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ABSTRACT 
 
 
 

Previous studies have identified longitudinal structures associated with non-migrating tides in 
observations of the upper neutral atmosphere of Mars. MAVEN’s Imaging Ultraviolet 
Spectrometer (IUVS) observations of the upper atmosphere reveal variations in density with 
longitude at altitudes of 130 – 200 km, and can be used to identify non-migrating tides. These 
observations cover higher latitudes and allow for studying the local time variations of tides. The 
analysis presented here shows that the longitudinal structure attributed to non-migrating tides is 
dominated by wavenumber 2 and wavenumber 3 harmonics during the periods studied. 
Comparison with the Neutral Ion and Gas Mass spectrometer (NGIMS) shows a good agreement 
in wave amplitudes observed for the first two cases studied. The temperatures and 𝑂/𝐶𝑂# ratios 
from the IUVS L2 data files revealed an anti-correlation with the densities which confirms the 
theoretical interpretation from the linear wave theory. 
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GENERAL AUDIENCE ABSTRACT 
 
 
 
There are waves internal to all fluids in our surroundings and daily lives, such as sound waves. 
Waves in the atmosphere are also fluid in nature. In planetary atmospheres, the scale sizes of some 
of these waves become comparable to the size of the planet itself. The waves interact with the 
structure of the surface of Mars to form a certain type of wave called “Non-migrating tides”. These 
waves have been observed in multiple previous studies in the upper atmosphere of Mars (~130 km 
and above). These waves cause the atomic and molecular content of the upper atmosphere to be 
displaced in a particular manner to form a unique structure. The structures formed are observed on 
a scale that covers the entire planet. It is by studying these structures in the upper atmosphere that 
it is possible to characterize the waves that control them and thereby understand their nature and 
impact. Understanding how these waves vary helps spacecraft to gain better control over 
mechanisms required to swing them into the desired orbit (location). 
 
This study uses the observations from an instrument aboard the MAVEN mission and compares it 
to the observations from another instrument aboard the same mission.  The results of this study 
demonstrate that these “Non-migrating” tides play a vital role in controlling the behavior of the 
upper atmosphere. 
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1 Introduction 
Mars has been of great interest with decades of missions sent to explore its habitability. It has been 
long studied with the first successful flyby by the Mariner 4 spacecraft dating back to 1965. There 
has been abundant geological and geochemical evidence from observations made in the past two 
decades that indicate the existence of water on the surface or below the surface of Mars in the past 
and possibly in the present (Jakosky et al., 2015). Small and strong crustal magnetic fields tied to 
the heavily cratered terrain have been detected, indicating that Mars may have had an internal 
dynamo in the past which may now be extinct (Acu&ntilde;a, 1999).These new findings combined 
with the objective of deploying a manned mission to Mars in the coming decade has propelled 
further interest in finding answers to questions such as “How did Mars loose its water?”, “Where 
did its magnetic field go?” and so on. To tackle these questions, it is important to understand the 
evolution of the Martian atmosphere.  
 
Chapter 1 will introduce the motivation and goal for this thesis. Section 1.1 introduces the common 
characteristics that Mars shares with the Earth, 1.2 discusses the upper atmosphere of Mars and 
previous observations of the upper atmosphere, 1.3 introduces atmospheric tides, their role in 
controlling the dynamics of the upper atmosphere and previous observations of tides in  Mars’ 
upper atmosphere, 1.4 discusses the MAVEN mission and its goals, 1.5 describes the Imaging 
Ultraviolet Spectrograph aboard the MAVEN spacecraft from which data has been acquired for 
analysis in this thesis, 1.6 discusses observations of atmospheric tides using MAVEN data.  
 
1.1 Mars and its atmosphere 
 
‘Mars’, also known as the red planet for its rusty orange-red color which is attributed to iron oxides, 
is the fourth planet in our solar system. Table 1 summarizes a list of parameters that highlight the 
similarities and differences between Mars and the Earth. With a size half as much as that of the 
Earth, Mars shares some striking similarities with the Earth. Its rotation rate is similar to the Earth’s 
and experiences seasons due to its axial tilt. It is placed in a more eccentric orbit around the Sun 
than Earth, with perihelion at 1.38 AU and aphelion at 1.66 AU which results in more drastic 
changes in its seasons.  It takes nearly twice the number of days taken by the Earth to go around 
the Sun and surface gravity on Mars is much weaker than it is on Earth. 
 

Table 1: Comparison of a few orbital parameters and atmospheric characteristics of Mars and Earth. Source 
https://nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.html 

Parameters Mars Earth 
Length of day (hours) 24.6597 24 
Surface gravity (𝑚/𝑠#) 3.71 9.8 
Orbit period (days) 686.98 365.256 
Axial tilt (degrees) 25.19 23.44 
Orbital eccentricity 0.094 0.017 
Solar irradiance (𝑊/𝑚#) 586.2 1361 
Surface pressure (bar) 0.01 1 
Global magnetic field No Yes 
Scale height (km) 11.1 8.5 
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Figure 1 shows a picture of the largest canyon network on Mars, the Valles Marineris. This canyon 
reaches a depth of upto 7 km which is shy of a few kilometers from the scale height of Mars which 
is 11.1 km in the lower atmosphere. The Grand Canyon in our home planet on the otherhand runs 
about 1.6 km deep and is about 1/5th the scale height of the Earth’s atmosphere.  The primary 
constituent making up most of Mars’ atmosphere is carbon dioxide, which is followed by nitrogen, 
argon, oxygen and carbon monoxide (Haberle et al., 2017).  As seen in Table 1, the surface pressure 
on Mars is very low, about 1% of the Earth’s. The temperatures in the Martian atmosphere are 
strongly controlled by the suspended dust particles, which scatter sunlight.  
 
The vertical structure of the atmosphere can be described by change in temperature as a function 
of altitude. The atmosphere of the Earth is divided into various regions based on this temperature 
gradient into the troposphere, stratosphere, mesosphere and thermosphere. The atmosphere of 
Mars is more broadly classified into the lower, middle and upper atmosphere as shown in Figure 
2a. This structure when compared to that of Earth’s shows that Mars does not have a stratosphere 
due to lack of an ozone layer. The figure also highlights the role of dust in changing the temperature 
and temperature structure of the Martian atmosphere. 

Figure 1:  An enhanced picture of the Valles Marineris created by 102 Viking orbiter 
images of Mars. It is a huge canyon that runs 4000 km long and upto 7 kms deep. 
The features of the surface can be seen carefully. 
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Figure 2: a) Figure from Haberle et al. 2017 shows the vertical structure of Earth and Mars. The vertical structure on 
Mars is seen to vary during the onset of duststorms. b) Figure from Mendillo et al., 2018 shows the compositon of 
neutral species in Mars. 

1.2 Upper atmosphere 
 
The upper atmosphere of a planet comprises the Thermosphere, Ionosphere and the Exosphere. 
Mars’ upper atmosphere is a channel that connects the lower atmosphere near the surface of the 
planet to the nearby interplanetary environment. The upper atmosphere of Mars has not been 
studied extensively owing to the restricted number of observations that are scattered through select 
locations and at different periods during the solar cycle. However, the Martian upper atmosphere 
plays an important role in regulating the escape of atmospheric species, which in turn is essential 
to understand the evolution of the entire atmosphere. The composition and structure of the upper 
atmosphere and the mechanisms that effect them are not well known. Any atmospheric model is 
incomplete without an understanding of the upper atmosphere.  
 
Another crucial reason to study the upper atmosphere is because spacecraft’s generally perform 
aerobraking maneuvers in this region, contributing to huge savings by reduction in fuel costs. The 
spacecraft uses atmospheric drag to decelerate the spacecraft’s velocity to achieve orbit insertion 
in its desired orbit. Mars Global Surveyor (MGS), Mars Reconnaissance Orbiter (MRO) and Mars 
Odyssey are some of the missions that used the aerobraking process to gradually insert itself into 
their respective desired orbits (Haberle et al., 2017). Performing such maneuvers requires 
comprehensive knowledge of the density structure and variability in order to minimize risks.  
 
Two major driving sources of the dynamics of Earth’s upper atmosphere are a) interaction with its 
strong intrinsic magnetic field and B) the solar UV and EUV processes. In Mars, the primary 
driving force is the solar UV and EUV processes alone since it lacks a global magnetic field 
(Bougher et al., 1999). Figure 2a shows that the Martian thermosphere begins at ~120 km. The 
homopause which is located ~125 km distinguishes the thermosphere from the region below where 
molecular constituents are well mixed (Bougher et al., 2015). The most abundant species in the 
thermosphere of Mars in 𝐶𝑂# and its dissociation products 𝐶𝑂 and 𝑂 and can be seen in Figure 
2b. 
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“The thermosphere is an intermediate atmospheric region strongly coupled to the lower-middle 
atmosphere by gravity waves, planetary waves, thermal tides, dust storms etc. and also coupled 
from above with the energy inputs from the Sun by Solar X-ray, EUV and UV fluxes and solar 
wind particles.” - (Haberle et al., 2017). Therefore, understanding the chemical and physical 
processes taking place in this region is key to understanding the flow of energy and material into 
and out of the planet.  
 
The thermospheric characteristics of Mars are highly variable on various temporal scales due to 
change in its heliocentric distance which can vary between ~1.38 and 1.67 A.U., its axial tilt and 
change in the solar input, both in the form of solar radiation and solar wind. The density structure 
of the thermosphere has been measured by accelerometers on multiple spacecraft’s such as the 
MGS, Odyssey and MRO. Mars Odyssey found that the thermospheric temperatures increase with 
latitude near the northern winter pole (Keating et al., 2003).  
 
Observations from the MGS aerobraking phases revealed longitudinal variations in densities in the 
upper atmosphere (Keating et al., 1998). The density structures observed during the MGS 
aerobraking campaigns are attributed to atmospheric tides. It is these tides that will be the topic of 
interest hereafter with an effort to understand how they control densities of neutrals in the 
thermosphere. 
 
1.3   Atmospheric thermal tides 
 
Solar atmospheric tides or atmospheric thermal tides refer to global scale oscillations or 
perturbations produced due to the thermal effects of the sun on a planetary atmosphere. The 
primary driving mechanism of atmospheric tides is the diurnal (day/night variation) absorption of 
solar heat by a rotating atmosphere. The period of these tides are harmonics of a sol (‘sol’ for Mars 
is equivalent to a solar ‘day’ on Earth). Atmospheric tides have a crucial role in controlling the 
dynamics of the atmosphere (Bougher et al., 2001; Forbes and Hagan, 2000; Keating et al., 2003; 
Withers et al., 2003). These waves can be inferred by the horizontal and vertical oscillations in 
quantities such as the density and temperature. The tidal oscillations can be mathematically 
represented by the following expression: 
 
       𝐴 𝑧, 𝜃 . cos 𝑛𝛺𝑡 + 𝑠𝜆 −	𝜙P 𝑧, 𝜃 ………… [1]  
 
where A is the amplitude, 𝛺 = 2𝜋	𝑠𝑜𝑙VW is the planetary rotation rate and varies from 0 to 2𝜋 over 
a day (or sol in this case), 𝑡 is the universal time in sols, 𝜆 is the longitude with east positive, 𝜙P 
is the phase of the wave, 𝑠 is the zonal wavenumber and its absolute value is the number of cycles 
per 360° longitude, 𝑛 is the temporal harmonic and provides the number of waves per sol (Forbes 
and Hagan, 2000). Components with 𝑛 = 1 for the diurnal tide has a period of one day, 𝑛 = 2 for 
the semi-diurnal tide which has a period of half a day and so on. Components with 𝑠 > 0 propagate 
westwards, 𝑠 < 0 propagate eastward. As can be seen in the above expression, the amplitude and 
the phase are both functions of altitude and the latitude. 
 
Equation [1] describes a tide in a fixed universal time (UT) frame, where a tide with |	𝑠	| = 1 
consists of one cycle per 360° longitude known as wave number 1, a tide with |	𝑠 | = 2 consists of 
two cycles per 360° longitude known as wave number 2 and so on. 
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It is useful to note that the mean period of a solar day on Mars is 24 hours 39 minutes 35.244 
seconds which is nearly 3% longer that a solar day on Earth (“Mars24 Sunclock — Time on Mars,” 
n.d.). A ‘day’ on Earth is analogous to ‘sol’ on Mars. The word ‘diurnal’ refers to a ‘a sol’. An 
‘hour’ on Mars corresponds to a rotation of 15° about its own axis. 

 
Following (Forbes and Hagan, 2000), rewriting the above expression in terms of local time, 

where 𝑡 = 𝑡_` −
a
#b

 we get, 

𝐴 𝑧, 𝜃 . cos 𝑛𝛺 𝑡_` −
𝜆
2𝜋

+ 𝑠𝜆 −	𝜙P 𝑧, 𝜃 ………… [2] 

 

𝐴 𝑧, 𝜃 . cos	(𝑛𝛺𝑡_` − 	𝑛𝛺
𝜆
2𝜋

+ 𝑠𝜆 −	𝜙P(𝑧, 𝜃)) 
 

𝐴 𝑧, 𝜃 . cos	(𝑛𝛺𝑡_` − 	𝑛𝜆 + 𝑠𝜆 −	𝜙P(𝑧, 𝜃)) 
 

𝐴 𝑧, 𝜃 . cos 𝑛𝛺𝑡_` + 𝜆 𝑠 − 𝑛 −	𝜙P 𝑧, 𝜃 …………… . [3] 
 
From equation [3], for a fixed local-time reference frame, or in other words for an observer on the 
ground, the 𝑠 = 𝑛 components of the tide will move with the same speed as the Sun in the sky. 
The 𝑠 = 𝑛 components imply that the number of cycles per 360° longitude is the same as the 
number of cycles observed in a single day. By substituting 𝑠 = 𝑛 in equation [3] we also see that 
the amplitude of these waves are independent of longitude in this reference frame. These are called 
migrating tides. For an observer on the ground, the zonal phase speed of migrating tides is equal 
to the speed of the Sun. In a fixed LT frame, a tide with |	𝑠 = 𝑛 | = 1 will consist of one cycle per 
360° longitude known as wave-1. The data used in this study will provide us with this wavenumber 
denoted by |	𝑠 = 𝑛 |, but we would like to know the individual values of 𝑛 and 𝑠 as well. 
 
Non-migrating tides are those components for which 𝑠 ≠ 𝑛. The interaction of solar forcing with 
the topography of Mars, in other words the zonal asymmetries of the planet produce non-migrating 
tides (Zurek, 1976). These tides can vary with longitude in a fixed local time frame unlike 
migrating tides.  
 
If the topographic component is represented by: 
 
																																																			cos 𝑚𝜆 − 𝜙f ………… 4               (Forbes and Hagan, 2000) 

 
then its interaction with the (s = n) migrating tides represented by equation [1] will yield: 
 

cos 𝑛𝛺𝑡 + 𝑛𝜆 −	𝜙P ∗ cos 𝑚𝜆 − 𝜙f ………………… [5]	 
 
Using trigonometric identities, we can rewrite equation [5] as: 
 

cos 𝑛𝛺𝑡 + 𝑛𝜆 −	𝜙P − 	𝑚𝜆 + 𝜙f + 	cos	(𝑛𝛺𝑡 + 𝑛𝜆 −	𝜙P + 	𝑚𝜆 − 𝜙f) 
 

cos 𝑛𝛺𝑡 + 𝑛 −𝑚 𝜆 −	(𝜙P − 𝜙f + cos 𝑛𝛺𝑡 + 𝑛 +𝑚 𝜆 −	(𝜙P + 𝜙f ……… [6] 
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The above equation [6] can be encapsulated as sum and difference terms: 
 

cos 𝑛𝛺𝑡 + 𝑛 ±𝑚 𝜆 −	(𝜙P ± 𝜙f ………… [7] 
 
The equation [7] describes a tide that has a period given by ‘𝑛’ and a zonal wavenumber of ‘𝑛	 ±
𝑚’. Therefore, the 𝑛 = 1, dirunal component of solar migrating radiation interacts with 𝑚 = 2 
component of topography to produce diurnal tides that propagate westward with 𝑠 = 3 and 
eastward with 𝑠 = 	−1. This can also be seen in Figure 3 which depicts this interaction to produce 
non-migrating tides. The table below summarizes the wavenumbers generated by the interaction 
of the migrating solar radiation with the topographic component (topographic wavenumber). 
 

Migrating solar radiation 
component (n) 

Topographic wavenumber 
component (m) 

Wavenumbers (s = n±m) 
     n + m                    n - m 

1 1 2 0 
1 2 3 -1 
2 1 3 1 
2 2 4 0 

Table 2: Wavenumber s = n±m produced by the interaction of migrating solar radiation frequency component with 
the topographic component adapted from (Forbes et al., 2002). 

Figure 3: Depicts the interaction of the migrating tide (or the tide excited due to solar radiation) with the topography of 
Mars to produce non-migrating tides consisting various wavenumbers. Picture from Forbes et al., 2002. 
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Figure 4: Adapted from https://mars.nasa.gov/resources/4872/thermal-tides-at-mars/. Figure shows tides produced 
due to the heating of the rotating atmosphere of Mars in the Mars-Sun frame. 
 
Regardless of their production mechanism, this study will be focused on non-migrating tides, 
specifically the tides with wavenumber 2 and wavenumber 3, in a fixed LT frame. By referring to 
equation [3], there are multiple combinations of 𝑛 and 𝑠 that can can produce a non-migrating tide 
with wavenumbers 2 and 3. For instance, a tide with wavenumber |𝑠 − 𝑛| = 2 where 𝑛 = 1 and 𝑠 
= -1 has 2 cycles per 360° longitude in a fixed local time reference frame. For the same 
wavenumber 2, the values of 𝑛 and 𝑠 can also be 𝑛 = 1 and 𝑠 = +3; 𝑛 = 0 and 𝑠 = 2; 𝑛 = 2 and 𝑠 = 
0 or 𝑛 = 2 and 𝑠 = +4. Here we ignore tides with 𝑛 = 3 and beyond, since they are small but present 
on Mars. The observational data helps in identifying |𝑠 − 𝑛|, but for a particular observed 
wavenumber, 𝑠 and 𝑛 can take on multiple values from which it can be only one of the 
combinations. 𝑠 > 0 and 𝑠 < 0 corresponds to westward moving and eastward moving tide 
respectively. 
 
In order to find the values of 𝑠 and 𝑛, samples of multiple local times over a certain range will be 
required. In the cases analyzed here the chosen time periods and datasets allow to establish the 
value of ′𝑛′ and the sign of ′𝑠′ 
 
Previous studies have been shown that the interaction of solar heating with the topography and 
atmosphere of Mars gives rise to atmospheric tides which can produce significant perturbations in 
the densities of neutral species in its upper atmosphere (England et al., 2016; Forbes and Hagan, 
2000; Withers et al., 2003). 
 
As mentioned in the previous section, strong longitudinal variations in densities were reported 
using the accelerometer on the MGS spacecraft (Keating et al., 1998). These variations were 
attributed to stationary planetary waves consisting a combination of wave numbers 1 and 2. An 
alternate explanation attributing these longitudinal density variations to non-migrating tides was 
given using the same data set (Forbes and Hagan, 2000). The motivation for this was based on 
previously studied modelling results indicating that stationary planetary waves maximize well 
below the thermospheric altitudes which were being sampled by MGS and that the topography of 
Mars should have an impact on the waves. Modelling results showed that the density structures 
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observed had a significant contribution from the diurnal eastward tide (DE1) thereby indicating 
the role of topographic modulation of tides. It is important to note that although non-migrating 
tides were interpreted in this study, the results are derived from a model and not from observational 
data. 
 
Wave number 3 features associated with non-migrating tides were observed in the electron density 
peak measurements as well as in the accelerometer measurements from the MGS spacecraft 
(Bougher et al., 2001). Wave number 2 and 3 were found to dominate in the large scale longitudinal 
variation in densities observed using the MGS accelerometer measurements between altitudes of 
130 – 160 km (Withers et al., 2003). Zonal variations in pressure and temperature associated with 
non-migrating tides were observed using the Mars Express SPICAM UV spectrometer in the 
middle atmospheric region between 70 and 120 km (Withers et al., 2011). Here also, wave numbers 
2 and 3 were found to be dominant.  
 
The longitudinal structures observed are wide spread, have a large amplitude and in most cases are 
periodic in nature, making it an important phenomenon that must be understood and incorporated 
into any atmospheric model attempting to describe the atmosphere of Mars. It is useful to note that 
the solar input received by the planet consist of no zonal inhomogeneties and therefore the zonal 
structures observed in previous studies have to have originated from the non-uniform topography 
of Mars (Withers et al., 2003). The zonal structure will be affected by the lower atmosphere as it 
propagates through it. The observed longitudinal structures will therefore reveal information about 
the forcing mechanism as well as the characteristics of the lower atmosphere (Zurek, 1976).  
 
A lack of observational data made it difficult to have a complete understanding of the nature of 
tides and various other atmospheric phenomena. The MAVEN mission was designed in response 
to the previous studies and evidence of the key role that upper atmospheric dynamics play in the 
regulation of atmospheric evolution. 
 
1.4 MAVEN 
 
Following the description of (Jakosky et al., 2015), launched in September of 2013, the MAVEN 
mission arrived at Mars in November 2013 with the goal of unravelling the climate history of 
Mars. The key emphasis of MAVEN is to study the upper atmosphere, its interactions with the 
solar wind and the sun and to thereby understand underlying phenomenon leading to loss of 
atmospheric gas to space. Previous missions to Mars have well established that there has been loss 
of atmospheric gas to space and that Mars has undergone climate change. The evidence can be 
categorized into two sections, namely 1) geological and geochemical evidence and 2) loss to space. 
In the geological front, currently there is almost no water present on the surface of Mars due to the 
low atmospheric pressure and temperatures, although there is abundant evidence of erosion due to 
water. The presence of valley networks indicate that Mars had a thicker atmosphere with higher 
surface temperatures. 
 
As for loss of atmospheric gas to space, multiple observations suggest that it has been happening 
throughout the planet’s history and continues to occur till date. The evolution of the Martian 
atmosphere has been extensively affected by the escape of lighter gas. The deuterium to hydrogen 
ratio (D/H) is one such method of inferring loss of atmospheric gas. Deuterium is an isotope of 



	

	9 

hydrogen consisting of a neutron in its nucleus making it twice as heavy as hydrogen. The lighter 
isotope is therefore able to escape easily, having larger scale heights the ratio of light to heavy 
species increases with increasing altitude. A number of mechanisms have been proposed that lead 
to escape of crucial atmospheric species. This is done by extrapolating the known dominant escape 
processes on Earth which includes Jeans escape, Photochemical loss, Ion loss, Pickup Ions and 
Atmospheric sputtering, Ion Bulk escape and Ion outflow. 
 
To summarize, the goals of the MAVEN mission is to measure the composition and structure of 
the upper atmosphere of Mars and identify the physical processes that influence and control them, 
attempt the validation of the previously made observations and theoretical predictions, quantify 
the rate of loss of gas from the upper atmosphere and the underlying mechanisms controlling them, 
and lastly attempt to extrapolate back in time to determine the total loss of atmospheric gas to 
space and relate this to the geological evidence. 
 
In order to meet these goals, the MAVEN spacecraft has nine instruments on board which are 
grouped into three science packages: Particles and Fields Package, Remote Sensing Package and 
the Mass Spectrometry Unit. The spacecraft also includes an Articulated Payload Platform (APP) 
which allows three instruments to point at any direction independent of the direction of the 
spacecraft. The three instruments mounted on the APP are the Imaging Ultraviolet Spectrograph 
(IUVS), the Neutral Gas and Ion Mass Spectrometer (NGIMS) and the Supra-Thermal and 
Thermal Ion Composition (STATIC). The observations from the IUVS instrument are used in this 
study. 
 
The orbit of MAVEN around Mars is elliptical with a period of 4.5 hours, orbital inclination of  
75º, periapsis altitude at ~150 km and apoapsis altitude at 6220 km . The orbital parameters are 
chosen such that all local solar times and all latitudes between +75º to -75º can be covered. Also 
important criteria for the chosen geometry are the ability measure solar wind and the atmosphere.  

Figure 5: Figures from Jakosky et al., 2015 a) Shows the orbit of MAVEN b) Shows the instruments placed on the 
spacecraft body. Also shows the instruments placed on the Articulated Payload platform (APP) and their field of views. 
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1.5 IUVS 
 
As described in (McClintock et al., 2015), the IUVS measures the UV emissions of atmospheric 
constituents from a distance to derive atmospheric properties. IUVS makes its measurements in an 
altitude range from the surface to 4500 km. The main goal of the IUVS is to use the observed UV 
emissions to characterize the structure and composition of the upper atmosphere. The 
measurements made by IUVS contributes to the MAVEN science goals as it enables the validation 
of observations made by in situ instruments, provides a global context for measurements taken by 
in situ instruments and lastly makes measurements of atmospheric properties that cannot be made 
by the other instruments. 
 

Figure 6: a) Shows the different observational modes of the IUVS. Figure from Jakosky et al., 2015  b) Shows the 
periapse limb scans in the plane of the spacecraft orbit. The scan mirror scans the limb of Mars, making 12 such scans 
during the 23-minute portion of the orbit. The IUVS makes 21 measurements during each scan. Figure from McClintock 
et al., 2015 
 
The observation modes of IUVS can be divided into four categories based on its position in an 
orbit: Periapse observations, apopase observations, stellar occultations and coronal scans. This is 
shown in the Figure 6a. As mentioned in section 4.1, IUVS is mounted on the APP which allows 
it to take measurements independent of the sun-pointing spacecraft.  
 
IUVS is part of the MAVEN remote sensing package. It uses a long, narrow slit (11° x 0.06°) to 
image the atmosphere onto a plane grating spectrograph. It utilizes a scan mirror that can select 
between a limb field of regard (24° x 11°) and a nadir field of regard (60° x 11°) and is also used 
to map and scan the planet. The IUVS consists of an MUV and an FUV detector with spectral 
resolutions of 1.2 nm and 0.6 nm respectively. The wavelength range for the MUV is 180 – 340 
nm and for the FUV is 110 – 190 nm. During the 23-minute periapsis portion of the orbit IUVS 
scans the limb of the orbit. These observations are made when the spacecraft altitude is below 
~500 km. The field of view of the instrument is pointed towards the limb such that it is nearly 
parallel to the surface of the planet as shown in Figure 7. These are the observations that will be 
used in the study rather than those taken at any other portion of the orbit. 
 
Sampling in altitude is achieved by moving the field of view vertically by the scan mirror. During 
a single scan 21 measurements are made at all the altitude steps. IUVS makes 12 such scans during 
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the periapsis portion of the orbit. Motion within a single scan is negligible, but motion between 
two consecutive scans is significant. Figure 6b shows the geometry of the periapsis limb scans in 
the plane of the spacecraft orbit.  

Figure 7: The IUVS scanning the  limb of the planet when the spacecraft is in the periapsis portion of the orbit. Figure 
was obtained from Dr. Nick Schneider, University of Colorado, through personal communication.  
 
As discussed in Chapter 2, the observations from the MUV detector will be used in this study. The 
spectral information from the MUV detector will provide the necessary information on the 𝐶𝑂# 
density in the atmosphere. The spectral information from FUV detector will also be used for the 
determination of the 𝑂/𝐶𝑂# ratios which is also described in Chapter 2 in detail.  
 
1.6 NGIMS 
 
The Neutral Gas and Ion Mass Spectrometer (NGIMS) as described in (Mahaffy et al., 2015), is a 
quadrupole mass spectrometer used to make in situ  measurements of densities between 2 amu and 
150 amu with a unit mass resolution. The density of neutral species such as 𝐴𝑟, 𝐶𝑂#, 𝑁#	𝑎𝑛𝑑	𝐻𝑒 
is measured during every orbit when the spacecraft is below ~500 km altitude. The reactive species 
such as 𝑂, 𝐶𝑂	𝑎𝑛𝑑	𝑁𝑂 and the ions are measured in alternate orbits. 
 
The analysis shown in this thesis using the NGIMS data is done by Dr. Guiping Liu (Researcher, 
Space Sciences Laboratory, UC Berkeley). The initial interest in this project arose from Dr. Liu’s 
analysis of the NGIMS data during March-April 2016 which showed a structure in the densities 
that could be attributed to atmospheric tides. Part of the work done in this thesis is to validate these 
structures seen by NGIMS, using the remote sensing observations obtained by the IUVS. 
 
1.7 Tides observed by MAVEN 
 
Atmospheric tides have been observed using observations from the MAVEN spacecraft. This 
section presents a summary of all previous results that have been reported, based on observations  
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from MAVEN. 
 
Non-migrating tides were first observed near the equator with a strong wave number 2 component 
using the IUVS (Lo et al., 2015). The 𝐶𝑂#$𝑈𝑉𝐷 emission measurements taken by the IUVS were 
used as a proxy for 𝐶𝑂# density and to subsequently identify the perturbations in these densities. 
The dominance of wave number 2 near the equator is characteristic of the diurnal eastward tide 
(DE1), also seen in previous observation and modelling results. Although, these results were 
generally at higher altitudes ~100 – 190 km (Lo et al., 2015) than those in previous observations 
& results with an altitude of 130 km (Bougher et al., 2001).  
 
Longitudinal variations in the neutral upper atmosphere of Mars associated with non-migrating 
tides were shown in a first comparative study using both remote sensing and in situ observations 
from the IUVS and NGIMS respectively (England et al., 2016). 𝐶𝑂#$𝑈𝑉𝐷 emission measurements 
from IUVS were again used as a proxy for 𝐶𝑂# densities. Analysis of the 𝐶𝑂# densities from both 
instruments revealed a strong wave number 2 component in a fixed local time reference frame. 
Wave numbers 1 and 3 were also present but had much weaker amplitudes. Tidal signatures were 
also identified in various atmospheric species with NGIMS, including 𝐴𝑟,𝑁#, 𝐻𝑒	and	𝑂.  The 
amplitude of the wave seen in each of those species was different, thereby showing the impact of 
tides on the composition. 
 
Longitudinal variations in 𝐴𝑟 observations are also observed for every month from February to 
December 2015 with a strong wave number 2 and 3 component (Liu et al., 2017). Since the 
observations for the months of May and November were at similar latitudes and local times but at 
different solar longitudes, it enabled a limited study of seasonal impact of tides. The wave number 
2 and wave number 3 components dominated the change in mean density with a larger wave 
number 2 component in the month of November. Relative density variations in 
𝐶𝑂#, 𝐴𝑟, 𝑁#, 𝐻𝑒	and	𝑂 have been shown to change with season having greater wave amplitudes in 
the month of November than in May, showing the impact of tides on the the composition. 
 
On the other hand modelling results suggest that the observed tidal structures does not move with 
local time (Medvedev et al., 2016). Comparison of the modeling results is done with the 
observations from the IUVS data. The dataset was same the one used to identify non-migrating 
tides by Lo et al., 2015. These results are in contrast to the modeling results explained in section 
2.1 where the longitudinal structures are attributed to non-migrating tides (Forbes and Hagan, 
2000). On the other hand, these results compliment the longitudinal structures observed using the 
MGS aerobraking measurements associated with stationary planetary waves (Keating et al., 1998) 
also explained in section 2.1. 

 
My objective in the coming chapters is to understand the nature of variations in the densities 
observed in the upper atmosphere of Mars and then to understand the underlying cause of the 
observed variation. The chapters are structured as follows: Chapter 2 discuses the analysis done 
and methodology adopted by means of a single control case study – focusing on the time period 
already documented in (England et al., 2016), but using updated datasets, Chapter 3 discuses the 
analysis and results for the selected cases, Chapter 4 discuses the conclusions derived from the 
case studies.  
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2 Control study 
 
This chapter introduces the data availability, selection criteria for the data, the analysis and 
methodology that will be used in Chapter 3, by means of a control study. The control study is 
based on the analysis and results of (England et al., 2016), in which observations of non-migrating 
tides were reported using the IUVS and NGIMS instruments on MAVEN. This was the first 
combined study for observations available at the time from both instruments. The results of this 
paper have been reproduced in this chapter and serves a few purposes 1) the version of software 
and calibration used to produce the data files as well as their revisions have changed since it was  
last used in the paper (England et al., 2016). Since strong signatures of tides were observed using 
the older data files, it is important to confirm that the same features are observed in the new data 
files and that no drastic changes have been made to the dataset. 2) to ensure the performance and 
accuracy of codes developed for the analysis. 
 

2.1 𝐶𝑂#$𝑈𝑉	𝑑𝑜𝑢𝑏𝑙𝑒𝑡 
 
The observations from the neutral mass spectrometers on Viking 1 and 2 established that 𝐶𝑂# was 
the most abundant constituent in the upper atmosphere of Mars (A. O. Nier and M. B. McElroy, 
1976). Airglow in the Martian atmosphere emerges due to the interaction of solar ultraviolet 
radiation with 𝐶𝑂#. The 𝐶𝑂#$𝑈𝑉	𝑑𝑜𝑢𝑏𝑙𝑒𝑡 is one of the well studied features of the Martian 
dayglow and was first observed during the Mariner 6 mission by Barth et al., 1971. 
𝐶𝑂#$𝑈𝑉	𝑑𝑜𝑢𝑏𝑙𝑒𝑡  is the second brightest emission in the atmosphere of Mars. This can be seen in 
the ultraviolet emission spectra of the dayglow of Mars as shown in Figure 8.  
 

Figure 8: The ultraviolet dayglow spectrum of the upper atmosphere of Mars. Figure from (Jain et al., 2015). The 
spectrum on the bottom left is derived from the far ultraviolet (FUV) detector and that on the bottom right is derived 
from the middle ultraviolet (MUV) detector. The 𝐶𝑂#$𝑈𝑉	𝑑𝑜𝑢𝑏𝑙𝑒𝑡 emission feature can be distinctly identified at ~289nm 
in the MUV spectra. The top panel is a wavelength-altitude image produced by using the FUV and MUV detectors from 
a single vertical scan of orbit 110.  The color in the top panel denotes the signal intensity at each altitude / wavelength 
measured in units of digital numbers/nanometer. 
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Almost all of the molecular emission and some of the atomic emissions “may be and probably are 
produced due to the action of solar photons and photoelectrons on carbon dioxide” (Barth et al., 
1972). The dominant process responsible for the production of the UV doublet is photoionization 
(Barth et al., 1972). As described in Stiepen et al., 2015 the 𝐶𝑂#$𝑈𝑉	𝑑𝑜𝑢𝑏𝑙𝑒𝑡 emission is produced 
by the de-excitation of 𝐶𝑂#$ions in the 𝐵#Σ$state to the 𝑋#	Σ$state. The 𝐶𝑂#$	 𝐵#Σv$  emission is 
a result of photoionization or photoelectron impact or fluorescent scattering of 𝐶𝑂#. The transitions 
for each of the above mentioned mechanisms are shown below. 
 
Photoionization: 𝐶𝑂# + ℎ𝜈	 → 𝐶𝑂#$ 𝐴#Πv, 𝐵#Σv$ +	𝑒V 
 
Photoelectron impact: 𝐶𝑂# + 𝑒V 	→ 𝐶𝑂#$ 𝐴#Πv, 𝐵#Σv$ +	2𝑒V 
 
Fluorescent scattering: 𝐶𝑂#$(𝑋#Π{) 	→ 𝐶𝑂#$ 𝐴#Πv, 𝐵#Σv$  
 
The major factors controlling the 𝐶𝑂#$ volume emission rates are the densities of 𝐶𝑂#, the UV 
insolation incident on the upper atmosphere and the photoelectron flux. This dayglow feature can 
be used to represent the bulk neutral densities of 𝐶𝑂# in the thermosphere (Fox and Dalgarno, 
1979; Jain and Bhardwaj, 2012).  
 
The use of 𝐶𝑂#$𝑈𝑉 doublet as a proxy for 𝐶𝑂# densities has been demonstrated in previous studies 
(England et al., 2016; Lo et al., 2015). As shown in Figure 8, the IUVS MUV detector image shows 
the distinct UV doublet emission feature. The altitude profiles of this emission feature will be used 
to infer the perturbations in 𝐶𝑂# densities. The tidal features can then be identified using density 
perturbations of 𝐶𝑂#. 
 
It is important to note that the Martian nightglow does not consist of an equivalent emission feature 
that can be used to represent the neutral density, therefore the data used in the study is limited to 
the observations taken when the limb of the planet during spacecraft periapsis is sunlit (England 
et al., 2016). 
 
2.2       Data availability and selection 
 
Following the description in (England et al., 2016), the selection of data is governed by the fact 
that this is a comparative study which uses observations from both the IUVS and NGIMS 
instruments. It is therefore essential that the time period or date range of the data used for analysis 
include data from both instruments that generally overlap. However, perfect overlap is not possible 
due to constraints on the measurements taken by the instruments. IUVS makes its observations 
only when the solar zenith angle is below 80°. There is no data available from IUVS during 
conjunction i.e. when the Earth, Sun and Mars align with the Sun in between, this is because of 
the excessive radio interference from the Sun. And lastly there is no the data from IUVS during its 
deep dip campaigns (DD1, DD2 etc.), as the spacecraft dips very low in altitude and does not 
satisfy the orbit geometry conditions required for the limb scan observations. These constraints 
can be visualized in Figure 9 which displays the plot of the solar zenith angle in purple-orange and 
the orbit evolution of NGIMS instrument in green - yellow.  
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Figure 9: Shows the solar zenith angle in purple-orange and the NGIMS orbit in green-yellow. The portion highlighted 
in dark gray rules out solar zenith angles greater than 80° with no data from the IUVS. The DD1, DD2 and so on 
highlighted in light gray indicate the deep dip campaigns, and lastly conjunctions highlighted in gray-yellow. 
 
The best available observations are used to identify the signatures of tides. The data obtained 
during a single orbit cannot be utilized since IUVS scans the limb of the planet with its line of 
sight oriented perpendicular to the radius vector of the planet, whereas NGIMS makes 
measurements in the ram direction or in other words, along the direction of the spacecraft velocity 
vector. As a result of IUVS and NGIMS making observations at different locations, the few 
degrees of separation in these observations is translated into a local time difference. The local 
times observed by both instruments will therefore differ by ~1hr. However, this will not pose as a 
problem since the period of the tides that are anticipated based on previous studies is either 12 hr 
or 24 hr, hence the difference in local time will present itself as a small phase difference in the 
tides observed by both instruments within the same date range. For conducting the analysis of 
atmospheric tides, complete longitudinal coverage is required and therefore the data from multiple 
orbits of both instruments are used. 
 
The following subsections will describe the datasets used and the selection criteria for analysis. 
 
2.2.1 IUVS data 
 
The IUVS software interface specification describes the organization of the dataset based on 
different levels of processing. The level one (L1C) data files contain the calibrated brightness of 
the observed spectral features. The spectral features in the emission spectra are isolated and binned 
spatially on an altitude grid. The data files used in (England et al., 2016) is version 2 revision 1 
(v02r01), whereas the control study uses version 07 r01 (v07r01). It is useful to note that change 
in versions indicate change in software which can result in additional quantities included in the 
dataset, whereas change in revisions indicate reprocessing of data due changes in calibration of the 
instrument or bug fixes.  
 
The IUVS data used in this study is obtained during the periapse portion of the orbit i.e. when the 
spacecraft is below ~500 km altitude. As mentioned in section 1.5, 12 scans are performed in each 
orbit.  The date-range chosen based on availability and overlap with the NGIMS spans from from 
April 1st to 3rd of 2015. The analysis for this time period includes 13 orbits ranging from orbit 973 
to orbit 986 (England et al., 2016). The emission altitudes of the 𝐶𝑂#$𝑈𝑉	𝑑𝑜𝑢𝑏𝑙𝑒𝑡 determine the 
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altitude range of the observations. The tangent point location range for the control study is selected 
to be between 160 km and 200 km. 
 

Figure 10: a) The tangent point locations as a function of latitude and local time for a single orbit. b) shows the tangent 
point locations of just one scan. c)  shows the tangent point locations from all the orbits used in the analysis. d) Shows 
the tangent point locations of all the orbit similar to c) but as a function of longitude and altitude.  

Figure 10a shows the range of tangent point altitudes between 160 km and 200 km plotted as a 
function of latitude and local time for a single orbit. The near-equator latitudes are chosen based 
on observations of non-migrating tides in this region (Lo et al., 2015). A single orbit thus consists 
about 5 scans for the selected latitude range. A closer look at the scan is shown in Figure 10b 
where the observations are taken at the tangent point altitudes. Figure 10c shows the observations 
from all the orbits with each color representing the tangent point locations from a particular orbit. 
The clustering of data points is due to observations from multiple orbits being considered. Figure 
10d shows that observations from multiple orbits provides complete longitudinal coverage which 
is required for the analysis of tides. Observations from 9 out of the 13 orbits can be seen in this 
figure. The remaining orbits did not fall into the criteria used to choose the tangent point locations. 

2.2.2 NGIMS data 
	
The main sources for the description in this section are (England et al., 2016) and (Mahaffy et al., 
2015). The NGIMS is a quadrupole mass spectrometer and operates with a unit mass resolution. 
The spectral range measured by NGIMS is 2 – 150 AMU. The NGIMS data used in the control 

b)a)

c) d)
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study is the Level 2, version 5, revision 1 data. This dataset consists the number densities of the 
various species measured by the NGIMS.  

It is useful to note that there is no NGIMS data prior to the deep dip 1 campaign (DD1). And hence 
the data from February 2016 to April 2016 is considered. As mentioned previously, the NGIMS 
analysis is done as part of a collaborative effort. The NGIMS data and results discussed hereafter 
has been directly extracted from (England et al., 2016).  
 

Figure 11: Plots from (England et al., 2016) of the location and coverage of the NGIMS dataset used in the control 
study. Figure 4a shows that the for the NGIMS observations the local times and latitudes cannot be separated for the 
specific period of observation.  

The NGIMS data distribution can be visualized in Figure 11 from (England et al., 2016), where 
Figure 11a, show that the coverage obtained is in the same latitude range as that by the IUVS 
between 0 to 30°. Figure 11b shows that over the selected date range there is sufficient longituinal 
coverage as well.   
 
2.3 Analysis and Methodology 
 
The IUVS measures brightness along the line of sight. The observation location is where the ray 
path becomes parallel to the surface also called the ‘tangent point’. The tangent point is chosen 
because it has the longest path length and therefore can be assumed to have the maximum 
contribution of light. As mentioned in section 1.5, the limb of the atmosphere is scanned during 
periapsis. A single complete scan is made by the scan mirror moving the field of view vertically 
to sample different tangent altitudes. The altitude range covered by the IUVS scans during 
periapsis is between 100 and 225 km (McClintock et al., 2015).The spacecraft motion between 
two scans is considerably greater than the spacecraft motion within a scan. This is can be seen in 
Figure 10a.  
 
In order to identify the tidal components, the data must be grouped into spatial bins. The brightness 
and longitudes are extracted based on the tangent altitude, tangent latitude and local time range. 
This brightness data is then grouped into 10 km altitude, 10° latitude and 30° longitude bins 
respectively. When binning data, we use the profile tangent altitudes, tangent latitude, tangent 
longitudes and local times provided in the L1C data set. As mentioned in section 2.1, only 
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observations from the day time can be utilized, the data points chosen are therefore between local 
times 13.5 hr and 16.5 hr. Since we do not know the period of the tide prior to analysis, the biggest 
sample that could be considered is 4 hours. The 𝐶𝑂#$𝑈𝑉	𝑑𝑜𝑢𝑏𝑙𝑒𝑡 emission peaks at around 130 
km with negligible emissions above 200 km. This constrains the upper and lower limits of the 
emission altitudes for the analysis. The 10° latitude bins are chosen because a smaller bin width 
would result in insufficient data points per bin. This can be seen in Figure 10c where there is a gap 
in the data between 5° and 10°. The smallest tidal component expected to be identified is the wave 
number 3 which has a phase of 120°. The 30° longitude bin is thus sufficiently smaller than the 
wave number and smaller than the variations expected every 120°. The vertical resolution of the 
IUVS for the limb scans is ~5 km. The altitudes are therefore grouped in 10 km altitude bins since 
this is lesser than the scale height of 𝐶𝑂# which is ~11 – 16 km (England et al., 2017). Since the 
distribution of data points in altitude is not the same, the bin is made smaller than the e-folding 
distance. This ensure sufficient data points per bin. 

Figure 12: A plot of mean brightness as a function of latitude and longitude averaged over an altitude range of 160 
km - 200 km. 

 
The brightnesses and altitudes are then averaged over each latitude and longitude bin. Figure 12 
shows this mean brightness as function of latitude and longitude. A clear structure with two peaks 
can be identified from this plot. 
 
2.3.1 Conversion of Brightness to Volume Emission Rates 
  
The line of sight brightness is attributed to a particular tangent point altitude, where the signal is 
heavily weighted to the tangent point. The attribution of the line of sight to the tangent point is an 
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approximation. The light observed from any line of sight is dependent not only on the brightness 
at that particular altitude but on all altitudes above that point. The lower we go in altitude the more 
significant this dependence. The true brightness observed from a particular tangent altitude 
compared to that of the altitudes above it depends on the tangent point altitude, the brightness 
profile and spacecraft altitude. To overcome this problem and attribute the brightness to a 
particular location the volume emission rates are calculated using a simple Abel inversion 
assuming a spherically symmetric atmosphere. 
 
The method followed to calculate the volume emission rate is a simple Abel, or onion peeling 
inversion. The atmospheric region of interest is divided into vertical shells of uniform thickness of 
5 km and each shell is assumed to be horizontally homogenous. The thickness of the layer is chosen 
to be smaller than the scale height which is ~11-15 km as well as big enough to cover sufficient 
data points for analysis. Given that the thickness of each layer is 5 km, the total number of layers 
are found by using the altitude range of interest. The ray of known path length that crosses the 
topmost layer is utilized to yield the volume emission rate for that particular layer. For the layer 
immediately below the topmost layer, the volume emission rates for both layer 1 (topmost) and 
layer 2 (the current layer of interest) are required to be known. The volume emission rate for layer 
2 is solved for using the known volume emission rate for layer 1. 
 

Figure 13: Figure of limb viewing  from satellite and onion peeling geometry. 

The conversion of brightness to volume emission rates have been performed using Dr. Scott 
England’s code, used in (England et al., 2016). These volume emission rates are then binned in the 
same manner as the brightness data. The mean volume emission rate is then calculated for each 
latitude-longitude bin averaged over all altitudes i.e. between 160 – 200 km. The plot for the mean 
volume emission rates is shown in Figure 14. 
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Figure 14:  The mean volume emission rates as a function of latitude and longitude averaged over 160 - 200 km 
altitude range. The plot uses the L1C v07r01 data. 

Figure 15: Plot of the mean volume emission rates as a function of latitude and longitude from England et al., 2016, 
using the L1C v02r01data. 
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This plot was obtained by processing the L1C v07r01 data and can be compared to the mean 
volume emission rate plot from (England et al., 2016) which used the L1C v02r01 shown in Figure 
15 for the same date range, altitude range, latitudes and local times. Hence, the same selection 
criteria were used to obtain the results from both datasets. Both plots strongly agree showing two 
prominent peaks centered around -130° and 70° longitude respectively with a stronger peak at -
130°. The calculated values of the volume emission rates also show a strong agreement and can be 
compared by the values displayed on the colorbars accompanying the plots. The subtle differences 
in the plots are attributed to change in versions of the dataset, but there is a general agreement 
which establishes that tidal analysis can be performed for the revised datasets. 
 
2.4 Densities and Temperatures 
 
In addition to L1C data, the analysis has been taken a step further and the level 2 (L2) files which 
contain the derived densities have been analyzed. The IUVS L2, version 7, revision 1 files used 
here are available on the Planetary data system (PDS) at https://pds.nasa.gov. The L2 files are 
produced by converting the distinct emission features to density profiles. The densities are 
calculated taking into account the variations in the solar input, whereas the calculation for the 
volume emission rates assumes constant insolation with negligible fluctuations in solar influx. This 
assumption works well for the control study since it spans a date range of four days in the case of 
the IUVS data. The results expected from the densities is a structure similar to the one observed in 
the volume emission rates.  

The methodology adopted here is the same as that for the brightnesses and volume emission rates. 
The Figure 16 shows the mean densities as a function of latitude and longitude averaged over 160 
– 200 km. It can be seen that there are data gaps in this plot, which is due to the fact that only four 
days of data has been analyzed and hence there are insufficient data points. Although, looking 
closely it could be said that there is a strong feature at ~70°. In order to fill in the data gaps, the 
mean of the densities in each latitude bin was calculated. This value was used to replace the missing 
data points in each corresponding latitude bin. This is not a replacement for actual data values, but 
aids only in visual identification of structures, and cannot be used for a quantitative assessment. 

Figure 17 shows the plot of this modified mean densities. The plot clearly shows two features, 
similar to the previous plots for the VER’s. The intensity of the feature centered around -100° is 
unclear and cannot be determined.  This feature is also not as strong as observed in the VER’s 
whereas the feature centered around 70° is more prominent compared to the VER’s. 
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Figure 16: Plot shows the mean densities as a function of latitude and longitude averaged over the tangent altitudes 
between 160 and 200 km. 
 

Figure 17: Plot of the mean densities similar to Figure 16 with data gaps filled in using the average densities in each 
latitude bin. 
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Figure 18: Plot shows the mean temperatures as a function of latitude and longitude averaged over the tangent altitudes 
between 160 and 200 km. 

Figure 19: Plot of the mean temperatures similar to Figure 18 with data gaps filled in using the average temperatures 
in each latitude bin. 
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Figure 18 shows the plot of the mean temperatures as a function of latitude and longitude. The 
temperature profiles have a 1:1 ratio with the density profiles and are binned on the same altitude 
grid, hence share the same missing data points. The same method is used to fill the data gaps as 
with the densities. The plots show a clear anti-correlation with the densities. 
 
By applying the linear wave theory for inertia gravity waves, when the densities are high the 
temperatures must be low and vice versa. This can be inferred from Figure 20 where the densities 
(𝜌 < 0) are out of phase with the temperatures (WARM). The temperatures in Figure 19 seems to 
follow this theoretical conclusion thereby further validating that the density perturbations observed 
are due to tides. 
 

Figure 20: Vertical section of a wave adapted from Andrews et al., 1987 in the plane of the wave vector k. The arrows 
coming into and out of the page indicate the velocity vector components. The thick black arrows indicate the direction 
of propagation of the phase of the wave. The pressure is indicated by the words “HIGH” and “LOW” whereas the 
temperatures are indicated by the words “WARM” and “COLD”. 

2.5 Wavefits 
 
In order to characterize the structure observed in the analysis conducted above, wavefits are 
performed over the volume emission rates at latitudes where the perturbations are observed. The 
code for performing the wavefits is borrowed from Dr. Paul D Withers, and described in (Withers 
et al., 2003). The code performs a simple least squares fit to the data using a set of superimposed 
harmonics and a mean value. This fitting method is adopted since it utilizes the uncertainty of the 
individual measurements by taking into consideration the spread in the data, rather than the stated 
uncertainties in each datapoint, which is generally much smaller than the variability in the 
atmosphere itself. The uncertainty found from this method is also recorded, and used to estimate 
±1standard deviation above/below the least-sqaures fit, shown in Figure 21. 
 
Figure 21 displays the results of this fit done at various latitude bins. It is clear that the wave 
number 2 is the dominant wave observed at all three latitude bins considered here. The wave 
number 2 refers to a wave that varies every 180° (two peaks per 360° longitude), similarly wave 
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number 3 varies every 120° (three peaks per 360° longitude) and so on. Wave-2 has the greatest 
relative amplitude of 27.4% centered at 5°. 
  

Figure 21: A wave-3 harmonic fit is done to the mean volume emission rates averaged over 160-200 km between 0° 
and 10N° shown by the solid line. The dashed line shows the 1σ uncertainties about the fit (solid line). 

Table 3: The parameters obtained from the model fit to the calculated volume emission rates for measurements 
made between 0-10°N, 10-20°N and 20-30°N. 

The wavefits 1 through 3 done for the volume emission rates derived from the older data in 
(England et al., 2016) is shown in Figure 22. The amplitudes shown here are percentages with 
respect to the mean zonal volume emission rate. As can be seen the wave number 2 varies between 
~13.5% to 29%, with 29% at the lowest latitude bin. These amplitudes are very close to those 
found using the new dataset and can be clearly seen by comparing to the values in Table 3.	
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Figure 22: Plot of the wavefits 1-3 from (England et al., 2016). These wavefits were done on the volume emission rate 
data shown in figure 6b.  

2.6 𝑂/𝐶𝑂#	𝑟𝑎𝑡𝑖𝑜 
 
The dominant species at the higher altitudes is 𝑂 whereas the dominant species at low altitudes is 
𝐶𝑂#. The upper atmosphere of Mars is mostly made of 𝑂$which is created when 𝑂 is ionized. 
Calculating the 𝑂/𝐶𝑂#	helps in determining the amount of  𝑂 that is available to ionize. The 
𝑂/𝐶𝑂# also enables the measurement of the ratio of molecular oxygen to atomic oxygen. Knowing 
this ratio has important implications in understanding and controlling spacecraft drag. Since Mars’ 
atmosphere is mostly made up of  𝐶𝑂# and with 𝑂 being light, this ratio is also key in estimating 
the portion of the atmosphere that could escape to space. The 𝑂/𝐶𝑂# ratio calculated is specific to 
one location and time, and hence the ratio varies with changes in location or time. 
 
The continuity equation for a linear, plane wave perturbation can be written as: 

𝜌
𝜌
= 	

𝑖
𝜔
(
𝑤
𝐻�
−	∇. 𝑉) 

where 𝜌 is the wave component and 𝜌 is the mean value of the density of species given by ‘𝑗’,  𝜔 
is the wave frequency, 𝑤 is the vertical velocity distribution, 𝐻� is the species dependent scale 
height, 𝑉 is the velocity perturbation (England et al., 2017). This equation describes the relation 
between the vertical winds and the density perturbation. For large scale waves (longer 
wavelengths), the first term of this equation becomes dominant where it can be seen that the density 
perturbations vary with respect to the inverse of the scale height of the particular species.  
 
The 𝑂/𝐶𝑂#	ratio calculated using the the NGIMS data shows a variation of about 24% between 
the regions of maximum and minimum densities (England et al., 2016). There is not sufficient 
density data from the IUVS within the time period chosen to calculate this ratio, but it will be  
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calculated in Chapter 3 for the new cases considered for analysis. 
   
2.7 Comparison with the NGIMS results 
 
The NGIMS results from (England et al., 2016),  are shown in Figure 23 and Figure 24. Figure 23 
shows the mean densities plotted as a function of altitude and longitude. The densities are averaged 
over 0° – 30° in latitude. The plot shows two peaks centered around -130° and 70°. The peaks 
observed in Figure 14 of the IUVS results are in the same locations. 

Figure 23: Plot shows the mean densities averaged over 0° to 30°latitude as a function of altitude and longitude from 
England et al., 2016. 

Figure 24: Plots from England et al., 2016 figures 4b and 4c of the wave fits 2 and 3 on the mean 𝐶𝑂# densities 
obtained from NGIMS. 

The wave fits 2 and 3 from figures 4b and 4c of (England et al., 2016) is shown in the Figure 24. 
These wave fits were done on the NGIMS 𝐶𝑂# density data shown in Figure 23. Figure 24a shows 
wave number 2 whose relative amplitude varies between ~12.5% to 22% and wavenumber 3 
shown in Figure 24b varies between ~2% to 8%. The NGIMS results have a good agreement with 
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the IUVS results and can be seen by comparing these values to those found in Figure 24 and Figure 
22. 
 
2.8 Conclusions for the control case 
 
There is a fairly good agreement by both the IUVS and NGIMS of a strong wave number 2 based 
on the observations. The IUVS analysis enabled the observation of latitudinal variations in the 
amplitude of the tide whereas the NGIMS allowed for altitudinal variations to be observed. Non-
migrating tidal signatures observed in the control study are near equatorial latitudes and in a fixed 
local time reference frame. 
 
Ideally, the L2 densities would be considered for the tidal analysis since it accounts for any 
variation in insolation as well as variations in geometry of the spacecraft. From the control study 
it is evident that more than four days of data from IUVS would be required for this to be possible 
to avoid data gaps. Also, the NGIMS observations from a single orbit is dominated by small scale 
waves (have smaller wavelengths or in other words, the spatial scale is small). Since this study 
does not focus on these types of waves, it necessitates the averaging of many days of NGIMS data 
to unambiguously identify the tides. The above two reasons combined make it necessary to use 
data over multiple orbits and that spans between 3 to 4 weeks. The data for the other cases 
considered in this study is at higher latitudes. The observations from high latitudes enables the 
study of tides with variation in local time. 
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3 Results 
The requirements and constraints described in Chapter 2 define the three cases chosen for further 
study in this chapter. The focus in this analysis is on local time variations of tides with the NGIMS 
observations. As a result of the MAVEN orbit, this kind of analysis can be done only at higher 
latitudes. The time periods selected are marked in solid red circles shown in Figure 25. 
 

Figure 25: Shows the solar zenith angle in purple-orange and the NGIMS orbit in green-yellow. The portion highlighted 
in dark gray rules out solar zenith angles greater than 80° with no data from the IUVS. The DD1, DD2 and so on 
highlighted in light gray indicate. 

The non-migrating tides observed are expected to have a time period of either 12 hours or 24 hours. 
Wave-3 oscillations associated with non-migrating tides were observed at high northern latitudes 
(Bougher et al., 2001). Density perturbations were observed using two measurements that were 12 
hours local time apart in (Bougher et al., 2001), thereby indicating that the underlying cause could 
be a semi-diurnal tide. Modelling studies further suggested that the density perturbations observed 
for the same set of observations could be attributed to either a 12 hour tide or a stationary wave 
(Bougher, 2004). 
 
In this chapter, observations made by the IUVS will be used to identify tidal features using the 
𝐶𝑂#$𝑈𝑉𝐷 emission features. Additionally, the IUVS enables the use and analysis of the 
temperatures and 𝑂/𝐶𝑂#ratios which will further evidence the tidal observations. Sections 3.1, 3.2 
and 3.3 will each describe the data used in Cases 1, 2 and 3 respectively as well as the results 
obtained by applying the same analysis and methodology as done for the control study.  Each will 
be compared to results determined independently from NGIMS, using analysis provided by Dr. 
Guiping Liu from the University of California Berkeley. 
 
3.1 Case 1: March and April 2016 
 
3.1.1 Data selection and availability 
 
Case 1 includes data from orbit number 2867 to orbit number 3005. This dataset covers date ranges 
that fall between the 21st of March 2016 to the 15th of April 2016. Distribution of data for March 
and April 2016 is shown in Figure 26c. The figures show tangent point locations of the IUVS limb 
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observations when the tangent point is between 130 and 180 km. The tangent points are shown as 
a function of latitude and local time. The best overlap in latitudes for the IUVS and NGIMS was 
found to be when the local times lie between 13 and 17 hours. Since the period of the tide is 
unknown prior to the analysis, the biggest sample that could be considered is ~3-4 hours. 

Figure 26: a) Tangent point locations between 130 – 180 km as function of latitude and local time for a single scan. b) 
Tangent point locations for a single orbit. c) Tangent point locations for the month of March and April 2016 with the 
shaded region showing the data included in the analysis for Case 1. 
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Figure 26a shows the tangent point locations for a single scan where all tangent altitudes lie 
between 130 and 180 km whereas Figure 26b shows the tangent point locations for an entire single  
orbit. Figure 26c shows the observations from all the orbits with each color representing the tangent 
point locations from a particular orbit. The clustering of data points is due to observations from 
multiple orbits.  
 
Figure 27 shows that the observations from multiple orbits providing complete longitudinal 
coverage which is required for the analysis of tides. The data distribution plot shown in Figure 26c 
shows that all the measurements lie between 30° and 80° latitude. The observations chosen are 
narrowed down to those that lie between 50° and 70° latitude since this is region where most of 
the observations are made, and can be compared to the NGIMS data described in Section 3.1.5. 
The highlighted intersection in this plot shows the data selected and that will be used further for 
analysis. 
 

Figure 27: Tangent point locations between 130 and 180 km as a function of latitude and longitude  for all orbits within 
the date range chosen for March and April 2016. 

3.1.2 Brightness and Volume Emission Rates 
 
The methodology adopted to identify tidal signatures is the same as that applied to the control 
study and described in Chapter 2. The raw brightness is first extracted based on the chosen tangent 
altitudes, tangent latitudes and local times. The brightnesses are then binned in 30° longitude and 
10° latitude bins. The mean brightness is then averaged over 130 -180 km as a function of latitude 
and longitude as shown in Figure 28. Three peaks can be roughly identified at the highest latitude 
bin from this plot, which is closest to the NGIMS data locations. The highest latitude bin had to 
be cut off at 65° since there were not sufficient data points beyond the 60 - 70° bin. 
 
The volume emission rates are plotted using the same methodology as that for the brightnesses. 
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Figure 28: The mean brightness as a function of latitude and longitude averaged over the tangent altitudes between 
130 and 180 km. 

Figure 29: The mean volume emission rate as a function of latitude and longitude averaged over the tangent altitudes 
between 130 and 180 km. 
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The mean volume emission rate averaged over 130 km – 180 km as a function of latitude and 
longitude is shown in Figure 29. The plot shows about four peaks. The features observed in this 
plot could imply the variations in the volume emission rates is due to the combination of wave 
number 2 and wave number 3. 
 
3.1.3 Densities and Temperatures 
 
The derived densities and temperatures from the L2 files are plotted using the same criterion used 
for the volume emission rates. The mean densities are shown as a function of latitude and longitude 
in Figure 30. 
 

Figure 30: The mean densities as a function of latitude and longitude averaged over the tangent altitudes between 
130-180 km. 

Variations in densities with three distinct peaks are clearly visible from the plot around -115°, -
25° and 110° respectively. The plot for the densities and volume emission rates do not match up 
perfectly. The peaks seen in the densities are three whereas the volume emission rates show four 
peaks. They are also situated higher in latitude compared to the volume emission rates. This 
difference could be due to the fact that the volume emission rates do not account for variability in 
solar conditions. As mentioned previously, the densities from the L2 files are derived taking into 
consideration not only the geometry of the measurements but also the insolation. 
 
Therefore, the L2 densities will be used for the identifying the tides as well as for comparison with 
the NGIMS results here on.  The temperatures show in Figure 31 are anti-correlated with the 
densities in Figure 30. 
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Figure 31: Mean temperatures as a function of latitude and longitude averaged over tangent altitudes between 130 
and 180 km. 
 
3.1.4 𝑂/𝐶𝑂#	𝑟𝑎𝑡𝑖𝑜 

Figure 32: The 𝑂/𝐶𝑂#ratio plotted as a function of latitude and longitude. 
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The 𝑂 and 𝐶𝑂# density profiles in the L2 files are binned on a fixed altitude grid. The altitude 
grids for 𝑂 and 𝐶𝑂# are not the same and hence to find the ratio, a cubic spline interpolation was 
performed to retrieve densities of 𝑂 and 𝐶𝑂# at the same altitudes. The 𝑂/𝐶𝑂#	ratio is then 
calculated and plotted as a function of latitude and longitude as shown in Figure 32. The plot of 
the ratio looks similar to the temperatures and is anti-correlated with the densities, although it is 
more complex. 
 
3.1.5 Wavefits 
 
Wavefits are performed on the density data can be seen in Figure 33 for two latitude bins centered 
at 55° and 65° respectively. The wave number 3 is observed to be dominant at both latitudes, with 
22.3% centered at 55° and 9.2% centered a 65° respectively. The amplitudes are percentages with 
respect to the mean zonal densities. For the bin centered at 65° wave number 1 is observed to be 
nearly equally dominant with an amplitude of 8%, whereas for the one centered at 55° wave 
number 1 and 2 have nearly the same amplitude but much less impact in contribution. 

Figure 33: A wave -3 harmonic fit is done to the mean densities averaged over 130-200 km between 50° and 60N° 
shown by the solid line. The dashed line shows the 1𝜎 uncertainties about the fit (solid line). 

Table 4: The parameters obtained from the model fit to the densities for measurements made between 50-60°N and 
60-70°N. 

Latitude 
bins 

Relative 
Amplitude 
Wave - 1 

Relative 
Amplitude 
Wave - 2 

Relative 
Amplitude 
Wave - 3 

Phase 
Wave – 1  

Phase 
Wave - 2 

Phase 
Wave - 3 

Centered at 
55° 

8.9% 7.9% 22.3% 76.65° 104.48° 3.939° 

Centered at 
65° 

8% 5.6% 9.2% 80.38° 93.07° 24.16° 

-180 -90 0 90 180
Longitude, degrees

-2.50×109

2.50×109

7.50×109

1.25×1010

1.75×1010

2.25×1010

D
en

si
tie

s,
 c

m
-3



	

	36 

3.1.6 Comparison with NGIMS results 
 
Figure 34 shows the NGIMS data distribution and coverage. The data points from March is in 
green and from April is in blue respectively. Figure 35 shows the 𝐶𝑂# densities averaged over all 
latitudes as function of longitude and local time for each altitude. 

Figure 34: Data distribution of the NGIMS observations for the months of March and April 2016 shaded in green and 
blue respectively. 

Figure 35: The mean CO
2
 densities plotted as a function of longitude and local time. 

The altitudes chosen here correspond to a constant 𝐶𝑂# density level to enable the comparison of 
change in wave amplitudes between different date ranges. The constant density level picked for 
the NGIMS analysis was 1.3 ∗ 10�	𝑐𝑚V� which corresponds to an altitude of 185 km for this 
interval. Wave number 3 seems to dominate in this case with an eastward moving peak. 
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3.2 Case 2: November and December 2016 
 
3.2.1 Data selection and availability 
 
Case 2 includes data from orbit number 4066 to orbit number 4383. This dataset covers date ranges 
that fall between the 1st to 15th of November 2016 and the entire month of December 2016. 
Distribution of data for the entire time period is shown in Figure 36. The figures show tangent 
point locations of the IUVS limb observations when the tangent point is between 160 - 200 km. 
The tangent points are shown as a function of latitude and local time. The best overlap in latitudes 
for both instrument was found when the local times lie between 12 to 16 hours. 
 

Figure 36: Tangent point locations between 160 – 200 km as function of latitude and local time for a single scan. b) 
Tangent point locations for a single orbit. 
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Figure 37: Tangent point locations for the months of November and December 2016 with the shaded region showing 
the data included in the analysis for Case 2. 
 
3.2.2 Brightness and Volume Emission Rates 

Figure 38: The mean brightness as a function of latitude and longitude averaged over the tangent altitudes between 
160 and 200 km. 
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Figure 39: The mean volume emission rate as a function of latitude and longitude averaged over the tangent altitudes 
between 130 and 180 km. 

The plot for the brightness shows some variation with about four peaks whereas in the plot for the 
volume emission rates the variations seem to exist at about the same locations. 
 
3.2.3 Densities and temperatures 

Figure 40: The mean densities as a function of latitude and longitude averaged over tangent altitudes between 160 
and 200 km. 
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Figure 41: The mean temperatures as a function of latitude and longitude averaged over the tangent altitudes between 
160 and 200 km. 

The plot for the densities show variations at the latitude bin centered at -75° and roughly three 
peaks could be estimated at a closer look. 
 
3.2.4 𝑂/𝐶𝑂#	𝑟𝑎𝑡𝑖𝑜 

Figure 42: The mean 𝑂/𝐶𝑂# ratio as a function of latitude and longitude averaged over tangent altitudes between 160 
and 200 km. 
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The 𝑂/𝐶𝑂# ratio seems to follow the variations seen in the temperatures and is anti-correlated 
with the densities which is as expected from the 𝑂/𝐶𝑂# results in Case 1. 
 
3.2.5 Wavefits 
 
The wavefits are performed on the density data shown in Figure 43 for the latitude bin centered at 
-75°. The wave number 3 is observed to dominant at this latitude with a relative amplitude of 12%. 
Wave-number 2 seems to be the second strongest wave with 8.5%. 
 

Figure 43: A wave -3 harmonic fit is done to the mean densities averaged over 160-200 km between 60° and 70°S 
shown by the solid line. The dashed line shows the 1𝜎 uncertainties about the fit (solid line). 

Latitude 
bins 

Relative 
Amplitude 
Wave - 1 

Relative 
Amplitude 
Wave - 2 

Relative 
Amplitude 
Wave - 3 

Phase 
Wave - 1 

Phase 
Wave - 2 

Phase 
Wave - 3 

Centered at 
-75° 

8.5% 4.3% 12% 323.78° 49.33° 29.06° 

Table 5: The parameters obtained from the model fit to the densities for measurements made between and 70-80°S. 

3.2.6 Comparison with NGIMS 
 
The NGIMS observations allow for local time variations at the latitude bin centered at -75° and 
can be seen Figure 44. While the geometry perfectly lines up with the available IUVS observations, 
it is important to note that these are also at very high latitudes and hence solar zenith angles, where 
the IUVS L2 files are sometimes missing. 
 
The NGIMS results are from a constant density level of 1.34 ∗ 10� and a corresponding altitude 
of 200 km for this case gives a strong wave-3 and nearly equally strong wave 2. Figure 45 shows 
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the fitted 𝐶𝑂#densities as a function of longitude and local time. It can also be seen that the 
observed wave-3 feature is moving eastward. 

Figure 44: Data distribution of the NGIMS observations for the months of October, November and December shaded 
in blue, green and yellow respectively. 

Figure 45: The mean CO2 densities plotted as a function of longitude and local time. 

 
3.3 Case 3: May and June 2017 
 
3.3.1 Data selection and availability 
 
Case 3 includes data from orbit number 5119 to orbit number 5334. This dataset covers dates that 
fall between the 21st of May 2017 to the 30th of June 2017. Distribution of data for the entire time 
period is shown in Figure 46c. The figures show tangent point locations of the IUVS limb 
observations when the tangent point is between 150 - 200 km. The tangent points are shown as a 
function of latitude and local time.  
 
The best overlap in latitudes with the NGIMS observations are when the local times lie between 9 
to 12 hours. There is plenty of data from the IUVS that lie between 2 to 9 hours, but since these 
data points are either “night-time” data or measured at extremely high solar zenith angles, it cannot 
be used to determine the 𝐶𝑂# densities. Therefore, the focus of Case 3 will be on observations that 
lie between 9 to 12 hours. 
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Figure 46: Tangent point locations between 150 – 200 km as function of latitude and local time for a single scan. b) 
Tangent point locations for a single orbit. Tangent point locations for the month of May and June 2017 with the shaded 
region showing the data included in the analysis for Case 3. 

 

c)
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3.3.2 Brightness and Volume Emission Rates 
 

Figure 47: The mean brightness as a function of latitude and longitude averaged over the tangent altitudes between 
150 and 200 km. 

Figure 48: The mean volume emission rates as a function of latitude and longitude averaged over the tangent altitudes 
between 150 and 200 km. 
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The plot for the brightness is as shown in Figure 47. A very strong peak can be identified in this 
plot centered at ~60° longitude another relatively weaker one at ~-50° longitude. For Case 3, it is 
important to note that there is no NGIMS data below ~56° in latitude and hence no comparison 
will be made at the lower latitudes. The focus will be on the variations observed at latitudes close 
to ~45°- 55°N. 
 
Figure 48 shows the plot of the volume emission rates with a very strong peak centered around 
55° longitude. The complex structure displayed in this plot could be due to the combination of 
different waves. 
 
3.3.3 Densities and Temperatures 

 
Figure 49: The mean densities as a function of latitude and longitude averaged over the tangent altitudes between 150 
and 200 km. 

The plot for the densities also displays a complex structure with a distinct peak at ~60° longitude. 
The temperatures could not be analyzed for this specific case since some of the data points were 
greater than two standard deviations from the mean temperature. It was necessary to set this as a 
criterion since some of the temperature values in the dataset were very large. On removal of the 
temperatures greater than two standard deviations from the mean temperature, there were 
insufficient data points left. One of the reasons for this could be due the fact that the observations 
are made for a higher solar zenith angle and early local times as in this particular case. 
   
As for the values of the temperatures, the L2 data files are produced by utilizing an atmospheric 
model for initialization. The temperatures retrieved by using this method is highly sensitive to the 
specifics of this initialization. Details for which can be found at 
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https://lasp.colorado.edu/maven/sdc/public/pages/datasets/dataset_notes/iuvs_data_readme.txt. 
The 𝑂/𝐶𝑂# ratio also could not be plotted due to insufficient data points for the 𝑂 density. Similar 
to the temperature values, the 𝑂 density data also consisted of many bad and missing data points. 
 
3.3.4 Wavefits 
 
The wavefits are performed on the density data for three latitude bins centered at 25°, 35° and 45° 
respectively. The wave number 2 is observed to dominant in the latitude bin centered at 45° with 
an amplitude 10.4%. Wave-number 2 seems to be dominant at all latitudes and is strongest in the 
latitude bin centered at 35°. The amplitudes are percentages with respect to the mean zonal 
densities. 

Figure 50: A wave -3 harmonic fit is done to the mean densities averaged over 150-200 km between 40° and 50N° 
shown by the solid line. The dashed line shows the 1𝜎 uncertainties about the fit (solid line) 

Latitude 
bins 

Relative 
Amplitude 
Wave - 1 

Relative 
Amplitude 
Wave - 2 

Relative 
Amplitude 
Wave - 3 

Phase 
Wave - 1 

Phase 
Wave - 2 

Phase 
Wave - 3 

Centered at 
25° 

2% 15.1% 9.4% 160.01° 72.91° 29.32° 

Centered at 
35° 

5% 15.2% 8.8% 205.76° 59.53° 16.06° 

Centered at 
45° 

6.3% 10.4% 6.8% 193.74° 53.83° 11.7° 

Table 6: The parameters obtained from the model fit to the densities for measurements made between 20-30°N, 30-
40°N and 40-50°N. 
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3.3.5 Comparison with NGIMS 
 

Figure 51: Data distribution of the NGIMS observations for the months of June and July shaded in blue and green 
respectively. 

 

Figure 52: The mean CO2 densities plotted as a function of longitude and local time. 

At the constant density level of 2.09 ∗ 10� which corresponds to 170 km for this case, the waves 
2 and 3 seem to dominate with almost equivalent relative amplitudes of 24.58% and 24.53% 
respectively. Wave 3 seems to be dominant at 173 km and 175 km. Although the results from both 
instruments do not agree for this case, it is important to note that the there is very little overlap in 
latitudes as well as in the date range, making it impossible to draw robust conclusions from this 
comparison. The IUVS observations are much closer to the equator than the NGIMS.  
 
We examined all other data sets that exist for the conditions outlined in Chapter 2, but the 
remaining ones consisted either of night time observations or observations that have almost no 
overlap in date range. 
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4 Conclusions 
Observations from the IUVS and NGIMS instruments on MAVEN have been used to identify 
longitudinal variations in tidal features associated with nonmigrating tides. From the cases 
analyzed here, Case 1 and Case 2 show tidal features at 50 to 70° and -60 to -75°from 150 – 200 
km altitude. The main conclusions have been summarized below:	
 

• The variations observed in the densities and temperatures from the L2 files in the control 
study looked promising with the exception of the data gaps. It is thus evident that the 
amount of IUVS data required for the analysis of tides must be increased relative to the 
data used in the control case. 

 
• In addition, the L2 data files are produced by accounting for the geometry as well as the 

solar variations and therefore is a good addition to the analysis to obtain more robust 
results. 

 
• For the cases considered in this study, due to the constraints in the geometry of the IUVS 

and NGIMS the case studies are conducted at higher latitudes to maximize the overlap in 
observations.  

 
• The IUVS results for Case 1 and Case 2 have a good agreement with the NGIMS results. 

Observations from both instruments not only have a good overlap in latitudes but also 
observe a strong wave 3.  

 
• The densities and temperatures of Cases 1 and 2 are anti-correlated with each other thereby 

confirming the theoretical interpretation.  
 

• The 𝑂/𝐶𝑂# ratios have been calculated for the first time using the IUVS observations. For 
cases 1 and 2 the 𝑂/𝐶𝑂# ratios are anti-correlated with the densities and follow the 
variations in the temperatures which is as expected.  

 
• The phase of the wave for Case 1 do not agree with the NGIMS results. There could be 

multiple reasons for this such as the dates do not overlap perfectly or due the differences 
in altitudes or latitudes considered. The phase of the wave for Case 2 have a very good 
agreement using both instruments.  

 
• For Case 3, the results are hard to interpret since the variations are much more complicated. 

But it is important to note that we have the least overlap in latitudes for this time period. 
The majority of IUVS observations are close to the equator whereas the NGIMS 
observations are at higher latitudes. 

 
• The IUVS and NGIMS instruments are complimentary. Both instruments cover the same 

area, measure similar features but from two different perspectives. Observations from both 
instruments can therefore be used to independently identify tidal signatures and provide 
validation.  
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