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ABSTRACT

The atmosphere is the most important part that makes the Earth livable. Exten-

sive studies have revealed various important features about the different layers of

Earth’s atmosphere. For example, Troposphere has been studied due to the presence

of biosphere, while the stratosphere has always been of interest due to Ozone, water

vapor and various active hydrodynamic processes [1–3]. The ionosphere has been

studied due to the presence of significant number of free ions and electrons which

can influence the radio wave propagation, communication and navigation [4–7]. A

part of the atmosphere that extends from 80-200 km is known as Mesosphere-Lower-

Thermosphere-Ionosphere (MLTI) and sometime referred to as MLT region. The

dynamics, chemical composition, and structure of this region are significantly influ-

enced by atmospheric waves, such as, planetary waves, tides and gravity waves as

well as solar radiation [8–12]. This region is very less explored due to lack of direct

observations, because it is too high for the in-situ measurements from the aircraft

or balloons. Rocket or ground-based measurements on a global basis are not practi-

cally possible and they do not provide the complete set of measurements required for

the characterization of MLT region. Consequently, the structure, dynamics, and the

chemistry of this region are not completely understood.

A number of studies have been performed to understand the MLT region by us-
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ing the ground-based observations, rocket flights, and satellite measurements [13–16].

Till date, there has not been a focused investigation of this region which has mea-

sured solar inputs, temperatures, winds, constituent’s abundances, and key radiative

emissions by the different atmospheric species. The thermal structure of the MLT re-

gion is determined by various mechanisms through which the region gains and losses

energy. An important source of energy into the MLT region is the solar UV radiation

that drives the chemistry and dynamics of the MLT region. In this region solar energy

is converted to heat by the exothermic reactions and airglow that reduces the solar

heating efficiency. The excess energy provided by the solar radiation into the MLT

region is rapidly lost into space by thermal radiation in the infrared spectrum [17].

In particular, the 15 µm IR bands of carbon dioxide are important below 130 km

altitude, while nitric oxide (NO) infra-red emission at 5.3 µm is important between

100-250 km altitudes [18]. It is well known that the infrared radiative emission by

NO is the single largest cooling process in the lower thermosphere and mesosphere,

which regulates this region’s thermal structure [19–22]. In addition to the above

atomic oxygen also plays a crucial role to enhance the cooling rate through collisional

excitation of many species, by radiative emission and also by exothermic chemical

reactions [23,24]. There are some other minor species such as Ozone and water vapor

etc., which are also responsible for the cooling of the atmosphere at different altitudes.

There has been a great progress in the last several years to understand the relative

importance of different processes that are responsible for the radiative cooling; how-

ever, there is still lack of direct measurements of the abundances of radiating species

that can help to quantify the energy budget of the MLT region. Recently, NASA has

launched the TIMED (Thermosphere-Ionosphere-Mesosphere Energetic and Dynam-

ics) satellite mission that carried the SABER (Sounding of the Atmosphere using

Broadband Emission Radiometer) instrument to quantify the energy budget. The

dynamics and the energy budget of the MLT region can be better understood by

using the TIMED mission. The main objective to study energy budget of the MLT

region is that, it significantly influences the climate and the thermal structure of the
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atmosphere during the space weather events. In addition to the phenomenon of ra-

diative cooling as discussed above, the MLT region is also known to be a source of

neutral metallic atoms (Na, Fe, Mg, Ca, K, and Si) and ions (Fe+, Mg+, Ca+) [25,26].

These metal species are mainly deposited in this region due to the ablation of mete-

ors [27]. The meteors that enter into the atmosphere at high speed, causes sputtering

and flash heating due to collision with air molecules followed by rapid evaporation

of metal atoms [28]. This process forms the metallic layers between the altitudes 80

to 105 km, which can be observed by the ground-based LIDAR technique, satellite

based optical spectroscopy, and rocket measurements. Among the various meteoric

metal species found in the atmosphere, Sodium is extensively studied due to its larger

scattering cross-section which makes it a good tracer for knowing the thermal and

dynamical state of the MLT region [29–31]. These metals also act as an excellent

tracer for the atmospheric wave motions [32–34]. Thus, it is very important to un-

derstand the chemical and physical processes that control the distribution of metal

layers in atmosphere, the resulting airglow, and how the layer can be affected by the

space weather events. Till date, there are few model-based studies are reported in

literature to understand the metallic layers, in the present study we have used the Na

airglow model that provides the altitudinally resolved volume emission rate (VER)

of airglow intensity.

Quite a few atmospheric constituents undergo characteristic spectral transitions

by absorbing the solar radiation. The atmospheric emissions resulting from these

transitions constitute airglow. The airglow emissions are very faint in nature and

airglow over polar regions of Earth is generally known as aurora. According to the

time of observations airglow emissions are classified into three categories namely, day-

glow, nightglow, and twilightglow [35–37]. The dayglow and nightglow emissions are

observed during the daytime and nighttime, respectively. While the twilightglow is

observed when the Sun is below the horizon. The dayglow emission is the most chal-

lenging part for the ground-based observation due to high solar radiation background.

Airglow emission could be very useful to remotely sense the state, structure and the
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dynamics of atmosphere. Severe space weather events such as geomagnetic storms

can have a profound influence on the neutral and ionized atmosphere [24, 38–42]

and using airglow emissions we have tried to address how the equatorial anomaly in

electron density and temperature are affected during extreme space weather events.

This thesis is organized into five chapters. The content of each chapter is discussed

below.

Chapter 1 is an introductory chapter containing a discussion on the classifica-

tion of the Earth’s atmosphere depending on the vertical temperature trend, neutral

density and electron density. This chapter also briefly describes the effect of Sun and

the various solar parameters in exciting atmospheric constituents and the process re-

sponsible for the occurrence of space weather phenomena such as geomagnetic storms

and solar proton events.

Chapter 2 deals with the understanding of fluctuations induced in Nitric Oxide

(NO) radiative flux during intense geomagnetic storms. The intense double storm

during 7-12 November 2004 is considered for the present study during which O/N2

ratio and radiative flux exiting the thermosphere at 5.3 µm as observed by GUVI and

SABER instruments respectively, onboard the NASA’s TIMED satellite are analyzed.

This reveals that the NO radiative flux is anti-correlated to the O/N2 ratio on a

global scale. The maximum depletion in O/N2 and enhancement in NO radiative

flux is found during the main phase of the storm [24]. It has also been found that the

both O/N2 and NO flux propagate towards the equator during the main phase of the

storm. The possible reason for the enhancement of radiative flux during the storm

period is established using global models. The nature of the correlation between

radiative flux and neutral atmospheric parameters is established using NRLMSISE-

00 over a mid-latitude location. In order to understand how the storm influences the

NO abundance, a model has been developed using the measured values of radiative

flux. This model indicated a 3-15 times increase in the abundance of NO during the

main phase of a storm to be able to account for the observed change in radiative

flux [24]. This study reveals that the collisional excitation of NO with atomic oxygen
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as the most dominant process contributing to the cooling of thermosphere during

intense geomagnetic storms.

Chapter 3 describes the latitudinal and longitudinal variation of peak emission

of NO VER, and corresponding [O] over the Asian sector during two intense geo-

magnetic storms. The peak emission of NO VER and corresponding atomic oxygen

number density ([O]) have been obtained from the TIMED/SABER instrument and

the NRLMSISE-00 model, respectively. The results suggest that during the geomag-

netic storms the neutral and ion densities are modulated significantly. In order to

quantify how the peak emission of NO VER is influenced over the Asian sector, we

have analyzed the peak emission of NO VER and correlated it with the [O]. It has

been found that near equatorial region the peak emission of NO VER is minimum,

while towards the mid latitude the cooling becomes more prominent during the ge-

omagnetic storm, and maximum peak emission of NO VER is found at the higher

latitude region. On the other hand, the variation of [O] shows an opposite trend

as found in the case of peak emission of NO VER at the higher latitudes during the

geomagnetic storms. Consequently, the peak emission of NO VER and corresponding

[O] can be seen as negatively correlated at the higher latitudes, while at the mid-low

latitudes both, peak emission of NO VER and corresponding [O] are positively cor-

related. The observed Dst index also shows the positive correlation with [O] at the

higher latitudes, while negative correlation at mid-low latitudes.

Chapter 4 describes the effect of space weather events (SWE) on sodium airglow

emission. The comprehensive model to calculate the vertical VER profile of sodium

airglow emission has been used in the present study. This model has been validated

with the rocket measurements, MULTIFOT campaign, the LIDAR, and the pho-

tometer observations reported in the literature [25, 29]. This model incorporates the

neutral chemistry, the ion chemistry, and the photochemistry along with the latest

reaction rate coefficients. Extreme space weather events are identified during which

sodium airglow emission is modeled. The neutral sodium density and temperature

have been obtained from the LIDAR facility at Utah State University. The neu-
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tral and ion densities, temperatures required for the model have been derived from

NRLMSISE-00 and IRI-2, respectively. Ozone plays a very important role in the

excitation mechanism of Na airglow. The columnar profiles of Ozone derived from

SABER measurements are used in the model. During the SWE the modeled VER

emission rate of Na airglow shows significant variation. It mainly depends on the

abundance of Na and O3. The Na and O3 densities show maximum depletion dur-

ing the main phase of the SWE. Consequently, the VER of Na airglow also shows

depletion during the main phase of the SWE. In addition to the above, the nightly

averaged Na density is also found to be depleted during the space weather events sug-

gesting a strong correlation with the storm index. The earlier studies have reported

conflicting results about the variation of Na abundance during geomagnetically dis-

turbed conditions [43–46]. We have tried to provide a comprehensive understanding

of the fluctuations in abundance and airglow intensity by combining satellite and

ground-based observations with a physics based model.

Chapter 5 describes the influence of severe geomagnetic storms on the equa-

torial ionization anomaly (EIA) and equatorial temperature anomaly (ETA) using

the atomic oxygen airglow emissions at 557.7 nm (greenline) and 732.0 nm during

the ascending phase of the solar cycle 24. The EIA and ETA are very well known

equatorial phenomenon, the objective is to study how they will be influenced by the

strong geomagnetic activity [24]. Any variation in the strength of EIA and ETA can

be observed in atmospheric parameters such as electron density, temperature etc.

At the same time, the airglow emissions are also very sensitive to these parameters.

Hence, by studying the latitudinal variation in airglow emission intensity, it is possi-

ble to establish a connection between parameters related to airglow, EIA and ETA.

This study is primarily based on photochemical modeling of the two airglow emis-

sions with the necessary input obtained from global models, theoretical studies and

experimental observations. It is found that the modeled VER rate of 557.7 nm shows

a positive correlation with the Dst index at 150 km and negative correlation at 200

and 250 km altitudes. The latitudinal variation of greenline emission looks similar
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to that of electron density with crests on either side of the equator. This is due to

the sensitivity of greenline emission chemistry to electron density and temperature.

Interestingly the 732.0 nm emission although very sensitive to the electron density

shows a trend opposite to that of EIA. Day-to-day latitudinal variation of greenline

emissions at 150 km altitude is negatively correlated to the ETA, while at 200 and

220 km it is found to be positively correlated. In the case of 732.0 nm emission,

day-to-day latitudinal variation shows a positive correlation with the ETA at the

considered altitudes.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

The Earth’s atmosphere is an important part that makes the Earth livable. It pro-

tects us from the harmful solar radiation and regulates heat, provided by the Sun. To

understand the different processes occurring in the atmosphere, extensive studies had

been performed on different regions of it. For example, Troposphere has been stud-

ied because of its immense importance to the biosphere, while the Stratosphere has

always been of interest due to the presence of water vapor, Ozone, and a number of

active hydrodynamic processes. The ionosphere has been studied due to the presence

of a significant number of free ions and electrons which can influence the radio wave

propagation, communication, and navigation. The thermosphere is the source region

for the ionosphere. The region of Earth atmosphere that extends from 80-250 km

is known as Mesosphere-Lower Thermosphere-Ionosphere (MLTI) sometimes referred

to as MLT region. This region is the least explored as compared to other regions

such as troposphere and stratosphere. This is due to the difficulties in making direct

observations and measurement of various parameters representing this region. As a

1
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consequence, many interactive processes between the ionized (ionosphere) and the

neutral constituents of the MLTI region are not very well understood. This region

is highly dynamic in nature due to the selective absorption of solar radiation by the

atmospheric constituents. An important source of energy into the MLTI region is

the solar ultraviolet (UV) radiation. This region also acts as a gateway between the

space and Earth’s atmosphere. It has been noticed in the recent years that many

processes in this region are strongly correlated to each other and they are also coupled

with the processes in other atmospheric regions. Recently, National Aeronautics and

Space Administration (NASA) launched the Thermosphere-Ionosphere-Mesosphere

Energetics and Dynamics (TIMED) satellite to conduct the investigation of MLTI

region between altitudes 80-250 km. This satellite mission has provided a wealth

of information about various processes and dynamics that are active in the MLTI

region. The key objectives of this thesis are to study the aeronomical aspects of Na

airglow emission and infrared emission in the MLTI region by the means of coordi-

nated modeling and satellite data analysis. We have presented the compilation of

details and important results from our study of few important atomic oxygen air-

glow emissions, Sodium (Na) airglow emission, and thermospheric infrared radiative

emission by Nitric Oxide (NO).

1.2 The Earth’s atmosphere

The atmosphere is a layer of gases that surround the planet and is retained by the

Earth’s gravity. The Earth is the only planet in the solar system which has an atmo-

sphere suitable for the existence of life. The gases surrounded by the Earth contains

the air that we breathe but it also protects us from the harmful radiation emanating

from the Sun. The Earth’s atmosphere absorbs almost all harmful solar radiation

which is dangerous to sustain the life. In addition to the above, the atmosphere also

controls the temperature on Earth’s surface making the Earth habitable.



1.2. The Earth’s atmosphere 3

1.2.1 Structure of neutral atmosphere

The Earth atmosphere mostly consists of N2, O2, O and a small amount of other

trace gases. The atmosphere is mainly described by three parameters namely, pres-

sure, density, and temperature. The atmospheric pressure and density decrease with

increasing altitude while temperature shows an unusual variation with the altitude.

The Earth atmosphere can be divided into four regions based on the altitudinal

temperature variation, the troposphere, the stratosphere, the mesosphere, and the

thermosphere. Figure 1.2 shows the structure of the atmosphere.

Figure 1.1: Schematic digram of variation of pressure and density with altitude [47].

1.2.1.1 Troposphere

This is the lowest part of the atmosphere where we live. The height of the troposphere

is not the same all over the globe. At the polar region, it varies from 8-10 km, while

at the equator 16-18 km, above the sea level. This region is the most important part

for the existence of life because; it contains about 70-80 percentage of atmospheric
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Figure 1.2: Schematic digram for the variation of temperature in Earth’s atmosphere [48].

mass and nearly 99 percentage of water vapor and clouds. Therefore, all the weather

phenomena occur in this region. The main atmospheric constituents of this region

are the N2, O2 with a proportion 4:1 with a small quantity of greenhouse gases like

CO2, CH2, and chlorofluorocarbon (CFC) etc.

1.2.1.2 Stratosphere

The stratosphere is the layer just above the troposphere and contains about 20 per-

cent of the atmospheric mass. The boundary between troposphere and stratosphere

is known as the tropopause. Stratosphere contains about 90 percentage of the at-

mospheric Ozone. The stratospheric Ozone protects us from skin cancer and other

health damages, by absorbing dangerous UV radiation. As we move towards the

higher altitudes the temperature starts to increase. The increase in temperature

with height occurs because of absorption of ultraviolet (UV) radiation by Ozone.

The temperatures of the stratosphere are highest in summer, and lowest in winter.
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The dynamical and chemical processes in this region are significantly influenced by

the large volcanic eruptions.

1.2.1.3 Mesosphere

The mesosphere is the third highest layer of Earth’s atmosphere, occupying the re-

gion above the stratosphere and below the thermosphere. It extends from 45 km

to about 95 km and shows a negative lapse rate. This is the coldest region of the

atmosphere. The important dynamic features in this region are strong zonal (East-

West) winds, planetary waves, internal atmospheric gravity waves (commonly known

as “gravity waves”), and atmospheric tides. During the summer solstice, the meso-

spheric temperature is less compared to the winter solstice. This non-uniform distri-

bution in temperature is due to the gravity wave breaking which deposits energy and

momentum in the mesosphere [53, 54]. Therefore, it reverses the mean zonal wind,

which creates summer pole-winter flow of the meridional wind warming the winter

mesosphere and summer mesosphere. The mesospheric temperature decreases with

increasing the altitude, due to decreasing absorption of solar radiation by the rar-

efied atmosphere and increasing cooling by the CO2 infrared radiative emission. In

addition, the meteoroids and comets are also ablated in this region and they deposit

a huge amount of metallic species, which can significantly influence the dynamics.

1.2.1.4 Thermosphere

The thermosphere extends from about 95 to 500 km. Within this region, UV radiation

causes the photoionization of atoms and photodissociation of molecules creating ions.

Thermospheric temperature increases with height due to the absorption of energetic

solar radiation which depends on solar activity. The X-ray and extreme ultraviolet

(XUV) are completely absorbed in this region. In addition to the above, Joule heating

and particle heating enhance the thermospheric heating during the solar prominences.

The excess heat in this region is rapidly lost into space by the Nitric Oxide (NO) and

CO2 infrared radiative emissions.
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The whole atmosphere can also be classified into homosphere and heterosphere,

depending on the eddy diffusion and turbulence mixing. The homosphere exists

below the turbopause (around 100 km), that is well mixed and uniform; while the

heterosphere exists above the turbopause where atmospheric gases are distributed

corresponding to their molecular weight, heavier gases remain in the lower altitudes

while lighter ones move towards the higher altitudes.

Figure 1.3: Typical profile of ionosphere based on the electron density [49].

1.2.2 Ionosphere

The existence of ionosphere was clearly established in 1901 when Guglielmo Marconi

successfully transmitted radio signals across the Atlantic. The ionosphere is the

ionized portion of the atmosphere that extended from 60 km to 1000 km altitude
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range. The X-ray, UV, EUV, and energetic particles are responsible for the ionization

of this region. Due to the presence of charged particles, this region plays a crucial

role for the navigation, communication, and propagation of radio waves [55–62]. The

variation of electron density in this region is not uniform. This region can be classified

into the three regions, namely, D-layer, E-layer, and F-layer, as shown in Figure 1.3.

These regions contain, both positive and negative charged particles, and maintain an

overall charge neutrality.

Figure 1.4: Dayside Ionospheric plasma density and neutral density profiles during solar
minimum [50].

During night time the electron density in E- and F- regions decreases by a factor

of ∼ 100 [63]. Figure 1.4 shows the ions and neutral density profiles of a few major

species in the ionosphere. It is well known that the D-region is the lowest region of

the ionosphere which is extended from 60 km to 90 km. In this region molecular
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ions (O+
2 and NO+) are dominant while neutral species such as NO, H, and N are

present in small concentration [64]. In addition to the above, higher solar activity

can generate the hard X-ray (wavelength less than 1 nm) that can also ionize the N2

and O2 molecules in the D-region. The average electron density is about 103 cm−3 in

the daytime during minimum solar activity. The recombination rate in this region is

very high; therefore, neutral species are more compared to ions. Just above D-region

there is the E-region in the middle of the ionosphere, which is extended from 100-150

km. The major ions in this region are NO+, O+
2 , and N+

2 . The ionization of NO+, O+
2 ,

and N+
2 in this region are due to Lyman-α, Lyman-β, and charge exchange reaction,

respectively. The total ion densities in this region are the order of 105 cm−3, while

neutral densities greater than 1011 cm−3. Therefore, the E-region plasma is weakly

ionized, and collisions between charged particle are not important. The ionization

in this region is rapidly lost during the sunset, due to the absence of the primary

source, unlike D-region. A significant amount of meteoric metals such as Na+, Fe+,

Mg+, Al+, and Ca+ also exists in this region due to meteoric ablation. Just above the

E-region there exists the F-region. This region also known as the Appleton-Barnett

layer, extending from 150-800 km above the Earth surface. This layer contains max-

imum electron density at noon time 106 cm−3, which is roughly a factor of 10 greater

than that in the E-region [65]. In this region the atomic species (O+ and O) domi-

nate, due to their long lifetime. In the daytime the F-region is divided into F1 and

F2 layers due to influence of molecular ions. However, during night-time, F1 layer

disappears completely. The space above F-region is called protonosphere. This region

is dominated by the lighter atomic ions such as H+ and He+.

1.3 The Sun and its variability

1.3.1 The Sun

Sun is a main sequence G2V star at the center of solar system, with an average mass

1.99 × 1030 kg, radius 6.96 × 105 km, and luminosity 3.9 × 1026 watts and consists
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of about 99.86 percent of the entire mass of solar system. The structure of Sun has

been classified into four regions depending on the mode of energy transport. These

regions are namely, the core, the radiative zone, the convective zone, and the solar

atmosphere. The core is the central part of the Sun. The density slowly decreases

as we move away from the core. Radiative zone is a layer just above the dense core.

In this zone the temperature drops from approximately 7 million to 2 million Kelvin

with increasing distance from the core. This temperature gradient is less than the

value of adiabatic lapse rate and the matter in this region is present in a completely

ionized state. Consequently, the energy transfer through this region is only due

by radiation, but not from convection process. The convection and radiative zone

are separated by the thin boundary called as tachocline. Convection zone lies just

above the radiative zone. The bottom of convection zone is heated by the radiation

emanating out form the radiative zone. The temperature at the bottom (around

200,000◦ C) is very large compared to top of convection zone (around 5700◦ C). This

difference in the temperature results in a physical phenomenon known as convection.

Therefore, the mode of transport of energy in this region is by convection. The region

above the convective zone is known as the solar atmosphere. The solar atmosphere

can again be classified into three regions, namely, photosphere, chromosphere, and

corona, depending on the density and temperature variation. The lowest layer of

the atmosphere is known as the photosphere, extended up to around 500 km from

the surface. Photosphere absorbs almost all energy from the convection and act as

black body radiator at a temperature of 5800 K, and about 99 percent radiation is

emitted from this region. The particle density in this region is of the order of 1014

cm−3. The temperature of the photosphere decreases towards the higher altitude.

The maximum temperature of the photosphere at the bottom is around 6600 K,

while at the is top 4200 K. The temperature above the photosphere increase sharply.

The region above the photosphere is known as chromosphere which is around 3000 km

thick, with a density of 1023 cm−3. The temperature in this region increases rapidly,

and reaches nearly 104 K at the top of the chromosphere. This region is the source of
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ultraviolet radiation and hydrogen-α lines. Just above the chromosphere, there exists

the transition region extended up to around 3000 km. In this region temperature rise

sharply up to 106 K. This region links the chromosphere and the corona. The corona

is the outer most part of the solar atmosphere which extends into the interplanetary

space. The expanding corona into the outer space is called the solar wind. The corona

is the source region for geomagnetic storms and solar energetic particles (SEPs) which

severely modulate the Earth’s atmosphere and ionosphere.

1.3.2 The solar radiation

Sun is the ultimate source of the energy, which continuously emits the radiation into

space in the form of electromagnetic radiation. The complete range of electromagnetic

radiation is known as the solar spectrum. The solar spectrum consists of number of

the dark lines called Fraunhofer lines, which provide information about the presence

of different species in the solar atmosphere. The solar radiation influences the Earth’s

atmosphere depending on the altitude of its absorption. According to the wavelength,

the solar spectrum can be classified into different categories, as seen in Table 1.1.

Table 1.1: Classification of Solar spectrum

Solar spectrum Wavelength

Cosmic and Gamma rays <0.1 nm

X-rays 0.1 - 10 nm

Ultraviolet 10 -400 nm

Visible 400 -700 nm

Infrared(IR) and Thermal 700 -106 nm

Radio waves > 106 nm

1.3.3 The F10.7 solar index

The solar flux is a basic parameter to measure solar radiation, which is very impor-

tant in aeronomy. It is defined as the amount of solar photons incident over a unit
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area per unit time, for a particular wavelength. Figure 1.5 shows the variation of so-

lar irradiance with wavelength. This figure shows the contribution of the visible and

infrared radiation is approximately half of the solar spectrum and maximum fluctu-

ation is found in the UV and EUV radiation. The solar radiation of wavelength less

than 120 nm mainly originate from the chromosphere, transition zone, and corona.

The radiation between wavelength 120-200 nm is emitted from the lower part of the

chromosphere and photosphere, and wavelength greater than 200 nm is emitted from

the photosphere [66]. There are a number of solar indices which can quantify the solar

flux. Amongst them, F10.7 is the main solar index which is widely used to monitor

solar flux, due to the transparency of longer wavelength in the Earth’s atmosphere

and it also represents the noise level produced in the Sun at 10.7 cm wavelength [67].

Figure 1.5: Spectrum of solar Irradiance from X-ray to Infrared [51].

The F10.7 cm wavelength originates from the chromosphere and corona of the

solar atmosphere which is also the main source of the space weather phenomena.

Therefore, it’s an excellent tracer for solar activity. The F10.7 flux is measured in

term of solar flux unit (sfu). One sfu is equal to 10−22 W ·m−2 ·Hz−1. Continuous
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Figure 1.6: Progression of F10.7 solar flux over the period January 2000-January 2019.
Courtesy: http : //www.swpc.noaa.gov/products/solar − cycle− progression.

measurement of F10.7 were first done at Ottawa by A. E. Covington [68].

The variation in solar flux F10.7 cm is shown in Figure 1.6 from January 2000 to

January 2019. The variation in the UV radiation also shows an excellent correlation

with the solar flux F10.7 cm because, both are originated from the chromosphere and

corona [69,70]. The solar flux F10.7 shows a close relationship with the 11-year solar

cycle and 27 days solar rotation [68, 71]. The F10.7 solar flux is currently used as

the proxy to study the UV radiation, which affects the structure, chemistry, and the

Table 1.2: Solar spectrum variability over solar minimum to solar maximum

Solar spectrum Wavelength (nm) Variability
Infrared & Visible >400 Extremely small

Near UV 300-400 small

Middle UV 200-300 1-2%

Far UV 100-200 10-12%

EUV & X-rays <100 Extremely High
Lyman-α 121.6 High
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dynamics of the Earth’s atmosphere [72].

1.3.4 Measurements of the Solar Ultraviolet (UV) flux

The solar spectrum is highly variable for the UV and EUV flux over the period of

solar maximum to minimum. The UV and EUV radiance primarily influences the

dynamics and the chemistry of the atmosphere by heating and ionization. These

radiations also deposit a huge amount of energy into the polar region. Therefore, the

temperature and the wind pattern are also modulated. The UV and EUV radiations

significantly influence the abundance of atomic oxygen and molecular nitrogen in the

MLT region. These effects that are induced by EUV and UV will be a matter of

discussion in this thesis.

The measurement of UV and XUV radiation is difficult at the Earth’s surface due

to atmospheric absorption. Therefore, it is measured above the Earth’s atmosphere,

which is only possible by using the rocket and satellite-based methods. The direct

measurements of solar EUV irradiance carried by instruments onboard satellites and

rockets are available continuously only from last three solar cycles. For the first time

observation of UV spectrum below wavelength 340 nm was reported by Baum et

al. [73] in 1946, with the help of a spectrograph onboard the V-2 rocket. Subsequently,

several satellite, rocket, and theoretical studies were performed to measure the solar

UV flux [74–77]. The first of such effort was made by the NASA in 1962 with the

Orbiting Solar Observatory (OSO) program. The main objective of the OSO mission

was to study the solar flux during the solar cycle 20. During OSO program from

1962-1975, eight satellites were launched. The first satellite (OSO-1) of this program

was launched on 7th March 1962 at an altitude of 600 km. Therefore, fist continuous

solar flux was observed by OSO-1 satellite [78,79]. OSO-1 satellite measured the first

solar flux from 17 nm to 37 nm [78,80]. A number of satellites were launched such as

Atmospheric-Explorer (AE) and Nimbus, to explore more about the variation in the

solar flux. The Atmospheric-Explorer mission (AE-C, AE-D, and AE-E) was launched
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in between 1973-1975 to measure the EUV solar flux during the ascending phase of

solar cycle 21. This mission consisted the extreme ultraviolet spectrometers which

measure EUV flux between 14-185 nm range during the 21 solar cycle [51,81,82]. To

measure the middle UV radiation Nimbus-3 and Nimbus-4 satellites were launched

with carrying photometers [83]. In addition to the above, rocket measurement were

also performed to study the solar flux between wavelength 30 nm to 100 nm in

1988 [84]. Recently, several space missions have been launched to measure the solar

flux. A joint mission of European Space Agency (ESA) and NASA, launched the

Solar and Heliosphere Observatory (SOHO) on 2 December, 1996 to measure the solar

flux. Initially, SOHO mission was planned for two years however, it is continuously

monitoring the Sun after 20 years in space. The main objective of this mission is to

study the internal structure of the Sun and its outer atmosphere, as well as the origin

of the solar winds and coronal mass ejections [85].

Recently, NASA launched another satellite on 7 December 2001, named as Ther-

mosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED), to study the

Mesosphere and Lower Thermosphere (MLT) region of the Earth’s atmosphere. TIMED

satellite consisted of four instruments namely, GUVI (Global Ultraviolet Imager),

SABER (Sounding of the Atmosphere using Broadband Emission Radiometry), TIDI

(TIMED Doppler Interferometer), and SEE (Solar Extreme Ultraviolet Experiment).

The SEE instrument measures the solar soft X-rays, extreme-ultraviolet and far-

ultraviolet radiation that is deposited into the MLT region [86,87]. Beside the above

mention missions, a large number of satellites are being used to study the solar flux.

The name of some satellite missions are EURECA, GOME, NOAA, GOES, UARS,

Hinode (Solar-B), EOS/TSIM, SME, SORCE, and STEREO.

1.3.5 Models of solar UV radiation

The solar flux is initially absorbed in the Earth’s atmosphere and influences the

structure and the dynamics. The solar radiation was not completely measured till

1990s. To study the complete solar flux, several empirical models and reference spec-
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tra were developed and many satellite and rocket based observations were made.

The AE satellites (AE-C, AE-D, AE-E) which consisted spectrometers measured the

solar flux from 24 nm to 185 nm. The AE-C satellite observation and rocket mea-

surements reported the solar flux between 24 nm to 194 nm wavelength as F74113

reference spectra [82, 88]. To make more reliable solar flux Tobiska & Barth. [89]

developed the EUV flux model based on the reference spectra SC#REF. This model

is most widely used to reproduce solar flux because it utilizes the solar flux from the

rockets, AE-E satellites, and Solar Mesosphere Explorer along with the irradiance

from Woods et al. [84]. However, during the solar minimum period, solar EUV flux

model is incapable to reproduce the photoelectron flux. To overcome this drawback

Richards et al. [90] developed a EUV flux model for the aeronomic calculation (EU-

VAC) on the basis of reference spectra F74113. The results of this model show a good

agreement with the observations made by Dynamics Explorer satellites, rocket, and

Atmospheric Explorer-E. However, none of the above models provide the full-disk

spectrum in a self-consistent manner.

Tobiska et al. [91] developed an empirical model known as SOLAR2000, to account

for the full-disk solar spectrum between 1 nm to 10,00,000 nm. The main objective

of this model is to deem the spectral and temporal variability of Sun over the entire

spectral range. In this model a new solar flux unit E10.7 is implemented. The

E10.7 proxy is defined as the actual amount of energy (EUV) reaching at the 1 AU

(Astronomical Unit). This model is well tested for aeronomic calculations [47,92–94].

In the present thesis, we have used SOLAR2000 model to obtain the solar flux for

various cases.

1.4 Solar-Terrestrial interactions

The solar-terrestrial interaction is normally considered as the effect of the expand-

ing solar corona, the solar wind, together with the embedded remnant of the solar

magnetic field, the interplanetary magnetic field (IMF) on the Earth’s atmosphere.
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The Sun continuously emits large amounts of radiation and high plasma consisting of

energetic charge particles. The stream of highly energetic charged particles is known

as the solar wind. Hence we can say that Earth is coupled with Sun by the means of

energy in the form of electromagnetic radiation and energy of solar energetic parti-

cles. The solar radiation is absorbed in the Earth’s atmosphere at various altitudes.

The absorption of solar radiation depends on the presence of neutral species and the

wavelength of the radiation. The Earth’s atmospheric chemistry and dynamics are

significantly influenced by the absorption of the solar radiance. The upper atmo-

sphere blocks out almost all X-rays and UV radiation before it reaches to the Earth’s

surface. The altitudinal profile of the percentage attenuation and absorption of radi-

ation is shown in Table 1.4. The UV radiation absorption in the Earth’s atmosphere

is shown in the Figure 1.7. Above 80 km altitude from the Earth’s surface, the ion-

ization and dissociation of the atmosphere is due to wavelength less than 800 nm.

The Lyman-α line (121.6 nm) can penetrate up to mesosphere and can influence the

chemistry by ionizing the Nitric Oxide (NO) and causing photodissociation of O2

molecules. Therefore, the NO molecules get excited by absorbing the UV radiation

in the MLT region.

Although Nitric Oxide [NO] is a minor constituent, it is one of the dominant con-

tributors to the cooling of atmosphere in the MLT region. There are two absorption

regions for the molecular oxygen. One extends from 125 nm to 175 nm wavelength

region. The other exists in the wavelength region of about 175 nm to 200 nm. This

continuum is called as the Schumann-Runge continuum. The Schumann-Runge con-

tinuum in the region of 125 nm to 175 nm results is responsible for the dissociation O2

in the MLT region. The Schumann-Runge continuum between 175 nm and 200 nm

is important for the electronic and vibrational excitation of molecular oxygen in

stratosphere-mesosphere region. The radiation of wavelength between 200 nm and

350 nm is absorbed by the Ozone present in the lower atmosphere below 50 km. The

wavelength higher than 700 nm is absorbed by the greenhouse gases such as carbon

dioxide (CO2), and the water vapor (H2O).
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Figure 1.7: Absorption of solar UV flux by the atmospheric species [52].

1.5 Geomagnetic storm

Sun continuously emits ionized plasma clouds that consist a large amount of hot

plasma. During the active cycle of Sun, it emits larger solar flares and high-speed solar

winds. When solar disturbances reach in the vicinity of Earth, they create fluctuations

in the Earth’s magnetic field, known as geomagnetic storms. The geomagnetic storm

can affect the Earth-orbiting satellite (especially those in high geosynchronous orbits),

astronauts, electric power, navigation, communication, and human life [95, 96]. The

storm also affects the surface of Earth by the means of geomagnetically induced

currents (GIC). During the geomagnetic storm conditions, the high frequency radio

waves and sudden increase in the drag force on the low-latitude satellites were also

found [96, 97]. The magnetosphere is the buffer layer between the hot solar wind

plasma and Earth’s atmosphere.
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The Earth magnetosphere plays a vital role to shield the atmosphere. When the

charged particles interact with the magnetosphere, they are trapped into the inner

region of the magnetosphere and undergo azimuthal drift due to the curvature and

gradient effects of Earth’s magnetic field. The motion of charged particles produces

the toroidal ring current which is opposite for electrons and ions [98]. These particles

undergo three types of motions, drift motion, gyration around the guiding center,

and bounce motion between magnetic mirror points. The intensity of ring current

in the magnetosphere is sharply enhanced due to the injection of large amount of

energetic charged particles. The ring current produces a secondary magnetic field in

a direction opposite to the Earth’s magnetic field. As a result, we can see a decrease

in the Earth’s surface magnetic field. Hence, in simple terms we can say that the

severity of geomagnetic storm will be proportional to the density of plasma that is

injected into the ring current. It has been found that the solar wind accelerated by

the CME are primary responsible to initiate the geomagnetic storm. The impor-

tant parameter to decide the occurrence of geomagnetic storm is the interplanetary

magnetic field (IMF) brought along with solar wind must be southward pointing,

and the strength of the IMF must be ≥10 nT and duration must be ≥ 3 hours.

On the dayside, solar wind squeezes the magnetosphere and elongates it along the

anti-sunward side. The geomagnetic activity is defined and quantified by the distur-

bance storm time (Dst) index [98, 99]. The geomagnetic storm can be divided into

three different phases, initial (commencement/sudden storm commencement/Onset)

phase, the main phase, and the recovery phase. The initial phase indicates the so-

lar energetic particles entering into magnetosphere due to magnetosphere-solar wind

interaction [98]. Therefore, the injection of more charged particles increases the ring

current and subsequently, sharp depletion is observed in the horizontal component

of Earth’s magnetic field. In the recovery phase, the horizontal component of Earth

magnetic field returns to its pre on-set value due to the recombination of charged

particles leading to the decay of the ring current. Consequently, the magnetic field of

Earth returns back to the pre-onset-value. This period of returning back to pre-onset
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is called as the recovery phase. Figure 1.8 represents the typical variation of Earth

magnetic field during storm period.

Time from commencement

E
ar

th
’s

 h
or

iz
on

ta
l M

ag
ne

tic
 f

ie
ld SS

C
Main Phase Recovery Phase

Initial  Phase

Figure 1.8: Schematic diagram of the variation of Earth’s horizontal magnetic field during
geomagnetic storm period.

1.6 Optical Emissions

The inbound energy in the form of particles and electromagnetic radiation excites the

atmospheric species and upon subsequent de-excitation may result in the emission of

optical wavelengths. This optical phenomenon is a very important tracer enabling

us to remotely sense the state and structure of the atmosphere. The most important

optical phenomena that are observed in the upper atmosphere are the aurora and

airglow. The aurora also referred to as the polar lights, northern lights or southern

lights. Both these optical phenomena differ on the basis of excitation process [100].

The aurora is mainly produced due to the interaction of highly energetic charged
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particles (solar wind) with the Earth’s atmospheric species. The highly energetic

charged particles are deflected towards the polar region due to the interaction of

the Earth magnetic field. These charged particles excite the atmospheric species

and subsequent de-excitation results in the production of radiation (emission). This

emission is known as the aurora or polar light [101]. The aurora is generally observed

between 95-150 km altitudes in the polar region with high luminosity. The aurora

can be a very useful tool to understand the atmosphere of other planets such as

Mars, Venus, and Jupiter. The aurora is not a part of the present study so the detail

description is not presented here.

The atmospheric species such as O, O2, and N2 etc. get excited by absorption

of solar radiation of suitable wavelengths. These excited species upon subsequent

de-excitation emit a photon at their characteristic wavelength. This emission of

energy in the form of radiation is known as the airglow. Yntema et al. [102] reported

the first experimental evidence of airglow emissions. Later on, many experimental

techniques and theoretical models have been developed to study the airglow emissions.

The first spectroscopic signature of airglow was interfered from the atomic oxygen

greenline emission (557.7 nm) in aurora. Subsequently, a number of studies have been

reported to examine the airglow emission. Airglow serves as a very important tool

to understand the dynamics, chemistry, and the structure of the upper atmosphere

[34, 103–117]. The effect of gravity waves and tides can be observed in the airglow,

which is useful to study the diurnal and seasonal variation of Earth atmosphere

[35, 37, 107, 118–122]. In addition to the above, airglow also provides the wealth of

information about the global wind patterns [33,35,103,113,123]. The airglow is also

used as a tracer for the noctilucent clouds [124].

The airglow emission is classified into three categories based on time of observa-

tion i.e., twilight airglow, night airglow, and the day airglow. The twilight airglow

(twilightglow) is observed during the early morning or early evening when the Sun

is below the horizon but visible from a higher altitude. This emission is weak and

widespread, while the night airglow (nightglow) is observed when the entire atmo-
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sphere is dark after sunlit. The atomic oxygen greenline and redline airglow have

been continuously observed in the twilightglow and nightglow [125,126]. The airglow

occurring during the daytime is the most challenging emission to observe due to pres-

ence of direct and scattered sunlight. The observed intensity of nightglow emission

is small compared to dayglow emission due to chemiluminescence process [101, 127].

The dayglow emission mostly results from the atmospheric species such as H, N, O,

O+, and OH, N2 and O2 molecules. Table 1.4 lists some of the airglow emitting

species and their characteristic wavelengths observed in the Earth’s atmosphere.

Table 1.4: Atmospheric species and their corresponding airglow emissions.

Atmospheric species Wavelength of Airglow Emissions (nm)

N2 427.8

N2(C
3Π) 337.1

NO(1-0) 215.0

N(2D) 519.8-520.1

OI 557.7, 630.0, 636.4, 297.2

O+ 247.0, 732.0, 733.0

O2 864.0

O2(1-0) band 864.5

O2(0-0) band 762.0

OH 632.9, 766.0

Na 589.3

Mg 279.6, 280.3

MgI 285.2

Ca+ 393.3-396.8

Fe 386.0

It is well known that meteoric ablation is responsible for the accumulation of

metallic species such as Mg, Ca, Na, K, and Fe in the Earth atmosphere [26,27,128–

130]. Among these species, metallic sodium layer found in mesospheric altitudes has

been adequately studied due to its large scattering cross section. The neutral sodium

is used as a tracer for chemical, thermal and dynamical states of the atmosphere

in its altitude region. In addition to the above it is also used as a tracer for the
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tides, waves and thermal structure in the MLT region [31,32,123,131,132]. Recently,

sodium airglow emission has also been used to study the noctilucent clouds [124].

In this thesis, we have studied the effect of space weather events on sodium airglow

emission by using coordinated observation and modeling techniques.

1.7 Aim and objectives of the thesis

The Earth’s atmosphere is dynamically coupled with the Sun and its energy. There

are many different manifestations of this coupling on the neutral atmospheric and

ionospheric phenomenon. The present thesis tries to understand a few important

aspects such as airglow, radiative emissions, metallic airglow, equatorial ionization,

and temperature anomaly and their variation during intense magnetically disturbed

conditions.

The thermospheric heat budget is mainly maintained by the infrared radiative

emissions by Nitric Oxide. This emission acts to radiate the excess heat during space

weather events to space in order to maintain the temperature structure and thus

is generally referred to as natural thermostat. We have performed a study based

on satellite data and physics-based model to understand the cause and type of fluc-

tuations induced in the heat radiated during severe space weather events and its

possible connection with the neutral densities. This study has revealed several im-

portant aspects about the correlation of O/N2 ratio with the NO radiative flux and

hemispheric distribution of heat budget. A physics-based model has been successfully

implemented to invert satellite measured flux to understand the response of neutral

NO abundance during space weather events. This study reveals that the collisional

excitation of NO with atomic oxygen is the most dominant process for the total cool-

ing rate. In order to understand the cooling rate and its longitudinal and latitudinal

variation, we have studied the satellite-based peak of NO VER over the Asian sector

and correlated it with the climatological model based neutral abundances. This study

had revealed a few very important aspects about the difference in equatorial and po-
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lar thermospheric heat budget. Mesosphere is a very important part of the Earth’s

atmosphere because of the large availability of metallic species such as sodium (Na).

Understanding of Na layer provides a very useful tool for the study of atmospheric

waves and dynamics. With the help of a physics-based model and Lidar measured

Na densities, we have tried to understand the effect of extreme space weather events

on the Na abundance and the resulting airglow. This study aims to correlate the

well-established effects of space weather on Ozone using the Na airglow.

The equatorial phenomenon such as equatorial ionization anomaly and equatorial

temperature anomaly are proven to be very sensitive to the space weather events.

With the help of photochemical models for the atomic oxygen airglow emissions, we

have tried to understand how space weather influences the parameters related to EIA

and ETA and to provide a comprehensive understanding on the relation between neu-

tral species and ionosphere for accounting the observed change in airglow intensity.



CHAPTER 2

STORM TIME VARIATION OF

THERMOSPHERIC RADIATIVE

COOLING

2.1 Introduction

Nitric oxide (NO) is an important trace species in the Earth’s atmosphere. Although

highly variable, it plays a valuable role in the MLT region due to its low ionization

energy [133, 134]. Due to the lowest ionization potential among the major neutral

constituents, NO acts as the terminal ion in charge exchange reactions and in certain

important ion-molecule and ion-atom reactions [133]. The nitric oxide molecule, due

to the above mentioned reasons, mainly responsible for ionization in D-region. Due

to the presence of the IR-active vibrational modes NO plays a very important role

The results presented in this chapter have been reported in a research publication: Gaurav Bharti,
M. V. Sunil Krishna, T. Bag, and Puneet Jain, Storm time variation of radiative cooling by nitric
oxide as observed by TIMED/SABER and GUVI, J. Geophys. Res.: Space Phys., 123, 2, 1500-1514,
2018.
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in establishing the lower thermospheric temperatures. The variation of NO density

depends on latitude, longitude and season [135–138]. Auroral and geomagnetic activ-

ity influences the NO density in higher latitudes, whereas the compressional heating,

molecular diffusion, and meridional transport from higher latitudes contribute to the

variation in low latitudes [19,137,139]. In addition to the above, during geomagnetic

storm conditions Joule heating and particle heating also contribute to the increase in

nitric oxide density in polar latitudes [140,141]. This heating results in the upwelling

of nitrogen-rich/oxygen-poor air from lower to higher altitude. The meridional wind

brings the polar oxygen-poor/nitrogen-rich air to mid latitudes even to low latitudes

during severe geomagnetic storms resulting in the depletion of O/N2 ratio in the high

latitudes [23, 112, 139]. The variation in O/N2 ratio also decides the nature of the

storm by influencing the electron density [23]. It is due to the fact that the plasma

in the F2 layer peak is produced due to the photo-ionization and lost due to the ion-

molecule exchange reaction if steady-state approximation is assumed. As a result, the

atomic oxygen ion, and hence the electron density is related to O/N2 ratio [23, 142].

During a geomagnetic storm, larger amounts of energy and particles are deposited

in Earth’s atmosphere altering its structure, composition, and dynamics. The storm

energy is rapidly lost from atmosphere and heat balance occurs via infrared emis-

sions [17, 22, 143–145]. The NO infrared emission at 5.3 µm is a dominating heat

balance process in the atmosphere [146].

The NO emission results due to the vibrational-rotational band transition (∆ν=1,

∆ j=0, ±1).

NO(X2Π, ν = 1)→ NO(X2Π, ν = 0) + hν(5.3 µm) (2.1)

The dominant source for the production of this emission is the collisional vibrational

excitation of nitric oxide by the impact of atomic oxygen [146–148].

NO(ν = 0) + O
α1−→ NO∗(ν = 1) + O (2.2)

This vibrational transition (reaction 2.2) acts as an important cooling process in
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the altitude range of 110-300 km [149]. The cooling process is due to the conversion

of kinetic energy into radiative energy which is subsequently released into the space

and lower atmosphere [17,18]. The inelastic collision process (reaction 2.2) has a rate

coefficient of 2.8×10−11 exp(-2700/T) cm3 s−1 [150–152]. This temperature dependent

rate coefficient is responsible for the difference in the peak altitude of NO(ν=0)

density and NO cooling rate (CR) at 5.3 µm. The maximum enhancement in the NO

density is found at about 105 km whereas the maximum emission rate is found in the

altitude of 120-130 km [148, 149, 153, 154]. The impact of N2 and O2 also results in

the excitation of NO [148,150,151,153]. However, these excitation processes are not

efficient in populating the vibrational levels [17,149]. On the other hand, collision of

O2 with N(2D,4S) acts as a dominant source for the production of NO during auroral

and geomagnetic activity periods [133,149,155].

N(2D,4 S) + O2
α2−→ NO(ν) + O (2.3)

This reaction plays a very important role in allowing thermosphere to rapidly recover

from the perturbation caused by geomagnetic storms.

The NO emission at 5.3 µm acts as natural thermostat in thermosphere by which

heat and energy are efficiently lost to space and lower atmosphere [17, 156]. The

radiative cooling accounts for the dissipation of nearly 80% of Joule heating and

energy input during storm period [134, 157]. Consequently, the NO radiative flux

acts as a potential candidate to understand thermospheric modulation due to space

weather events. In this study, we report the variations of NO infrared radiative

flux (W/m2) exiting thermosphere and O/N2 ratio during the super-storm events of

November 7-12, 2004 in the northern hemisphere for thermospheric altitudes between

100 km and 250 km altitude as observed by TIMED-SABER and GUVI.

The NO emission rate is mostly influenced by the geomagnetic storm conditions.

The variation of NO emission rate during geomagnetically active and quiet period is

shown in Figure 2.1. The black curve in Figure 2.1 shows the SABER retrieved NO
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cooling rate (W/m3) profile on a geomagnetically quiet day (November 6, 2004) at

03:03 UT for orbit 15774 over a mid geographic location (55◦N, 180◦E). The average

Dst index for the quiet day was 6 nT. The red curve in Figure 2.1 shows the NO

cooling rate profile during a disturbed day (November 10, 2004) for orbit 15834.

Figure 2.1 shows that the radiative emission rate during a storm period in the lower

thermosphere is larger by a few orders of magnitude over the quiet period.
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Figure 2.1: Volume Emission Rate profile observed by SABER on a quiet day, 6 November,
2004 for event 33, orbit number 15774 (a) and on a disturbed day, 10 November, 2004 for
event 15 orbit number 15834 (b) over location (55.4◦N, 180◦E, Geographic) at 03:03 UT.

2.2 Methodology

The TIMED mission aims to study the basic structure and energy balance of the

mesospheric and lower thermospheric altitude region [158]. NASA’s TIMED satellite

was launched on 7 December, 2001 into a 74 degree inclined orbit to understand the
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structure, chemistry, energetics as well the dynamics of the atmosphere [159]. It has

four instruments on board: SABER (Sounding of Atmosphere by broadband emis-

sion of radiation), TIDI (TIMED Doppler Interferometer), GUVI (Global Ultraviolet

Imager) and SEE (Solar Extreme Ultraviolet Experiment).

SABER is an infrared emission limb sounder. It covers Earth asymmetrically dur-

ing any 60 days due to its anti-sun view [156,159]. It has 10 channels for observation

of IR emissions ranging from 1.27 µm to 16.9 µm. SABER scans from 400 km to the

surface of Earth and back upto 400 km measuring radiance (W· cm−2· sr−1) continu-

ously with a vertical resolution of 2 km. These channels include the primary emissions

from CO2 and NO which are the most effective coolants in the atmosphere [158].

During the geomagnetic storm period reported here, the SABER was in a north

viewing mode and covering latitudes between 83◦N to 52◦S. The Abel inversion

technique is applied to SABER measured radiance profile to calculate the cooling

rate [18,156,160]. The NO cooling rate (W/m3) at 5.3 µm, from altitude ranges 100

to 250 km, are integrated to get radiative flux (W/m2) exiting the thermosphere. To

increase the availability of radiative flux at a given latitude and longitude, the data

has been averaged to 10◦ latitude and 20◦ longitude bins.

The thermospheric O/N2 data were obtained from TIMED GUVI, a spectrograph

imager that measures Earth’s far ultraviolet emissions to study atmospheric compo-

sition and auroral particle input [161, 162]. These UV emissions include hydrogen’s

Lyman-α line, atomic oxygen lines (130.4, 135.6 nm), and N2 Lyman-Birge-Hopfield

(LBH) bands [158]. GUVI has a rotating mirror that scans Earth’s limb and disc.

The cross-track scanning provides FUV airglow every 15 seconds [112,161,162]. The

images cover projected area of 2500 km×100 km at 150 km altitude [112]. It works

in both spectrographic mode and image mode. The Spectrographic mode is used to

investigate the operation of instrument and consistency of the measured airglow in

image mode. The O/N2 ratio is derived using the intensity ratio of oxygen 135.6 nm

and N2 LBH emissions. The O/N2 ratio is referenced to a N2 column density of 1017

cm−2. The fixing of N2 column density to 1017 cm−2 minimizes the uncertainties of
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O/N2 ratio [112, 162]. We have used the thermospheric O/N2 (referenced from an

altitude 135 km (Level 3)) data for this study [23]. The O/N2 data has been binned

to 10◦ in latitudes and 20◦ in longitudes (similar to the NO cooling rate).

2.3 Model for Nitric Oxide abundance

The present study is aimed to understand the effect of severe geomagnetic storms

on the NO radiative emission. As discussed earlier, the radiative emission intensity

depends on the NO abundance. It would be very interesting to know how the NO

abundance is modulated during the storm to produce the observed variation in the

radiative flux. In order to establish a connection between observed variation in ra-

diative flux and fluctuations in neutral densities we have developed a simple model in

which the volume emission rate of NO is used to calculate the NO abundance. The

nitric oxide radiative emission intensity mainly depends on three factors which are

atomic oxygen, temperature and NO abundance. During the storm conditions, the

decrease in [O] acts to reduce the NO cooling rate. It has been reported in earlier

studies that oxygen atoms transfer energy between ν=0 and ν = 1 vibrational levels

to an order 103-105 times more efficiently than other neutral species [163]. The ob-

jective of this model is to approximately find the order to which the NO abundance

must change to account for the observed change in NO radiative flux. Since no direct

measurements of NO abundance are available during the storm period, this method-

ology can give us an idea about the severity of fluctuations induced in [NO] during

the storm.

In addition to reactions (2.2 & 2.3), other minor sources for populating NO (ν = 1)

state are

(i) Resonant absorption of solar and terrestrial radiation at altitudes 80-110 km.

NO(ν = 0) + hν(5.3µm)→ NO(ν = 1) (2.4)
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The excitation rate due to solar radiation is given by S = gS5.3·exp(−τ ·Chp(χ)) (s−1).

Where Chp(χ) refers to Chapman function dependent on the solar zenith angle (χ).

The fluorescence coefficient are measured to be 1.0×10−4 (gS5.3) and 1.4×10−4 (gT5.3)

photon/sec per NO molecule for the solar and terrestrial radiation respectively [164].

(ii) Collision of NO molecules with electrons

NO(ν = 0) + e
α3−→ NO(ν = 1) + e (2.5)

The NO(ν = 1) thus produced from reactions (2.2, 2.3, 2.4, and 2.5) can also get

deactivated by the following processes.

1. Collisional deactivation by third body

NO(ν = 1) + M
β1−→ NO(ν = 0) (2.6)

2. Ion-exchange reaction

NO + O+
2

β2−→ NO+ + O2 (2.7)

The collisions of NO(ν = 1) molecules with other species have lower rate and hence

have not been considered for the present calculation. In view of the above reactions,

the cooling rate (C.R) due to 5.3 µm emission rate is given as

C.R. =
[NO] {α1 · [O] + α2 · [N] + α3 · [e] + S + gT5.3}{

1 +
β1·([O]+[O2]+[N2])+β2·[O+

2 ]

A5.3

} (2.8)

The values of reaction rate coefficients are summarized in Table 2.1. By using the

vertically resolved profile of NO cooling rate in reaction 2.8, we can calculate the NO

abundance. SABER observes emissions from the vibration-rotation bands of NO. As

a diatomic molecule, NO has its fundamental mode of vibration (ν=1 to ν=0) centred

at 5.3 µm. The SABER instrument is also sensitive to emissions from the 2-1 and 3-2

bands of NO [17]. Generally during the quiet nighttime conditions, the fundamental
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band of NO is the most dominant one. During the day and storm time, the higher

lying bands may become slightly important. The SABER observations are suitably

adjusted to indicate the total infrared emissions expected from ν=3,2,1 [156]. The

neutral and ionospheric composition data used in this calculation have been obtained

from NRLMSISE-00 [165] and IRI-12 [166] models.

Table 2.1: Reaction rate coefficients of Nitric Oxide radiative emission

S No. Reaction rate coefficient value Reference

1 α1 4.2×10−11 ·exp(-2700/T) [150]
2 α2 1.1×10−14 ·T·exp(-3150.T−1) [167]

3 α3 1.8×10−10·( Te
1000

)0.5·exp
(
−2680
Te

)
[167]

4 β1 3.5×10−11 [168]
5 β2 4.4×10−10 [164]
6 A5.3 13.38 [164]
7 gS5.3 1.0×10−4 [164]
8 gT5.3 1.4×10−4 [164]

2.4 Results and Discussion

In the beginning of November 2004 two sunspot groups passed over the visible solar

disk. These sunspot events resulted in solar flares and eruptive activity. Conse-

quently, a geomagnetic storm occurred during 7-12 November, 2004 [169, 170]. The

Dst index before the commencement of the storm indicated a quiet period. It was

one of the strongest storms observed during space era. The interesting feature about

this event is that two successive storms occurred during this period with the main

phase of second storm developing on the background of first storm. Also, the storm

has the unusually long lasting onset and main phases [169,171].

The values of the Dst index and IMF Bz have been obtained from Space Physics

Interactive Data Resource (SPIDR) and world data centre (WDC) for Geomagnetism,

Kyoto, Japan. Figure 2.2(a & b) show the observed variation of Bz and Dst index
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Figure 2.2: IMF Bz (a) and Dst index (b) variation during the geomagnetic storm of 7-12
November, 2004.

respectively. It can be seen from this figure that the IMF Bz turned southward at

21 UT on 7 November followed by a minimum Dst (-374 nT) occurring at 6 UT on

8 November (Storm1). As the storm starts to recede another super-storm (Storm2)

occurs superimposing on the recovery phase of the first storm. The second storm

occurs with a minimum Dst value of -265 nT on 10 November. The combined effect

of this double storm was to modulate the state and structure of the atmosphere,

which was peculiar and clearly different from a normal geomagnetic storm.

During a storm event the Joule heating and the particle heating change the at-
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mospheric composition significantly in the high latitudes [23, 112, 135, 136, 142, 172].

The upwelling of equatorward neutral wind enriches higher latitudes with N2 and de-

pletes atomic oxygen density. The O/N2 depleted air then moves towards the mid-low

latitudes because of equatorward meridional wind [23,172,173].
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Figure 2.3: Vertically integrated radiative flux (W/m2) as observed continuously by
SABER during the entire storm period.

2.4.1 Storm time radiative flux & O/N2

The variation of NO radiative flux during the entire double super-storm period is

shown in Figure 2.3. The thermospheric radiative flux is the integrated cooling rate

between 100 and 250 km altitude along the satellite path in north viewing mode. This

gives the magnitude of flux exiting the thermosphere. The progression of the double

storm is shown in Figure 2.2(b) for easy reference. It is noticeable from this figure

that the thermospheric radiative flux undergoes a significant variation and shows a

strong correlation with the progression of the storm. Figure 2.3(b) shows that the



2.4. Results and Discussion 35

thermospheric flux increases significantly during the main phase of storm1. The large

increase in the radiative flux could be due to polar Joule and particle heating, which

subsequently moves the air along the pressure surface. The movement of air results

in the depletion of O/N2 [23, 173, 174]. By using the TIMED/GUVI retrieved O/N2

and NO column density, Zhang et al. [23] have observed an anti-correlation between

the O/N2 and NO density on a global scale. As a result, it can be said that the

depletion in O/N2 ratio could have resulted in the enhancement of NO radiative flux.

As the storm starts to recede the magnitude of radiative flux decreases. Figure 2.3

that the enhancement in NO radiative flux is relatively larger during the main phase

of storm2 (10 November), although storm1 (-374 nT) is more severe compared to

storm2 (-265 nT). This could be due to the fact that the second storm arrived before

sufficient time had passed for the atmosphere to recover completely. As the storm

starts to recover on November 11 the NO flux returns to the pre-onset conditions.

The densities of neutral as well as charged species are modulated during storm

periods [23, 112, 175]. These variations in atmospheric species due to the Joule and

particle heating in the polar region affect the O/N2 which is negatively correlated

with NO density [23, 112, 170, 173, 176, 177]. The observed variation in O/N2 further

decides the nature of storm (positive/negative) by influencing the electron density

[23]. Generally, when the electron density increases as a result of storm dynamics,

we call it a positive ionospheric storm and vice-versa. In the ionosphere, electron loss

can be attributed to the dissociative recombination by N2. In the present situation,

O/N2 depletion indicates Nitrogen-rich which increases the rate of recombination and

hence reduces the electron density in the ionosphere. So the storm time availability

or variation in electron density can also be attributed to fluctuations in O/N2 ratio.
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Figure 2.4: Daily O/N2 variation during 7-12 November, 2004 at an altitude of 135 km
as observed by GUVI.
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The variation of O/N2 ratio in the northern hemisphere during the entire storm

period (7-12 November) is shown in Figure 2.4(a-f). We have used geographic coordi-

nates in the present thesis. It is noticeable from Figure 2.4(a) that the ratio of O/N2

is largest at the equatorial region with steady decrease towards the pole. During

intense storm conditions, polar Joule heating becomes prominent and increases the

temperature by hundreds of Kelvin in the upper thermosphere. This polar heating

phenomenon causes a global effect by setting up large scale gravity waves or wind

surge towards the equator. As a result, significant changes can be seen in the global

circulation. The resulting meridional wind travels at nearly 400-1000 m/s [178]. The

variations induced in O/N2 ratio are also due to this meridional wind transport. The

equatorward meridional wind brings oxygen-poor and nitrogen-rich air from high lat-

itudes and deposits it at the mid and low latitudes [179]. This deposition results in

the enhancement of O/N2 ratio in the equatorial region during the main phase as

can be seen in Figure 2.4(b). This deposition also results in the penetration of O/N2

to lower latitudes. One important feature of this figure is that the surge of O/N2

towards the equator is clearly seen in Figure 2.4(b & d) which actually represent the

main phase of the storm. Further, it is also noticeable that the depleted O/N2 shows

a non-uniform distribution across the latitude and longitude. The depletion in O/N2

is greater in western longitude sectors than what is seen in the eastern longitude

sectors. This asymmetric distribution of O/N2 could be due to the presence of the

magnetic pole [137, 173]. As the storm starts to recede, the depletion in O/N2 also

starts to recover as shown in Figure 2.4(c). Figure 2.4(d) shows the variation of O/N2

ratio during 10 November, 2004 i.e., the main phase of the storm2. It is important to

note that depletion in O/N2 at high latitudes ratio is greatest during 10 November

although minimum Dst index (-265 nT) is lower than that on 8 November (-374 nT).

This is similar to what has been observed with the integrated radiative flux (Figure

2.3). In the equatorial region, O/N2 ratio enhances and reaches upto 0.9. The O/N2

ratio starts to return to its pre-storm conditions as the storm recedes. This recovery

to normal values is clearly visible in Figure 2.4(e & f).
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Figure 2.5: Daily Variation of integrated NO radiative flux (W/m2) during 7-12 November,
2004 as observed by SABER.
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2.4.2 Hemispheric variation of NO flux

The distribution of NO radiative flux exiting the thermosphere during the storm pe-

riod is shown in Figure 2.5. The hemispheric distribution is shown for six consecutive

days (a-f). Figure 2.5(a) marks the onset of the storm (7 November, 2004) whereas

Figure 2.5(f) marks the recovery to pre-onset conditions (12 November, 2004). It can

be seen from the figure that the radiative flux is almost uniformly distributed at the

storm onset across the hemisphere except for small gulfs in the mid-high latitudes

with slightly higher values. The radiative flux during the main phase of the storm

(Figure 2.5(b)) shows very high values in mid to high latitudes across all longitudes.

These observed values of high radiative flux can be understood as a combined effect

of three different aspects explained below.

During the storm period, the equatorward meridional wind driven by Joule and

particle heating in the polar latitudes brings O/N2 depleted and NO enhanced air

towards middle and low latitudes [23,173,174]. The storm effects are generally more

prevalent in the higher altitudes. During the storm time, the increase of N2 is respon-

sible for the increased production of NO and decrease in the O/N2 ratio. At the same

time, thermospheric decrease in Oxygen also contributes towards the effective deple-

tion in O/N2 ratio. The storm-time O/N2 depletion and enhancement in NO density

are anti-correlated on a global scale. Due to this anti-correlation the enhanced NO

density results in the net increase in the NO radiative flux exiting the thermosphere.

A similar increase in radiative flux has also been reported in earlier studies [23].

During a geomagnetically disturbed period the high latitude ionosphere undergoes

significant change in terms of temperature, density and composition. Among these

parameters, thermospheric temperature increases significantly [174] affecting the NO

flux because of the exponential dependence of NO density over temperature (reaction

2.2).
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Figure 2.6: Altitude profiles of O2 density (a), N2 density (b), O/O2 ratio (c), O/N2 ratio
(d), Atomic Oxygen density (e), and NO cooling rate as observed by SABER (f) during
the entire storm period at a mid latitude (55◦N, 180◦E).
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In addition to the changes induced in NO density due to meridional wind and

thermospheric temperature, changes in neutral density become the third aspect in-

fluencing the NO density indirectly. The increase in neutral densities due to the

onset of geomagnetic storm results in the enhanced production of [N] by dissociation

of N2 [149, 155]. From reaction (2.3) it is clear that the increased neutral density

of O2 and N2 also contributes to the high rates of radiative flux. The maximum

radiative flux is observed at mid to high latitudes in the high longitude sector (∼220-

240◦E) (Figure 2.5(b)). The radiative flux shows longitudinal asymmetry similar to

variations seen in O/N2 (Figure 2.4(b)) with more penetration to lower latitudes in

western longitude sectors. This penetration can be attributed to the preference of

wind surge to longitudes of magnetic pole and night side [137,173].

The storm recedes on 9 November as IMF Bz turns northward (Figure 2.2). As a

result the radiative flux also decreases from the high value during storm time. As seen

from Figure 2.5(c) the radiative flux is low (shown in blue) globally except for small

regions of slightly higher flux. From Figure 2.5(b & c) it is evident that the variation

in radiative flux is very small in low latitudes. As the storm recedes, the atmosphere

starts to return to its quiet time conditions. Interestingly, before the recovery is

complete another super geomagnetic storm occurred on the recovery phase (Figure

2.2). The variation in flux during the second main phase on 10 November is shown in

Figure 2.5 (d). From Figure 2.2(b) we can see that storm1 is stronger than strom2.

The radiative flux during storm2 increases to very high values across all longitudes.

It is worth mentioning that the percentage increase in radiative flux during storm2

is very high compared to storm1 although storm1 is more intense. This behaviour of

NO radiative flux is also seen in integrated emission shown in Figure 2.3(b & d). The

combined effect of storm2 overlapping on the background of storm1 is responsible

for this change in the radiative flux. As the storm recovers (Figure 2.5(e & f)) the

radiative flux decreases and returns to pre-onset conditions. It is well known that the

neutral composition takes longer time to recover in the high latitude regions hence

we see slightly higher values of radiative flux in high latitudes. In addition to this,
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the high latitudes also experience more energetic particle precipitation resulting in

higher NO concentrations [20].

It is noticeable from Figure 2.4 that O/N2 ratio depletes during the storm period

with maximum depletion occurring during the main phase on 10 November. On the

other hand, Figure 2.5 shows enhancement of radiative flux during the storm with

maximum enhancement on November 8.The NO radiative flux is the integrated NO

cooling rate for altitudes between 100 and 250 km. This difference in behaviour of

O/N2 ratio and NO radiative flux to storm could be due to the influence of geomag-

netic storm and meridional wind which has more influence on higher altitude.

2.4.3 NO flux & neutral abundances

To understand the local variation of NO radiative flux under the effect of the double

storm, we have tried to correlate variations in neutral densities (O, O2, N2) and

density ratios (O/O2 and O/N2) with the NO cooling rate over a mid-latitude location

(55◦N, 180◦E). The cooling rate profile has been obtained from SABER, and O, N2

and O2 densities have been taken from the NRLMSISE-00 model [165] at 6 UT. The

local variations of NO cooling rate in combination with the densities and their ratios

are shown in Figure 2.6. It is noticeable from Figure 2.6(a & b) that both O2 and N2

densities show similar variation under geomagnetic storm conditions. Below 120 km

(shown in inlet), both O2 and N2 densities are depleted and above 120 km they show

an increase under the main phase of geomagnetic storms. We have also calculated

O/O2 and O/N2 ratios, which are shown in Figure 2.6(c & d), respectively. It is

interesting to see that the modeled O/N2 ratio (Figure 2.6(d)) shows similar variation

as the O/N2 ratio obtained from GUVI (Figure 2.4). The O/O2 and O/N2 ratios

show depletion during the minimum Dst index. The maximum depletion in O/O2

and O/N2 ratios with respect to onset phase are about 80% and 50% respectively.

The altitude profile of modeled atomic oxygen density is shown in Figure 2.6(e).

Here, it is important to note that the atomic oxygen density shows a depletion below
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gen density (b), and NO abundance from CR (c), NO abundance from NOEM (d), neutral
temperature (e) and SABER observed cooling rate (f) during entire storm period at the
peak emission altitude (125 km) and mid latitudes (55◦N,180◦E).
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Figure 2.8: Excitation of NO(ν=1) by collisional excitation by O (a), electron excitation
(b), collision of O2 with N (c), and total NO(ν=1)(d).

160 km and enhancement above it [175]. The maximum depletion in atomic oxygen

density below 160 km is observed on 10 November (storm2). Whereas, above 160

km the maximum enhancement is observed on 8 November (storm1). Since storm2 is

happening on the background of storm1, it is natural to expect the effect of storm2

to be more pronounced. The maximum variation in density (O, O2 and N2) and ratio

(O/O2, O/N2) are observed during 10 November. Similar depletion in O and O2

densities below 120 km, during intense geomagnetic storms of August 2005 and April

2006, have also been reported by Bag et al. [175]. During storm periods, the O/N2
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ratio is anti-correlated to the NO density. So the production of NO from reaction

(2.2) would be expected to increase. Similarly, both O2 and N2 densities enhancement

would also result in the enhancement of NO cooling rate in accordance with reaction

(2.3). Hence, the overall NO cooling rate increases during the storm period as shown

in Figure 2.6(f). It is also noticeable from this figure that the maximum enhance-

ment in NO cooling rate occurs during 10 November(storm2), although minimum Dst

index is found on 8 November (storm1). Similar enhancements in NO cooling rate

during storms have also been reported in literature [17,21,134,144,145]. Using data

from SABER, Mlynczak et al. [17] have observed a factor of 5-7 increase in radiance

between quiet and disturbed condition during 2002. Interestingly, the peak emission

on NO VER shifts upward and downwards during the main and recovery phase of

geomagnetic storm, respectively. The upward shifts of peak NO VER may be due

the upwelling of air resulting from Joule heating and particle heating in polar region.

From the earlier discussion it is clear that the NO radiative emission mainly

depends on three factors which are abundance of atomic oxygen, kinetic temperature

and abundance of NO. From the SABER measurements we can establish how the

radiative emission responds to the strong geomagnetic activity. Figure 2.7 shows the

summarized results of variation in all these parameters at 125 km altitude during

the entire storm period. From this figure, we can see how different number densities

and emission rates respond to the geomagnetic storm. The observed variation in

NO radiative flux must be a result of variation in the NO abundance. It will be

interesting to know how the abundance of NO will correlate to the emission rate. In

order to quantify the variation in NO abundance during the storm we have used two

methods (1) By calculating the density of NO (ν=0) from the measured cooling rate

(2) By calculating NO density using the NOEM model [153]. It is very important

to explain the variation observed in emission rate with respect to decrease in [O],

increase in [NO] and temperature. Figure 2.7(c) shows the calculated NO abundance

using the scheme outlined before, and Figure 2.7(d) shows the same using NOEM

model. Interestingly, both the methods suggest a multi fold increase in NO densities
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during the storm period. Both the methods listed above have predicted an increase

in the NO abundance by 3-15 times. At the same time, the decrease in [O] should

cause the CR to decrease. However, the decrease observed in atomic oxygen density

(Figure 2.7(b)) is far too little to influence the total emission rate. So the relative

competition between increase in [NO] and decrease in [O] decides the net increase in

the radiative flux. From Figure 2.7(c & d), we can say that the increase in [NO] is

more effective in the enhancement of total cooling rate. The third most important

factor deciding the population of NO(ν=1) is the temperature. As can be seen from

Figure 2.7 (e), the temperature will enhance the NO(ν=1) population, by means of

the reaction rates listed in Table 2.1, during increased levels of geomagnetic activity.

The various sources contributing to the total NO(ν=1) as discussed earlier are

shown in Figure 2.8. The collisional excitation of NO with atomic oxygen (Figure

2.8(a)) is the most dominant process for the total cooling rate. Other processes such

as electron excitation (Figure 2.8(b)) and collision of O2 with N (Figure 2.8(c)) do not

contribute much to the total cooling rate (Figure 2.8(d)). We can notice from these

figures that all the processes are identically influenced by the effect of geomagnetic

storm. The increase of cooling rate can easily be correlated to the changes in neutral

species and temperature.

It is clear from the discussions above that the geomagnetic storm will have a strong

influence on the radiative cooling of thermosphere. The large amount of energy

brought into the thermosphere is lost by the NO radiative emissions. This loss is

evident interms of increased cooling rate. Both the methods discussed above conclude

that the nitric oxide abundance undergoes a several fold increase during the main

phase of the storm. In order to corroborate this we have identified three major

geomagnetic storms during the observation period of Student Nitric Oxide Explorer

(SNOE) (11 March, 1998 - 30 September, 2000). The SNOE database consists of

measurements of nitric oxide abundance made using an ultraviolet spectrometer.

The data covers 97-150 km altitude range and 80◦S to 80◦N, and 180◦W to 180◦E

in the latitude and longitude range, respectively. For the sake of this study, we have
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Figure 2.9: Variation of Dst index and NO abundance as observed from the SNOE during
the geomagnetic storm, (a) during 5-9 April 2000, (b) 14-18 July, 2000 (c) 8-14 August,
2000.

considered the daily averaged NO abundance at about 100 km altitude and 65◦N-

75◦N (Level 1). The three geomagnetic storms considered have the minimum Dst

roughly of the same order as the double storm reported in this study. During these

storms, NO abundances have been obtained from the SNOE database. Figure 2.9(a)

exhibits the change in the [NO] during the storm of 5-9 April, 2000. It can be seen
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from the figure that the abundance of NO increases up to 8 times in comparison

to the quiet time. Similarly the NO concentrations in Figure 2.9(b & c), indicating

storms during 14-18 July, 2000 and 8-14 August, 2000, also suggest an increase in

NO abundance by a factor of 11 and 9 respectively.

2.5 Conclusion

The northern hemispheric variation of O/N2 ratio and Nitric Oxide radiative flux,

exiting the thermosphere during the double super storm of 7-12 November, 2004 are

studied using data from GUVI and SABER. On a global scale, O/N2 ratio and NO

flux are observed to be negatively correlated. The maximum depletion in O/N2 ratio

is observed during the main phase of geomagnetic storm2 on 10 November, Similarly

on 10 November a maximum enhancement is found in the NO radiative flux. This

difference in the behaviour of O/N2 ratio and NO radiative flux may be due to the

fact that the storm affects the higher altitude more compared to the lower altitude.

Both O/N2 and NO density were found to propagate equatorward due to the effect of

meridional wind resulting from Joule and particle heating in polar region. A larger

penetration of O/N2 is observed in the western longitude sector. In the equatorial

sectors, O/N2 shows enhancements but almost no variation in NO radiative flux was

observed. The maximum depletion and maximum enhancement for O, O2 and N2

densities and O/O2 and O/N2 ratios were found during the main phase of geomagnetic

storm (10 November ). The collisional excitation of NO with atomic oxygen is the

most dominant process for the total cooling rate. The altitudes of peak emission

rates are observed to shift upward during main phase of the storm. On both global

and local scales, satellite retrieved NO radiative fluxes and O/N2 ratios, as well as

NRLMSISE-00 calculated densities, O/N2, and O/O2 ratios show correlation with

the geomagnetic storm. The calculated NO abundances from the radiative flux and

NOEM strongly suggest large (3-15 times) increase during the storm’s onset. This

increase is strong enough to counter the effect of decreasing atomic oxygen on the total
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thermospheric cooling rate. A Similar kind of enhancement in the NO abundance

has also been observed by Student Nitric Oxide Explorer (1998-2000) during severe

geomagnetic storm conditions.





CHAPTER 3

THERMOSPHERIC RADIATIVE

COOLING OVER ASIAN SECTOR

3.1 Introduction

In the mesosphere and lower thermosphere (MLT) region, infrared emissions by car-

bon dioxide (CO2) and Nitric Oxide (NO) molecules are the main agent for energy

output. The MLT region receives input energy from the Sun and magnetosphere

in the form of poynting flux and particle precipitation, as a result it heats up the

atmosphere. This excess energy is released into the space by the infrared radiative

emission produced by CO2 and NO molecules. These molecules act as cooling agents

in the MLT region. The radiative cooling below 130 km altitude is dominated by

the CO2 emission, while thermospheric cooling between 100-250 km is dominated

by the NO emission. The maximum cooling is observed in the thermosphere due to

NO radiative emission, which acts as a natural thermostat through which the energy

Part of the results presented in this chapter are reported as: Gaurav Bharti, Vir Singh, M. V. Sunil
Krishna, Radiative cooling due to NO at 5.3 µm emission as observed by TIMED/SABER over
Asian sector, revision submitted, J. Adv. Space. Res., 2018.
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is lost into the space and lower thermosphere [17, 156]. The NO has low ionization

energy and long chemical life time (1 day), as a result it is the main parameter to

regulation of thermospheric temperature during the geomagnetic storms [180]. In

addition to the above the vibrational excitation of NO produces IR radiation, which

are responsible to cool the atmosphere. It has been observed that energy loss from

NO emission is found to be more than 2000 Kelvin per day in the auroral region dur-

ing the geomagnetic storm [18]. The radiative cooling due to CO2 and NO emission

depends on solar activity [181].

The NO plays an important role for understanding the composition of MLT re-

gion and the coupling between thermosphere and stratosphere [182]. The variation

in NO density mainly depends on the latitude, longitude, altitude as well as sea-

sons [138,183,184]. Barth et al. [139] have observed the enhancement in NO density

during the winter and summer solstice. The fluctuations in the NO density at low

latitudes is influenced by the Ultraviolet radiations and X rays [140, 185]. However,

in the polar and mid latitude region, it is influenced by the Joule heating and particle

heating which enhances kinetic temperature in the polar region [183, 186–188]. The

neutral densities are also modulated by the geomagnetic storms. Therefore, the en-

hancement in the NO density at the higher latitudes is transported towards the mid

and low latitudes. This resettlement in NO density is observed upto stratospheric

altitudes [141, 189, 190]. It has been also found that compressional heating, merid-

ional wind and molecular diffusion also contribute to transport of NO from higher

latitudes towards lower latitudes [19, 139, 183]. The NO also acts as a catalyst in

the stratosphere and destroys the Ozone [191, 192]. Barth et al. [19] have reported

the maximum enhancement in NO density between 60-70 degree N latitude due to

electrons precipitation near 110 km altitude in the northern hemisphere.

The solar ultraviolet radiation flux is the dominating source of heating during

minimum geomagnetic activity. However, in the case of high geomagnetic activ-

ity the Joule heating and particle heating become main sources of thermospheric

heating [193]. The Joule heating and particle heating are responsible for redistri-
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bution of depleted oxygen or enhance nitrogen air from lower thermosphere to the

F region during geomagnetic storm [23, 112, 172, 175, 194–196]. This heating also

accounts for increase in equatorward neutral winds which redistribute the enhance

nitrogen/depleted oxygen air from higher latitude towards the lower latitude region.

It has also been found that during geomagnetic storm the zonal wind increases at

mid latitude due to Coriolis effect [179].

The excess energy in the MLT region provided by geomagnetic storm is rapidly lost

from the atmosphere and heat balance occurs by infrared emissions [17,22,144,145].

The fundamental vibration-rotation band emission (∆ν=1, ∆j=0, ±1) of NO at

wave length 5.3 µm is one of the important source in the MLT region through which

radiative cooling takes place [146].

NO(X2Π, ν = 1)→ NO(X2Π, ν = 0) + hν(5.3 µm) (3.1)

The dominating source of production NO(ν=1) is the collision between NO molecules

and atomic oxygen [24,146–148].

NO(ν = 0) + O→ NO(ν = 1) + O (3.2)

The reaction (3.2) is the dominant source for the production of NO(ν=1) in the

altitude range 110-300 km [17, 18, 24, 197]. The rate coefficient for this reaction is

4.2×10−11 exp(-2700 · T−1) (cm3 · sec−1) [152,154]. The maximum radiative cooling

is found around 120-135 km altitude, while peak NO density is found around 105

km altitude. This altitude difference may be due to the exponentially temperature

dependence of rate coefficient of reaction (3.2) [148,149,153,154]. The variation in the

NO emission shows linear dependence with atomic oxygen number density ([O]) and

NO number density. However, it is non-linear with respect to temperature. The other

possible sources for production of vibrationally excited NO molecules are the inelastic

collisions of O2 and N2 with NO (ν=0) molecules. However, the contributions from
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these processes are much smaller than the reaction (3.2) [163]. Consequently, the

reaction (3.2) can be considered as an important source for the production of NO

excited molecules.

The following exothermic reactions may also be the main sources for production of

exited NO∗ in the vibration-rotational state.

N(4S) + O2 → NO(ν, j) + O (3.3)

N(2D) + O2 → NO(ν, j) + O (3.4)

The collision of O2 with N(2D,4S) is the dominant source for the production of

NO∗ (ν) during auroral and geomagnetic storm conditions [133, 155]. This process

is more important during daytime than night time because the production of N(2D)

during day time is higher than the night time [147].

In the light of above discussion, it is important to study the peak emission of

NO VER and corresponding variation in the atomic oxygen number density during

the geomagnetic storm. In the present study we have chosen the Asian sector to

examine the response of peak emission of NO VER and corresponding atomic atomic

oxygen number density during the storm. We have considered the Asian sector due

to presence of mid to equator region (0◦-60◦N), and to understand the longitudinal

and latitudinal variation, coincidentally no study has been reported on this sector

using SABER observations.

3.2 Objective of the study

NASA TIMED (Thermosphere Ionosphere Mesosphere Energetic Dynamics) satellite

was launched in circular orbit around the Earth on 7 December 2001. The TIMED

satellite has four payloads namely SABER (Sounding of the Atmosphere using Broad-
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band Emission Radiometer), TIDI (TIMED Doppler Interferometer), GUVI (Global

Ultraviolet Imager) and SEE (Solar Ultraviolet Experiment). The TIMED is a po-

lar satellite. SABER views the earth asymmetrically during any 60 days due to its

anti-sun view [156,159,198]. This is the first mission to study the global variation of

MLTI regions.

The SABER scans from 400 km tangent height to the surface and back up 400 km

measuring radiance continuously. The time taken for a single scan is 53 second and

within this time SABER travels about 350 km in the orbit. The SABER measures

continuously the emitted radiation of NO and CO2 (W. cm−2. sr−1) with vertical

resolution of 2 km. The detailed description of the SABER instrument is given by

Russel et al. [159]. Abel inversion technique is applied to SABER measured radiance

to calculate the cooling rate [18,156].

3.3 Methodology

In this study, we have analysed the latitudinal and longitudinal variation of peak

NO VER at 5.3 µm and corresponding atomic oxygen number density over the Asian

sector. The Asian sector is considered between latitude 0◦-60◦N, and longitude 40◦-

160◦E. The Asian sector has been divided into bin sizes of 10◦ latitude and 20◦

longitude. In each bin, on average the satellite revolves around 2-4 times, and corre-

sponding to each orbit we have noted the peak emission of NO VER (cooling rate) and

corresponding altitude. In each bin we have on average 2-4 data points corresponding

to NO VER, we averaged the data points in each bin. Therefore, corresponding to

each bin we have one data point for NO VER. At the same altitude and time we have

calculated the [O] by suing NRLMSISE-00 model.
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Figure 3.1: Variation of Dst Index (a) 26-30 September 2011 (b)18-21 February 2014

3.4 Result & Discussion

Figure 3.1(a & b) show the variation of observed Dst index during the geomagnetic

storm 26-29 September 2011 (storm1) and 18-21 February 2014 (storm2), respectively.

The data for Dst index has been obtained from the Word Data Center (WDC) for

Geomagnetism, Kyoto, Japan. Figure 3.1(a) shows sudden commencement of storm

at 11 UT on 26 September 2011 and reaches in main phase very quickly at around 1

UT on 27 September 2011 with a minimum Dst index of -118 nT. Figure 3.1(b) shows

another storm which commenced at 12 UT on 18 February 2014 with minimum Dst

index -116 nT at 9 UT on 19 February 2014. This storm superimposed with another

storm Dst index of -90 nT on 20 February 2014 at 12 UT. The combined effect of
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these storms on peak emission of NO VER and corresponding atomic oxygen number

density [O] is studied over Asian sector.

3.4.1 Longitudinal variation of peak NO VER and corre-

sponding atomic oxygen number density during storm1

The longitudinal variation of peak NO VER at 5.3 µm, and corresponding [O] during

the storm1 (26-29 September 2011) are presented in Figures (3.2 & 3.3) over Asian

sector respectively.
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Figure 3.2: Longitudinal variation of peak NO VER during 26-29 September, 2011
(storm1)
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Figure 3.3: Longitudinal variation of [O] corresponding to peak emission of NO VER
during storm1

Figure 3.2 shows the longitudinal variation of peak NO VER between latitudes

0◦-60◦N with 10 degree latitudinal interval. The panel (a) of Figure 3.2 shows the

longitudinal (40◦-60◦E) variation of cooling rate between latitude range 0◦-60◦N. This

panel shows that during the main phase (27 September 2011) of storm cooling rate

increases over all latitudes. However, the maximum enhancement in the cooling rate

is found between 50◦-60◦N latitude. Panel (b) of Figure 3.2 also shows the similar

kind of variation as found in panel (a), however the magnitude of peak NO VER is

quite low compare to panel (a), However the maximum enhancement in the peak of

NO VER is found between latitudes 50◦-60◦N. Panel (b) also shows that there is a
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slightly difference in magnitude of peak NO VER between latitudes 50◦-60◦, 40◦-50◦,

and 30◦-40◦N as compared to panel (a) of Figure 3.2. Panel (c & d) also shows

the enhancement in the peak of NO VER during the main phase of storm over all

latitudes. However, the difference in the peak of NO VER over all latitudes decreasing

as compared to panel (a & b). Panel (e) also shows the similar variation as seen in the

panels (a-d) except that the maximum enhancement in the peak of NO VER is found

between latitude 40◦-50◦N. The enhancement in the peak of NO VER within latitude

range 40◦-50◦N of panel (e) could be due to large penetration of NO abundance in

this latitude during the main phase of the storm. During geomagnetic storm Joule

heating and particle heating at the polar region setting up large-scale gravity waves or

wind surge towards the equator. The equator-ward meridional wind brings depleted-

oxygen or rich-nitrogen as well as enhance NO air form higher latitude and deposits

it at the mid and low latitudes [179]. This deposition also results in the penetration

of enhanced NO air towards the mid and low latitudes. However, this deposition

is an asymmetric distribution due to presence of magnetic pole [137, 173]. Panel (f)

shows the similar variation as found in panels (a-e). The maximum growth is observed

between latitude 50◦-60◦N on 27th September. The maximum progression in the peak

of NO VER is found between longitude 40◦-60◦N (panel a) and 140◦-160◦N (panel b)

during the main phase of the storm. The enhancement in the peak emission of NO

VER within longitude 40◦-60◦N, and 140◦-160◦N could be due to more penetration

of NO enhance air during the main phase of storm. The similar type of enhancement

in the cooling rate have been reported in the literature [17,21,134,144,145,199]. The

enhancement in the cooling rate can be explained in the following ways.

The variation of infrared radiative cooling due to NO at 5.3 µm emission mainly

depends on the three factors i.e., NO abundance, atomic oxygen abundance and

thermospheric temperature. It has been found that during the severe geomagnetic

storm the above factors shows the significant variation. The enhancement in the

NO density is increased about 3-15 times, and the thermospheric temperature also

significant enhance during the storm time [24,174,200]. This enhancement in the NO
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density at the polar region is due to Joule heating and particles heating. However,

the atomic oxygen number density shows a depletion at the polar region, while at the

mid-low latitude enhancement is found [175, 200]. In addition to the above, cooling

rate also depends on the abundance of nitrogen atoms and molecular oxygen as seen

in the reaction (3.3 & 3.4). The energetic electrons, both auroral and photoelectrons

produce the atomic nitrogen in the MLT region by ionizing and dissociation of N2

molecules during the storm [149, 155]. The cooling rate due to reactions (3.3 & 3.4)

increase at the higher latitudes. Therefore, the maximum enhancement in the peak

of NO VER is found at the higher latitudes.

As the storm recovers, the atmospheric species starts to return to it’s pre onset

value. Panels (a-f) of Figure 3.2 show that during the recovery time of storm, peak

emission of NO VER is decreasing. However, at higher latitudes (50◦-60◦N) peak

emission of NO VER still remains higher as compared to mid and low latitudes.

This difference could be due to time scale of thermospheric neutral density in other

words at the higher latitudes atmospheric species take longer time to return to its pre

onset value as compared to mid-low latitudes [201]. At the polar region the effective

chemical life time of NO is about 1 day [134,202]. Therefore, we observe the relative

higher emission of NO VER at mid latitudes compare to equator during the recovery

phase of the storm. It would be important to mention that, the peak emission of NO

VER is strongly correlated with the elongation of the storm (Figure 3.1).

The corresponding climatological longitudinal variation of the atomic oxygen

number density over Asian sector between longitude 40◦-160◦E is shown in the Figure

3.3. Panel (a) shows the longitudinal variation of [O] corresponding to peak altitude

of NO VER, between latitudes 0◦-60◦N. This panel shows that the higher values of

the atomic oxygen number density is found near equator, while at the higher latitudes

depletion is found during the main phase of the storm. The similar type of variation

in the [O] is also observed in the panels (a-f) of Figure 3.4 during the main phase

of the storm. However, the maximum enhancement in the atomic oxygen number

density is found between latitude 20◦-30◦N as shown in the panels (a-f). The atomic
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oxygen number density is observed at the peak altitude emission of NO VER which

varying from 120-135 km. Therefore, this variation in the atomic oxygen number

density could be altitude dependent. In addition to the above, it is also noticeable

that the maximum depletion is found between latitudes 50◦-60◦N (panels (a-f)). The

depletion in the atomic oxygen number density at the higher latitudes could be due

to equatorward meridional wind which brings the atomic oxygen from the higher

latitudes thereby depositing it at the low and mid latitudes [23,173,200]. This depo-

sition results in the enhancement of the atomic oxygen number density in the mid-low

latitudes as shown in panels (a-f) of Figure 3.3. It is well known that the neutral

densities take longer time to recover at the higher latitudes [201]. It is evident from

Figure 3.3 that there is a positive correlation between atomic oxygen number density

and peak emission of NO VER below 40 degree latitude during the main phase of the

storm. However, there is a negative correlation between peak emission of NO VER

(Figure 3.2) and [O] between 50◦-60◦N latitudes (panels (a-f) of Figure 3.3). It is

worthwhile to mention here that the cooling rate is more at higher latitudes than the

mid and low latitudes [199]. Figure 3.3(f) shows that the variation of [O] is higher

compared to panels (a-e) over all latitudes. This could be due to more penetration

of the atomic oxygen number density in this longitude sector (140◦-160◦E (panel f)).

As the storm recedes the atomic oxygen number density returns to its pre-onset value

(panels (a-f) in Figure 3.3) during the recovery phase of the storm.

Interestingly, it is noticeable that during the severe geomagnetic storm conditions

the NO abundance and thermospheric temperature show the significant enhance-

ment. On the other hand, the [O] shows the enhancement at the equator region and

depletion towards the higher latitudes. The maximum enhancement in the peak of

NO VER is found at the higher latitudes. At the same time, [O] causes to decrease

the peak emission of NO VER at the higher latitudes. The relative competition be-

tween increased NO abundance and decreased [O] decides the net enhancement in the

peak emission of NO VER. However, it is evident that NO abundance shows a large

enhancement (around 3-15 times) during the storm time, while the atomic oxygen
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number density shows small variation compared to NO abundance. Therefore, the

NO abundance is the dominant factor to influence the peak emission of NO VER

during the storm at the higher latitudes. In addition to the above, the third most

important factor which influences the peak emission of NO VER is the thermospheric

temperature as seen in reaction rate coefficient of reaction (3.1).
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Figure 3.5: Latitudinal variation of [O] corresponding to peak NO VER during storm1

3.4.2 Latitudinal variation of peak NO VER and correspond-

ing [O] during storm1

The latitudinal variation of peak NO VER between longitude 40◦-160◦E is shown in

the panels (a-f) of Figure 3.4 during the storm1. The panel (a) shows the variation

of cooling rate between longitude 40◦-160◦E within 10◦ latitudinal interval. It is no-

ticeable from this panel that the maximum cooling rate is found between longitude

140◦-160◦E, and 40◦-60◦E during the main phase of the storm. Similar kind of vari-

ation is also found in panel (b) of Figure 3.4 during the main phase of the storm.

Panels (a & b) show the maximum enhancement in the peak emission of NO VER
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between longitude 140◦-160◦E. However, the panel (b) shows that the magnitude of

peak NO VER is slightly low compare to panel (a). Panel (c & d) also shows the

enhancement in the peak of NO VER during the main phase. The maximum en-

hancement is found between latitude 60◦-80◦E, but the magnitude of peak NO VER

is quite low compared to panels (a, e, & f). Panels (e & f) show the maximum

enhancement in the peak of NO VER between longitude 40◦-60◦E and 140◦-160◦E,

respectively. Interestingly, the maximum enhancement in the peak emission of NO

VER is found between latitude 50◦-60◦N (panels f) during the storm time. This en-

hancement is due to Joule heating and particles heating in the polar region which

subsequently increase the abundance of NO. Figure 3.4 shows negative correlation

between the peak of NO VER and Dst index (Figure 3.1) during the main phase of

the storm. It is interesting to notice that panels (a-f) of Figure 3.2 also show the

maximum enhancement of peak NO VER between the longitude 140◦-160◦E during

the main phase of the storm.

The corresponding latitudinal variation of the atomic oxygen number density

between longitude 40◦-160◦E is shown in the Figure 3.5 during the storm1. The

panels (a-d) show the enhancement in the [O] at the mid and low latitudes (0◦-40◦N)

during the main phase of the storm, while at higher latitudes depletion is found

(panel e-f). The depletion in the [O] towards the higher latitudes could be due to

meridional wind that redistributes the air from higher latitudes towards the mid and

low latitude. Therefore, the maximum depletion in the [O] is found at the higher

latitudes, and enhancement at mid-low latitudes. It is evident from Figure 3.5 that

the [O] shows a positive correlation with the peak emission of NO VER at mid and

low latitude, while negative correlation at the higher latitudes. In addition to the

above the atomic oxygen number density shows the positive correlation with the Dst

index at higher latitude while in case of mid-low latitude vice-versa.
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Figure 3.6: Longitudinal variation of peak NO VER during 18-21 February, 2014 (storm2)

3.4.3 Longitudinal variations of peak NO VER and [O] dur-

ing storm2

The longitudinal variation of peak NO VER and corresponding [O] during the storm2

(18-21 February 2014) are shown in the Figures 3.6 (panels a-f) and Figure 3.7 (panels

a-f), respectively. The panel (b) of Figure 3.1 shows the variation in the Dst index

during 18-21 February, 2014. The storm reaches in its main phase on the 19 February,

2014 at 9 UT. As the storm started to recedes another storm superimposed on it.

The Figure 3.6 (panels a-f ) shows the longitudinal variation of cooling rate between

latitude 0◦-60◦N. The longitudinal variation in the cooling rate is quite similar to that
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Figure 3.7: Longitudinal variation of [O] corresponding to peak emission of NO VER
storm2

of storm1. The enhancement in the cooling rate during storm1 and storm2 show the

strong correlation with observed Dst index. There is a positive correlation between

peak emission of NO VER and corresponding [O] at the mid and low latitudes.

However, at the higher latitudes negative correlation is found.

The corresponding variation in the atomic oxygen number density during storm2 is

qualitatively similar as that of storm1. The atomic oxygen number density depletes

during the main phase of the storm at the higher latitudes while at mid and low

latitude enhancement take place as shown Figure 3.7(panels a-f). The maximum

reduction in the [O] is found in the panel (f) of Figure 3.7. However, the maximum
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increments in the cooling rate is found between latitude 50◦-60◦N as shown in the

panel (f) of Figure 3.6. The possible explanation for this depletion has been discussed

in case of storm1.

3.4.4 Latitudinal variations of peak NO VER and [O] during

storm2
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Figure 3.8: Latitudinal variation of peak NO VER during storm2

Figures (3.8 & 3.9) show the latitudinal variations of peak emission of NO VER

and corresponding the atomic oxygen number density respectively, during the storm2.

All panels of Figure 3.8 show cooling rate enhancement during the main phase of the
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Figure 3.9: Latitudinal variation of [O] corresponding to peak emission of NO VER during
storm2

storm in all latitude sectors. The similar, enhancement in the cooling rate at all

latitudes is also observed during the main phase of the storm1. Figure 3.9 shows the

latitudinal variation of [O] during the storm2. The fluctuations in the atomic oxygen

number density is qualitatively similar as found in case of storm1. The possible

explanation of [O] fluctuations is discussed above in case of storm1.
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3.5 Conclusion

The latitudinal and longitudinal variation of peak emission of NO VER at 5.3 µm and

corresponding atomic oxygen number density have been studied during the two geo-

magnetic storms over Asian sector. The data for cooling rate for NO emission is taken

from SABER onboard on TIMED satellite and neutral density from NRLMSISE-00

model. It is found that the peak emission of NO VER increases gradually from lower

latitudes towards higher latitudes. The peak emission of NO VER shows negative

correlation with the Dst index. The atomic oxygen number density shows a positive

correlation with Dst index at higher latitudes, while negative correlation at the mid-

low latitudes during the main phase of the storm. The peak emission of NO VER at

the higher latitudes shows the negative correlation with the atomic oxygen number

density, while positive correlation at the mid-low latitudes during the storm. The

depletion in the peak emission of NO VER towards the low and mid latitudes may be

due to meridional wind which is generated due to Joule heating and particle heating

in the polar region.





CHAPTER 4

EFFECT OF SPACE WEATHER

EVENTS ON SODIUM AIRGLOW

EMISSION

4.1 Introduction

The Sun drives the chemistry and dynamics of the Earth’s atmosphere with varying

time-scale. The significant effect of 11 year solar cycle have been observed on the

Earth’s atmospheric species by [203]. The Coronal Mass Ejections (CME) and solar

flares are the most dominant sources of highly energetic charged particles that influ-

ence the Earth’s atmosphere. The formulation of highly energetic charged particles

such as protons, electrons, and ions are significantly enhanced during the CME and

solar flare. These highly energetic charged particles are mostly precipitated into the

Earth’s middle and upper atmosphere through the high latitudes region (geomag-

The results presented in this chapter have been submitted in a research publication: Gaurav Bharti,
M. V. Sunil Krishna, Effect of space weather events on sodium airglow emission, J. Geophys. Res.:
Space Physics, 2018.
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netic latitude >60◦) due to presence of Earth magnetic field. The CME associated

interplanetary shock waves accelerate the protons causing the sudden enhancements

of proton flux near the Earth, which is known as the solar proton events (SPE). This

enhancement in proton flux induces change in the neutral and ion densities in the

atmosphere [204–211]. This occurs due to the interaction which undergoes a series of

processes such as ionization, dissociation, excitation of atmospheric species.

It is well known that the mesosphere-lower-thermosphere (MLT) is the main

source region for the meteoric metallic species such as Na, Fe, K etc. Among all

the meteoric metals, sodium (Na) is extensively studied due to its large scattering

cross section which makes it an excellent tracer for the thermal and dynamic state

of MLT region [25, 26]. A number of sources for free sodium atoms have been re-

ported in the literature, but the dominating source is the impact of Ozone (O3) with

sodium [212]. The neutral sodium atoms upon excitation and de-excitation result

in Na airglow. The de-excitation of sodium atoms to the ground state results in

the emission of sodium doublet at 589.0 nm and 589.6 nm. These lines are well

known as the sodium D lines. The chemical scheme for the sodium airglow is given

below [26,213,214].

Na + O3
k1−→ NaO + O2 (4.1)

NaO + O
αk2−−→ Na∗(2PJ) + O2 (4.2)

NaO + O
(1−α)k2−−−−→ Na(2S) + O2 (4.3)

Na∗(2PJ)→ Na(2S) + hν (589.0 nm, 589.6 nm) (4.4)

Where α is a branching ratio and k reaction rate coefficient. From the above chem-

ical scheme it is evident that the sodium airglow emission in the mesosphere mainly

depends on the Ozone (O3) and atomic oxygen (O) densities [26]. In addition, the

airglow intensity also depends on the mesospheric temperature. Fan et al. [215] and

Clemesha et al. [123] reported a strong correlation between mesospheric temperature
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and sodium abundance due to temperature-dependent sodium chemistry.

Ozone has secondary peak at the mesospheric altitude and it significantly influ-

ences the sodium concentration during the SWE. It has been established that meso-

spheric Ozone shows depletion during solar proton events observation and model

based studies [205,206,216–219]. The depletion of Ozone abundance during the 23rd

solar cycle has been reported by Krivolutsky et al. [218] and Jackman et al. [209]

by using the model based study. Similarly, Jackman et al. [207] and Verronen et

al. [206] reported the depletion in the Ozone abundance about 70% and 90% during

SPE of July 2000 and January 2005 by using the UARS HALOE and NOAA 14

SBUB/2, and GOMOS/ENVIRSAT measurements, respectively. This Ozone deple-

tion is altitudinal dependent due to the enhanced production of odd hydrogen and

odd nitrogen species during a SPE event [206]. Odd hydrogen is responsible for the

depletion of Ozone in mesosphere while odd nitrogen species play an important role

in low altitude to reduce the Ozone abundance [206].

The MLT region is highly sensitive to external forcing such as waves, tides from

the below and solar activity from the above [31, 214]. There have been a number

of studies to examine the response of MLT region to various geophysical conditions,

atmospheric waves, and tides. However, there are limited studies that have been

reported to investigate the response of metallic layer such as sodium abundance in the

MLT region to various geophysical conditions and thus, the response of metal layers to

the varying geophysical conditions is still unclear. Few studies have pointed towards

the enhanced abundances [45,46] while few others have reported depleted abundance

of sodium during a space weather event [43,220,221]. Recently, the long-term response

of sodium abundance has been reported by Dawkins et al. [214] using the National

Center for Atmospheric Research (NCAR)’s Whole Atmospheric Community Climate

Model (WACCM) which shows a significant variation with 11 year solar cycle. The

sodium abundance also shows a significant variation in the high as well as low latitude

regions. The effect of auroral particle precipitation on sodium has been studied

by the Tsuda et al. [221] and Takahashi et al. [43]. Tsuda et al. [221] reported a
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significant depletion in the sodium abundance over Tromso, Norway (69.6◦N, 19.2◦E)

from 24-25 January 2012, by using the common-volume-observation by European

Incoherent Scatter (EISCAT) VHF radar and by a sodium lidar. These simultaneous

observations show a nightly mean sodium density depletion by 60 percent at an

altitude of 100 km. Similar kind of depletion has also been reported by Takahashi et

al. [43] during pulsating auroras in January 2012. These results indicate the possible

effects of geomagnetic activity on the metallic abundances in the mesosphere. This

might be due to the charge exchange reactions between sodium and molecular charged

species and energetic charged particles.

From the above discussion it is clear that the chemical compositions, dynamics

of the MLT region are significantly influenced by the geomagnetic conditions. The

abundances of metallic species in addition to the neutral species such as O, O2,

and N2 are also proved to be susceptible to changes induced by strong geomagnetic

activity. The airglow resulting from these chemical species is naturally expected

to be correlated to geomagnetic activity. So far, to the best of our knowledge, no

studies have been reported to examine the effect of space weather events simultaneous

on sodium abundance and variation of sodium airglow emission and the possible

correlation with the participating chemical species. In present study, we will examine

the effect of geomagnetic storms and solar proton events on sodium abundance and

Na airglow at 589.6 nm. This study is first of its kind to examine the simultaneous

effect of storms and solar proton events on sodium abundance, sodium airglow and

Ozone abundance.

4.2 The sodium Airglow model

There are very few studies reported in the literature to calculate the altitudinally re-

solved volume emission rate and intensity of sodium airglow emission [28,31,222,223].

These studies were mostly used density profile derived from either ground based air-

glow intensity or rocket measurement intensity. In the present study we have used
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photochemical model of sodium airglow emission to calculate the Volume Emission

Rate (VER) and columnar brightness of sodium airglow. The model can be used for

any given latitude and longitude and will require the abundances of neutral species,

Ozone and sodium. The model is validated using a variety of measurements such as

the combined rocket and lidar measurements [223], rocket and imager study of Cleme-

sha et al. [222], and the lidar and photometer observation of Sarkhel et al. [29, 30].

The model is further updated by incorporating latest reaction rate coefficients of few

key chemical processes. The updated reaction rate coefficients are summarized in ta-

ble 4.1. The detailed description of this model is given by Bag et al. [25]. The VER

Table 4.1: Updated reaction rate coefficients for Na airglow emission

Reaction Rate Value reference
coefficients

NaO+H2O → NaOH+H k1 5.06 ×10−10 · exp(-240/T) [224]
NaOH+CO2+M→NaHCO3+M k2 2.3 ×10−28 ·(T/300)−4.12 [224]
NaOH+CO2+M → NaCO3+M k3 1.2 ×10−27 · (T/300)−3.14 [224]

of sodium D line emission mainly depends on the production mechanism, loss mecha-

nism, and the reaction rate coefficient of the sodium. The production mechanism for

sodium can be broadly divided into three types namely, ion, neutral, and photochem-

istry, depending on the peak density of sodium layer. The ion chemistry dominated

above the peak density of sodium layer, while neutral chemistry dominated above

the peak density of sodium layer. On the other hand, the photochemistry dominated

during the daytime and plays an important role for the formation of sodium D line.

The volume emission rate for the sodium D line is the sum of the production rate due

to ion, neutral, and photochemistry sources. The detailed chemistry of production

rate and VER is given by Bag et al. [25].
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4.3 Data Acquisition

The neutral sodium density and temperature have been obtained from the Utah

State University (USU) Na lidar located at Logan, Utah (41.7◦N, 111.8◦W). Initially

the sodium Doppler lidar was located at Fort Collins, CO (41◦N, 105◦W), and it was

relocated to USU in 2010. This lidar is an advanced resonance Doppler lidar operating

at the Na D2 line (589.159 nm) and 120 MHz FWHM (full width at half maximum)

laser pulse bandwidth. This lidar has the ability to continuously monitor MLT region

for parameters such as neutral temperature, horizontal wind, and sodium density in

full diurnal cycles under clear sky conditions [225, 226]. The detailed techniques to

extract data of various parameters such as density, temperature, tidal perturbation

have been reported by She et al. [227]. In the present study we have used hourly

averaged Na density and temperature to calculate the VER of Na airglow using the

Na airglow model.

The Na airglow model requires the abundances of neutral species, such as [O2],

[N2], and charged species concentrations such as [O+
2 ], [NO+], . These abundances

have been obtained from NRLMSISE-00 and IRI-2012 model, respectively [165,166].

The atomic oxygen [O], Ozone [O3] and Hydrogen [H] densities have been derived

from the measurements of SABER (Sounding of the Atmosphere Broadband Emission

Radiometry) on board TIMED (Thermosphere Ionosphere Mesosphere Energetics

Dynamics) satellite. The storm events are identified using the Dst index, obtained

from the Word Data Center (WDC) for Geomagnetism, Kyoto, Japan. The proton

flux is obtained from Space Weather Prediction Center (www.swpc.noaa.gov) GOES

satellites.

4.4 Results & Discussion

In this study, we have presented the effects of space weather events on sodium density

and resulting airglow emission by relating them with the fluctuations seen in Ozone
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Figure 4.1: Solar proton flux observed by GOES during 20-26 April, 2002
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Figure 4.2: Variation of Na VER (a), [Na] (b), and [O3] (c), during the solar proton event
(22-25 April, 2002).
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and Na densities. This study is the first of its kind to report simultaneous effects of

geomagnetic storms and solar proton events on Na, O3 abundance and the resulting

Na airglow. The results have been broadly divided into two parts (1) effect of SPE (2)

combined effect of geomagnetic storm and SPE. This study brings together analysis

based on lidar measured Na abundance, temperature data, and model based Na

airglow volume emission rate profiles.

During 22-24 April, 2002 an X class solar flare was produced near the Sun’s

surface accompanied by a strong radio burst and parallel halo CME. The velocity

of this CME was around 2400-2500 km/s. This CME induced solar proton flux

enhancement can be seen in Figure 4.1. We can see a sudden enhancement in proton

flux (> 50, and 100 MeV) at around 2 UT on 21 April 2002. The proton flux (>10

MeV) shows maximum enhancement at 2320 UT. This can be considered as a very

intense proton event spanning over several days, the same period has been observed

to be geomagnetically quiet (Dst=-38 nT). During this period, the measured Na

density (Utah State University (41◦N, 105◦E) Na lidar) is shown in Figure 4.2(b).

The density of Na and Ozone (from SABER) are used in the model calculation to

obtain volume emission rate of Na airglow.

It can be seen from Figure 4.2(b) that Na density is depleted during the main

phase of the SPE with a minimum density on 22 April and it increases as we move

towards the recovery phase with maximum density on 24 April, indicating that the

proton flux and Na density are anti-correlated. This depletion in Na density during

the particle events can be due to the charge transfer reactions between Na atoms and

molecular ions produced by energetic particles. It has been found that, during the

SPE, highly energetic charged particles produce the NO+ and O+
2 ions at mesospheric

heights. As a result, these ions react with neutral Na as shown below leading to the

loss of neutral Na atoms and increase of Na+ ions.

Na + NO+ → Na+ + NO (4.5)
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Figure 4.3: Nightly averaged Na density during solar proton event (22-25 April, 2002).
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Na + O+
2 → Na+ + O2 (4.6)

It has been proven [228] that this effect is very significant above 85 km. In

addition, the increase in the electron and ion densities during SPE also contributes

to the decrease in Na density at these altitudes [43].

Figure 4.2(c) shows the variation of Ozone density during 22-25 April 2002 as

observed by the SABER on board on TIMED satellite. It is noticeable from Figure

4.2(c) that the Ozone density shows a slight depletion just after the main phase of

the proton event. The density recovers to a maximum value on 25 April during

the recovery phase of the SPE. A similar kind of depletion in the Ozone density

during the SPE has also been reported by using satellite and model-based studies

[203, 207, 229–231]. Recently, Zou et al. [232] reported the depletion in the Ozone

density by using the Aura Microwave Limb Sounder. During the SPE, energetic

charged particles are deposited in the middle and upper atmosphere leading to the

creation of ionized radicals such as HOx (H, HO, and HO2), and NOx(N, NO, and

NO2). These radicals act as catalysts and destroy the Ozone molecules in mesospheric

heights [232].

The variation in the modeled VER of Na airglow is shown in Figure 4.2(a). From

the chemistry discussed in the earlier sections, it is very clear that the Na airglow

intensity is very sensitive to the fluctuations in [Na] and [O3]. We can see from Figure

4.2(a) that the airglow intensity follows a similar trend as seen in [Na] and [O3] with

a minimum emission rate on 22 April, 2002. From the reaction 4.1, we can say that

during the SPE, the production of NaO starts to decrease leading to the depletion in

the number of excited sodium atoms. As a result, we see the VER to be depleted.

The nightly averaged Na densities during the SPE are shown in Figure 4.3. It

can be seen that the Na density is minimum during the main phase of the particle

event and slowly increases with the recovery. Further, the peak altitude of Na density

shows a slight shift towards the higher altitudes with the progression of the event.

The increase of Na density with the recovery of solar proton event can also be seen
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Figure 4.5: Solar proton flux observed by GOES (22-28 May, 2013).

Figure 4.4. From the above discussion, we can say that solar proton event causes

the Na and O3 densities to decrease and their fluctuations also reflect in the airglow

emission intensities.

An M5.0 class solar flare Occurred on 22 May 2013 at around 13 UT Which was

a magnetic quiet time (Dst = -10 nT). This solar flare lead to a solar proton event

during 22-28 May 2013 as shown in Figure 4.5. The maximum enhancement in the

proton flux is found in the 10 MeV range on 23 May at around 6-7 UT with nearly

1660 pfu. On the other hand proton flux with energy greater than 100 and 50 MeV

show, maximum enhancement on 22 May at around 15 UT. As the SPE recedes, the

proton flux starts to recover to its pre-onset value. The influence of this SPE on

sodium airglow emission is shown in Figure 4.6(a).

The variation in the Na VER, [Na] and [O3] during the solar proton event (22-26

May, 2013) is shown in Figure 4.6. It can be seen that the densities and airglow are

depleted during the main phase of SPE and they start to recover as the proton particle

flux returns to the base value. The enhancement in densities is profoundly seen in

Figure 4.6(b & c). These fluctuations follow the earlier cases discussed in paragraphs

above. Based on these two cases (Figure 4.2 & 4.6) of isolated solar proton events,
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Figure 4.6: Variation of Na VER (a), [Na] (b), and [O3] (c), during the solar proton event
(22-26 May, 2013).
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Figure 4.8: Solar proton flux observed by GOES (05-11 November, 2004).

we can say that the densities and airglow emission intensity are anti-correlated with

the advent of 10 and 50 MeV proton flux.

In order to understand the effect of geomagnetic storms on Na abundance and

airglow, we have considered a period of intense geomagnetic storm during 05-12

November, 2004. This storm is also accompanied by an increase in proton flux during

8-12 November 2004. The storm resulted from two groups of sun spots that appeared

on the visible solar disk in the beginning of November 2004. This magnetic storm

is considered as one of the most intense (Dst = -347 nT) in the space era. During

this period, the measurement of Na density is available for three nights (5, 7, 8

November). This dataset can be assumed to be indicative of the effect of storms on

Na density. The period of minimum Dst coincides with the enhanced proton flux

on 8 November 2004 at 7 UT (Figure 4.7 & 4.8). The combined effect of SPE and

geomagnetic storm on the airglow and densities is shown in Figure 4.9. It can be

seen that at the storm’s onset, the densities (Figure 4.9(b & c)) are severely depleted

resulting in the decrease of airglow intensity. The depletion in Ozone density could
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Figure 4.9: Variation of Na VER (a), [Na] (b), [O3] (c), during solar proton event ( 05-08
November, 2004).
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Figure 4.11: Variation of Na density as a function of time during solar proton event (05-08
November, 2004).
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be due to the enhanced ionization of atmospheric species. A similar type of depletion

in Na density during geomagnetic storms has been reported by Tsuda et al. [221] by

using optical Spectrograph and Infrared Imager System on board the Odin satellite

and by Takahashi at al. [43] by using the EISCAT radar. These studies also propose

the same mechanism for the loss of neutral Na due to charge exchange reaction listed

in reactions (4.5 & 4.6) triggered by the increased electron and ion densities during

storm period. This case allows to conclude that the fluctuations in neutral Na and O3

are anti-correlated with the storm time index (Dst) as well as along with the proton

flux. The nature of Na depletion during the storm is well supported by the nightly

averaged Na densities as shown in Figure (4.10 & 4.11).

A similar case of solar proton event superimposed on the background of a geo-

magnetic storm is shown in Figure (4.12 & 4.13). A X5 solar flare resulted in an

intense geomagnetic storm during 8-12 March, 2012. The solar flare has led to an

enhanced proton flux at nearly 2 UT on 7 March 2012. It can be seen that the proton

flux (100 and 50 MeV) undergoes a large increase on 7 March and flux in the energy

range of 10 MeV spikes on 8 March, 2012. Interestingly, minimum Dst (-145 nT)

is observed at 9 UT on 9 March 2012. The Na density data is available from 8-11

March, 2012, which gives a very good overlap with the storm. We have performed a

similar analysis of modeling Na airglow and correlated it with, Na density, and O3

density during the overlapping period of geomagnetic storm and SPE.

The variation of modeled airglow emission rate with height during the storm is

shown in Figure 4.14 (a). The temperature profile measured by Lidar has been used

in the model calculation. The neutral Na and O3 densities are shown in Figure 4.14(b

& c). It can be very clearly seen that the airglow emission intensity is maximum in the

recovery phase and minimum during the main phase of storm. The airglow emission

rate is proportional to the available Na density. The Na density as measured by

Lidar shows a strong depletion during the main phase of storm and SPE and hence

can be said to be anti-correlated to the Dst index and proton flux. These results

support our earlier inference of space weather effects on the Na and O3 densities,
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Figure 4.13: Solar proton flux observed by GOES (06-12 March, 2012).
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and airglow emission rate. They also corroborate the decrease of density due to the

charge exchange and recombination reactions. The energetic particles are mainly

responsible by increasing the ion and electron densities, increased production of HOx

(H, HO, and HO2), NOx(N, NO, and NO2) leading to the destruction of available

neutral density of metal atoms and Ozone.
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Figure 4.14: Variation of Na VER (a), [Na] (b) and [O3] during solar proton event (08-11
March, 2012).



4.5. Conclusion 89

0 1e+03 2e+03 3e+03 4e+03 5e+03

[Na](cm
-3

)

75

80

85

90

95

100

105

A
lti

tu
de

 (k
m

)

08 March 2012

09 March 2012

10 March 2012

11 March 2012

Figure 4.15: Nightly averaged Na density during the solar proton event (08-11 March,
2012).

4.5 Conclusion

The influence of space weather events on sodium density and resulting airglow emis-

sion has been studied using lidar observations of Na density and physics based sodium

airglow model. The input parameters for the model have been obtained from the

NRLMSISE-00, Lidar, and satellite-based instruments. Few cases of extreme geo-

magnetic storms and solar proton events have been considered during which mea-

surements of Na density are available. The SWE affects the dynamics and chemistry

of the atmosphere in terms of change in Ozone and sodium densities. It has been

seen that, the sodium and Ozone densities are significantly depleted during the SPE.

The reason for this depletion could be due to the enhanced production of ion and

electrons which subsequently decrease the Na density by charge exchange reactions.

The increased production of NOx and HOx are responsible for the decrease of Ozone

in the mesospheric altitudes. As a consequence of these fluctuations, it has been seen

that the airglow emission rate is depleted during the main phase of the space weather

events. The nightly averaged Na densities show a very strong correlation with the

progression of geomagnetic storms and solar proton events.
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CHAPTER 5

INFLUENCE OF GEOMAGNETIC

STORMS ON THE EQUATORIAL

IONIZATION AND TEMPERATURE

ANOMALIES

5.1 Introduction

The electric field, both in E- and F-region, plays significant roles in the equatorial

and low latitudes electrodynamics [233]. The electrodynamic coupling of ionosphere

and thermosphere creates peculiar phenomena in low latitude sectors. One of such

effect is the equatorial ionization anomaly (EIA). The solar heating and the merid-

ional wind play significant roles in the plasma drifting and in the formation of EIA.

It is due to the electrodynamic drift of plasma and diffusion from equator [234]. It is

Results presented in this chapter have been reported in a research publication: Gaurav Bharti, T.
Bag, M. V. Sunil Krishna, Effect of geomagnetic storm conditions on equatorial ionization anomaly
and equatorial temperature anomaly, J. Atmos. Sol-Terr. Phys, 168, 8-20, 2018.
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well-known that the fountain effect distributes the plasma with trough at the equator

and crests in the regions away from equator in both hemispheres resulting in EIA.

The crest of the EIA depends on the strength of E-region electric field and moves

towards a farther latitude with the increasing current strength. The vertical drift of

plasma in the equatorial region shows diurnal variation with upward drift during day

and downward drift during night [235]. Similarly, zonal drift shows diurnal variation

by being westward during day and eastward during night [236]. Recent study of Hui

et al. [237], using radar from Jicamarca Observatory, observed that the vertical and

zonal drifts are season dependent [233, 238, 239]. The vertical upward drift is maxi-

mum during September-October. Whereas, maximum daytime westward zonal drift

occurs maximum during July-October [237].

The energy and particles precipitation in the polar region during the storm change

the structure, dynamics, and the chemistry of atmosphere significantly. The Joule

heating and particle precipitation are the two main channels by which the magneto-

spheric energy enter the ionosphere. This incoming energy results in temperature and

pressure gradients which forces the air to move towards the pressure surface [173,174].

Therefore, it results in the composition bulge which propagates to the low and equa-

tor sectors with the meridional wind [173,240,241]. The meridional wind along with

the magnetospheric electric field penetrates towards equatorial latitudes affecting the

morphology and dynamics of EIA [242]. This wind and dynamics of the atmosphere

create non-uniform distribution in the temperature with a trough at the equator, the

equatorial temperature anomaly (ETA) [243–245]. The storm might result either in

the enhancement or depletion in EIA but the wind always inhibits [246]. The exact

nature of modification entire depends on the local time and it can be said that mod-

ification to the equatorial ionization anomaly is produced by the disturbance winds.

The strength of east-west electric field in F-region (F-region drift) is also strongly

affected by the magnetic activity and is opposite to the quiet-time behaviour [233].

During magnetically active period, the electric field penetrates to the low latitudes.

The disturbance electric field along with the dynamo and wind will have a combined
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effect on the EIA during a storm period. This effect mainly depends on the local

time. It may be noted that the electric field will also depend on the local time.

The ETA is a phenomenon more likely to occur during solar maxima during

which, the spatial characteristics of ETA are very much similar to EIA. Many times

it has been seen that EIA appears as a pre-requisite for the formation of ETA. Unlike

EIA, there have been limited studies of ETA owing to the limited thermospheric

observations. Since the discovery of ETA in late 1970s [247] various efforts have been

made to understand the mechanism of its generation. The earliest efforts pointed

out that the anomaly arises from the latitudinal variations in the zonal ion drag

related to the EIA in F-region ionization accompanied by the downward vertical wind

around the dip equator. Subsequent efforts have considered chemical heating and

upward propagating tide to be the additional factors responsible for the formation

of ETA [248]. However, the formation mechanism of ETA is still unclear. The

uncertainties that exist in the understanding of ETA also puts some limitation on

the use ability of global models such as NRLMSISE-00, TIEGCM etc. Earlier model

based [249] studies have also suggested that the ETA is sensitive to the fluctuations

in geomagnetic activity.

The neutral and charged densities are strongly modulated by geomagnetic storm

activity [175,249]. Airglow processes are known to be highly sensitive to the variations

in neutral densities. So, it is naturally expected that the variations induced in EIA

and ETA by the geomagnetic activity will have a strong signature in the airglow

emission patterns. It has been observed that during magnetic quiet time, there

is no significant variation in the airglow emission rates. The various parameters

such as emission rates of airglow, neutral and charged species densities will form

a standard background over which the effects of storms can be easily understood.

Hence, studying airglow in geomagnetically disturbed conditions will give us a better

understanding of physics and chemistry of airglow. In this study we report how

strong geomagnetic activity induced variations in EIA and ETA modulate the airglow

emission patterns. For this study we have considered the OI 557.7 nm and O+(2P)
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732.0 nm airglow emissions. The models developed and validated by [92, 250] are

used to calculate the volume emission rate (VER). These are global models which

can be used to study airglow emissions under different geographic and geophysical

conditions [175,251,252].

5.2 Model Description

The atomic oxygen airglow emission models (OI 557.7 nm and O+(2P) 732.0 nm)

have been used to study the EIA and ETA during storm period. The models used

here have been verified for various conditions with the satellite based measurements

( [92], [250], [251]) These models are most up-to date in terms of various reaction

rate coefficients etc. They give us the opportunity to compute variations in airglow

emission rates globally or in those situations when there are no direct observations.

The full description of the development of comprehensive models for OI 557.7 nm

and O+(2P) 732.0 nm emissions can be found in the references mentioned above. A

brief description of the model used for the present study is as follows.

5.2.1 Atomic oxygen greenline (OI 557.7 nm) airglow emis-

sion

The atomic oxygen greenline emission at OI 557.7 nm results due to the following

transition.

O(1S)→ O(1D) + 557.7 nm (5.1)

The O(1S) is the metastable state with lifetime 0.91 sec. O(1S) in the thermosphere

is populated by variety of sources. The reaction mechanisms, populating O(1S), are

give below.

• Photo-dissociation of molecular oxygen by Solar EUV photons

O2 + hν(λ < 133.25 nm)→ O(1S) + 557.7 nm (5.2)
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The production rate of O(1S) due to the photo-dissociation reaction can be

written as,

RPD[O(1S)] = [O2]

∫
Fz,λ Qλ σλ dλ (5.3)

Where Fz,λ is the solar EUV flux at altitude z and at wavelength λ. Qλ is the

quantum yield at wavelength λ and σλ the photo absorption cross-section of

O2.

• Three body recombination reaction

Three body recombination reaction also makes a significant contribution to the

production of O(1S) state. This source was extensively studied in nightglow

and thought to proceed via Chapman reaction [253].

O(3P) + O(3P) + O(3P)→ O2 + O(1S) (5.4)

However, it is generally accepted that the production of O(1S) is a two step

mechanism as proposed by Barth [254]. This reaction proceeds in the presence

of a third body M as

O(3P) + O(3P) + M
γk1−−→ O∗2 + M (5.5)

• Dissociative recombination of O+
2 .

O+
2 + eth

k4−→ O(1S) + O (5.6)

The corresponding production rate of O(1S) can be written as,

RDR[O(1S)] = β4k4[O
+
2 ][e] (5.7)

Here, β4 is the quantum yield and k4 is the reaction rate coefficient.
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• Photoelectron impact on atomic oxygen.

O(3P) + eph → O(1S) + eph (5.8)

The production rate of O(1S) due to photoelectron impact on atomic oxygen

can be written as,

RPE[O(1S)] = [O]

∫ ∞
Eth

Φ(Es, z, α)σO(1S)(Es)dEs (5.9)

Where, [O] is the atomic oxygen number density, Φ(Es, z, α) is the photo elec-

tron flux, Es is the photoelectron energy, z is the altitude and α is the solar

zenith angle. σO(1S)(Es) is the photoelectron excitation cross-section of O(1S).

• Collisional deactivation of N2(AΣ+
u ) with atomic oxygen.

N2 + eph → N2(AΣ+
u ) + eph (5.10)

N2(AΣ+
u ) + O(3P)

k7−→ N2 + O(1S) (5.11)

The production rate of O(1S) is given as,

R[N2A][O(1S)] = β7k7[N2(AΣ+
u )][O] (5.12)

Here, β7 and k7 denote the quantum yield and reaction rate coefficients respec-

tively.

The O(1S) produced due to the above reaction mechanisms is quenched by interaction

with various atmospheric species as follows,

O(1S) + (O2,O)
k8,k9−−−→ O(3P) + (O2,O) (5.13)
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O(1S)
A10−−→ O(1D) + 557.7 nm (5.14)

O(1S)
A11−−→ O(3P) + hν(total) (5.15)

From above reactions the quenching factor can be written as,

Q =
A10

A11 + k8[O2] + k9[O]
(5.16)

Here, [X] indicate the number density of corresponding species, while A10 & A11 are

the Einstein’s coefficients. From the above mention reactions the volume emission

rate (VER) of O(1S) can be written as,

VER[O(1S)] = Q · R[O(1S)] (5.17)

R[O(1S)] shows the total production rate due to all above reactions.

The cross-sections, and quantum yields for the above mention reaction have been

taken from Sunil et al. [92] in the present study. Hence, We have not listed here.

On the other hand the Einstein’s coefficients and reaction rate coefficients have been

obtained from the theoretical studies and experimental studies reported in literature.

These values are mention in the Table (5.1).

5.2.2 Atomic oxygen O+(2P) 732.0 nm airglow emission

The atomic oxygen O+(2P) 732.0 nm is a week emission. The complete details of

model development and the validation of the same using satellite data is given in

Sunil et al. [250]. This emission generally peaks at around 200-250 km. This, is

a doublet feature at 732.0 nm and 733.0 nm, emission results due to the following

transition.
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O+(2P)
A12−−→ O+(2D,4 S) + hν(732.0 nm, 733.0 nm) (5.18)

The O+(2P ) is a metastable state with life time of 4-5 sec. There are two sources for

the production of O+(2P) 732.0 nm emission.

• Photoionization excitation of atomic oxygen by solar EUV radiation

O + hν(λ < 66.6 nm)→ O+(2P) (5.19)

• Photoelectron impact ionization of atomic oxygen

O + eph → O+(2P) + 2e (5.20)

The production rates due to the above reaction mechanisms can be written

as,

R1(Z) = [O]ΣλIz(λ, α)σO+(2P)(λ) (5.21)

and

R2(Z) = [O]

∫ ∞
Eth

σe(E)Φ(E,Z, α)dE (5.22)

Here, [O] denotes the density of atomic oxygen, Iz(λ, α) and Φ(E,Z, α) are the

solar EUV flux and photoelectron flux at wavelength λ and at solar zenith angle

α respectively. σO+(2P )(λ) is the photoionization cross-section and σe(E) is the

photoelectron cross-section. Eth is the threshold energy for the production of

O+(2P ).

The O+(2P ) produced by above reaction mechanisms is quenched by its interaction

with atmospheric species such as, [O], [e], and [N2]. The quenching mechanisms are

give as,

O+(2P) + (O,N2)
kO,kN2−−−−→ O+ + (O,N∗2) (5.23)
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O+(2P) + e
ke−→ O+(2D,4 S) + e (5.24)

Hence, the quenching factor can be written as,

Q[O+(2P)] =
A2P

A2P + kO[O] + kN2 [N2] + ke[e]
(5.25)

where [X] denotes the corresponding number density, A2P is the loss frequency of

O+(2P ) due to all radiative transitions. Its values has been taken as 0.281 sec−1. The

values of the reaction rate coefficients are summarized in Table (5.2).

Taking into account above production and loss mechanisms, the VER for O+(2P)

732.0 nm can be written as,

VER[O+(2P)] = 0.781 ·Q[O+(2P)] · R(Z) (5.26)

Where R(Z) is the total production of 732.0 nm (i.e. R(z)=R1(Z)+R2(Z)).

5.3 Results and Discussion

In the given work, we have mention 4 intense geomagnetic storms during the as-

cending phase of solar cycle 24 over a low latitude at 190◦E longitude such that the

geomagnetic equator nearly coincides with the geographic equator. The details of

these storms are given as follows.

S No. Notation Duration Minimum Dst Index

1 storm1 25-28 September 2011 -118 nT
2 storm2 16-18 March 2013 -132 nT
3 storm3 23-26 October 2011 -147 nT
4 storm4 14-17 July 2012 -127 nT

The airglow emission rates have been calculated at three different altitudes during

the storm period by incorporating the densities and temperature as discussed in the

model section. The variations induced in EIA and ETA by the geomagnetic storms
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are discussed by the means of their effect on OI 557.7 nm and O+(2P) 732.0 nm

airglow emission rates. The effects of storm conditions are understood by correlating

observed variation in airglow emissions to the parameters associated with EIA and

ETA which are most likely to be influenced by the onset of geomagnetic storms.

5.3.1 Storm time EIA & O+(2P) 557.7 nm emission

The fluctuation in Dst index, latitudinal neutral densities, and VER of OI 557.7 nm

greenline emission during storm1 is shown in Figure 5.1. The geomagnetic storm

commenced at nearly 17:00 UT on 26 September reaching a minimum value of Dst

within twelve hours as shown in Figure 5.1(a). The latitudinal variation in the O,

O2, N2 and VER during storm1 at 150 km is shown in Figure 5.1(b-e) respectively.

It can be seen from Figure 5.1(b) that the atomic oxygen density shows significant

enhancement during the main phase of the storm to a relative high order over the

equator as compared to both the hemispheres. Also the southern hemispheric oxygen

density is slightly higher than the northern hemisphere. The atomic oxygen density

returns approximately to its base value during the recovery phase. A composition

bulge occurs in the polar region which then propagates to the low latitudes with the

meridional wind [235,241]. [O2], and [N2] also show similar enhancement to the [O].

However, the O2, and N2 number densities have a higher values on either sides of

equator (Figure 5.1 (c & d)). In effect we can see the resultant enhancement of O/N2

at low latitudes. Similar variation in the equatorial thermospheric anomaly during

geomagnetic storm conditions at the equinox has also been reported by Lei et al. [249]

using TIEGCM simulation. The fluctuation induced by the storm in the O, O2, and

N2 would affect the VER of green line emission by influencing the chemical scheme of

the O(1S). It can be seen from Figure 5.1(e) that at any given latitude the VER of

557.7 nm is positively correlated to the Dst index. The variations in neutral densities

as seen in Figure 5.1(b-d) are negatively correlated with the progression of the storm

at any latitude. The interesting feature about these variations is that the variation
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Figure 5.1: Variation of Dst Index (panel a), [O] (panel b), [O2] (panel c), [N2] (panel d),
and VER of O(1S) (panel e) with latitude during storm1 at 150 km.

is not uniform across the latitudes and is different for each of O, O2 and N2 unlike

what is seen in the variation of volume emission rate (Figure 5.1(e)). These variations
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in neutral densities can affect the VER by the means of production and quenching

of O(1S). The relative competition between the production and quenching processes

driven by fluctuations in neutral species will determine the final VER. reaction (5.16)

shows that the quenching would be higher due to the enhancement in the number

densities, hence the depletion is seen in the VER at the equator (Figure 5.1 e). It is

noticeable that the VER shows a crest at around 12◦ latitude in both the hemispheres

with a trough near the equator with the northern hemispheric peak slightly higher

in magnitude.
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Figure 5.2: Latitudinal variation of VER of O(1S) at 200 km (panel a), and 250 km (panel
b) during storm1.

The latitudinal variation in the VER of O(1S) during storm1 at 200 and 250

km is shown in Figure 5.2(a & b), respectively. The VER has been calculated at
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200 km and 250 km during the storm period using the densities obtained from the

NRLMSISE-00 and IRI-2012. It is noticeable that the VER at both 200 and 250 km

show negative a correlation with the Dst index at any given latitude. This negative

correlation of VER with Dst index could be due to the influence of the quenching

mechanism. Although the densities of the neutral species at these altitudes show a

similar enhancement to that found at 150 km but the concentration of neutral species

is very less at higher altitudes. As a result the quenching factor becomes high resulting

in a heavy loss in the net volume emission rate. This fact is clear if we compare Figure

5.1(e) with Figure 5.2(a & b). The equatorial ionization anomaly also shows a strong

signature in the VER profile of O(1S). The EIA crest in the northern hemisphere has

a higher value compared to the southern hemisphere. This hemispheric difference

in magnitude of volume emission rate becomes less pronounced while going towards

higher altitudes. The poleward movement of the EIA crest with increasing altitude

can be clearly seen from the Figures 5.1(e), 5.2(a & b). This poleward movement

is consistent with the earlier reports by Balan et al. [264]. The latitudinal trend

of volume emission rate with a dip at equator and crests on either sides of equator

is mainly due to the electron density profile which shows a similar variation from

pole to pole. This fact can be further confirmed by the electron dominated source

mechanisms of O(1S) emission. Figure 5.1(e), 5.2(a & b) confirm the effect of storm

induced variations in the electron density and temperature on the latitudinal variation

of volume emission rates. The dissociative recombination of O+
2 is a dominant source

for the production of greenline emission. The rate of production from this source is

mainly dependent on the available density of the electrons. From this we can say that

the latitudinal variation induced in a greenline airglow is positively correlated to the

structure of EIA. The day-to-day variations in the VER is also positively correlated

to the strength of EIA during the storm period. The poleward movement of the EIA

crest can be attributed to the conversion of plasma fountain into a super fountain

during an intense storm due to the prompt penetration of electric field.

Figure 5.3 shows the variation of Dst Index, latitudinal fluctuation of O, O2, N2,
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Figure 5.3: Variation of Dst Index (panel a), [O] (panel b), [O2] (panel c), [N2] (panel d),
and VER of O (1S) (panel e) with latitude during storm2 at 150 km.

and VER of O(1S) at 150 km during storm2. The storm2 commenced at around 1

UT on March 16, 2013 and reached a minimum value of Dst (-132 nT) at around 21
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UT on 17 March, 2013 as shown in Figure 5.3(a). The latitudinal variation in the

density of [O] is shown in Figure 5.3(b). The [O] shows a strong enhancement near

the equator during the main phase of the storm2. [O2] and [N2] as shown in Figure

5.3(c & d) are also perturbed by the onset of the geomagnetic storm and recover

back to the pre-onset values as the storm recedes. However, one interesting feature of

these variations is that the maximum variation in O2 density is observed towards the

mid-latitudes unlike the variation seen in [O]. The observed variation in VER is also

similar to what has been discussed for storm1 (Figure 5.1). The southern hemispheric

EIA crest shows a higher value compared to the northern EIA crest which could be

due to the effect of hemispheric wind.
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b) during storm2.
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The latitudinal variation in the volume emission rate of O(1S) at two different

heights 200 and 250 km during the storm2 is shown in Figure 5.4(a & b). At these two

heights the VER increases during the main phase due to the dominating production

by enhanced neutral densities. The poleward movement of EIA crest is also observed

during storm2.
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5.3.2 Storm time EIA & 732.0 nm emission

In order to see if the nature of results does not change with other storm conditions,

we have performed similar set of calculations for two more storms. During the as-

cending phase of solar cycle 24 nearly 17 intense geomagnetic storms ( <-100 nT)

have occurred. Out of these, we have taken four intense storms to make the study

more general and to establish the nature of correlation between airglow and ion-

neutral species. The two more conditions chosen for the study are 23-26 October,
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2011 (storm3, Dst:-147 nT) and 14-17 July, 2012 (storm4, Dst:-127 nT). Figures (5.5

& 5.6) show the variation of Dst index along with the latitudinal profile of O(1S)VER

at 150 and 250 km altitude. The neutral abundances of [O] and [O2] are shown the

panels (c & e) respectively in Figures (5.5 & 5.6). The nature of these fluctuations

is very much similar to what has been seen in the case of storms 1 & 2. It can be

noticed that the volume emission rate is positively correlated with the progression of

storm at low altitudes and negatively correlated at high altitudes. The variation in

neutral abundances of O and O2 are shown in panels (c) and (e) respectively. Here,

it is worth mentioning that the VER follows the fluctuations in [O] density at low

altitude ( <100 km) attributing to the fact that three body recombination reaction

reaction (5.5) is the main source of production for greenline emission in the upper

mesosphere region. While, at high altitudes the VER mainly depends on the avail-

able [O2] density due to the dissociative recombination process reaction (5.6). At high

altitudes, the maximum contribution to the total production rate is due to dissocia-

tive recombination process which is driven by the available electron density and the

O+
2 abundance. The other source for the production of O(1S) is the photo-electron

impact on atomic oxygen. This process will also depend on the available density of

electron. Hence we see the double hump structure in the latitudinal profile of VER.

The EIA affects the dynamics and composition of the E- and F- regions. The

atomic oxygen is a highly reactive species and the density of the same fluctuates

highly in these regions. The atomic oxygen airglow emission at 732.0 nm occurs in

the thermospheric altitudes (above 200 km) and has been suggested to be a potential

indicator to monitor atomic oxygen density at these altitudes. This is a very weak

emission and at the same time very sensitive to the variations in neutral densities in

terms of both production and loss. The latitudinal variation in the volume emission

rate of 732.0 nm airglow emission at three different altitudes (220, 250, and 280 km)

are shown in Figure 5.7(b-d) along with Dst index (Figure 5.7 a). The variations in

neutral species with the storm1 and storm2 are already discussed in Figure 5.1(b-d)

and Figure 5.3(b-d). The first observation about the latitudinal variation is that the
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Figure 5.7: Variation of Dst Index (panel a), VER at 220 km (panel b), 250 km (panel
c), and 280 km (panel d) with latitude for OII 732.0 nm during storm1.

peak VER occurs near the equator for all the altitudes unlike the greenline emis-

sion. The volume emission rate however increases during the storm period showing

a negative correlation with the Dst index of the storm. The maximum variation in

VER is seen on 27 September between 15 degree latitude in both hemispheres. It
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can be noticed that the maximum enhancement in VER occurred at different phases

of storm for the three different altitudes. The latitudinal variation is anti-correlated

to the EIA. Thus we can see that the emission rate is minimum at the EIA crests

and maximum at the equator. This is mainly because of the quenching factor which

is indirectly Proportional to the electron density. However, the day to day variations

in the 732.0 nm emission during the storm period are positively correlated with the

variations induced in the strength of EIA during the same period.

The variation of Dst index, and the VER of 732.0 nm emission at different altitudes

during storm2 are shown in Figure 5.8. The VER shows enhancement throughout

the main phase of storm at all altitudes unlike variation seen during storm1 (Figure

5.7). The enhancement in the VER during the main phase is more pronounced at

higher altitudes. The effect of quenching on 732.0 nm emission and the lack of the

EIA crest in the latitudinal profile of VER is discussed in more detail using Figures

(5.9 & 5.10).

It is noticeable from Figures (5.7 & 5.8) that the VER doesn’t show anomaly

on the lines of EIA in the equatorial region like the greenline (OI 557.7 nm) air-

glow emission (Figure 5.1 & 5.2). To understand this unexpected behaviour of OII

732.0 nm airglow, we have analysed the production sources along with the quenching

mechanism. It can be noticed from reaction (5.21 & 5.22) that the production rate

of OII 732.0 nm is proportional to the densities of electron, atomic oxygen and EUV

fluxes (Calculated using SIP, V2.38). The rate at which excited O+(2P ) is quenched

is indirectly proportional to the densities of [e], [O] and [N2]. The [e] is the main

contributor to the net quenching factor. As a result we see the effect of quenching on

the net VER. Hence, there is a minimum VER on either sides of equator appearing to

be anti-correlated to the latitudinal profile of electron density. At the same time the

high value of atomic oxygen density available at the equatorial region also maximizes

production of O+(2P ). A combined effect of these two factors results in the observed

latitudinal variation of 732.0 nm emission rate. It may appear that there is no signa-

ture of EIA crest on the 732.0 nm emission latitudinal profile but the anti-correlation
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between electron density and quenching is what decides the latitudinal variation of

732.0 nm emission.
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Figure 5.9: Variation of Dst Index (panel a), latitudinal variation of total production at
280 km (panel b), quenching factor (panel c), and total VER (panel d) for OII 732.0 nm
during storm3.

The latitudinal variation in the VER of 732.0 nm emission during storms 3 and 4

are shown in Figures (5.9 & 5.10), respectively. The panel (a) in both the figures show

the variation of Dst during the storm. Panels (b & c) show the total production and

quenching rates. Whereas panel (d) shows the net volume emission rate (5.26). It can

be seen that the nature of variation observed in VER in storms 3 and 4 are similar

to storms 1 and 2. However, the electron density dominated quenching processes will

eventually decide the anti-correlation between the latitudinal EIA and VER profiles
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Figure 5.10: Variation of Dst Index (panel a), latitudinal variation of total production
at 280 km (panel b), quenching factor (panel c), and total VER (panel d)for OII 732.0 nm
during storm4.

as discussed in the above paragraph.

5.3.3 Equatorial temperature anomaly (ETA)

The neutral temperature of atmosphere is a very important parameter which deter-

mines the emission rates of various airglow emissions by the means of reaction rate

coefficients etc. Figures 5.11 and 5.12(b-d) shows the latitudinal variation of neutral

temperature at different heights (150, 200 and 250 km). There are two important

aspects worth noticing about this variation under the effect of geomagnetic storm.
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First, there is an enhancement in neutral temperature at all heights during the main

phase of the storm and Second, is the neutral temperature exhibits a bow shaped vari-

ation across latitudes with the maximum towards the mid-latitudes (±30◦ latitude).

Similar temperature anomaly has also been reported earlier [243, 244]. This kind of

anomaly in temperature has been attributed to adiabatic cooling [249]. During the

storm period, the enhancement in the plasma density results in the enhancement in

the field-aligned ion drag which subsequently increases the poleward meridional wind

creating a temperature trough over the equator (Figure 5.11b & c). It is very impor-

tant to note that the temperature anomaly is inconspicuous at the 250 km altitude

although the response to the storm is common across all altitudes.

Figure 5.12 shows the Dst index (a), neutral temperature at different heights

(b-d) during storm2. Although most of the features are common to what has been

observed during storm1, one interesting feature is that with the progression of the

storm, the temperature reaches a new low value as the storm recovers. The correlation

of neutral temperature with the progression of the storm is clearly different at 250 km

during both the storms. At the 250 km, the temperature shows almost no latitudinal

variation during the main phase of the storm. However, a little latitudinal variation

is found during the pre-onset and recovery phases.

The day-to-day variations in the latitudinal volume emission rate of 557.7 nm

emission are anti-correlated to the variation in ETA during both the storms at 150

km, whereas we see that these variations are directly correlated to the variations in

ETA at the lower thermospheric altitudes. The latitudinal variation in the VER of

732.0 nm emission are correlated directly to the variations induced in ETA during

both the storm periods. The observed changes in the strength of ETA and the nature

of fluctuations in ETA during the storm time closely match with the earlier reports.

To understand the day-to-day variation of EIA during the storm period, we have

calculated the latitudinal profile of EIA using IRI-2012 model. Figure 5.13 shows the

variation in the latitudinal profile of electron density at 250 km altitude obtained from

IRI-2012 model. From the figure it can be seen that during the geomagnetic storm,
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Figure 5.13: Latitudinal variation of electron density at 250 km during storm1.

electron density increases by nearly 5-8 percent and this increase is more pronounced

at the anomaly crest. The increase in the electron flux results due to the excess

energy that enters into the ionosphere during a geomagnetic storm.

5.4 Conclusions

The influence of the geomagnetic storms on the equatorial ionization anomaly

(EIA) and equatorial temperature anomaly(ETA) has been studied using the photo-

chemical models for atomic oxygen dayglow emissions for four intense geomagnetic

storms during solar cycle 24. The modeled VER for atomic oxygen greenline shows

different type of variations at different altitudes. The VER of greenline emission

shows a positive correlation with the Dst index at 150 km and a negative correlation

at the altitudes of 200 and 250 km. This altitudinal dependence of correlation is

mainly due to day-to-day variations in dissociative recombination and photo-electron
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impact excitation processes during a geomagnetic storm. The percentage change in

the greenline VER is found to be higher at 250 km in comparison to what is seen at

150 and 200 km. The EIA has a strong signature in the emission profiles over the

latitudes and the hemispheric asymmetry in VER at the EIA crests is less pronounced

at higher altitudes. The VER for 732.0 nm shows an enhancement during the storm

period. The latitudinal variation of 732.0 nm volume emission rate is opposite to

the trend of EIA. This is because of the strengthening of quenching due to the large

availability of electron density at the EIA crests. The neutral temperature calculated

from NRLMSISE-00 model shows a negative correlation with the Dst index. The

model calculated neutral temperature also exhibits an equatorial anomaly with the

trough centered at around the equator.The day-to-day latitudinal profile of 557.7 nm

and 732.0 nm emission shows a similar correlation to ETA as seen with respect to

Dst index.
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