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ABSTRACT 

 

The connection between earth and space weather has numerous impacts on spacecraft, radio 

communications and GPS signals.  Thus, predicted & modeling this region is important, yet 

models (both empirical and first principles) do a poor job of characterizing the variability of this 

region. One of the main objectives of the NASA ICON mission is to measure the variability of the 

ionosphere and thermosphere at low-mid latitudes. The MIGHTI instrument on ICON is a Doppler 

Interferometer that measures the horizontal wind speed and direction with 2 discrete MIGHTI 

units, separated by 90˚, mounted on the ICON Payload Interface Plate. This work focuses on 

building a simulation of wind interferometer data, similar to MIGHTI, using a first-principles 

model as the input dataset, which will be used for early validation and comparison to the MIGHTI 

data. Using a ray-tracing approach, parameters like O, O2, O+, O2+, T, wind, solar F10.7 index 

will be read for every point along every ray from the model and brightness and Line of Sight (LOS) 

wind will be calculated as functions of altitude and time. These data will be compared to the 

MIGHTI observations to both to establish the limitation of such models, and to validate the ICON 

data. ICON will help determine the physics of our space environment and pave the way for 

mitigating its effects on our technology, communications systems and society. However, ICON is 

yet to launch and due to the unavailability of MIGHTI data, we have selected another instrument 

called WINDII (Wind Imaging Interferometer) from a different mission UARS (Upper 

Atmosphere Research Satellite) to demonstrate the utility of this data-model comparison. Similar 

to MIGHTI, WINDII measures Doppler shifts from a suite of visible region airglow and measures 

zonal and meridian winds, temperature, and VER (Volume Emission rate) in the upper mesosphere 

and lower thermosphere (80 to 300 km) from observations of the Earth's airglow. We will use a 

similar approach discussed for MIGHTI to calculate vertical profile of Redline airglow, Wind 

velocity, emission rate and compare them with our simulated results to validate our algorithm. We 

initially thought asymmetry calculation along the Line of Sight (LOS) would be the limiting factor. 

We believe there are other things going on such as variability in the winds associated with natural 

fluctuations in the thermosphere, atmospheric waves, inputs from the sun and the atmosphere 

below etc., appear to be bigger factor than just asymmetry along the line of sight.
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GENERAL AUDIENCE ABSTRACT 

 

The upper Earth atmosphere host’s most of the valuable spacecraft’s and almost all the 

communication signals go through this portion of the atmosphere. Yet we do not understand what 

causes variation in the upper atmosphere. In order to answer what’s causing these changes and to 

understand this complicated region, NASA has developed the ICON mission. ICON we will 

mainly study the Ionosphere ranging from 90 to 450 km above the earth surface. In this study have 

developed a tool able to simulate thermospheric wind profiles, O, O2, O+, O2+ densities, Volume 

emission rate (VER) of green and red line airglow from measurements on the NASA Ionospheric 

Connection Explorer (ICON) mission from an instrument on board called MIGHTI. However, 

ICON is yet to launch so do not have MIGHTI to test our algorithm. We chose an instrument which 

is similar to MIGHTI called Wind Imaging Interferometer (WINDII), from a different mission 

called Upper Atmosphere Research Satellite (UARS) to test our algorithm. We initially thought 

asymmetry calculation along the Line of Sight (LOS) would be the limiting factor. We believe 

there are other things going on such as variability in the winds associated with natural fluctuations 

in the thermosphere, atmospheric waves, inputs from the sun and the atmosphere below etc., 

appear to be bigger factor than just asymmetry along the line of sight.
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1. Chapter 1: Introduction 
 

For navigation and precise positioning of satellites, aircraft, vehicles, missiles and many other 

space carats, global positioning system (GPS) signals, radio frequency interference (RFI) are used 

almost every day. GPS signals can also be used to help farmers harvest their fields, by mapping 

their fields where they need to harvest depending on different seasons. Further, GPS signals can 

be very handy in mining, surveying. Our modern life has become so dependent on these that, we 

cannot imagine a world without these at for a single day. At present, there are 31 active GPS 

satellites orbiting earth at a height of 20000 km above earth’s surface to support this huge need. 

Yet, the success of GPS based data depends on a number of attributes (e.g accuracy of receiver, 

satellite position at current time, and most importantly the medium through which the signal 

passes), where minimum GPS signal levels have threatened GPS radio frequency interference 

(RFI). The transmitted waves from GPS satellite penetrates through the upper atmosphere by the 

time it reaches to the receiver, atmospheric charged particles, atoms and electrons in the 

atmosphere curve the radio signals and decelerate the wave propagation That's why it's important 

to understand our ionosphere and what causes disruption, which if not answered might lead to 

catastrophic consequences like communication loss with aircrafts and others satellites, giving 

wrong location to aircrafts or missiles, providing wrong weather prediction. Understanding the 

variation of the charged particles, plasmas, densities of atmospheric particles of the upper 

atmosphere will help us unraveling the mystery of lost GPS signal. 

So, we need a better understanding of the Earth’s upper atmosphere, it’s air particles and atoms 

(e.g O, O2, O+, O2 +, N2+ ). Absorption of solar ultraviolet and X-radiation and chemical reactions 

result in excited state of parameters such as O, O2 , O+, O2+  and cause the emission at 630 nm from 

the O (1 D) level of atomic oxygen (Red line) or emission at 557.7 nm from O(1D-1S) (Green line) 

(Zhang et al., 2004). We will describe Earth’s upper atmosphere and its composition in this section. 

 

 

Chapter 1 will introduce the motivation and goal for this thesis. 1.1 Introduces the common 

characteristics of Earth’s atmosphere, what region of the atmosphere we are looking at? 1.2 

Discusses the different Layers of the Earth Atmosphere; 1.3 Upper atmosphere of Earth 

Atmosphere and previous observations of the upper atmosphere, what types of parameters likes 

wind, upper atmosphere, temperature? 1.4 discusses the upper and lower thermosphere; 1.5 

describes the airglow specially 630. nm (red line) and 557.7 nm (green line) which data has been 

acquired for analysis in this thesis; 1.6 discusses observations of airglow from different models. 

 

 

1.1 Earth Atmosphere 
 

Earth is the only solar system planet with a life - sustaining atmosphere. The Earth’s atmosphere 

is the most essential part of the life of Earth. The Earth’s atmosphere (Ozone Layer) prevents some 

of the hazardous solar rays of the sun from spreading to the Earth's surface. It confines solar heat 

and makes Earth a pleasant temperature compared to other planets to sustain life. The Earth's 

atmosphere extends approximately 300-350 miles (480-550 km), however almost all of the earth’s 
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atmosphere (about 75% by mass) is 10-14 miles (16-20 km) from the surface of the Earth. There 

is no exact ending of the atmosphere; it only gets thinner and thinner until it merges with outer 

space or becomes essentially collision less in the exosphere. The atmospheric density reduces with 

altitude due to the gravitational force of the Earth, which attracts the gasses and aerosols on the 

inside, is closest to the surface [28]. 

 

The evolution of the current atmosphere on Earth is not fully understood. The current atmosphere 

is thought to have originated from the periodic release of gasses from the interior of the planet as 

well as from life forms—unlike the primordial atmosphere [28]. About 85% of volcanic emissions 

are in water vapor form. By contrast, carbon dioxide accounts for about 10% of effluent. Earth's 

atmospheric composition consists of nitrogen(𝑁2), 78.08%; oxygen (O2) 20.95%; argon(𝐴), 
0.93%; water(𝐻2𝑂), 0 to 4%; and carbon dioxide(𝐶𝑂2), 0.04% [28]. Inert gasses like neon (𝑁𝑒), 
helium (𝐻𝑒), crypton (𝐾𝑟) and other components such as nitrogen oxides, sulfur compounds and 

ozone compounds are found in smaller quantities. It is important to note that this composition is 

most representative of the lower atmosphere and is not relevant to the thermosphere. 

 

 

 

 

 

                                                        
 

Figure 1 Composition of Earth's atmosphere [36]. 
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1.2 The Layers of the Atmosphere: 
 

The Earth's atmosphere is divided based on its temperature with altitude, where we also find 

differences in composition and other such properties into five main layers. 

• The Troposphere 

• The Stratosphere 

• The Mesosphere 

• The Thermosphere 
 

                                   

                                 
 

Figure 2 Layers of Earth’s upper atmosphere. Credit: John Emmert/NRL [29]. 

1.2.1 The Troposphere: 

 

The part of the atmosphere closest to the Earth’s surface is known as the troposphere.  It mostly 

extends up to 7 to 20 km from the Earth’s surface and considered thickest part of the Earth's 

atmosphere.  At the Earth’s surface the air is warm, however the temperature gets colder as the 

altitude increases, by about 6.5°C per kilometer. The troposphere is believed to hold about 75% of 

the atmospheric air and almost all the water vapor (which forms clouds and rain). Earth’s surface 

acts like the heat source, so the decrease in temperature is the result of going away from the heat 

source.  

 

The boundary layer is the lower part of the troposphere. The air motion in this region is governed 

by the characteristics of the surface of the earth. Turbulence in the troposphere is originated by the 

wind blowing over the surface of the earth and the thermal convection soaring from the earth when 

the sun is heated. This spiraling disturbance carries heat and humidity within the limiting layer, 
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pollutants and other atmospheric components. The troposphere's top is called the tropopause, the 

lowest in the poles, 7 - 10 km above the surface of the earth. It's the highest near the equator (about 

17 - 18 km). 

 

 

 

1.2.2 The Stratosphere 

 

The Stratosphere starts from the tropopause and stretch to about 50 km. It contains a lot of the 

atmospheric ozone. The temperature growth with height is caused by the absorption by this ozone 

of ultraviolet (UV) radiation from the sun. Stratosphere temperatures are highest over the summer 

pole. The top of the stratosphere is called the stratopause. 

 

1.2.3 The Mesosphere 

 

Atmosphere above our planet that extends from the stratopause. up to a height of about 85 km (53 

miles) is called the mesosphere. Unlike stratosphere the temperature drops with height, reaching a 

minimum of about -90°C (-130° F), are found near the top of this layer, called the mesopause. 

 

1.2.4 The Thermosphere and Ionosphere 

 

The thermosphere and the ionosphere are the region where most of the High-energy UV radiation 

from the Sun and almost all the ionized particles, plasmas being absorbed. This portion of the 

atmosphere is the main attraction of our research, that’s why we will discuss elaborately in the 

later section under upper atmosphere. This is discussed in more detail in Section 1.3 below. 

 

1.2.5 Exosphere 

 

The most upper most layer of earth’s atmosphere, where the thermosphere gives way to exosphere, 

in this region atoms and molecules escape into space. Basic property of the exosphere includes 

constant temperature with altitude, very low density and mostly dominated by 𝐻𝑒,𝐻 a bit of 𝑂. 

Due to the very low-density number of collisions are very little. The transition between 

thermosphere is called exobase. 

 

1.3 Upper Atmosphere 
 

The Thermosphere, and Ionosphere together comprises Earth’s upper atmosphere. The 

thermosphere is the realm of High-energy X-rays, UV radiation from the Sun, ionized particles, 

plasmas, meteors, auroras and satellites extends from an altitude from about 90 – 1000 km. Earth’s 

upper atmosphere is extremely important if you want to understand the variability of the 

composition of the atmosphere and account for the causes of these changes.  

 

We can divide the thermosphere in 3 categories 

● Lower Thermosphere: Which extends from 90-120 km above the surface of the earth. 

Sometimes lower thermosphere is compared with mesosphere. In this section of the earth’s 
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atmosphere the temperature increases slowly with altitude, highest temperature in this 

region is about 300K. 

● Middle Thermosphere: Which extends from 120-200 km above the earth’s atmosphere. In 

this region, the temperature rapidly increases with altitude, highest temperature in this 

region is 1000K. 

● Upper Thermosphere: Which extends from 200-1000 km above the earth’s atmosphere. In 

this region of the earth’s atmosphere the temperature almost remains constant with altitude. 

 

Understanding the thermosphere is most important as the thermosphere hosts ionosphere, and the 

ionosphere impacts global positioning system (GPS) signals, radio frequency interference (RFI). 

“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, to answer the question what drives all the flow 

of energy and change in ion, electron density we need to understand different sources of external 

forcing to the earth’s upper atmosphere, also known as the Ionosphere-Thermosphere (IT) system. 

 

 

                 
Figure 3 Energy input, conversion and transport processes relevant to the Ionosphere-Thermosphere (IT) 

system from (Forbes, 2007). 

1.3.1 Lower and Upper Thermosphere Airglow 

 

Airglow, faint luminescence of Earth’s upper atmosphere that is caused by air molecules and atoms 

(e.g O, O2, O+, O2+, N2+) selective absorption of solar ultraviolet and X-radiation and chemical 

reactions resulting in excited states of these species (from britannica.com/science/airglow). There 

has been extensive evidence from observations from different studies showing that parameters 

such as O, O2, O+, O2+, temperature and wind are the key factors contributing to atmospheric 
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features like emission at 630 nm from the (O (1 S → 1D)) level of atomic oxygen (Red line) or 

emission at 557.7 nm from (O (1D → 3P)) (Green line) (Zhang et al., 2004). We need a deep 

knowledge of the temperature profile of the lower and upper thermosphere to account for the 

density variance of the air molecules and atoms (e.g O, O2, O+, O2+, N2+) in this region because of 

many processes like molecular diffusion, atmospheric chemical reaction depends on temperature. 

Mentioned above we are mostly interested in the emission at 630 nm from the O (1D) level of 

atomic oxygen (Red line) or emission at 557.7 nm from O(1D-1S) (Green line) in this study, also 

known as O2 Atmospheric band, or “A-band” (Zhang et al., 2004). These emissions originate in a 

broad altitude region between 80 km and 200 km in the day-glow and from a thin layer between 

80 and 100 km in the nightglow (Yee et al., 2012). 

 
 
Figure 4 Earth’s airglow shows variations in brightness which provide clues to the mystery of the Earth-

space connection. Photo taken from [22]. 

From previous observations like, (MacDade et al., 1986 ) used Volume emission profiles of the 

O2(b1 ∑g+ - X3∑g-)(0-0) Atmospheric Band and the 0(1S→1D) green line, from the rocket 

measurements they shown that emission of the O2(b1∑ g+) Atmospheric Band, the 0(1S) green 

line and the atomic oxygen concentrations in the nightglow emissions may be explained by 

exchange of thermal energy between atoms and altitude profiles for the quenching of the precursor 

states. Christensen et al 2012 observed airglow emission using the RAIDS (Remote Atmospheric 

and Ionospheric Detection System) instruments Launched in Sept. 2009, RAIDS performed 

routine observations of the O2(b1∑ → X3∑) Atmospheric band (O2 A-band) transition during solar 

minimum conditions from October 2009 to December 2010. Model developed by (Yee, et al., 

2012) permits us to study the atmosphere from 40 up to 200 km, a region where the strongest 

coupling between the lower atmosphere and upper atmosphere occurs (Heller, et al., 1991) 

presented some rocket-born Ebert-Fastie spectrometer experiment to measure the day-glow 

O2(b1∑ g+)) atmosphere (0, 0) band centered at 761.9 nm. 

 

(Zhang et al., 2005) studied more than 520,000 emission rate profiles of the O(1S) dayglow (557.7 

nm, the atomic oxygen green line) from the Wind Imaging Interferometer (WINDII) on the Upper 

Atmospheric Research Satellite (UARS) providing an unprecedented and unique resource for 

studying the O(1S) emission layer, its related physics and chemistry, and the response of the 

mesosphere and thermosphere to the solar input. (Zhang et al., 2005), also measured global 

morphology of the green line emission rate structures at 40°N, the equator, and 40°S in the local 

time and altitude domain are depicted in the Figure below at four seasons (first day of March, June, 

September, and December). They produced an empirical model of this which is used in this study. 
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Figure 5 The seasonally averaged green line volume emission rate (photon cm-3 s -1) at local time 8,10, 

12, 14, and 16 hours during for periods in the local time domain. Zhang et al, 2005. 
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Figure 6 The seasonally averaged green line volume emission rate (photon cm-3 s -1) at 400N, the 

equator, and 400S for SEP92, DEC92, MAR93, and JUN93 periods in the local time domain (Zhang et al, 

2005). 

(Zhang et al., 2004) studied more than 130,000 emission rate profiles of the O(1S) dayglow (630 

nm, the atomic oxygen red line) from the Wind Imaging Interferometer (WINDII) on the Upper 

Atmospheric Research Satellite (UARS) providing an unprecedented and unique resource for 

studying the O(1S) emission layer, its related physics and chemistry, and the response of the 

mesosphere and thermosphere to the solar input. (Zhang et al., 2004) further studied two profiles 

of the daytime O(1D) atomic oxygen red line volume emission rate (V) in (photon cm-3 s -1) as 

examples of WINDII measurements. We can see that most of the change in the Volume emission 

rate occurs at altitude between 90-250 km, and for both the O(1D) atomic oxygen profiles the peak 

is around 210 km. This study inspires us to study the altitude range from 90-250 km.  

                    
Figure 7 Two samples of the measured red line profile and Gaussian fitting curve (Shengpan P. Zhang et 

al, 2004). 

 

 

1.3.2 Lower and Upper Thermosphere Winds 

 

It is much familiar that most of the sun’s X-rays and UV radiations are absorbed in the Earth’s 

upper atmosphere between 90 km- 800 km. This results in a rise in temperature with increasing 

altitude in the thermosphere, unlike the mesosphere. These radiations, in addition to ionizing 

radiations from outer space, ionize neutral species in the mesosphere and thermosphere forming 

the ionosphere which extends from about 60 to 800 km, and using electron density is subdivided 

into; the D region (70-90 km), E-region (90-150 km) and F-region (150-700 km) (Sivla, 2012).  

This radiation heating, latitudinal variations of neutral gas heating then combines with coriolis 

effect, generate meridional and zonal winds in the earth’s upper atmosphere.  
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The circulation plays an important effect on the distribution of the major chemical species (e.g O 

and N2) of the thermosphere between about 120 and 500 km, (Forbes, 2007). Processes such as 

lower thermosphere heating and upwelling can carry N2-rich air to higher altitudes, drive the 

thermosphere from its diffusive equilibrium state, and in addition enhance the loss of ionosphere 

plasma and the N2-rich air can be transported by horizontal winds, thus affecting latitude regions 

outside the heating zone (Sivla, 2012). 

 

 
Figure 8 Schematic illustrating the zonal mean meridional circulation driven by differential solar heating 

in the thermosphere (blue arrows), the transport of O and N2 (labeled arrows), the latitudinal variation of 

R[O/N2] (Forbes, 2007). 

Due to the solar Wind-Driven Circulation IT system at high latitudes, the flow is influenced by 

momentum transfer from the convecting ions to the neutrals, and winds attain amplitudes up to ≈ 

500 ms-1. At middle and low latitudes, the flow is less intense (≈ 50-150 ms-1) (Forbes, 2007). 

 

1.3.3 Lower Thermospheric Winds: 

 

In this section we will discuss the lower thermospheric winds along with both migrating tides (sun-

synchronous tidal components) and non-migrating tides (non sun-synchronous tidal components) 

which refers to the absorption of solar fluxes in the thermosphere and the resulting global 

temperature, density and wind patterns. In the lower thermosphere we expect more rotating wind 

patterns around high/low pressure areas and varies with altitude. This geostrophic force balance 

and the thermal winds can be related by following set of equations, 
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From studies from (Forbes, 2007) we know that the altitude ranges particularly (≈ 80-120 km) or 

the mesosphere-lower thermosphere (MLT) region, the dynamics of the atmosphere is largely 

dominated by the solar thermal tides. For a given altitude and latitude, the local time structure of 

the atmosphere is heavily dependent on longitude in response to the solar absorbed heating 
(Forbes, 2007). 

 

Solar thermal tidal fields are represented in the form  

                                                          𝐴𝑛,𝑠𝑐𝑜𝑠 (𝑛𝛺𝑡 + 𝑠𝜆 − ∅𝑛,𝑠           (Forbes, 2007).     

 

where t = time (days), Ω = rotation rate of the earth = 2π day-1, λ = longitude, n (= 1, 2, ...) denotes 

a sub harmonic of a solar day, s (= .... -3, -2, ...0, 1, 2, ....) is the zonal wavenumber, and the 

amplitude An,s and phase φn,s are functions of height and latitude (Forbes, 2007). From work done 

by (Hagan and Roble,2001; Yamashita et al., 2002; Angelats i Coll and Forbes, 2002; Lieberman 

et al., 2004; Grieger et al., 2004; Oberheide et al., 2002) suggests that nonlinear interactions 

between the stationary planetary wave with s = 1 and migrating tides lead to significant non 

migrating diurnal and semidiurnal tidal signatures above about 80 km altitude. 
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Figure 9 Zonal mean zonal (left) and meridional (right) winds induced by dissipation of semidiurnal tides 

for the month of January as calculated in the modeling work of Angelats and Forbes (2002). 

From the discussion above we can tell that lower thermosphere holds a complex dynamic that 

draws a number of conclusions. First, we can see that tides propagating from the lower 

thermosphere are the major driver at low and mid-latitudes. 

 

1.3.4 Upper Thermospheric Winds: 

 

Two dominant forces in the upper thermosphere are pressure gradient and friction (ion-neutral 

collision). In this section, we will discuss the equations that describes the pressure balancing the 

ion drag force in the upper thermosphere. 

𝑢𝑥 = −
1

𝜌𝑣𝑛,𝑖

𝜕𝑝

𝜕𝑥
 

𝑢𝑦 = −
1

𝜌𝑣𝑛,𝑖

𝜕𝑝

𝜕𝑦
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But in some places, it’s more complex, such as polar regions. It’s also been found that a 

combination of forcing terms of commensurate magnitude, nonlinear advection term, the Coriolis 

term, and the pressure gradient term and the polar cap thermospheric thermal balance plays a major 

role in the small changes in wind velocity and direction within the polar cap (Killeen et al,1995). 

 
 

Figure 10 Global pressure and wind distribution for an altitude of 300 km during the spring equinox 

(21 march). The distribution was computed for the time12 UT, moderate solar activity (CI=100) 

and weak geomagnetic activity (Kp=2). The contours are lines of constant pressure (isobar). The 

highest plotted pressure of the high-pressure region (H) corresponds to a value of 9 𝜇Pa; the lowest 

level of the low-pressure region (L) to a value of 5 𝜇Pa. The difference between isobars drawn 

away from the point in question. The wind speed scale is shown below the models MSIS 86 (Hedin, 

1987) and HWM 93 (Hedin 1996). Figure taken from “Physics of the Earth’s Space Environment”- 

Prölss 2004. 
 

However, the wind oscillation at the upper thermosphere is yet to fully understand. On the other 

hand, at solar minimum the typical upper thermospheric wind speed varies from 200 ms-1, rising 

to up to about 800 ms-1 during high geomagnetic activity owing to the geomagnetic polar cap 

diurnal effect.  

 

 

1.4 Dynamics of E-region and F-region: 
 

One of the prominent factors in the upper thermosphere along with airglow is the winds, 

responsible for causing the GPS signal loss in the upper thermosphere – where we will actually 

look when you get to Chapter 3. This change in the winds in the upper atmosphere can be explained 

by F-region dynamo (for upper thermosphere), E-region (for lower thermosphere). 
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The basic principles of E-region and F-region dynamo can be explained by the forces of that drives 

currents in this region like collisions with neutral particles, Lorentz force, gravity, pressure 

gradient. 

                     
Figure 11 The above figure is a block diagram that explains the E and F region dynamos. The figure is 

taken from (Heelis et al. 2001). 

For our study we are mostly interested in the F-region dynamo, as we are looking at only Red 

airglow which gives us information about the winds in this region. To understand the F-region 

dynamo, we need to look at the neutral winds and the conductivity. Hall conductivity can be found 

in the layer near 120 km, most of this conductivity vanishes at nighttime. Where Pederson 

conductivity are divided in two regions in the F-region and E-region. Pederson conductivity is 

much greater at the E-region in the daytime compared to F-region. However, at nighttime the F-

region portion of the Pederson conductivity is much greater than the E-region. These changes in 

the conductivity are initiated by solar ionization balanced by chemical losses and diffusion (Heelis 

et al. 2004). 
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Figure 12 Representative profiles of the total ion concentration during daytime and nighttime showing the 

peak and ledge of the F- and E-regions, respectively. (From Heelis et al., 2004). 

 

The most important driver of the current related to F-region dynamo is the zonal winds which drive 

a current perpendicular to the wind and the magnetic field (Heelis et al., 2004). In the F-region 

winds drive ions in direction 𝑈 × 𝐵 and the current is therefore upwards. The E-region is a highly 

conductive region in the daytime. So, in the day, this current closes via the E-region shown in the 

figure. In the day, this leads to no polarization charge building up. 
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                  Figure 13 Current loop driven by zonal neutral winds in the F-region (Heelis et al., 2004). 

 

After sunset, we get the same upward current, but now it doesn’t close in the E-region, so we build 

up a polarization charge. The polarized fields created in the F-region by differences in ion and 

electron numbers of 1 in 108. If we look now, we have E-fields in 2 directions. One is vertical – 

this drives an East-west motion of the plasma that we don’t need to care about here. The other is 

daylight – darkness E-field, which drives the plasma upwards at sunset. This is important because 

it’s move plasma higher; its lifetime increases. This is called the pre-reversal enhancement. 
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Figure 14 Polarization charges and associated electric fields resulting from an eastward zonal wind in the 

F-region (Heelis et al., 2004). 

Figure 15 shows the ion drifts or most importantly east-west drifts in near the magnetic equator 

region (Heelis et al., 2004). One of the main differences in the F-region is the change in magnitude 

of east-west drifts during daytime and nighttime region (Heelis et al., 2004). This bottom side F-

region polarization charges produce pre-sunset eastward field otherwise known as pre -reversal 

enhancement reversal enhancement (Heelis et al., 2004).  
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Figure 15 Local time variations of the zonal drifts (upper panel) and vertical drifts (lower panel) observed 

at the dip equator by the Jicamarca radar (from Fejer et al., 1991). 

We have seen how important neutral winds are in driving the F-region dynamo, and in creating 

motion of the F-region plasma. These wind motions are driven by tidal oscillations that propagate 

from below (Forbes, 1995) and by in situ heating. It is no mystery to us that we need to understand 

information regarding local time variations of the neutral winds in the F-region or low and middle 

latitude ionosphere to answer shortcomings of ionospheric observations.  
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1.5 ICON Mission 
 

The Ionospheric Connection Explorer otherwise ICON is a heliophysics satellites sponsored by 

NASA to study the Earth's upper atmosphere between 60 and 300 miles above the Earth’s surface 

to investigate the dynamic changes in Earth’s ionosphere due to the weather below the ionosphere 

and weather above it. ICON is developed and managed by Space Sciences Laboratory (SSL) at the 

University of California, Berkeley and will be launched in a circular at 575 km altitude, 270 

inclination orbit (Immel et al, 2018).  

 

     
 

     Figure 16 Ionospheric Connection Explorer photo taken from [22]. 

 

 

ICON is set to find the answers of atmosphere-ionosphere coupling from (Immel et al, 2018) we 

have ICON’s science fundamental objectives are to understand: 

● The sources of strong Ionospheric variability. 

● The transfer of energy and momentum from our atmosphere into space. 

● How solar wind and magnetospheric effects modify the internally driven atmosphere-

space system. 

Figure below motivates scientists to study the ionosphere, shows the variation of electric field 

and associated F region ion drifts in the ionosphere, and under all geophysical conditions 

(Immel, 2018). 
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Figure 17 Variations in vertical plasma drifts measured at the magnetic equator from the Jicamarca Radio 

Observatory during periods of low solar activity (After Alken et al., 2009). 

Scientists found that owing to other factors as well the neutral wind and the ionospheric 

conductance plays the most prolific role in creating variability in the ionosphere. The UV solar 

radiation absorbed by ions and electrons interplay with Earth’s magnetic fields around the globe, 

especially at the equator where the variability is believed to the greatest. (see Section 1.4) 

 

Following that ICON has been designed to measure the wind and ionospheric O+ density at low 

latitudes for comparison with the recently gathered electric field close to the magnetic equator to 

determine the source of this variability (Immel et al, 2018).  To fulfill the science requirements for 

all three objectives discussed above ICON will be equipped with four instruments (Immel et al, 

2018): 

1. MIGHTI (Michelson Interferometer for Global High-resolution Thermospheric Imaging) 

2. IVM (Ion Velocity Meter) 

3. FUV (Far-Ultraviolet Imager) 

4. EUV (Extreme-Ultraviolet Imager) 

 

Our focus will be limited to MIGHTI in this research and discussed below. 

  

1.6 MIGHTI Wind and Airglow: 
 

The Michelson Interferometer for Global High-resolution imaging of the Thermosphere and 

Ionosphere otherwise called (MIGHTI), was built on the NASA Ionospheric Connection Explorer 

(ICON) mission by Naval Research Laboratory (NRL) (Immel et al, 2018).  
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                     Figure 18 The ICON MIGHTI Instrument from photo taken from (Immel et al, 2018). 

 

 

Its main focus is to measure the wind speed by interpreting the Doppler shift of the atomic oxygen 

red line (from the O (1D → 3 P)) transition, centered at 630.0 nm) and green line (from the (O (1 S 
→ 1D)) transition, centered at 557.7 nm)) (Harding et al., 2017) and temperature of the upper 

atmosphere from the spectral shape of the molecular oxygen band at 762 nm (Stevens et al., 2017). 

 

MIGHTI uses the DASH (Doppler Asymmetric Spatial Heterodyne) technique calculate for the 

thermospheric winds by monitoring instrument drifts. In the figure below is a demonstration of the 

DASH technique, where we have two emissions with the same temperature but different signal, 

which indicates two interferograms is an expanding phase shift with path difference due to the 

two-wind driven Doppler shift (Harlander et al., 2007). 
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Figure 19 Schematic interferogram from an isolated thermally broadened emission line (Harlander et al., 

2007). 

MIGHTI calculates green and red line emission rate at different altitude range 90-300 km for green 

and 150-300 km for, however at daytime this altitude profile of the winds changes from below 170 

km for green line and red will be used above 170 km (Harding et al., 2017). At nighttime, the 

atmospheric emission profiles will limit measurements to the range 90-105 km (green) and 210-

300 km (red) respectively (Harding et al., 2017). 

 

 

                                       
 

Figure 20 Volume emission rates of the oxygen green (GL) and red (RL) line emissions used for the 

MIGHTI instrument model from (Englert, et al.,2017). 
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The molecular oxygen A-band spectral shape is one of the brightest emissions in the visible and 

near infrared airglow, MIGHTI will use a radiometric measurement of the A-band for temperature 

measurements (Englert, et al.,2017).  

 

                                                 
 
Figure 21 Average volume emission rates of the oxygen A-band used for the MIGHTI instrument model 

from (Englert, et al.,2017). 

We can summarize that the MIGHTI instrument measures thermospheric horizontal wind velocity 

profiles. It uses two perpendicular fields of view pointed at the Earth’s limb, observing the Doppler 

shift of the atomic oxygen red and green lines at 630.0 nm and 557.7 nm wavelength and 

thermospheric  temperature by a multichannel photometric measurement of the spectral shape of 

the molecular oxygen A-band around 762 nm wavelength in various altitude regions between 90 

km and 300 km, during the day and night from (Englert, et al.,2017). 
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2. Chapter 2 Methodology 
 

We need a new tool to help us to compare MIGHTI with a model to interpret the MIGHTI 

observations of the variability of the ionosphere and thermosphere at low-mid latitudes. While it 

is expected that the MIGHTI observations will reveal new features in the upper atmosphere, it is 

uncertain whether the data or its findings will be understood fully at the start of the mission. 

Comparing these data to an atmospheric model is a good way to being to understand the MIGHTI 

data, and later on, to identify places where it significantly deviates from this model, which could 

reveal new features in the upper atmosphere. We need this tool to account for the geometry of the 

observation and variations in parameters like O, O2, O+, O2+, Temperature, wind etc. This chapter 

describes the geometry, sampling of the model and airglow profiles e.g. the atomic oxygen red line 

(from the O (1D → 3 P)) transition, centered at 630.0 nm) and green line (from the (O (1 S → 1D)) 

transition, centered at 557.7 nm)) (Harding et al., 2017). 

                   
Figure 22 Result of the verification simulation without noise. (Top) A depiction of the simulated ICON 

orbit in black, overlaid on a map of the total vertical column brightness of the simulated red emission, for 

reference. For two example findings at t = 1200 s and t = 2150 s, the lines of sight of MIGHTI A and B 

are shown in white. (Bottom) The finding errors for the zonal and meridional wind and the red and green 

emissions are shown as a function of altitude and time, following ICON’s orbit. The two example 

findings are representative of the largest sources of error: spherical asymmetry near the terminator and the 

edge of the equatorial ionization anomaly from (Harding et al., 2017). 
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(Harding et al., 2017) showed error due to asymmetry (Figure 22) is in the brightness or in the 

wind, this is why we will run the experiment to calculate the asymmetry along the ray to find where 

the error is significant. We see from (Figure 22) that there is a lot of error due to asymmetry at 

night rather than the day and the greatest error due to asymmetry at sunset and sunrise. The error 

is most likely to depend on latitude as well – as the ionosphere varies with latitude at night and the 

630.0 brightness varies with the O+ density. However, we don’t have MIGHTI, so we looked at 

WINDII (discussed in Section 2.7.3). WINDII does not give us the day/night boundary data, so 

we can’t investigate Green line as well as we can Red line. We do have WINDII redline in the 

night and day - during the night we can look for asymmetry, during the day we can look at other 

parameters. This is why we use WINDII and why we focus on redline, but we can look at winds 

& how they compare to the model, and if there is a correspondence between asymmetry along the 

ray and disagreement. 

 

2.1 Airglow  
 

Airglow, faint luminescence of Earth’s upper atmosphere that is caused by air molecules and atoms 

(e.g O, O2, O+, O2 +, N2+) selective absorption of solar ultraviolet and X-radiation and chemical 

reactions resulting in excited states of these species (from britannica.com/science/airglow). From 

different studies it has been found that parameters such as O, O2, O+, O2 + are the dominant features 

in the ionosphere, and the emission at 630 nm from the O (1 D) level of atomic oxygen (Red line) 

or emission at 557.7 nm from O(1D-1S) (Green line) can be used to calculate the  temperature and 

wind in the upper atmosphere (Zhang et al.,2004). To better understand these anomalies and to 

create different model that can predict these phenomena, we need to better understand the 

composition and the mechanism of these airglow. This section will describe the production rate 

and production rate the of this species. The production reactions can be divided in sections i.e 

Dissociative recombination, Photoelectron excitation, Photodissociation of O2 molecules, 

Collisional deactivation of N2, The three-body recombination of the Barth mechanism. The loss 

rate has been explained in three process. 

 

2.1.1 Green Daytime Airglow:  

 

The green line airglow produced by the atomic oxygen transition O(1D-1S) and resulting in photon 

emission at 557.7 nm, (Zhang et al.,2005) the daytime O(1S) is one of the most remarkable and 

persistent phenomena in the Earth’s atmosphere and has two components, peaking at 140–180 km 

and 94–104 km. 
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Figure 23 Four samples of the measured green line emission rate profiles (dots) and fitting curves (dashed 

curves for the two Chapman function fittings, and solid curves for the combined fitting) from (Zhang et 

al.,2005). 

We will discuss the production reactions below, following the description of (Zhang et al.,2005). 

Production Reactions: 

(1) Dissociative recombination: 

                                                                 𝑂2
+ + 𝑒 → 𝑂(1S) +𝑂 (Zhang et al.,2005) 

where e is an electron. This reaction depends on the molecular oxygen ion density, the electron 

density and temperature, and the quantum yield of O(1S). 

 

(2) Photoelectron excitation: 

                                      𝑂 + 𝑒𝑝ℎ → 𝑂(1𝑆) + 𝑒𝑝ℎ   (Zhang et al.,2005)  

where 𝑒𝑝ℎ is a photoelectron, produced through the ionization of atmospheric constituents. (Zhang 

et al., 2005) This reaction depends on the atomic oxygen density, the photoelectron flux, and the 

excitation cross section of 𝑂(1𝑆). 
 

 

 

 

(3) Photodissociation of O2 molecules: 

 

                     𝑂2 + ℎ𝜐(< 242.1 𝑛𝑚) → 𝑂 + 𝑂 (Zhang et al.,2005) 

and 

                                  𝑂2 + ℎ𝜐(< 133.3 𝑛𝑚) → 𝑂(1𝑆) + 𝑂 (Zhang et al.,2005) 

 

(Zhang et al.,2005) The production mechanism of equation (3) produces atomic oxygen in the 

thermosphere mostly below 200 km. Since the lifetime of atomic oxygen in this region can be as 

long as a few weeks, atomic oxygen is effectively a permanent atmospheric constituent, and is then 

a source for other production reactions of O(1S). 

 

(4) Collisional deactivation of N2: 
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𝑁2 + 𝑒𝑝ℎ → 𝑁2(𝐴
3 ∑

+

𝑢

)  ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005) 

followed by 

𝑁2(𝐴
3 ∑

+

𝑢

) + 𝑂 → 𝑂(1𝑆) + 𝑁2 ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005) 

The production of 𝑂(1𝑆)by this reaction has two peaks, one above 130 km, and the other below 

120 km [Witasse et al., 1999; Culot et al., 2004].  

 

The three-body recombination of the Barth mechanism: 

𝑂 + 𝑂 + 𝑀 = 𝑂2
∗ + 𝑀   (𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005) 

followed by 

𝑂2
∗ + 𝑂 → 𝑂(1𝑆) + 𝑂2      ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005)   

(Zhang et al.,2005) The production of this process peaks in the E-region, at about 100 km, and 

persists in both daytime and nighttime. It is regarded as an indirect process associated with the Sun 

because the atomic oxygen in the three-body reaction is first produced from photo dissociation by 

solar irradiance in the reaction of equation (3), and the process of equation (6) 

occurs much later than that of equation (3). 

Loss Processes: 

The three main loss processes are 

 

𝑂(1𝑆) + 𝑂2 → 𝑂(3𝑃) + 𝑂2 ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005) 
whose loss rate depends on the quenching rate 𝑘𝑂2; 

 

𝑂(1𝑆) + 𝑂 → 𝑂(3𝑃) + 𝑂  ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005)  
 

whose loss rate depends on the quenching rate 𝑘𝑂; and 

 

𝑂(1𝑆) → 𝑂 + ℎ𝑣(557.7 𝑛𝑚, 297.2 𝑛𝑚)   (𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005) 
 

whose loss rate depends on the Einstein coefficients. There are uncertainties in the quenching rates 

and the Einstein coefficients ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005). The quenching is larger at lower altitude due 

to larger atmospheric density ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005). 
 

Vertical Profile of the Daytime 𝑂(1𝑆) Volume Emission Rate: 

(Zhang et al.,2005) The measured profile is the combination of various production and loss 

processes and measurement errors, as mentioned above. From (Zhang, et al.,2005)   we know 

among the main sources of production listed in section 2.1.1, two of them depend heavily on the 

ion and electron density profile, and the third on the photo dissociation of 𝑂2 molecules, which 

depends on the absorption of solar irradiation. (Zhang et al.,2005) Since both F-layer and E-layer 

of the green line follow chapman function and they overlap then the actual vertical emission profile 

is the sum of them.  We will use an empirical formula for our analysis from (Zhang et al.,2005).  

 

Then all the required variables to fit function for the volume emission rate profile may be written 

as follows ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005). 
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𝑉𝐸𝑅(𝑧) = 𝑉𝑓 𝑒𝑥𝑝 𝑒𝑥𝑝 [1 − 𝑏𝑓 −𝑒𝑥𝑝 𝑒𝑥𝑝 (𝑏𝑓) ]  

+ 𝑉𝑒𝑒𝑥𝑝 [1 − 𝑏𝑒 −𝑒𝑥𝑝 𝑒𝑥𝑝 (−𝑏𝑒) ]  (𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005) 
 

where 𝑏𝑓 =  (𝑧 –𝐻𝑓)/𝑊𝑓, 𝑏𝑒 = (𝑧 − 𝐻𝑒)/𝑊𝑒, z is the altitude in km,𝑉𝑓 and 𝑉𝑒 are the peak 

VERs of the F-layer and the E-layer in photon 𝑐𝑚−3 𝑠−1, 𝐻𝑓 and 𝐻𝑒  are their heights, and 𝑊𝑓 

and 𝑊𝑒  are the widths of the Chapman function, respectively ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2005).  
 

                         
       Figure 24 Volume Emission Rate (VER) of Day Airglow for Green line. 
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                    Figure 25 Volume Emission Rate (VER) of Day and Night Airglow Combined for Green 

line. 

In the above two figures it shows the variation of volume emission rate (VER) of green line airglow 

along altitude. Figure 2 represents variation of (VER) at the Daytime where figure 3 compares 

variation of (VER) both Day and Nighttime combined. It is evident from the two figures above 

that all the green line airglow contribution is coming from the Daytime, because we are showing 

daytime case for this figure. 

 

2.1.2 Red Daytime Airglow: 

 

The red line emission at 630.0 nm from the 𝑂(1𝐷) level of atomic oxygen is a prominent feature 

in the thermosphere between 100 and 400 km, ( Zhang et al.,2004) the production mechanisms of 

the O(1D) day-glow is complex, here only the three major mechanisms are summarized, which are 

(1) dissociative recombination (2) photoelectron excitation (3) photodissociation. 
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Figure 26 Two samples of the measured red line profile and Gaussian fitting curve from (Zhang et 

al.,2004). 

The contributions of the three reactions are mainly in the F2, F1, and E regions, respectively. 

(1) Dissociative recombination 

𝑂2
+ + 𝑒 → 𝑂 + 𝑂(1𝐷)    (𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2004) 

 

(2) Photoelectron excitation 

𝑒∗ + 𝑂 → 𝑒∗ + 𝑂(1𝐷)   ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2004) 
where e* is a photoelectron, 

 

(3) Photodissociation 

𝑂2 + ℎ𝑣 → 𝑂(3𝑃) + 𝑂(1𝐷)   ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2004) 
Vertical Profile of the 𝑂(1𝐷) Volume Emission Rate: 

(Zhang et al.,2004) Due to the Rayleigh dispersion in the atmosphere, the daytime airglow is 

extremely difficult to measure from the ground. Thus, it is difficult to calculate integrated 𝑂(1𝐷) 

emission rates using ground-based observations. 

 

 

(Zhang et al.,2004) In order to calculate the integrated emission rate (I) in Rayleigh (R, 106 

photons 𝑐𝑚−3 𝑠−1), we used the equation, 

𝑉(𝑧) = 𝑉𝑝 𝑒𝑥𝑝 𝑒𝑥𝑝 [−
(𝑧 − ℎ𝑝)

2

(2𝑊2)
]      (𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2004) 

 

where z is altitude in km, 𝑉 is a function of z, 𝑉𝑝 is the peak 𝑉, 

𝑉𝑝 = (1.791 ∗ 𝐹10.7 + 76.4) ∗ 𝑐𝑜𝑠
1
𝑒(𝜒) + 35         ( 𝑍ℎ𝑎𝑛𝑔 𝑒𝑡 𝑎𝑙. ,2004) 

 ℎ𝑝 is the height of 𝑉𝑝 in km, and W is the profile width of the Gaussian function in km. The 

unknown variables, 𝑉𝑝, ℎ𝑝, and 𝑊, can be derived from (Zhang et al.,2004). 
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                         Figure 27 Volume Emission Rate (VER) of Day airglow for Red line. 

             
             Figure 28 Volume Emission Rate (VER) of Day and Night Airglow Combined for Green line. 
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In the above two figures it shows the variation of volume emission rate (VER) of red line airglow 

along altitude. Figure 5 represents variation of (VER) at the Daytime where figure 6 compares 

variation of (VER) both Day and Nighttime combined. It is evident from the two figures above 

that most of the red line airglow contribution is coming from the Daytime, because we are showing 

daytime case for this figure. 

 

2.2 MIGHTI Viewing Geometry 
 

2.2.1 Instrument: 

 

The Michelson Interferometer for Global High-resolution imaging of the Thermosphere and 

Ionosphere (MIGHTI) instrument was built on the NASA Ionospheric Connection Explorer 

(ICON) mission for launch and operation (Immel et al, 2018). The instrument was designed to 

measure the green and red atomic oxygen emissions at 557.7 nm and 630.0 nm, thermospheric 

wind speed profiles and thermospheric temperatures in altitude regions between 90 km and 300 

km (Harding, et al. 2017). (Englert, et al., 2017) The wavelength shift is measured by field-wide, 

temperature-compensated Doppler Asymmetric Spatial Heterodyne (DASH) spectrometers with 

𝑒≀𝑐ℎ𝑒𝑙𝑙𝑒 gratings for the different atmospheric lines operating in two different orders. (Englert, et 

al., 2017) Temperature measurement is carried out by a photometric multi - channel measurement 

of the spectral shape of the A-band molecular oxygen around 762 nm wavelength. 

  

 

              

 
 

                 Figure 29 (MIGHTI) Instrument source (Harding, et al. 2017). 

(Englert, et al., 2017) The wind velocity observation is based on the Doppler shift measurement 

of the Red and Green lines at the wavelengths of 630.0nm (O(1D → 3 P)) and 557.7nm (O(1 S → 
1D)) respectively, imaging the limb of the Earth between 90 and 300 kilometers tangent point 
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altitude during day and night. Wind directions are determined by combining observations of two 

fields of view, each of which is directed at an azimuth angle of 45 degrees and 135 degrees from 

the direction of the spacecraft ram. MIGHTI uses the Doppler Asymmetric Spatial Heterodyne 

(DASH) technique to measure the Doppler shift. (Englert, et al., 2017) Radiometric measurement 

based temperature observation of three narrow band regions within the temperature dependent 

molecular oxygen Atmospheric band (𝐴 − 𝑏𝑎𝑛𝑑, 𝑂2(𝑏
1𝛴 → 𝑋 3𝛴 (0,0)) around the wavelength 

of 762𝑛𝑚. Two additional passbands are used on either side of the band to observe the background 

contribution while avoiding the signal from the (1, 1) vibration band. (Englert, et al., 2017) The 

A- band observations are made using the same optics and detector as the wind observations and 

cover an altitude range of approximately 90- 150 km. 

 

 

 

2.2.2 Algorithm: 

 

We will describe an algorithm to find thermospheric wind profiles, O, O2, O+, O2+ densities, Volume 

emission rate (VER) of green and red line airglow from measurements of the (MIGHTI).  We will 

calculate the asymmetry along the ray suggested by (Harding et al., 2017) using our algorithm. For 

each ray, we will calculate the summation of volume emission rate (VER) for each point before 

and after the tangent point (Figure 30). Then we will calculate the asymmetry by calculating the 

difference of the summation before and after the tangent point and then divide by the summation 

before the tangent point. 

𝐴𝑠𝑠𝑦𝑚𝑒𝑡𝑟𝑦 =
Sum Before the Tangent Point −  Sum Before the Tangent Point 

Sum Before the Tangent Point
 

 
                Figure 30 Observation geometry for a MIGHTI interferogram (Source: Harding, et al. 2017). 

Algorithm:  

 Define constants: Numerous constants are used throughout the code, but both for debugging and 
future development, any one of these can be updated.  Setting them here makes the most sense.   
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 Define inputs: This component sets up all the input files from which all the following computation 
will be done.  Input files needed - MIGHTI ancillary file (24 hours / file), GPI file (1 file covers many 
years), TIEGCM file (24 hours / file).  

 

 Read MIGHTI ancillary input file: Open the MIGHTI ancillary file & read relevant parameters (S/C 
position, instrument viewing unit vectors, time of each exposure.)  All parameters needed are 
given at the time of each exposure.  Select if we are doing MIGHTI_A or MIGHTI_B. And S/C 
velocity. 

 

 Set range of timesteps to run over: Define if we wish to calculate the winds & brightness at each 
time step in the file, or just at one time step (e.g., the very first-time step).  Using just one-time 
step is useful for debugging purposes. 

 

 Compute tangent point in the middle of the image: There are several parameters we will use in 
the model that we can just approximate to be the same across the whole image.  These include 
the central latitude, longitude, and local time (computed from time and longitude). 

 

 Define output arrays: These will have dimensions of vertical x number of exposures.   
 

 Begin loop in time: Having defined how many time steps will be run, the output arrays (wind, 
brightness etc) can be generated. 

 

 Calculate vertical profile of view directions (unit vectors): For each vertical pixel (from 90 to 300 
km for green, 180 to 300 km for red), we need a unit vector for its view direction. 

 

 Compute LOS rays along each view direction: Compute all Line of Sight rays in ECEF for all lat-lon-
alt along each view direction. 

 

 Compute all other geometry parameters at each step along ray (SZA etc): At each point along 
each ray, we need the SZA.   

 

 Compute tangent point in the middle of the image: There are several parameters we will use in 
the model that we can just approximate to be the same across the whole image.  These include 
the central latitude, longitude, and local time (computed from time and longitude). 

 

 Read TIEGCM model input file: Open the TIEGCM file. 
 

 Identify altitude array corresponding to location of the middle of the image: Using the latitude 
& longitude and time from above, select the central location from the model.  

 

 Find the pixel index in the TIEGCM model closest to each point along each ray: We have the 
locations along each ray from step 8 above, we use these to find the nearest point in the model 
to these. 

 

 Read required model parameters: We will need things like O, O2, O+, O2
+, T, wind.  We will do this 

for every point along every ray. 
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 Read GPI input file: Open the GPI file.  Find the index that corresponds to the day we are looking 
at.  Read the F10.7 value. 

 

 Compute red and green VER at each point along each ray: Using the equations from Zhang & 
Shepard, and also some parameters from GPI (Solar F10.7 index), SZA, and the model (O+ - 
nighttime), we compute the VER for green & red at each point along each ray. 

 

 Compute red and green brightness at each point along each ray: Sum up the VER along each ray. 
We need the step size (10 or 20 km), and the VER.  

 

 Compute LOS (line of sight) wind at each point along each ray: Inputs we need: wind from the 
model, S/C velocity form the ancillary file, the Earth’s rotation rate, the angle to horizontal for 
each ray.  

 

 Compute asymmetry in brightness along each ray - for example, for 1 ray, find total Greenline 
brightness before tangent point vs after, find difference as a %.  

 

 Compare to MIGHTI: If we see asymmetry, look at both A&B, especially things like temperature, 
brightness. 

 

 

 

(Harding, et al., 2017) The field of view is 90-300 km in altitude for green and 150-300 km in 

altitude for red. The green emission is used during the day to determine the altitude profile of the 

winds below 170 km and the red is used over 170 km (Harding, et al., 2017). (Harding, et al., 2017) 

During the night, measurements are limited to 90-105 km (green) and 210-300 km (red) by 

narrowing the atmospheric emission profiles. The MIGHTI native altitude sampling is 

approximately 2.2 km, although we expect to be 5 km in green and 30 km in red to improve 

statistics while meeting ICON's scientific needs (Harding, et al., 2017). (Harding, et al., 2017) As 

with all limb observations, the MIGHTI measurements are averages (weighted by airglow 

emission rate) along the horizontal region covered by the sight line (many hundreds of km), the 

vertical sampling (native 2.2 km) and the exposure time (30 or 60 seconds) that the spacecraft 

carries. 
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Figure 31 Variation of Zonal (East) Wind along altitude. 

 
                     Figure 32 Variation of Meridian (North) Wind along altitude. 

 

 
2.3 Geometry of MIGHTI observation: 
 

In this section we will describe the geometry of the ICON mission which is aimed to find the 

extreme fluctuation of Earth’s Ionosphere and identify its causes behind it. 
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2.3.1 Wind and Temperature Measurement: 

 

The MIGHTI instrument consists of two units with orthogonal fields of view, pointing to the port 

(northern) side of the spacecraft at 45 ° and 135 ° from the direction of the velocity S / C, this 

viewing geometry lets MIGHTI instrument to make two perpendicular line-of-sight wind 

measurements of the same air volume as the spacecraft passes by.  

              
 

Figure 33 ICON’s observational geometry allows simultaneous in situ and remote sensing of the 

ionosphere-thermosphere system [21]. 

When oxygen emission line (e.g green (557.7 nm) and one red (630.0 nm) approaches moving 

towards Line of sight (LOS) their wavelength shortens, and MIGHTI use this change in 

wavelength to calculate the wind measurements. 



 

37 

 

                             
                  Figure 34 Example 1D ‘image’ of the wind & brightness (Source: Harding, et al. 2017). 

 

Temperature and wind measurements are carried out in simultaneously, MIGHTI measures the 𝑂2 

emission band of 762 𝑛𝑚. By measuring the brightness in different parts of the 762 nm band, 

MIGHTI detects this shape change. 

 
                       Figure 35 Variation of TIEGCM Ion, Electron, Neutral Temperature. 

 

Solar Zenith Angle: We know that the Solar Zenith Angle (SZA) is the angle between the local 

zenith (i.e. directly above the point on the ground) and the line of sight from that point to the sun 

(Hu, et al. 2018). This indicates that with raising the Sun height, the SZA decreases or low solar 

zenith angle indicates daytime and high solar zenith angle indicates nighttime. 
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Figure 36 Schematic illustration of the Solar Zenith Angle (SZA) and Viewing Zenith Angle (VZA) for 

observations from satellite-based instrument. [image taken from a NASA page]. 

We need the solar zenith angle for calculating the Volume Emission Rate (VER), Brightness 

using different sets of empirical formula. We have the MIGHTI solar zenith angle in the plotted 

below. Where we see a high of 156.0921 degree, and a low of 23.786 degree. 
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Figure 37 Variation of MIGHTI Solar Zenith Angle. 

 

   

2.4 Approach (Ray Tracing) 
 

One of the techniques we will use is called ray-tracing approach. Using this technique, we will 

read parameters like O, O2, O+, O2+, wind, solar 𝐹10.7 index, for every point along every ray. These 

parameters then will be calculated from the model and brightness and Line of Sight (LOS) wind 

as a function of altitude and time. To implement the ray tracing approach, we need the knowledge 

of Spacecraft Position, and convert its position in correct coordinate system. 

 

2.4.1 Spacecraft position:  

 

We know that ICON will be analyzing the part of the atmosphere where earth and space weather 

meets. (Immel, et al., 2018) To perform the desired goal ICON will be placed into a circular 

orbit, with a height of 575 km and 27o inclination.  

 

 
 

                         Figure 38 Artist imagination if ICON in space [22]. 

 

We know that earth has a complex shape, however we need a simple, yet accurate, method to 

approximate a particular position with respect to the earth’s shape. During orbit the satellite will 

change its altitude, latitude, longitude, etc. We need to account for these changes and need tools 

to analyze the change. We will discuss the appropriate coordinate system and the conversion we 

need. 
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There are two generic types of coordinates: 

● Cartesian 

● Angular or Curvilinear Coordinates 

 

Cartesian: The Cartesian coordinates/Rectangular coordinates system is used to specify the 

location of a particular point in three-dimensional space. We know Cartesian coordinate system is 

based on three mutually perpendicular coordinate axes in a three-dimensional space.  

 

                         
     Figure 39 The Cartesian (Rectangular) Coordinate System Source: (http://www.coolmath.com/). 

 

 

ECEF Coordinate System:  

ECEF or Earth Centered, Earth Fixed (ECEF) Coordinates are Cartesian coordinate systems that 

we will use. These Earth Centered, Earth Fixed ECEF coordinates is the most popular system used 

to determine earth position. 

 

ECEF Coordinate System has the following characteristics  

(from wrld3d.com/unity/latest/docs/examples/ecef-coordinate-system/): 

 

▪ The origin (0,0,0) is the center of mass of the earth. 

▪ The positive X axis passes through Latitude and Longitude respectively at (0, -90). 

▪ The positive Y axis passes through the South-North pole. 

▪ The positive Z axis passes through the prime meridian (0 longitude) at Latitude and 

Longitude respectively (0, 0). 

Conventionally, we use a left-handed coordinate system, where  

(from wrld3d.com/unity/latest/docs/examples/ecef-coordinate-system/): 
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▪ The positive X axis points right. 

▪ The positive Y axis points up. 

▪ The positive Z axis points forward. 

 

              
        Figure 40 ECI (Earth Centered Inertial) system [4]. 

 

 

Angular or Curvilinear Coordinates: 

Angular coordinate system is specified by three numbers (from 

courses.lumenlearning.com/boundless-calculus/chapter/vectors-and-the-geometry-of-space/) :  

▪ The radial distance of that point from a fixed origin,  
▪ Its polar angle measured from a fixed zenith direction, and  
▪ The azimuth angle of its orthogonal projection on a reference plane. 

 
Spherical/ Angular coordinates (r, θ, φ)/ (latitude, longitude and height) as commonly used in 

physics. 

 

Angular coordinate system these angles seen from the center of the earth (James R. Clynch, 
2006):  

▪ The angle up from the equator is latitude. In the southern hemisphere is it negative.  
▪ The angle in the equatorial plane is the longitude. 
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2.4.2 Coordinate Conversion: 

 

We know that ECEF uses three-dimensional XYZ coordinates to describe the location of a GPS 

user or satellite. We will use a reference ellipsoid for the conversion of the ECEF coordinates to 

the more commonly used geodetic-mapping coordinates of Latitude, Longitude, and Altitude 

(LLA) (Mustafa, 2013).  

A reference ellipsoid can be described by a series of parameters that define its shape and which 

include a semi-major axis (a), a semi-minor axis (b) and its first eccentricity (e) and its second 

eccentricity (e`) as shown in Figure 41(from GPS-E1 Evaluation Kit for GPS-MS1 and GPS-PS1, 

1999). Depending on the formulation used, ellipsoid flattening (f) may be required. 

                      

For global applications, we will use the World Geodetic System 1984 (WGS84). This geodetic 

reference (datum) ellipsoid has its origin coincident with the ECEF origin (from GPS-E1 Evaluation 
Kit for GPS-MS1 and GPS-PS1, 1999).  

 

The WGS84 system has the following parameters according to (from GPS-E1 Evaluation Kit for 
GPS-MS1 and GPS-PS1, 1999): 

 

Semi-major axis, a =6378137  

Semi-minor axis, b = a(1-f) 

Ellipsoid flattening, f = 1/298.257223563 

Eccentricity, e = √
𝑎2−𝑏2

𝑎2  

Eccentricity, e` = √
𝑎2−𝑏2

𝑏 2  

 

Latitude, Longitude, and Altitude (LLA) to Earth Centered, Earth Fixed (ECEF) 

conversion: 

The conversion from LLA to ECEF (in meters) is shown below, following the method described 

in (from GPS-E1 Evaluation Kit for GPS-MS1 and GPS-PS1, 1999). 

                       
Figure 41 Coordinate Conversion photo taken from (colorado.edu). 
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𝑋 = (𝑁 + ℎ)𝑐𝑜𝑠𝜑𝑐𝑜𝑠𝜆    
𝑌 = (𝑁 + ℎ)𝑐𝑜𝑠𝜑𝑠𝑖𝑛𝜆    

 

𝑍 = (
𝑏2

𝑎2
𝑁 + ℎ)𝑠𝑖𝑛𝜑       

 

                                                         Where 

𝜑 = 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 
𝜆 = 𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒  

ℎ = 𝐻𝑒𝑖𝑔ℎ𝑡 𝑎𝑏𝑜𝑣𝑒 𝑒𝑙𝑙𝑖𝑝𝑠𝑜𝑖𝑑 (𝑚𝑒𝑡𝑒𝑟𝑠)  

𝑁 = 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐶𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 (𝑚𝑒𝑡𝑒𝑟𝑠), 𝑑𝑒𝑓𝑖𝑛𝑒𝑑 𝑎𝑠: 
𝑎

√1−𝑒2 𝑠𝑖𝑛2𝜑
          

  

Earth Centered, Earth Fixed (ECEF) to Latitude, Longitude, and Altitude (LLA) 

conversion: 

The conversion between XYZ and LLA is slightly more involved but can be achieved using 

one of the following methods: 

𝜆 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑌

𝑋
       

𝜑 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑍 + 𝑒 ∙2𝑏𝑠𝑖𝑛3𝜃

𝑝(1 − 𝑒2𝑐𝑜𝑠3𝜃)
       

ℎ =
𝑝

𝑐𝑜𝑠𝜑 
–𝑁         

                  Where auxiliary values are: 

𝑝 = √𝑋2 + 𝑌2        

𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑍𝑎

𝑝𝑏
      

 

 

 

Vertical Profile: 

We will calculate the winds & brightness at each time step in the file, or just at one time step (e.g., 

the very first-time step).  Using just one-time step is useful for debugging purposes. 

 

Green Airglow, Red Airglow and LOS (Line of Sight) wind: 

We will calculate vertical profile of view directions (unit vectors) for each vertical pixel (from 90 

to 300 km for green, 180 to 300 km for red), we need a unit vector for its view direction. We also 

need the East, North and Up unit vectors for calculating the Zonal wind (East), Meridian Wind 

(North), brightness etc.  

 

Defining First Input  

 𝑙𝑙ℎ0 =  [ 𝜑, 𝜆, ℎ] 
Defining Second Input  

 

                                       𝑙𝑙ℎ = [ [𝜑 + 0.5, 𝜆, ℎ], [𝜑, 𝜆 + .5, ℎ], [𝜑, 𝜆, ℎ + 60. ] ] 
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 Location of reference point in radians 

𝑝ℎ𝑖 =  𝑙𝑙ℎ0(0) ∗ ! 𝑝𝑖/180. 
 𝑙𝑎𝑚 =  𝑙𝑙ℎ0(1) ∗ ! 𝑝𝑖/180. 

 ℎ =  𝑙𝑙ℎ0(2)   
Where altitude (h) is in meters 

 Location of data points in radians 

 𝑑𝑝ℎ𝑖 =  [𝜑 + 0.5,𝜑, 𝜑] ∗ ! 𝑝𝑖/180.− 𝑝ℎ𝑖 

 𝑑𝑙𝑎𝑚 = [𝜆, 𝜆 + .5, 𝜆] ∗ !
𝑝𝑖

180
.− 𝑙𝑎𝑚 

 𝑑ℎ =  [ℎ, ℎ, ℎ + 60. ] −  ℎ 
 Some useful definitions 

𝑡𝑚𝑝1 =  𝑠𝑞𝑟𝑡(1 − 𝑒2 ∗ 𝑠𝑖𝑛(𝑝ℎ𝑖)^2) 
 𝑐𝑙 =  𝑐𝑜𝑠(𝑙𝑎𝑚) 
 𝑠𝑙 =  𝑠𝑖𝑛(𝑙𝑎𝑚) 
 𝑐𝑝 =  𝑐𝑜𝑠(𝑝ℎ𝑖) 
 𝑠𝑝 =  𝑠𝑖𝑛(𝑝ℎ𝑖) 

 Transformations to North vectors, 𝑑𝑛 

 𝑑𝑛 = (
𝑎

𝑡𝑚𝑝1
+ ℎ) ∗ 𝑐𝑝 ∗ 𝑑𝑙𝑎𝑚 − (𝑎 ∗

1−𝑒2

𝑡𝑚𝑝3 + ℎ) ∗ 𝑠𝑝 ∗ 𝑑𝑝ℎ𝑖 ∗ 𝑑𝑙𝑎𝑚 + 𝑐𝑝 ∗ 𝑑𝑙𝑎𝑚 ∗ 𝑑ℎ 

Transformations to East vectors, 𝑑𝑒 

 𝑑𝑒 =  (𝑎 ∗
1−𝑒2

𝑡𝑚𝑝13 +  ℎ) ∗ 𝑑𝑝ℎ𝑖 +  1.5 ∗ 𝑐𝑝 ∗ 𝑠𝑝 ∗ 𝑎 ∗ 𝑒2 ∗ 𝑑𝑝ℎ𝑖2 +  𝑠𝑝2 ∗ 𝑑ℎ ∗ 𝑑𝑝ℎ𝑖 + 0.5 ∗

                                                          𝑠𝑝 ∗ 𝑐𝑝 ∗ (𝑎/𝑡𝑚𝑝1 + ℎ) ∗ 𝑑𝑙𝑎𝑚^2 

Transformations to Up vectors, 𝑑𝑢 

 𝑑𝑢 =  𝑑ℎ −  0.5 ∗ (𝑎 − 1.5 ∗ 𝑎 ∗ 𝑒2 ∗ 𝑐𝑝2 + 0.5 ∗ 𝑎 ∗ 𝑒2 + ℎ) ∗ 𝑑𝑝ℎ𝑖2 − 0.5 ∗ 𝑐𝑝2                        
∗ (𝑎/𝑡𝑚𝑝1 − ℎ) ∗ 𝑑𝑙𝑎𝑚^2 

 

Calculating magnitude of East vectors,  

𝑣𝑒𝑐𝑡𝑜𝑟_𝑚𝑎𝑔_𝑑𝑒 = √𝑑𝑒12 + 𝑑𝑒22 + 𝑑𝑒32 
Calculating magnitude of Up vectors,  

 𝑣𝑒𝑐𝑡𝑜𝑟_𝑚𝑎𝑔_𝑑𝑢 = √𝑑𝑢12 + 𝑑𝑢22 + 𝑑𝑢32 
Calculating magnitude of North vectors,  

 𝑣𝑒𝑐𝑡𝑜𝑟_𝑚𝑎𝑔_𝑑𝑛 = √𝑑𝑛12 + 𝑑𝑛22 + 𝑑𝑛32 
 

To calculate the unit vector, we will divide the East, North and Up vectors with their magnitude. 

 

 Calculating Unit East vector, 

 𝑑𝑛_𝑢𝑛𝑖𝑡_𝑣𝑒𝑐𝑡𝑜𝑟 = 𝑑𝑒/𝑣𝑒𝑐𝑡𝑜𝑟_𝑚𝑎𝑔_𝑑𝑒 
Calculating Unit Up vector, 

 

 𝑑𝑢_𝑢𝑛𝑖𝑡_𝑣𝑒𝑐𝑡𝑜𝑟 = 𝑑𝑢/𝑣𝑒𝑐𝑡𝑜𝑟_𝑚𝑎𝑔_𝑑𝑢 
Calculating Unit North vector, 

 

 𝑑𝑒_𝑢𝑛𝑖𝑡_𝑣𝑒𝑐𝑡𝑜𝑟 = 𝑑𝑛/𝑣𝑒𝑐𝑡𝑜𝑟_𝑚𝑎𝑔_𝑑𝑛 
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At the current time step, we can read the unit vectors given for MIGHTI are given - one in the 

center of the FOV, 4 at the edges (corners) and 4 in the middle of each side).  We only need the 

central ones, and really only the upper and bottom-most.  Then define the view directions to the 

90 and 300 km points.  Generate a profile of view directions (do one for green, and this will work 

for red as well), by using these 2 view directions.  We should have 84 sub-divisions between these 

two, in even angular steps. 

 

Then we will compute LOS rays along each view direction at all steps out to 6860 km along each 

ray (all 84), in ECEF and lat-lon-alt. This should be an array of about 84 x 3 x 686 (where 3 is x, 

y,z or latitude ,longitude ,altitude, and 686 is the steps along the ray).  Find & save the minimum 

alt along each ray - your green array should be roughly from 90 to 300, and red from 180 to 300 - 

if they are not, then we have to take another step. 

 

After that we will compute all other geometry parameters at each step along ray like SZA (Solar 

Zenith Angle]. At each point along each ray, we need the SZA.  We can easily calculate SZA at 

each point along each ray if we know the time, day, and location. There are several parameters we 

will use in the model that we can just approximate to be the same across the whole image.  These 

include the central latitude, longitude, and local time (computed from time and longitude).  

 

 

 

2.5 TIEGCM Model 
 

Here we need a model for the coupled Thermosphere/Ionosphere system and extends from lower 

to upper thermosphere, including the physical and chemical processes suitable for the mesosphere 

and the upper stratosphere, the thermosphere so that we can find thermospheric wind profiles, O, 

O2, O+, O2+ densities, Volume emission rate (VER) of green and red line airglow along the altitude. 

(Maute, 2017) The Thermosphere-Ionosphere-Electrodynamics General Circulation Model 

(TIEGCM) is a comprehensive, first-principle, three - dimensional, non - linear representation of 

the combined thermosphere and ionosphere system that includes a self - consistent low-latitude 

electric field solution. The model solves the three - dimensional momentum, energy and continuity 

equations of neutral and ion species with a semi-implicit, fourth-order, centered finite difference 

scheme on each pressure surface at each stage. This model assumes Hydrostatic equilibrium, 

constant gravity, incompressibility on constant pressure surfaces, and steady-state ion/electron 

energetics further potential field and 𝐸 × 𝐵 drifts specify ion speeds. The (TIEGCM), 

 

The standard low-resolution grid parameters are (from hao.ucar.edu/modeling/tgcm/tie.php): 

⮚ Spherical geographic coordinates. 
⮚ Latitude: -87.5° to 87.5° in 5° increments. 
⮚ Longitude: -180° to 180° in 5° increments. 
⮚ Altitude: Pressure levels from -7 to +7 in increments of H/2. 
⮚ Lower boundary: ~97 km. 
⮚ Upper boundary: ~500 to ~700 km depending on solar activity. 

 

Strengths of TIEGCM model (from hao.ucar.edu/modeling/tgcm/tie.php): 
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● Provides, self-consistent and accurate calculation of thermosphere and ionosphere 

coupled system. 

● Provides estimation for all important aeronomic parameters and minor species. 

● Calculates solar forcing proxy models or measurements. 

● Determines auroral forcing by empirical relationships, by the output of the AMIE process 

or by a magnetosphere model such as the LFM. 

 

 

 

 

Inputs of TIEGCM model (from hao.ucar.edu/modeling/tgcm/tie.php):: 

● Takes 81-day centered mean of the F10.7 daily index as input. 

● Takes 𝐾p index/ IMF and Solar Wind/ specified cross-cap potential and hemispheric 

power as input. 

 

Outputs of TIEGCM model (from hao.ucar.edu/modeling/tgcm/tie.php):: 

Output fields specified in 3 spatial dimensions plus time: 

● Temperature Neutral, ion, electron (K) 

● Neutral Winds zonal, meridional, vertical (m/s) 

● Composition: O, O2, O+, O2+, N2+, N+ 

 

 

2.6 MSIS Model 
 

Due to limitation of TIEGCM model below 90 km we need the MSIS model to run for the Green 

airglow below 90 Km, where the TIEGCM model does not give accurate calculation. The MSISE 

model describes the neutral temperature and densities in the atmosphere from ground to 

thermosphere and that’s why is suitable for besides TIEGCM model. MSISE is also not a 

preferential model for specialized troposphere work. It is rather for studies that reach different 

atmospheric limits. 

 

2.6.1 Inputs of MSIS Model (from en.wikipedia.org/wiki/NRLMSISE-00): 

 

The inputs for the model are, 

● Year and day 

● Time of day 

● Geodetic altitude from 0 to 1.000 km 

● Geodetic latitude 

● Longitude 

● Local apparent solar time 

● 81-day average of F10.7 solar flux 

● Daily F10.7 solar flux for previous day 

● Daily magnetic index 

 

 

https://en.wikipedia.org/wiki/Altitude
https://en.wikipedia.org/wiki/Latitude
https://en.wikipedia.org/wiki/Longitude
https://en.wikipedia.org/w/index.php?title=F10.7_solar_flux&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Magnetic_index&action=edit&redlink=1
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2.6.2 Outputs of MSIS Model (from en.wikipedia.org/wiki/NRLMSISE-00): 

 

Output of the model is, 

● Atomic Oxygen(O) number density 

● Oxygen (O2) number density 

● Atomic Nitrogen (N) number density 

● Nitrogen (N2) number density 

● Argon(Ar) number density 

● Hydrogen (H) number density 

● Ionized Atomic Oxygen (O+) number density 

● Ionized Oxygen (O2+) number density 

● Ionized Atomic Nitrogen (N+) number density 

● Ionized Nitrogen (N2+) number density 

● Temperature at altitude 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.7 Chapter 3 WINDII Data 
 

In Chapter 2 we have explained the detail description of the ICON and the MIGHTI instrument, 

geometry of MIGHTI observation, MIGHTI data structure etc. However, ICON is yet to launch 

so we need a set of real observational data set from a similar instrument like MIGHTI to validate 

our methods and approach. Here, in this section we will discuss a different instrument which is 

similar to MIGHTI called Wind Imaging Interferometer (WINDII), from a different mission called 

Upper Atmosphere Research Satellite (UARS). We will use the data from WINDII to test as much 

of the code we developed for MIGHTI as is possible, but we note that as WINDII is not identical, 

and the orbits are different between the two spacecraft, a complete test will not be possible.  

 

2.7.1 Upper Atmosphere Research Satellite (UARS): 

 

The Upper Atmosphere Research Satellite (UARS) was an Earth Observing System (EOS) NASA 

mission launched in September 12, 1991 from Cape Canaveral from (https://uars.gsfc.nasa.gov), 

https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Argon
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Nitrogen
about:blank
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Florida. The main purpose of the mission was to study the earth atmospheric from 50 mi and 180 

mi which the same altitude ranges of the earth upper atmosphere as ICON. UARS was launched 

into a 585 km, 57-degree inclination orbit with an orbital period of 96 minutes from 

(https://uars.gsfc.nasa.gov). UARS was active until September 24, 2011, orbiting the Earth more 

than 78,000 times over an entire 11-year solar cycle. 

UARS was equipped with 10 onboard instruments from (https://uars.gsfc.nasa.gov), 

 

1. ACRIM (Active Cavity Radiometer Irradiance Monitoring) 

2. CLAES (Cryogenic Limb Array Etalon Spectrometer) 

3. HALOE (Halogen Occultation Experiment) 

4. HRDI (High Resolution Doppler Imager) 

5. ISAMS (Improved Stratospheric and Mesospheric Sounder) 

6. MLS (Microwave Limb Sounder) 

7. PEM (Particle Environment Monitor) 

8. SOLSTICE (Solar Stellar Irradiance Comparison Experiment) 

9. SUSIM (Solar Ultraviolet Spectral Irradiance Monitor) 

10. WINDII (Wind Imaging Interferometer) 

 

 

                                
Figure 42 Upper Atmosphere Research Satellite (UARS) from (https://uars.gsfc.nasa.gov). 

2.7.2 WINDII Instrument: 

 

WINDII (Wind Imaging Interferometer) is one of 10 instruments aboard the (UARS) Satellite. 

Like MIGHTI it also measures Doppler shifts from visible region airglow. The instrument 

employed was a Doppler Michelson Interferometer that takes measurements during daylight and 

night conditions in the upper atmosphere mostly from 80 to 300 km (from 

https://uars.gsfc.nasa.gov) which covers the altitude range of what ICON is observing .WINDII 

helped in determining a number of atmospheric aspects among which, influence of dynamics on 

the transport of atmospheric species, non-migrating tides in the thermosphere both in equatorial 

and high latitudes, solar and geomagnetic influences, temperatures from atmospheric‐scale heights 

about:blank
about:blank
about:blank
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, nitric oxide concentrations, and the occurrence of polar mesospheric clouds (Shepherd et al, 2012 

provides a complete review). WINDII measures zonal and meridian winds, temperature, and VER 

in the upper mesosphere and lower thermosphere (80 to 300 km) from observations of the Earth's 

airglow, for our research we are mostly interested in the change of the wavelength and the 

brightness of atomic oxygen O(1D) redline (630.0 nm). 

                       
 

Figure 43 From (Shepherd et al., 2012) (a) WINDII optical schematic layout; the arrows show the two 

directions of WINDII motion corresponding to forward and backward UARS flight. (b) WINDII photo 

showing the baffle, the radiator plate, and the optics which are deep inside the structure. 

We will use a similar approach to calculate vertical profile of both Red- airglow, Wind velocity, 

emission rate and compare them with TIEGCM results.  



 

50 

 

 

          

 

 

2.7.3 WINDII data set: 

 

For the purpose of this work we need time, latitude longitude, local solar time, solar zenith angles 

from the WINDII data set. We have taken a particular Day of the Year (1992 Year 015 Day) for 

our work, because it has both Zonal and Meridian wind from the redline, with good data 

availability. We have got data for Red line airglow for this day and our analysis for WINDII data 

set will only confined to Red line. For this particular day all the variables like time, latitude 

longitude, local solar time, solar zenith angles are stored in an array size of [89,686] (from 

https://sscweb.gsfc.nasa.gov). This array represents the 89 vertical points 686 times.  

 

Missing data set:  

In this section we will discuss the variables we are missing from the WINDII data sets  

♦ Volume Emission Rate (VER) 

♦ Spacecraft individual tangent locations  

♦ Line of Sight (LOS) Velocities  

♦ Most importantly for WINDII there is no data available at sunset and sunrise. 

 

WINDII only gives us data at some local times – actually none near sunrise or sunset (from 

Figures 47 and Figures 48) where we expect asymmetry to be a big problem – this is the reason 

we have no data. We expect MIGHTI to work better for Green than Red line airglow except 

day/night boundaries.  (Harding et al., 2017) suggests there is a lot of asymmetry at night rather 

than during the day. 

                        

 

Altitude: 

The 89 vertical points or altitude coverage for all the vertical coverage is from approximately from 

0 to 400 km and the index of the data array defines the altitude as given by (from 

https://acdisc.gesdisc.eosdis.nasa.gov ) 

 

                                      𝑍(𝑖)  =  5 ∗  𝑖,                                   𝑖 <=  12 

  𝑍(𝑖)  =  60 + (𝑖 −  12)  ∗  3,      13 <=  𝑖 <=  32 
  𝑍(𝑖)  =  120 + (𝑖 −  32)  ∗  5,    33 <=  𝑖 <=  88. 

Altitude levels are in kilometers. For the convenience of our calculation we will only take 48 

vertical points which covers altitude from 80 to300 km. 

 

https://sscweb.gsfc.nasa.gov/
https://acdisc.gesdisc.eosdis.nasa.gov/
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            Figure 44 Altitude variation for WINDII Vertical Profile. 

 

This altitude is for Red line airglow. The red line emission at 630 nm from the O(1D) level of 

atomic oxygen in the thermosphere varies in altitude between 100 and 400 km. 

 

Latitude and Longitude: 

WINDII data files do not contain the spacecraft location. To get this information we use data from 

https://acdisc.gesdisc.eosdis.nasa.gov, which provides the spacecraft location at time intervals of 

65.536 seconds, or about 495 km intervals along the LOS tangent track. We then interpolate these 

onto the times of the WINDII data to give us a good estimate of where the spacecraft was when 

the data were taken. 

 

WINDII data in Latitude and Local Time 

The figures below show the locations where the WINDII data exist for 1992 day 015. 

. 

https://acdisc.gesdisc.eosdis.nasa.gov/
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             Figure 45 WINDII Latitude variation with Local time – for Year 1992 Day 015. 

  

 
                  Figure 46 WINDII Longitude variation with Local time- for Year 1992 Day 015. 

 

For both the plots the empty spaces mean the time interval of the instrument taking the data or the 

times there is no data. Please note, we can see we don’t have any data near sunrise or sunset, which 

is where Harding et al expected the largest asymmetry.  We do, however, have plenty of data at 

low to mid latitudes in both day and nighttime.  
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Zonal and Meridian Wind: 

For the day in 1992, day 015,from WINDII we have vertical profiles of wind (meridional and 

zonal components) are also saved in an array size of [89,686] ( https://sscweb.gsfc.nasa.gov). 

This array represents the 89 vertical points 686 times.  

 

 

Subtype DAAC Parameter Name Units Range 

MERWIN_A MERIDIONAL WIND, ALTITUDE GRID m/s -200 to +200 

ZONWIN_A ZONAL WIND, ALTITUDE GRID m/s -200 to +200 

 

 

Spacecraft Location:  

We will need the Spacecraft positions (X, Y, Z) in ECEF coordinate system to calculate vertical 

profile of view directions (unit vectors) for each vertical pixel (from 180 to 300 km for red). We 

have collected the locations of the spacecraft for the particular Day of the Year (1992 Year 015 

Day) in (X, Y,Z )  in ECEF coordinate system from (https://spdf.gsfc.nasa.gov/) for UARS 

(Upper Atmosphere Research Satellite (UARS)).  

From that particular day data we have 1440 points (Time, X, Y, Z, Latitude, Longitude,Altitude). 

 

Ray Geometry: 

Using spacecraft location and our altitude for Redline, the wind locations we get the ray geometry. 

Once we have the view directions, we will compute LOS rays along each view direction at all steps 

out to 6860 km along each ray (all 48), in ECEF and lat-lon-alt. This should be an array of about 

48 x 3 x 686 (where 3 is x, y, z or latitude, longitude, altitude, and 686 is the steps along the ray).  

This is exactly the same process as for MIGHTI discussed in Chapter 2. One example is shown 

below. 

 

                
               Figure 47 Altitude variation for Top and Bottom Rays – from Year 1992 Day 015. 

https://sscweb.gsfc.nasa.gov/
https://spdf.gsfc.nasa.gov/)
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TIEGCM data Interpolation:  

We have run the TIEGCM for 1992, Day 015, using the conditions present on that day (solar 

F10.7 etc.). We know that WINDII [89 (Altitude) ,686 (Times)] and TIEGCM [144 (Longitude), 

72(Latitude), 57(Altitude), 24(Hour)] data set are different, to be able to use the same approach 

and methods they must have the dimension. We will interpolate the TIEGCM data set to fit into 

the WINDII grid to allow a 1:1 comparison. 

 

 

 

 

 

 

 

3. Results 
 

We will begin this section by comparing the WINDII data sets with TIEGCM model and 

textbook (from “Physics of the Earth’s Space Environment”- Prölss 2004). 
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Figure 48 Global pressure and wind distribution for an altitude of 300 km during the spring equinox (21 

march). The distribution was computed for the time12 UT, moderate solar activity (CI=100) and week 

geomagnetic activity (Kp=2). The contours are lines of const ant pressure (isobar). The highest plotted 

pressure of the high-pressure region (H) corresponds to a value of 9 𝜇Pa; the lowest level of the low-

pressure region (L) to a value of 5 𝜇Pa. The difference between isobars drawn away from the point in 

question. The wind speed scale is shown below the models MSIS 86 (Hedin, 1987) and HWM 93 (Hedin 

1996). Figure taken from “Physics of the Earth’s Space Environment”- Prölss 2004. 

 

Figure 50 taken from “Physics of the Earth’s Space Environment”- Prölss 2004 shows the global 

pressure and East and North wind distribution for an altitude of 300 km during the spring 

equinox with Local Time. 

 

3.1 Eastward wind comparison: 
 

Here we will compare WINDII eastward winds with TIEGCM model eastward winds at the 

equator. From TIEGCM wind color contour plot we can see at midnight the wind speed is 

eastward and around [+10, to +15 ms-1]. However, at noon, the wind is northward and ranges 

from [-50, to -65 ms-1]. 

Again, at the before midnight the wind is eastward and varies from around [+12, to +23 ms-1]. 
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Figure 49 Comparison of Eastward wind between TIEGCM model and WINDII for an altitude of near 

240 km at 12 Universal time. 

Similarly, for the eastward winds from WINDII shows at midnight the wind speed is eastward and 

around [+10, to +15 ms-1]. At noon the wind is westward and ranges from [-35 to -45 ms-1]. 

At the before midnight the wind is eastward and around [+12, to +23 ms-1]. So, we can conclude 

that the WINDII eastward wind patterns matches both the TIEGCM model and textbook eastward 

wind patterns. 

 

3.2 Northward wind comparison: 
 

Here we will compare WINDII northward winds with TIEGCM model northward winds at the 

equator. From TIEGCM wind color contour plot we can see at midnight the wind speed is 

northward and around [+10, to +15 ms-1]. However, at noon the wind is going northward to 

eastward and ranges from ranges from [+10, to -15 ms-1]. Again, at the before midnight the wind 

is northward and varies from around [+12, to +23 ms-1]. 
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Figure 50 Comparison of Eastward wind between TIEGCM model and WINDII for an altitude of near 

240 km at 12 Universal time. 

 

Similarly, for the northward winds from WINDII shows at midnight the wind speed is northward 

and around [+10, to +15 ms-1]. At noon the wind is going from northward to eastward and ranges 

from [+10, to -15 ms-1]. Again, at the before midnight the wind is northward and ranges from 

around [+12 to +23 ms-1]. So, we can conclude that the WINDII northward wind patterns matches 

both the TIEGCM model and textbook northward wind patterns. 

 

3.3 Mean of WINDII and TIEGCM east and north winds: 
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   Figure 51 Eastward Mean Winds Vs Local Time. 

 

Figure 53 shows the eastward mean winds vs local time where the blue points represent WINDII 

east mean winds and the yellow points TIEGCM east mean winds, we can see that there is visible 

similarity. The best match of the TIEGCM model east mean winds is seen, at night-time with the 

WINDII east mean winds. However, at nighttime the WINDII east winds are more spread 

compared to TIEGCM east winds, otherwise we can say the standard deviation of the WINDII east 

winds are higher than the TIEGCM east winds. There is a visible pattern in the night-time east 

winds, after midnight we see the east winds varies from positive to negative, for the WINDII east 

mean winds move from positive to negative (i.e. +110 ms-1 to -90 ms-1), for the TIEGCM east 

mean winds move from positive to negative (i.e. +60 ms-1 to -40 ms-1). 

In the Day-time both WINDII and TIEGCM east mean winds are mostly negative with WINDII 

east mean winds vary from around [-90 ms-1 to +100 ms-1] and TIEGCM east mean winds vary 

from around [-120 ms-1 to +80 ms-1], again there is a clear similarity in the winds pattern between 

them. However, winds in the afternoon are more spread than the winds in the noon, otherwise we 

can say the standard deviation of the east winds are higher in the afternoon than the east winds at 

noon. 
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  Figure 52 Eastward mean winds with Standard Deviation Vs Local Time. 

 

Figure 54 shows the eastward mean winds with standard deviation vs local time where the blue 

points represent WINDII east mean winds with standard deviation and the yellow points TIEGCM 

east mean winds with standard deviation, we can see that there is no visible similarity and further 

the standard deviation of the WINDII eastward mean winds are bigger compared to the TIEGCM 

eastward mean winds both in Daytime and Nighttime. 
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                         Figure 53 Northward Mean Winds Vs Local Time. 

 

Figure 55 shows the Northward mean winds vs local time where the blue points represent WINDII 

north mean winds and the yellow points TIEGCM north mean winds, we can see that there is 

visible similarity. The best match of the TIEGCM model north mean winds is seen, at night-time 

with the WINDII north mean winds. However, at nighttime the WINDII north winds are more 

spread compared to TIEGCM north winds, otherwise we can say the standard deviation of the 

WINDII north winds are higher than the TIEGCM north winds. There is a visible pattern in the 

night-time north winds, after midnight we see the north winds varies from positive to negative, for 

the WINDII north mean winds move from positive to negative (i.e. +120 ms-1 to -80 ms-1), for the 

TIEGCM north mean winds move from positive to negative (i.e. +40 ms-1 to -50 ms-1). 

 

In the Daytime both winds vary from positive to negative, for the WINDII north mean winds move 

from positive to negative (i.e. +130 ms-1 to -110 ms-1), for the TIEGCM north mean winds move 

from positive to negative (i.e. +50 ms-1 to -90 ms-1). However, winds in the afternoon are more 

spread than the winds in the noon, otherwise we can say the standard deviation of the north winds 

are higher at the afternoon than the north winds at the noon. 
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Figure 54 Northward mean winds with standard deviations Vs Local Time. 

Figure 56 shows the northward mean winds with standard deviation vs local time where the blue 

points represent WINDII east mean winds with standard deviation and the yellow points TIEGCM 

east mean winds with standard deviation. We can see from the figure that there is no visible 

similarity. However, compared to eastward mean winds WINDII northward mean winds standard 

deviation is less and shows better agreement to the TIEGCM northward mean winds both in Day 

and Nighttime. 
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3.4 Mean East and North wind comparison with Latitude: 
 

                 
                     Figure 55 Eastward Mean Winds Vs Latitude. 

Figure 57 shows the eastward mean winds vs Latitude where the blue points represent WINDII 

east mean winds and the yellow points TIEGCM east mean winds, we can see that there is no 

visible similarity, where most of the TIEGCM model east mean winds have negative values that 

vary from around [-210 ms-1 to 40 ms-1], in contrast to the WINDII east mean winds have both 

negative and positive values that vary from around [+110 ms-1 to -50 ms-1]. At low-mid-high 

latitudes WINDII mean winds have both positive and negative values where TIEGCM model east 

mean winds have negative values and again there is no similarity between them. 
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        Figure 56 Eastward mean winds with standard deviations Vs Latitude. 

 

Figure 58 shows the eastward mean winds with standard deviation vs Latitude where the blue 

points represent WINDII east mean winds with standard deviation and the yellow points TIEGCM 

east mean winds with standard deviation. We can see that there is no visible similarity and further 

the standard deviation of the WINDII eastward mean winds is bigger compared to the TIEGCM 

eastward mean winds at all (low-mid-high) latitudes. 

 



 

64 

 

               
Figure 57 Northward mean winds Vs Latitude. 

Figure 59 shows the northward mean winds vs Latitude where the blue points represent WINDII 

north mean winds and the yellow points TIEGCM north mean winds. From the figure it is clear 

that at low latitude WINDII north mean winds have a visible similarity though direction of the 

WINDII and TIEGCM north mean winds are different. WINDII north mean winds move from 

positive to negative where the TIEGCM north mean winds move from negative to positive. At 

high latitude WINDII and TIEGCM north mean winds show a similar pattern both move from 

positive from negative. Overall, we can state that WINDII northward mean winds agree more with 

TIEGCM northward mean winds compared to eastward mean winds. 
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Figure 58 Northward mean Winds with Standard Deviations Vs Latitude. 

Figure 60 shows the northward mean winds with standard deviation vs Latitude where the blue 

points represent WINDII north mean winds with standard deviation and the yellow points 

TIEGCM north mean winds with standard deviation. We can see from the figure that there is no 

visible similarity. However, compared to eastward mean winds WINDII northward mean winds 

standard deviation is less and shows better agreement to the TIEGCM northward mean winds at 

all (low-mid-high) latitudes. 
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3.5 Distribution of Asymmetry: 
 

In this section we will calculate the asymmetry along each ray as discussed in chapter 2. Though 

we know from (Harding et al., 2017) there is a lot of asymmetry at night rather than at day and the 

greatest asymmetry at sunset and sunrise, due to no data at sunset and sunrise we will only calculate 

asymmetry at some other local times. We will also have a detailed look at one ray, and the variation 

of the altitude, latitude, longitude along the ray. This will help us understand how we calculated 

asymmetry along each ray. 

 
Variation Along the Ray: 

 

 
    Figure 59 Variation of altitude along each ray at Day Time. 

 

Figure 61 shows the variation of altitude along each ray. We have shown only the 5 rays along the 

rays for the simplification of our understanding, and their minimum altitude or tangent point are 

210,220, 240, 270, 280 respectively. Each ray covers a distance of 7000 km (20X350=7000 km, 

20 km each step and we ran for 350 steps). 
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     Figure 60 Variation of latitude along each ray at Day Time. 

Figure 62 shows the variation of latitude along each ray. We have shown only the 5 rays along the 

rays for the simplification of our understanding, and their minimum altitude or tangent point are 

210,220, 240, 270, 280 respectively. However, the change in latitude is hard to see in the figure 

and varies from [ 10o to -20o]. 
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Figure 61 Variation of East Wind along each ray at Day Time. 

Figure 63 shows the variation of east wind along each ray. We have shown only the 5 rays along 

the rays for the simplification of our understanding, and their minimum altitude or tangent point 

are 210,220, 240, 270, 280 respectively. However, the change in east wind is hard to see in the 

figure and varies from [ -124o to -85o]. 
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Distribution of Asymmetry After Midnight: 

 

 
Figure 62 Distribution of Asymmetry after Midnight. 

Figure 64 (Top Left) shows the distribution of brightness asymmetry after midnight. We can see 

that the brightness asymmetry is mostly positive and concentrated towards Zero. However, we also 

see the asymmetry varies from [0 to 1200] (#/cm^2/s). Figure (Top Right) shows the distribution 

of wind*brightness asymmetry after midnight. We can see that the brightness asymmetry has 

distribution of both positive and negative, and concentrated towards Zero. However, we also see 

the asymmetry varies from [-1200 to 1800]. Figure (Bottom Left) shows the number of points in 

the brightness asymmetry distribution after midnight. We can see the distribution follows a 

Gaussian Distribution (only see the half here) with peak with 260 points and Full width at half 

maximum to be [110.0]. Figure (Bottom Right) shows the number of points in the wind*brightness 
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asymmetry distribution after midnight. We can see the distribution follows a Gaussian Distribution 

with peak with 456 points and Full width at half maximum to be [555.0]. 

 

 

Distribution of Asymmetry Before Midnight: 

 

 
                Figure 63 Distribution of Asymmetry before Midnight. 

Figure 65 (Top Left) shows the distribution of brightness asymmetry before midnight. We can see 

that the brightness asymmetry is mostly positive and concentrated towards Zero. However, we also 

see the asymmetry varies from [0 to 1800] (#/cm^2/s). Figure (Top Right) shows the distribution 

of wind*brightness asymmetry before midnight. We can see that the brightness asymmetry has 

distribution of both positive and negative, and concentrated towards Zero. However, we also see 

the asymmetry varies from [-2200 to 1900] (#/cm^2/s). Figure (Bottom Left) shows the number of 

points in the brightness asymmetry distribution before midnight. We can see the distribution 

follows a Gaussian Distribution (only see the half here) with peak with 63 points and Full width 

at half maximum to be [105.0]. Figure (Bottom Right) shows the number of points in the 

wind*brightness asymmetry distribution before midnight. We can see the distribution follows a 

Gaussian Distribution with peak with 466 points and Full width at half maximum to be [360.0]. 
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Distribution of Asymmetry After Noon: 

 
           Figure 64 Distribution of Asymmetry after Noon. 

Figure 66 (Top Left) shows the distribution of brightness asymmetry after noon. We can see that 

the brightness asymmetry is mostly positive and concentrated towards Zero. However, we also see 

the asymmetry varies from [0 to 10] (#/cm^2/s). Figure (Top Right) shows the distribution of 

wind*brightness asymmetry after noon. We can see that the brightness asymmetry has distribution 

of both positive and negative, and concentrated towards Zero. However, we also see the asymmetry 

varies from [-1100 to 1500] (#/cm^2/s). Figure (Bottom Left) shows the number of points in the 

brightness asymmetry distribution after noon. We can see the distribution follows a Gaussian 

Distribution (only see the half here) with peak with 229 points and Full width at half maximum to 

be [3.0]. Figure (Bottom Right) shows the number of points in the wind*brightness asymmetry 

distribution after noon. We can see the distribution follows a Gaussian Distribution with peak with 

340 points and Full width at half maximum to be [270.0]. 
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Distribution of Asymmetry Before Noon: 

 
Figure 65 Distribution of Asymmetry before Noon. 

Figure 67 (Top Left) shows the distribution of brightness asymmetry before noon. We can see that 

the brightness asymmetry is mostly positive and concentrated towards Zero. However, we also see 

the asymmetry varies from [0 to 4.0] (#/cm^2/s). Figure (Top Right) shows the distribution of 

wind*brightness asymmetry before noon. We can see that the brightness asymmetry has 

distribution of both positive and negative, and concentrated towards Zero. However, we also see 

the asymmetry varies from [-200 to 1100] (#/cm^2/s). Figure (Bottom Left) shows the number of 

points in the brightness asymmetry distribution before noon. We can see the distribution follows a 

Gaussian Distribution (only see the half here) with peak with 375 points and Full width at half 

maximum to be [2.5]. Figure (Bottom Right) shows the number of points in the wind*brightness 

asymmetry distribution before noon. We can see the distribution follows a Gaussian Distribution 

with peak with 594 points and Full width at half maximum to be [210.0]. 

 

 
Table 1 Brightness Asymmetry calculation. 

 After Midnight Before Midnight After Noon Before Noon 

Highest Number of Points 260 63 229 375 

Full width at half maximum 110.0 105.0 3.0 2.5 
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Table 2 Wind*Brightness Asymmetry calculation. 

 

 After Midnight Before Midnight After Noon Before Noon 

Highest Number of Points 456 466 340 594 

Full width at half maximum 555.0 360.0 270.0 210.0 

 

 

3.6 Discussion: 
It was expected from (Harding et al., 2017) there is a lot of asymmetry at night rather than during 

the day and the greatest asymmetry at sunset and sunrise. However, we could not calculate the 

asymmetry at the suggested time period by (Harding et al., 2017) due to no data at sunset and 

sunrise, therefore we calculated asymmetry at After Midnight, Before Midnight, After Noon, 

Before Noon (Figure 66 and Figure 67). Referring to the table 2, we can interpret that asymmetry 

is higher at night compared to daytime, as suggested by (Harding et al., 2017). Moreover, we can 

see the asymmetry does not account for the difference between the wind in the model and WINDII 

well.  
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4. Chapter 4 Conclusions 
The ionosphere is home of most spacecraft, satellite, International Space Station (ISS) etc., besides 

for navigation and precise positioning of satellites, aircraft, vehicles, rockets and many other 

spacecraft’s, global positioning system (GPS) signals, radio frequency interference (RFI) pass 

through the ionosphere. The ionosphere is formed from either process like UV radiation hitting 

the upper atmosphere, or high energy charged particles hit the upper atmosphere – i.e. in aurora. 

The charged particles in the ionosphere are very variable as observed from both the ground and 

space. Some part of that variability comes from the upper atmosphere as the charged particles can 

be moved around by the neutral atmosphere, and E-fields that result from neutrals hitting charged 

particles, or through changes in its composition. We have looked at the wind portion of this 

variability (ICON will look at both). So, it is a matter of importance to understand the variability 

in the winds in order to understand the ionosphere. 
  

There have been a number of satellite experiments that tried to figure out the variability in the 

upper atmosphere. However, the (ICON) Ionospheric Connection Explorer is the only recent 

NASA mission designed to study solely the Ionosphere and answer the what causes the variability 

in the upper atmosphere. ICON will be launched in a circular orbit at 575 km altitude, 27° 

inclination orbit (Immel et al., 2018) studying the earth’s upper atmosphere between 90 and 450 

km above the Earth’s surface. One of the key instruments on ICON is called MIGHTI, which 

measures the winds in the upper atmosphere. 

 

In this thesis we have developed a tool to help us to compare MIGHTI with a model to interpret 

the MIGHTI observations of the variability of the winds in the thermosphere at low-mid latitudes. 

We used this tool to account for the geometry of the observation and variations in parameters using 

technique called ray-tracing approach. Using this technique, we read parameters like O, O2, O+, 

O2+, T, wind, solar F10.7 index, for every point along every ray from a model of the atmosphere. 

These parameters then were calculated from the model and brightness and Line of Sight (LOS) 

wind as a function of altitude and time. Besides the wind, another important parameter needed for 

the calculation of asymmetry (the summation before and after tangent point) , green line airglow 

produced by the atomic oxygen transition O(1D-1S) and resulting in photon emission at 557.7 nm, 

from (Zhang et al., 2005) and red line emission at 630.0 nm from the O(1D) level of atomic oxygen 

is a prominent feature in the thermosphere between 100 and 400 km, (Zhang et al.,2004). However, 

we looked at the Red line airglow for this study because for Red line airglow data we had both 

meridian and zonal winds and has the highest data resolution. 

 

Regarding MIGHTI: 

♦ We developed a tool able to simulate thermospheric wind profiles, O, O2, O+, O2+ densities, 

Volume emission rate (VER) of green and red line airglow from measurements on the 

NASA Ionospheric Connection Explorer (ICON) mission from an instrument on board 

called MIGHTI. 

♦ ICON is yet to launch so do not have MIGHTI to test our algorithm. 

♦ We chose an instrument which is similar to MIGHTI called Wind Imaging Interferometer 

(WINDII), from a different mission called Upper Atmosphere Research Satellite (UARS) 

to test our algorithm. 
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♦ Ultimately, we end up looking at the WINDII data, to try to test our code. But the real 

purpose of our code is MIGHTI, we just couldn’t test it. Our tests with WINDII are 

incomplete because it doesn’t give us the same data as MIGHTI. 

 

Regarding our tests with WINDII: 

♦ We chose to focus on the Redline for the WINDII data set as Harding et al 2017 suggest 

this has the biggest asymmetry and thus we hoped to find the effect of this in the WINDII 

winds. 

♦ Comparing the WINDII winds to both a model simulation for the same conditions and a 

climatology of winds at redline altitudes, we see basic agreement in the overall patterns, 

but the WINDII winds do not perfectly match the model. This allowed us to inspect where 

they agree or disagree, and if asymmetry in the redline brightness along the ray plays an 

important part in this. 

♦ Using the tool, we developed for MIGTHI, we calculated the asymmetry along each ray 

inspired by (Harding et al., 2017) that there is a lot of asymmetry at night rather than at 

day and the greatest asymmetry at sunset and sunrise. 

♦ However, we could not calculate the asymmetry at the time period suggested by Harding 

et al., 2017 to have the largest asymmetry – sunrise and sunset – due to no WINDII data 

at these times. Therefore, we calculated asymmetry at four local times: After Midnight, 

Before Midnight, After Noon, Before Noon, but we note this is a significant limitation of 

our study that could not be overcome. 

♦ Examining the asymmetry plots for the four local times where we have WIDNII data, we 

can interpret that asymmetry is higher at night compared to the daytime, as suggested by 

(Harding et al., 2017). 

♦ Moreover, we can see the asymmetry does not account for the difference between the wind 

in the model and WINDII well. 

♦ We believe there are other things going on such as variability in the winds associated with 

natural fluctuations in the thermosphere, atmospheric waves, inputs from the sun and the 

atmosphere below etc., appear to be bigger factor than just asymmetry along the line of 

sight. 

 

We can summarize, asymmetry along the line of sight does not do a good job for accounting the 

variability, for the cases with WINDII where we were able to examine. We believe there are other 

things going on such as variability in the winds etc., that appears to be a bigger factor than just 

asymmetry along the line of sight. We should note several important limitations to this study, 

which will be overcome once MIGHTI data is available: 

♦ We took only 400 points of a particular day (Year 1992 Day 015), where we are really 

only looking at one day. For better results we may need to investigate something like 20-

30 days to see a real agreement, which we can’t do because, one day of simulation took us 

over weeks to run. 

♦ We need to explore the terminators (sunset and sunrise) according to (Immel et al., 2018; 

Harding et al., 2017) rather looking at some other local times. When we have the MIGHTI 

data available, we can run simulations for the terminator (sunset and sunrise) and find if 

the asymmetry in this region is important in the comparison of the data to the model. 
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♦ The publicly available WINDII data do not provide the line of sight winds, only the vector 

winds. In addition, they do not provide the observed redline brightness. Both of these are 

important checks we need to do with our tool, that could not be performed. Again, the 

MIGHTI data will provide both of these. 
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