
likely to work on Mars as well [131].

82



In the entire MAVEN dataset, the northern winter pole was observed only twice: in
MY 32 and MY 34. The initial observations of MAVEN (MY 32) were reported by [131]
wherein their usage was cautioned due to possible instrumentation effects. As mentioned
earlier, the MY 34 northern winter observations fall under PEDE-2018 which we did not
include in the present study. As a result, we could not observe the He bulge in the northern
winter polar region. The formation of the bulge in the northern winter pole reported by
[131], however, is as predicted by the M-GITM simulations. In the present study, we report
the first observations of the southern winter polar bulge which was observed by MAVEN
in MY 34. These observations concur with the M-GITM predictions.

The most unexpected result of the present study is the formation of the bulges in the
southern polar region (>60°S) in equinoxes. Even during daytime, the He densities at
the southern polar region are greater than those at mid-latitudes. In equinoxes, the M-
GITM predicts the formation of bulges at mid-latitudes (˜20–60°) in both the northern
and southern hemispheres. While there is also some enhancement in the mid-latitudes
(30 – 60°), the most unexpected is the extension of the bulge to the southern polar region
(60 – 80°S) which was clearly observed in the northern spring equinox (Ls = 0°). These
bulges are in fact stronger than the one observed in the northern winter polar region by
[131]. The observed helium bulges at equinoxes thus extend beyond mid-latitudes and
much closer to the southern pole than predicted. From the initial observations, [131] also
noted these anomalous enhancements but was attributed to the instrumental effects. The
present study clearly shows that the equinoxial He bulge extending to the southern pole
is a persistent feature. Even the modern M-GITM simulations could not predict these
anomalous equinox enhancements. This shows that the periodic solar insolation drivers of
the Mars thermospheric circulation (e.g. solar heating changes on diurnal, seasonal and
solar cycle timescales) are not sufficient to capture the high latitude convergence regions of
global thermospheric winds implied by the helium distribution during equinox conditions.
Therefore, other non-solar processes must be investigated. These processes include upward
propagating gravity waves, which are thought to deposit their momentum and energy in the
thermosphere and drive substantial changes in the otherwise solar driven upper atmosphere
circulation (e.g. [25]). Addressing the coupling with the lower atmosphere via gravity
wave momentum and energy deposition may be helpful to reproduce the observed southern
polar helium bulge during equinoxes.

A comparison between the observed and modelled horizontal winds helps to some ex-
tent in understanding the formation of the equinoxial southern polar bulges. The convergent
point of the modelled horizontal winds coincides with the locations of the modelled He

83



bulges indicating that the horizontal winds lead to the local vertical advection. The mag-
nitude and direction of the observed winds, however, deviates from the modelled winds.
During the autumnal equinox (Ls = 180°) in particular, the observed winds point to the
location of the southern polar bulge. This probably indicates that the actual location of
the local vertical advection is in the southern polar region which is different from that pre-
dicted by M-GITM. To advance the present study, a larger wind database from NGIMS in
the southern polar region is required, particularly during the equinoxes.
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Chapter 6

Local time and Latitudinal variation of
Mixing Ratios in the Martian Upper At-
mosphere

6.1 Abstract

In the previous studies we investigated the spatial and temporal variability of thermospheric
constituents- Ar and CO2, which are the heavy mass species and He, which is a light mass
species. The results of the previous studies clearly showed that the distribution of the
thermospheric species is strongly connected to the dynamical processes which have mass
dependent effect on the variability of species. Thus, in this paper, to understand and com-
pare the mass dependent variability, we investigate the latitudinal and local time variability
in the mixing ratios- He/CO2, N2/CO2, and Ar/CO2, in the thermosphere of Mars. For this
purpose, we use density measurements at an altitude of 200 km, derived using the Neutral
Gas Ion Mass Spectrometer onboard Mars Atmosphere and Volatile EvolutioN mission.
The variability in He/CO2 follows a trend similar to that of He density, the N2/CO2 and
Ar/CO2 trend opposite to their individual densities. While the observation about He and
N2 (and their mixing ratios) are consistent with previous studies, the present study reports
for the first time, a comparison of mixing ratios of varying masses. In addition, we inves-
tigate the impact of dust storms (dust storm season (Ls = 180°-360°) of MY 33 and MY
34 (PEDE-2018) on mixing ratios. We found that during PEDE – 2018, there is a decrease
in mixing ratios compared with the ratios during dust storm season of MY 33. The factor
of depletion of mixing ratios varies with their masses. In addition, the seasonal trend in
mixing ratios exhibits an opposing trend to dust activity. The mixing ratios peak when the
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dust activity is low and not at its peak. During the low dust activity period, while Ar/CO2

shows maximum enhancement, He/CO2 is least enhanced. The results of this study show
that in general, the variability in mixing ratios is controlled by the seasonal variation in CO2

density. On the dayside, the variability in mixing ratios seems to be driven by the seasonal
changes in the homopause altitude, whereas the variability on the night side points toward
the possibility of additional processes playing a role. Change in the thermospheric circula-
tion during dust storms coupled with a mass-dependent response of thermospheric gases to
gravity waves is proposed as an important mechanism contributing to the depletion of the
mixing ratio.

6.2 Background

In the studies presented in chapter 3 and 4, we observed that the heavy mass species (Ar
and CO2), due to their small scale-heights, are controlled by the changes in the dynamical
heating/cooling in the thermosphere [223, 5] and are strongly influenced by the global dust
storms [90]. Whereas, in chapter 6, we found that the distribution of light mass species
(He) is mostly influenced by the large-scale circulation (zonal and meridional winds) and
related vertical advection (upwelling and downwelling). This leads to their accumulation at
specific locations and local times [131, 198, 227, 5, 228, 229, 134, 230]. Thus, the previous
investigations imply that the species have a mass dependent response to the dynamical
processes in the thermosphere of Mars and needs further investigation.

To understand the distribution of the atmospheric species, we investigate the variability
of mixing ratios (with respect to the dominant species-CO2). [131] and [198] investigated
the spatial and temporal variations in He density using He/CO2. The global circulation
of the winds combined with the vertical advection and molecular diffusion leads to strong
seasonal and latitudinal variations in the He/CO2 [5, 131, 198]. In addition, [67] observed a
strong seasonal trend in N2/CO2 using the measurements from Infrared Ultraviolet Visible
Spectrometer (IUVS) onboard Mars Atmosphere Volatile Evolution MissioN (MAVEN).
They found that N2/CO2 reaches a maximum of 0.20 during aphelion time and a minimum
of 0.02 during perihelion time. The observed variations are associated with the variations in
CO2 density and are strongly driven by the seasonal changes in homopause altitudes, as also
observed by [105, 141]. Particularly the dayside variability of N2/CO2 is well correlated
with the observed trend in homopause altitudes [67]. However, due to observational limi-
tations of IUVS, the nightside trend in N2/CO2 and its relation with the seasonal changes
in homopause altitude could not be investigated.
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Thus, previous studies investigating the mixing ratios have shown their variability rea-
sonably well, yet a complete understanding of the behavior of mixing ratios, particularly
during the dust storm season remains unknown. In the present study, we investigate the
mixing ratios - He/CO2, N2/CO2, and Ar/CO2 using the measurements from NGIMS/
MAVEN. The data sets used in this study offer more spatial and temporal coverage com-
pared with the ones used in previous studies. Due to this, a complete latitudinal and diurnal
variability is studied. In addition, NGIMS data sets from the dust storm season in MY 33
and 34 (PEDE-2018) will help to investigate and compare the response of mixing ratios to
dust storms in both MYs. Further, in the present study, we show a combined picture of the
mixing ratios of the species of various masses (He/CO2,N2/CO2, and Ar/CO2), thus, giving
an insight into the mass-dependent nature of the thermosphere of Mars.

6.3 Results

6.3.1 Seasonal Vs Local time variability

Figure 6.1: Local solar time (LST) versus solar longitude (Ls) variability of densities of
a) He, b) N2, c) Ar, d) CO2, and e) latitude coverage of MAVEN spacecraft. The data are
averaged over a grid of 1 hr in LST and 10° in Ls.

Figure 6.1 (a-d) represents the Local Solar Time (LST) versus Solar Longitude (Ls)
variation of He, N2, Ar and CO2 densities, respectively for an altitude of 200 km. Irre-

87



spective of season and latitude, the He densities show a consistent diurnal variability with
enhancement on the nightside and early morning hours ( 0–6 h and 22-24 h) and depletion
on the dayside centred on 12–14 h in all the Martian years. The maxima in densities are at
mid-high latitudes (between 45°S and 80°S) during equinoxes (Ls = 0° and Ls =180°) and
at high latitudes (>60°S) during southern winter solstice (Ls = 90°). The enhancements in
He density are consistent with the results of the study by [131, 198]. However, the vari-
ability of N2, Ar and CO2 clearly show an opposite variation as compared to He. The N2,
Ar and CO2 abundances are larger on the dayside as compared with the nightside regions
of Mars. The N2, Ar and CO2 densities attain their respective maxima in MY 33 between
10°S and 50°S latitudes during southern summer solstice (Ls = 270°) and minima at the
mid-high latitudes (between 45°S and 80°S) during equinoxes and high latitudes (>60°S)
during southern winter. Comparing MY 33 with MY 34, during Ls = 180° to Ls = 270°, one
can see that the He densities during MY 34 are smaller, and N2, Ar and CO2 densities are
larger than those observed during MY 33. Note that, during MY 34, Ls = 180° to Ls = 270°,
a Planet Encircling Dust Event (PEDE) also known as PEDE-2018, occurred on Mars. The
NGIMS measurements from the period of PEDE-2018 show an enhancement in the heavy
mass species (e.g., Ar and CO2) [31, 90]. In addition, [31, 234] observed a decrease in light
mass species (He and O) during PEDE-2018. Thus, the observations of the present study
related to the densities of heavy and light mass species, during PEDE-2018, are consistent
with the previously reported results [90, 31, 234]. To bring out the distribution of heavy
and light mass species clearly, it is important to study their variabilities relative to the CO2

density and hence their mixing ratios (as discussed in section 1).

The variability of mixing ratios He/CO2, N2/CO2 and Ar/CO2 is investigated in Figure
6.2 (a-c), respectively. From Figure 6.1a and 6.2a, it is apparent that the spatial and tempo-
ral variability of He/CO2 is similar to variations observed in He density and consistent with
the previous studies on He bulges [131, 234] in the upper atmosphere of Mars. However,
the Local-time variation of N2/CO2 and Ar/CO2 show a clear opposite behaviour when
compared with their individual densities (N2 and Ar) (as shown in Figure 6.1b, 1c, 1d, 2b,
and 2c). The mixing ratios N2/CO2 and Ar/CO2, in contrast to the day time enhancement
of N2, Ar and CO2 densities, are maximum on the night side and minimum on the day side
of Mars. Similarly, the latitudinal variability of the mixing ratios shows an opposite be-
haviour as compared with the latitudinal variability observed in their individual densities.
The N2/CO2 and Ar/CO2 are enhanced at mid-high latitudes (between 45° and 80°S) during
equinoxes (Ls = 0° and Ls = 180°) and high latitudes (>60°S) during southern winter (Ls
= 90°). This behaviour is more in line with the He and He/CO2 variabilities. The seasonal
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Figure 6.2: Similar to Figure 1, but color coded with mixing ratios- a) He/CO2, b) N2/CO2,
and c) Ar/CO2. Panel d) represents the latitude coverage by MAVEN spacecraft. Here,
green shaded boxes are used to highlight the dust storm season (Ls 180°-270°) in MY 33
and MY 34

variability of the mixing ratios is further investigated in Figure 6.3

6.3.2 Local time Vs latitude variability

In NGIMS, N2 densities are derived from mass channel number 28 that collects detector
counts for CO density as well. Further, a CO2 molecule can get fragmented into C, CO,
O2 and O within the instrument. Thus, channel number 12, 16, 28, 32 and 44 have to be
considered while deriving CO2 abundance. Thus, deriving N2 density from N2+CO counts
and CO2 density by accounting for its fragmented species leads to higher uncertainty in the
data retrieval process. Ar, on the other hand is a more reliable specie since it is chemically
non-reactive and does not fractionate. Thus, we study the variability in the mixing ratios
using Ar/CO2 (as shown in Figure 6.3). Figure 6.3 includes data from all MYs (32-35)
and averaged over a 5°x1 h grid. Here each season is defined in the ± 45° range which is
centred at cardinal points Ls = 0°, Ls = 90°, Ls = 180° and Ls = 270°. For example, Ls =
90°, includes data from Ls = 45° to Ls = 135°. Note that the observations corresponding
Ar/CO2 are also applicable to He/CO2 and N2/CO2. During Ls = 0°, the Ar/CO2 approaches
maximum on the southern polar nightside (between 45° and 80°S; 3–8 LST) of the Mars.
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Ar/CO2 is also relatively higher on the northern polar nightside during ( 70°N; 0–4 hr) and
southern polar nightside ( 60° - 80°S; 19–24 hr), but is lowest in the daytime (10-14 hr)
at most of the latitudes. In the northern summer solstice (Ls = 90°), Ar/CO2 approaches
maximum in the southern high latitude nightside (50°–80°S, 0–7hr), and are minimum
in the northern high-latitudes except at 50°–70°N, 0–4 hr at which time there is slight
enhancement in Ar/CO2. For Ls = 180°, Ar/CO2 approaches maximum in the northern
equatorial to mid-latitudes on the nightside (10°–30°N; 4–7 hr). Ar/CO2 is also relatively
higher on the southern high latitude nightside ( 60°–80°S; 1–8 hr). During Ls = 270°,
Ar/CO2 is maximum on mid-latitude region of the nightside (10-20° N; 3-5 hr) of Mars
and minimum in southern high latitudes. Note that the enhancement in Ar/CO2 during
southern winter (Ls = 90°) is stronger than in the northern winter (Ls = 270°). Thus, the
variability observed in Ar/CO2 is similar to the one observed for He density and He/CO2

ratio by [131, 234, 198] and for N2/CO2 by [67].

Figure 6.3: Latitude versus local solar time variation of Ar/CO2 for (a–d) Ls=0°, Ls=90°,
Ls=180°, and Ls=270° for 200 km. The data are averaged over a latitude and local time
grid of 5° × 0.33 hr.

6.3.3 Dust Storm induced variability

In this section we discuss the observations related to the dust storm seasons of MY 33
and 34. In Figure 6.2, on comparing Ls=180° - 270° in MY 33 with 34 (as shown by
shaded boxes) one can note a reduction in He/CO2 by 1-2 orders of magnitude during MY
34. Interestingly, during PEDE-2018, N2/CO2 and Ar/CO2 also show a decrease in their
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ratios as compared with ratios in the dust storm season of MY 33. The value of N2/CO2

decreases from ˜4.5 in MY to ˜3 during PEDE-2018. Similarly, Ar/CO2 decreases from
˜0.18 to ˜0.09. Thus, the factor by which the mixing ratios deplete is maximum for He/CO2

and minimum for Ar/CO2. Although the comparison of dust storm season of MY 33 and
34 is at slightly different local times and latitudes, the depletion in mixing ratios show a
significant influence of dust storm on the mixing ratios. Dust storms occur more frequently
during Ls=180° – 270°, where the peak phase of dust activity lasts for 5-20 days. The data
in this Figure, is grided for every 10° Ls. This averages out the Ls dependent variability of
the mixing ratios. Thus, Ls-to-Ls of mixing ratios during the dust storm season (Ls = 180°
to Ls = 270°) is investigated in Figure 6.4.

Figure 6.4: Temporal (as a function of solar longitude (Ls)) variation of, during MY 33
(left column) and MY 34 (right column) (a) He/CO2 ratios, (b) N2/CO2 ratios (c) Ar/CO2

ratios, (d) MAVEN latitude, for 200 km e) latitude versus Ls variation of CDOD values,
and f) CDOD values averages over latitudes 50N to 50S. The solid vertical lines are drawn
to highlight the enhancements in the mixing ratios- He/CO2 ratios. Dashed vertical lines
are drawn to highlight dust storm peaks
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From Figure 6.4 d), one can see that during MY 33, MAVEN spacecraft was moving
from northern mid-latitudes towards the southern high latitudes of Mars and in MY 34 the
spacecraft was moving the southern-mid latitudes to northern high latitudes of. During
MY 33, MAVEN covered mostly nightside region of Mars, whereas during MY 34, in
addition to nightside, the dayside of the Mars was also observed. While, during MY 34
PEDE-2018 engulfed 80-95% of the globe of Mars, during MY 33, a regional dust storm
swirled through the planet that covered a latitude region between 50°N to 50°S of Mars.
This provided an opportunity to study the behaviour of mixing ratios in the nightside mid-
latitude region during the dust storm season on Mars. The Column Dust Optical Depth
(CDOD) shown in Figure 6.4e and 4f is an indicator of the dust opacity in the atmosphere
of Mars. Higher the CDOD, higher the amount of dust lifted in the atmosphere. While
Figure 6.4e shows the latitude versus solar longitude variation in CDOD values, in Figure
6.4f the CDOD values are averaged over the latitude region between 50°N and 50°S.

In Figure 6.4, the dashed lines D1, D2 and D3 represents the strong dust activity at Ls =
220° – 240° and Ls = 320° – 340° in MY 33, and Ls = 190° – 210° in MY 34, respectively.
The solid lines E1, E2, E3, and E4 show the enhancements in mixing ratios between Ls =
160° - 200° and Ls = 280° - 330° in MY 33 and Ls = 225° - 245° and Ls = 300° - 330° in
MY 34, respectively. The maximum dust activity occurred at D3 (CDOD = 1.5). However,
the maximum enhancement in the mixing ratios is attained at E4. The He/CO2, N2/CO2

and Ar/CO2 during E4 are by a factor of 90, 3.33, 1.5, respectively, larger than those during
D3. Similarly, In MY 33, the peak of the dust storm is at D2. However, the peak in the
mixing ratios is observed at E1. Thus, it is apparent that the mixing ratio increases with the
decrease in dust activity and suggest an anti-correlated with the CDOD trend. In addition,
during MY 34, the latitude region between 10°S - 50°S, was observed during 12 hr – 14 hr
LT (Ls = 160 ° to Ls = 190°) and during 20 hr – 23 hr LT (Ls = 330° to Ls = 360°). On
comparing, one can clearly see that the mixing ratios on the nightside are larger than those
on the dayside. Although no such conclusion can be drawn from MY 33, the observed local
time variability during the dust storm season is consistent with the non-dust seasons.

6.4 Discussion

Latitudinal and local time variabilities in the mixing ratios - He/CO2, N2/CO2 and Ar/CO2

are investigated in the upper atmosphere of Mars, at an altitude of 200 km. The study
is carried out using the He, N2, Ar and CO2 measurements by MAVEN NGIMS for MY
32, MY 33, MY 34 and MY 35. The density of heavy mass species (N2, Ar and CO2)
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on the dayside are larger than those on the nightside, while the light mass species (He) is
enhanced on the nightside of the Mars. The density of heavy mass species is maximum
in the summer hemisphere and minimum in the winter hemisphere of Mars. However,
He is enhanced over mid-high latitudes during equinoxes (Ls = 0° and Ls 180°) and at
high latitudes during southern winter solstice (Ls = 90°). Further, during PEDE-2018 (Ls
= 160° to Ls = 360°, MY 34), N2, Ar and CO2 densities are increased with respect to
MY 33, due to the radiative heating in the lower atmosphere and subsequent expansion of
the upper atmosphere of Mars. However, He densities during PEDE – 2018 were found
to be decreased. The depletion of light mass species, is associated with the changes in
upper atmospheric circulation. In contrast, the results of the present study show that the
mixing ratios – He/CO2, N2/CO2, and Ar/CO2 are enhanced on the nightside and depleted
on the dayside of the Mars. During solstices, the mixing ratios are maximum at the high-
latitude regions of winter hemisphere of Mars. The mixing ratios are larger during southern
winter (Ls = 90°) than those during the northern winter (Ls = 270°). During the dust storm
season, the mixing ratios on the nightside mid-latitude regions, show an opposite behavior
as compared with the CDOD. Particularly, during MY 34, with an increase in CDOD value
from 0.6 to 1.6, the He/CO2, N2/CO2 and Ar/CO2 decreases by a factor of 90, 3.33 and 1.5
times, respectively.

The local time and latitudinal variability of the Martian upper atmospheric heavy and
light mass species is consistent with previous NGIMS observations [125, 223, 198, 67,
131, 234, 90] and Mars Global Ionosphere-Thermosphere Model (M-GITM) simulations
[5]. Also, the variability of the mixing ratio- He/CO2 and N2/CO2 is in accordance with
the result of the previous studies. The variability in He/CO2 was investigated using mea-
surements from NGIMS/MAVEN. The upwelling of winds on the dayside and their down-
welling on the nightside, combined with large-scale circulation, is the primary driver of the
variability in He/CO2 [131, 234, 198]. The investigation of N2/CO2 using IUVS/MAVEN
observations by [67] showed that trend in N2/CO2 is mostly driven by the seasonal changes
in the homopause altitude due to seasonal fluctuation in the atmospheric CO2 density. Par-
ticularly on the dayside, the trend in N2/CO2 is anti-correlated with the homopause altitude
and a direct dependence on the variation in CO2 density at 140 km was shown. However,
due to limited observations from the nightside, a complete picture of the local time vari-
ability of the mixing ratio, particularly during nightside, could not be investigated. Further,
the observations reported in the study were up to May, 2018 which is before the start of
PEDE-2018. Therefore, no inference was drawn with respect to the response of mixing ra-
tio during dust storm season. In addition, the present study shows that the trend in mixing
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ratios during Ls = 160° to Ls = 360°, dust storm season, of MY 33 and 34, are anticorre-
lated with the CDOD values. During PEDE-2018 (MY 34), on the nightside, as the dust
storm progresses, the maximum decrease is observed in Ar/CO2 and minimum decrease is
observed in He/CO2. Previously, [235] studied the variability of O and H airglow using
Hisaki Space Telescope Observations. They reported a strong dependence of atmospheric
O on solar flux and no correlation with CDOD values. In addition, they observed an en-
hancement in H from non-dusty to dusty season and a strong correlation between H and
CDOD values. However, the correlation becomes weaker for CDOD > 0.2. The present
study, however, brings out a complete picture of the variability in the mixing ratios of vary-
ing mass species. The response of mixing ratios toward dust activity is now clear. During
the dust storm season, in addition to light mass species, heavy mass species also have anti-
correlation with the CDOD values. With the increase in dust activity, the factor by which
the mixing ratio decreases varies with the varying mass.

To understand the observed variability in the mixing ratios, it is important to examine
the possible mechanisms that lead to the enhancement in mixing ratios during nightside
winter polar regions. [67] listed three possible mechanisms. Seasonal variation in a) ther-
mospheric temperature, b) N2/CO2 at the surface and c) homopause altitudes. However,
they ruled out the possibility of the effect of a) and b). They found that on the dayside, the
seasonal change in homopause altitude is the dominant driver of the variability in mixing
ratios. We re-investigated the correlation between the variability of the mixing ratio, the
homopause altitude and atmospheric CO2 density, using Ar/CO2 measurements at an alti-
tude = 200 km in Figure 6.5a. Methodology to derive the homopause altitudes is discussed
in section 2.5. On the dayside the homopause altitude ranges from ˜100 – 140 km and on
the nightside it ranges from ˜90 – 120 km. Thus, the ˜30 km diurnal variation in homopause
altitude is consistent with [67]. On the dayside (8 – 20 hr LT), the trend in the Ar/CO2 is
opposite to the trend in the homopause altitudes and there is a slow decrease in Ar/CO2

mixing ratio with an increase in homopause altitude. However, on the nightside (0 – 8 hr
LT and 20 – 24 hr LT) the trend in Ar/CO2 shows a slight positive correlation with the trend
in homopause altitude. Further, on the dayside, the trend in homopause altitudes show a
direct correlation with CO2 density variation (as shown in Figure 6.5b). This shows that
the dayside variability in mixing ratio is dependent on the seasonal variation in the CO2

density. However, on the nightside an opposite variation between the mixing ratio and CO2

is apparent. Thus, the coherence of the mixing ratio with the homopause altitudes, on the
dayside of Mars is consistent with those observed by [67]. However, the variability of the
mixing ratios on the nightside of Mars upper atmosphere is a new observation. The result of
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the present study shows that the variability on the nightside of the Mars upper atmosphere
is independent of the variability of homopause altitude. Thus, in addition to the variations
in CO2 density, there are additional processes contributing to the distribution of the species.

Figure 6.5: a) Variability (as a function of homopause altitudes) in Ar/CO2 ratios, and b)
CO2 density. The data points are color coded with the Local Solar Time.

Recently, studies simulated the effect of gravity waves on the global circulation using
Mars Global Ionosphere Thermosphere Model (MGIT-M) code and reported that gravity
waves induce a reversal/ reduction in the large-scale circulation. [91] reported a strong
enhancement in gravity waves amplitudes during PEDE-2018. Thus, during the dust storm
season, when dust activity approaches its peak phase, GW amplitude also increases, which
in turn slows down the wind circulation. Reduced circulation means reduced day-to-night
transfer of the atmospheric species. As the dust activity enters its declining phase, wind
fields try to restore their previous day-night flow, resulting in an increase in the mixing
ratios during low dust activity period. Further, [119] demonstrated that the gravity waves
derived from Ar and CO2 were out of phase with those derived from N2. This shows that
the varying depletion factors for varying mass species could be due to the mass-dependent
response of the thermosphere.

Thus, we propose that a combination of the changes in the atmospheric circulation dur-
ing dust storm season and mass dependent behavior of thermospheric species is responsible
for the observed variability in mixing ratios. This requires further investigation in future
studies based upon the continuous monitoring of the temporal evolution of dust storms and
corresponding response of the mixing ratios. Finally, the result of the present study has sig-
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nificant implication in estimation of the escape rates of the gases of varying masses during
the dust storm season, as the variations in mixing ratios in the vicinity of exobase altitude
(˜200 km) where species can easily escape from, can cause variations in the escape rates as
well.
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Chapter 7

Summary, Conclusions and Implications

In this dissertation, a comprehensive picture of the spatial (latitudinal and altitudinal) and
temporal (diurnal and seasonal) variability of the thermospheric region is presented. Each
research work (Chapters 3 – 6) undertaken in this dissertation stands on its own with a
major result, but intrinsically all the works aim to address the central theme of Mars ther-
mosphere variability. This research work has answered a diverse set of questions about the
thermosphere of Mars and has improved our understanding of the region. The following
paragraphs summarise the salient outcomes and conclusions of all the works presented in
Chapters 3-6 and present the major implications of this thesis.

We analysed the upper atmospheric species of varied masses using satellite enabled in-
situ measurements of densities, scale heights, and horizontal winds. For this, we used the
mass spectrometer measurements from Neutral Gas Ion Mass Spectrometer onboard Mars
Atmosphere Volatile Evolution Mission spacecraft and Mars Exosphere Neutral Compo-
sition Analyser onboard Mars orbiter Mission spacecraft. The results of the study show
that the thermosphere of Mars exhibits a consistent asymmetry with respect to the tem-
poral distribution of heavier species like Ar and CO2. While the Ar densities are found
to be higher in dusk terminator, they are found to be depleted in the dawn terminator re-
gion. The simultaneous measurements during Ls = 188° to Ls = 205° (MY 34) of both
the terminator regions, not only confirms the presence of dawn-dusk asymmetry in densi-
ties, scale heights and temperatures, but also brings out the effect of PEDE-2018 on the
asymmetry. We found that during PEDE-2018, the dusk densities are further enhanced
making the dawn-dusk asymmetry much more prominent than during nominal times. This
investigation is further extended by tracing the lighter species such as He. An accumu-
lation of He densities in night time winter polar regions during solstice (Ls = 90°) and
southern high latitudes during equinoxes (Ls = 0° and Ls = 180°) is observed. A compari-
son with MGITM simulations of He density and winds with corresponding measurements

97



from NGIMS shows that the model is not able to predict the equinoctial bulges. Moreover,
the observed enhancements are found to be consistent with the observed wind directions.
We also studied the latitudinal and local time variations in the mixing ratios – He/CO2,
N2/CO2 and Ar/CO2. This study not only confirms the previously reported spatial and tem-
poral variability of the mixing ratios, but also provide a comparative view of the variability
of varying masses. In addition, this study clearly shows that during dust storm season, a
combination of the changes in the atmospheric circulation and mass dependent behavior
of thermospheric species significantly alter variability of mixing ratios. Thus, this study
clearly shows that the compositional structure of the thermosphere of Mars is not only
governed by solar activity but also significantly influenced by the dynamical processes.

This dissertation serves as a platform to extend existing studies to further our under-
standing of the thermosphere of Mars and to begin new studies. Since the upper atmosphere
is the reservoir volatiles that escape from Mars, and it is also home to tracer species that
reflect lower atmospheric processes such as dust storms and gravity waves, the implication
of this thesis can be broadly said to propagate both upward and downward.

On the atmospheric escape front, decoding the evolution and escape of the Martian
atmosphere requires an understanding of the atmosphere below the exobase, and how it
connects to the lower atmosphere. The processes that replenish, drive and remove species
from the topmost region of Mars have not been fully revealed. In addition, variability of
atmospheric species (molecules) near the surface is not reflected in the upper atmospheric
regions where atoms dissociated from these species escape. To illustrate the multi-variate
approach required to tackle this problem, let us consider the challenge of understanding
water loss. The properties of water reservoirs in the subsurface, in polar caps, and in the
near-surface atmosphere vary significantly with Martian season. The water that is lifted up-
wards by circulation is affected by ice, water clouds and dust. Insolation and atmospheric
chemistry contribute to ionizing and dissociating water molecules into its constituent ions
and atoms, thus forcing the entry of electric and magnetic fields into the problem and al-
tering the physical drivers that affect water dynamics and further propagation to higher
altitudes. In addition, gravity waves, dust storms and space weather events also tend to
modify atmospheric properties. The results reported in this thesis are carried out in the
altitude region between 150 – 220 km. Previous studies have shown that the exobase alti-
tude, above which species are more likely to escape the atmosphere of Mars, exhibits large
spatial and temporal variations between 140-220 km. This points towards the possibility of
propagation of the observed asymmetries (in the vicinity of exobase) to the various escape
processes. Since the upper atmosphere is after all the source for the escape, this thesis
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finds its importance in terms of understanding the asymmetric behaviour of various loss
processes. Thus, to understand and answer problems as complex as the one highlighted
earlier, this thesis provides useful tools and insights.

Another interesting tangent that can develop from this dissertation include the study of
isotopic ratios and their variability in the upper atmosphere of Mars. This study has strongly
brought out the mass dependent aspect of the thermosphere of Mars. The atmospheric
species- Ar and CO2, that have only 10% mass difference show mass dependent variability.
Isotopes are the elements that have same atomic number but different mass number. Several
studies have shown that with increase in altitude isotopic ratios increases. For example, a
factor of 6 enrichment in the D/H ratio in water vapor, as compared to the terrestrial ratio
[236] was one of the first clues to the discovery that mars almost certainly was episodically
wet and atmospherically dense in the past. Similarly, 18O/16O ratio in water vapor was
reported by [237] using Curiosity lander measurements and by [238] using ExoMars Trace
Gas Orbitor (TGO). This happens due to loss of lighter mass isotope to space. The linkage
between the isotopic fractionation and photochemical escape has also been reported using
model simulations. [143]. However, the results of this dissertation clearly suggest that the
present understanding of Isotopic fractionation, a strong indicator of atmospheric escape,
needs to be updated by investigating the mass dependent response of the isotopes to various
atmospheric drivers. Several years of MAVEN observations and vast improvements in
models presents a unique opportunity to work on these problems.

Also, this study clearly shows that the observed asymmetries are largely the result of
the effect of dynamical processes such as heating/cooling by gravity waves and global
circulation in the upper atmosphere of Mars. However, the general circulation models that
are developed (till date) for Mars are predominantly based on the solar radiations related
processes. Thus, the result of this study will help in developing/improving the GCMs by
refining the effect of non-solar processes. In addition, the distribution of heavy and light
mass species observed in this research work clearly shows that the mass of the species
plays an important role in understanding their spatial and temporal variability. This in turn
implies that the mass of the species is an important parameter to be taken into consideration
while investigating any dynamical process and hence escape processes. Thus, this thesis
lays a ground for improvising the methods to quantify various escape, dynamical and solar
processes by considering the mass dependence nature of the thermosphere of Mars.

Finally, due to slow precession trajectory of MAVEN and MOM, the measurements
from NGIMS and MENCA are sparse in space and time, yet sufficient to bring out mean-
ingful scientific results. However, the scanty data sets restrained us from bringing out few
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details and globalizing our results. For example, while the observed winds during Ls = 180°
are well correlated with the presence of anomalous He bulges (in Chapter 5), we could not
comment about the discrepancies observed in other seasons due to insufficient wind ob-
servations. Thus, a global coverage of wind observations will help in understanding such
discrepancies in all the seasons. Thus, larger, high resolution and continuously monitored
(in time) data sets combined with more robust GCMs will aid in better understanding the
thermosphere of Mars.
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[43] E. Yiğit, S. L. England, G. Liu, A. S. Medvedev, P. R. Mahaffy, T. Kuroda,
and B. M. Jakosky, “High-altitude gravity waves in the martian thermosphere
observed by maven/ngims and modeled by a gravity wave scheme,” Geophysical

Research Letters, vol. 42, no. 21, pp. 8993–9000, 2015. [Online]. Available:
https://doi.org/10.1002/2015GL065307
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“Global circulation of mars’ upper atmosphere,” Science (New York, N.Y.), vol. 366,
pp. 1363–1366, 12 2019.

[198] N. Gupta, N. V. Rao, S. Bougher, and M. K. Elrod, “Latitudinal and seasonal asym-
metries of the helium bulge in the martian upper atmosphere,” Journal of Geophysi-

cal Research: Planets, vol. 126, no. 10, p. e2021JE006976, 2021.

[199] N. R. Lewkow and V. Kharchenko, “PRECIPITATION OF ENERGETIC
NEUTRAL ATOMS AND INDUCED NON-THERMAL ESCAPE FLUXES
FROM THE MARTIAN ATMOSPHERE,” The Astrophysical Journal, vol. 790,
no. 2, p. 98, jul 2014. [Online]. Available: https://doi.org/10.1088/0004-637x/790/
2/98

[200] V. Krasnopolsky and F. Lefèvre, Chemistry of the Atmospheres of Mars, Venus, and

Titan, 01 2013. [Online]. Available: 10.2458/azu_uapress_9780816530595-ch11

[201] A. Morse, K. Altwegg, D. Andrews, H. Auster, C. Carr, M. Galand, F. Goesmann,
S. Gulkis, S. Lee, I. Richter, S. Sheridan, S. Stern, M. A’Hearn, P. Feldman,

125

https://doi.org/10.18520/cs/v109/i6/1076-1086
http://atmos.pds.nasa.gov/data_and_services/atmospheresdata/MAVEN/ngims.html
https://doi.org/10.1088/0004-637x/790/2/98
https://doi.org/10.1088/0004-637x/790/2/98
10.2458/azu_uapress_9780816530595-ch11


J. Parker, K. Retherford, H. Weaver, and I. Wright, “The rosetta campaign to
detect an exosphere at lutetia,” Planetary and Space Science, vol. 66, no. 1,
pp. 165–172, 2012, rosetta Fly-by at Asteroid (21) Lutetia. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0032063312000207

[202] R. M. Haberle, M. M. Joshi, J. R. Murphy, J. R. Barnes, J. T. Schofield,
G. Wilson, M. Lopez-Valverde, J. L. Hollingsworth, A. F. C. Bridger, and
J. Schaeffer, “General circulation model simulations of the mars pathfinder
atmospheric structure investigation/meteorology data,” Journal of Geophysical

Research: Planets, vol. 104, no. E4, pp. 8957–8974, 1999. [Online]. Available:
https://doi.org/10.1029/1998JE900040

[203] F. González-Galindo, J.-Y. Chaufray, M. A. López-Valverde, G. Gilli, F. Forget,
F. Leblanc, R. Modolo, S. Hess, and M. Yagi, “Three-dimensional martian
ionosphere model: I. the photochemical ionosphere below 180 km,” Journal of

Geophysical Research: Planets, vol. 118, no. 10, pp. 2105–2123, 2013. [Online].
Available: https://doi.org/10.1002/jgre.20150

[204] E. M. B. Thiemann, P. C. Chamberlin, F. G. Eparvier, B. Templeman, T. N. Woods,
S. W. Bougher, and B. M. Jakosky, “The maven euvm model of solar spectral irradi-
ance variability at mars: Algorithms and results,” Journal of Geophysical Research:

Space Physics, vol. 122, no. 3, pp. 2748–2767, 2017.

[205] S. W. Bougher, K. J. Roeten, K. Olsen, P. R. Mahaffy, M. Benna, M. Elrod,
S. K. Jain, N. M. Schneider, J. Deighan, E. Thiemann, F. G. Eparvier,
A. Stiepen, and B. M. Jakosky, “The structure and variability of mars dayside
thermosphere from maven ngims and iuvs measurements: Seasonal and solar
activity trends in scale heights and temperatures,” Journal of Geophysical Research:

Space Physics, vol. 122, no. 1, pp. 1296–1313, 2017. [Online]. Available:
https://doi.org/10.1002/2016JA023454

[206] R. W. Zurek, R. A. Tolson, S. W. Bougher, R. A. Lugo, D. T. Baird, J. M. Bell, and
B. M. Jakosky, “Mars thermosphere as seen in maven accelerometer data,” Journal

of Geophysical Research: Space Physics, vol. 122, no. 3, pp. 3798–3814, 2017.
[Online]. Available: https://doi.org/10.1002/2016JA023641

126

https://www.sciencedirect.com/science/article/pii/S0032063312000207
https://doi.org/10.1029/1998JE900040
https://doi.org/10.1002/jgre.20150
https://doi.org/10.1002/2016JA023454
https://doi.org/10.1002/2016JA023641


[207] B. Stephen., “Mars thermospheric helium distributions: M-gitm simulated datasets
for comparison to maven/ngims measurements,” University of Michigan, 2021.
[Online]. Available: https://doi.org/10.7302/36zc-y350

[208] X. Fang, Y. Ma, Y. Lee, S. Bougher, G. Liu, M. Benna, P. Mahaffy, L. Montabone,
D. Pawlowski, C. Dong, Y. Dong, and B. Jakosky, “Mars dust storm effects in the
ionosphere and magnetosphere and implications for atmospheric carbon loss,” Jour-

nal of Geophysical Research: Space Physics, vol. 125, no. 3, 2020.

[209] F. González-Galindo, S. Bougher, M. López-Valverde, F. Forget, and J. Murphy,
“Thermal and wind structure of the martian thermosphere as given by two general
circulation models,” Planetary and Space Science, vol. 58, no. 14, pp. 1832–1849,
2010. [Online]. Available: https://doi.org/10.1016/j.pss.2010.08.013

[210] M. J. Alexander, A. I. F. Stewart, S. C. Solomon, and S. W. Boucher, “Local time
asymmetries in the venus thermosphere,” Journal of Geophysical Research: Planets,
vol. 98, no. E6, pp. 10 849–10 871, 1993.

[211] S. W. Bougher and W. J. Borucki, “Venus o2 visible and ir nightglow: Implications
for lower thermosphere dynamics and chemistry,” Journal of Geophysical

Research: Planets, vol. 99, no. E2, pp. 3759–3776, 1994. [Online]. Available:
https://doi.org/10.1029/93JE03431

[212] J. L. Fox and W. T. Kasprzak, “Near-terminator venus ionosphere: Evidence
for a dawn/dusk asymmetry in the thermosphere,” Journal of Geophysical

Research: Planets, vol. 112, no. E9, 2007. [Online]. Available: https:
//agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2007JE002899

[213] S. Zhang, S. Bougher, and M. Alexander, “The impact of gravity waves
on the Venus thermosphere and O2 IR nightglow,” Journal of Geophysical

Research, vol. 101, no. E10, pp. 23 195–23 206, 1996. [Online]. Available:
https://doi.org/10.1029/96JE02035

[214] J. M. Forbes, S. Bruinsma, and F. G. Lemoine, “Solar rotation effects on the thermo-
spheres of mars and earth,” Science, vol. 312, no. 5778, pp. 1366–1368, 2006.

[215] M. P. Hickey, R. L. Walterscheid, and G. Schubert, “Gravity wave heating and
cooling of the thermosphere: Sensible heat flux and viscous flux of kinetic energy,”

127

https://doi.org/10.7302/36zc-y350
https://doi.org/10.1016/j.pss.2010.08.013
https://doi.org/10.1029/93JE03431
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2007JE002899
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2007JE002899
https://doi.org/10.1029/96JE02035


Journal of Geophysical Research: Space Physics, vol. 116, no. A12, 2011. [Online].
Available: https://doi.org/10.1029/2011JA016792

[216] H. F. Parish, G. Schubert, M. P. Hickey, and R. L. Walterscheid, “Propagation of
tropospheric gravity waves into the upper atmosphere of mars,” Icarus, vol. 203,
no. 1, pp. 28–37, 2009. [Online]. Available: https://doi.org/10.1016/j.icarus.2009.
04.031

[217] H. Liu, H. Lühr, and S. Watanabe, “A solar terminator wave in thermospheric wind
and density simultaneously observed by champ,” Geophysical Research Letters,
vol. 36, no. 10, 2009. [Online]. Available: https://doi.org/10.1029/2009GL038165

[218] A. Kleinböhl, A. Spiga, D. M. Kass, J. H. Shirley, E. Millour, L. Montabone,
and F. Forget, “Diurnal variations of dust during the 2018 global dust storm
observed by the mars climate sounder,” Journal of Geophysical Research:

Planets, vol. 125, no. 1, p. e2019JE006115, 2020. [Online]. Available:
https://doi.org/10.1029/2019JE006115

[219] A. Sanchez-Lavega, T. del Río-Gaztelurrutia, J. Hernández-Bernal, and M. Delcroix,
“The onset and growth of the 2018 martian global dust storm,” Geophysical

Research Letters, vol. 46, no. 11, pp. 6101–6108, 2019. [Online]. Available:
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2019GL083207

[220] M. D. Smith, “Themis observations of the 2018 mars global dust storm,” Journal of

Geophysical Research: Planets, vol. 124, no. 11, pp. 2929–2944, 2019.

[221] S. L. England, G. Liu, P. Withers, E. Yiğit, D. Lo, S. Jain, N. M. Schneider,
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