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Abstract

The equatorial- low-latitude ionosphere-thermosphere system (ITS) hosts several
inter-coupled process during the daytime. Various dynamical effects due to winds
and waves affect the I'TS. Further, solar forcing and geomagnetic storm effects
also modulate the low-latitude I'TS coupling. The varying nature of these dynam-
ics in response to different geophysical conditions bring in complexities in these
coupled processes, which result small and large scale variations in the behavior
of the I'TS, both in temporal and spatial domain. Even though, investigations of
the wave characteristics in spatial domain of the ITS have been carried out over
several decades for nighttime conditions, such investigations during the daytime
are in a state of infancy. Therefore, systematic investigations of the wave char-
acteristics for daytime conditions are essential in order to gain a comprehensive
understanding of the ionospheric and thermospheric system.

The optical dayglow emission intensity variations can be used as tracers of
the neutral dynamical variations that exist at the altitudes of their origin. In
the present thesis work, by using a high spectral resolution large field-of-view
spectrograph, MISE, we have obtained the neutral oxygen dayglow emission in-
tensities at three wavelengths (OI 557.7, 630.0, and 777.4 nm) from Hyderabad,
a low-latitude location in India. These emissions are considered to originate from
altitudes around 130, 230 and 300 km. The dayglow emissions are used as the
primary data set for the investigations carried out in this thesis work.

The dayglow emission intensity patterns showed both symmetric and asym-
metric diurnal behavior with respect to local noon. Considering purely photo-
chemical nature of the production mechanisms of the dayglow, the asymmetric
diurnal behavior is not expected and hence, it is clear that transport processes
play a role. The extent of asymmetric behavior in the dayglow emission intensity
is characterized in terms of Asymmetricity in Time (AT), which is the product
of difference in time of occurrence of peak intensity and local noon and the ratio
of intensities at the peak and local noon. The days with AT < 0.4 h and AT
> (0.4 h are considered to be the days with symmetric and asymmetric diurnal

behavior in the emission intensities, respectively. Comparing the roles of neutral
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winds and the EEJ strengths on the days with AT > 0.4 h, it is conclusively
shown that the dayglow emission intensities over the off-equatorial thermosphere
are predominantly affected by the equatorial electrodynamics. It is also noted
that this asymmetric diurnal behavior in the neutral emission intensities has a
solar cycle dependence with more number of days during high solar activity pe-
riod showing larger AT values as compared to those during the low solar activity

epoch.

Periodogram analyses of the dayglow emission intensity have been carried out
at all the three emission wavelengths in three distinctly different directions (west,
zenith and east) which are separated by 3°-8° depending on the altitude of day-
glow emissions. Presence/absence of the time periods with similar values in these
three directions indicates the non-existence/existence of longitudinal differences
in the gravity wave (GW) features suggesting to a common/different source driv-
ing the waves at these locations. The non-existence of the similar time periods
on the days with asymmetric diurnal behavior was attributed to the stronger
equatorial electrodynamics. Moreover, GW features in terms of the zonal scale
sizes and propagation directions also show different behavior on the days with
and without the existence of longitudinal differences in the equatorial processes.
Thus, our results show, for the first time, that there exist longitudinal variations

in the equatorial electrodynamics in as small separations as 3°-8Y.

Variations in the dayglow emission intensities have been investigated for three
geomagnetic disturbances that occurred in different seasons. It is found that the
dayglow variations showed similarity with the variation of O/N, during geomag-
netic disturbances that occurred in solstices. However, during the equinox, the
dayglow showed similar variations with that of the EEJ strengths. Taken to-
gether, this shows the dominance of the equatorial electric field over the storm
influenced neutral wave dynamics on low-latitude ITS during equinox times, and
the effect of neutral wave dynamics from high-latitude during solstices. Moreover,
contrasting distributions of the GW zonal scale sizes are observed on geomagnet-
ically quiet and disturbed days in different seasons. This shows that changes are

brought-in in the zonal GW scale sizes during geomagnetic disturbances irrespec-
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tive of the season of the storm occurrence.

Near-simultaneous measurements of the spatial varying dayglow along both
the zonal and meridional directions are obtained. From the wave number spec-
tral analysis of these data, the zonal and meridional component of the horizontal
waves are obtained. These values are used to calculate the horizontal scale sizes
and their propagation angles. Such measurements on the horizontal scale sizes
(in two dimensions) are first results of their kind. Moreover, these measured val-
ues have been used in conjunction with the GW dispersion relation to calculate
the plausible wave features in the vertical direction. Thus, the first three dimen-
sional GW characteristics in the daytime upper atmosphere has been derived.
This technique opens up new possibilities in the investigations of the daytime

wave dynamics.

Keywords: Dayglow, lonosphere, Thermosphere, Upper atmosphere, Equatorial
electrodynamics, Ionospheric-Thermospheric coupling, Gravity waves, Geomag-

netic storm, Latitudinal coupling, Three dimensional gravity waves.






Contents

[Acknowledgements| i
[Abstract] vii
Contentsl xi
[List of Figures| XV
[List of Tables| xxi
1__Introduction| 1
(1.1 Background| . . . . . ... ... ... oo 1
(1.2 Structure of Earth’s Atmosphere|. . . . . . . . . . ... ... ... 2
(1.3 Ionospheric and Thermospheric Dynamics| . . . . . ... ... .. 9
[1.3.1 'Thermospheric Neutral Winds| . . . . . . . ... ... ... 9

32 Waved . . . . ..o oi 11

[1.3.3  Solar Forcingl . . . . .. ... ... ... ... 24

(1.4  Daytime Equatorial-Low Latitude Upper Atmospheric Phenomenal 27
(1.5 Disturbed Time Low Latitude Upper Atmospheric Behavior| . . . 34
[1.5.1 Electrodynamic Perspective| . . . . . . ... ... ..... 36

[1.5.2  Neutral Dynamics Perspective| . . . . . . . ... ... ... 39

[1.6  Methods To Investigate The Upper Atmospheric Dynamics| . . . . 42
[1.6.1 Optical Method of Measurement|. . . . . . ... ... ... 42

(6.2 Radio Measurements . . . . .. .. ... ... ... .... 45

[1.6.3  Magnetic Measurements| . . . . . .. ... ... ... ... 46

(1.7 Objective of The Thesisf . . . .. ... .. ... ... ... .... 46

X1



xii CONTENTS
(L8 Overview of The Thesisl . . . . ... .. ... ... ... ... ... 47
(1.9 Summary| . . . ... ... 48

2 Experimental Technique and Data Analysis| 49
2.1 Introductionl . . . . . . . .. ..o 49
2.2 Optical Dayglow Emissions|. . . . . . ... ... ... ... .... 50

[2.2.1 OI 557.7 nm (Oxygen Green Line)| . . ... ... ... .. 51
[2.2.2 Ol 630.0 nm (Oxygen Red Line)|. . . ... ... ... ... 55
23 OIT7TT4Adnml. . .. ... 57
[2.3  Observational Technique| . . . . . . .. ... ... ... ... ... 57
[2.3.1 Optical Design of MISE[ . . . . ... ... ... ... ... 58
[2.3.2  Sample Spectral Image Obtained From MISE[ . . . . . .. 63
[2.3.3  Extraction of Dayglow Emission Intensities| . . . . . . . .. 64
[2.3.4  Commissioning oft MISE| . . . . . .. ... ... ... ... 69
2.4 Other Data Sets Used| . . . . .. ... ... .. ... .. ..... 70
241 EBEJdatal .. ... oo 70
[2.4.2  Tonosphericdata] . . . . ... ... ... ... ... ..., 71
243 Dgindex] . .. .. ... 72
[2.4.4  Thermospheric O/Ny datal . . . . . . ... ... ... ... 73
2.5 Data Analysis| . . . . . .. ... 74
2.0.1 Fourier Series| . . . . . .. ..o 75
[2.5.2  Fourier Transform (FT) . ... ... ... ... .. .... 76
[2.5.3  Lomb Scargle Fourier Transfrom (LSFT) . . ... ... .. 79
[2.5.4  Wavelet Analysis| . . . . ... ... ..., 83
[2.5.5  Spectral Analysis of Dayglow Datal . . . . . ... ... .. 90
2.6 Conclusionl. . . . .. . ... 94

[3  Influence of Equatorial Electrodynamics on Daytime Low-Latitude |

[ Thermospheric Optical Emissions| 95
3.1 Introductionl . . . . . . . ... Lo 95
3.2 DataSetl. . . ... 97




CONTENTS xiii
3.4 Conclusionl. . . . . . . . .. 119

[4 Longitudinal Variations in Daytime Thermospheric Wave Dy- |
L__namics Over Low-Latitudes| 121
4.1 Introductionl . . . . . . . ... 121
42 Data Used . . . ... ... 127
M3 Resulld. . . . . o o0 128
M4 Discussion] . . . . . . ... 146
M5 Conclusionl. . . . . . . . o 149

[ Response of Low-Latitude Thermospheric Wave Dynamics Due |
[  to Geomagnetic Storms| 151
Bl Introductionl . . . . . . .. Lo 151
[5.2  Experimental Technique and Data Set| . . . ... ... ... ... 154
B3 Resultd. . . . . . .. 155
[5.3.1 Geomagnetic storm effect on the Ol dayglow emission in- |
tensities over Hyderabad| . . . . . ... ... ... ... .. 157

[5.3.2  Geomagnetic storm effect on the GW scale sizes over the |

[ low-latitudesl. . . . . .. ..o oo 162
B4 Discussion] . . . . . ... 167
b Conclusionl. . . . .. . oo 172

6 Daytime Three Dimensional Wave Characteristics Over Low- |
[_Latitudes 175
6.1 Introductionl . . . . . . . . ... . 175
[6.2  Measurement Technique And Data Analysis| . . . . .. ... ... 178
B3 Resultd. . . . . . o 179
6.4 Discussion| . . . . . . . ..o 187
6.5 Conclusion|. . . . .. . ... oo 193

[7 Summary and Future Scope| 195
[7.1 Summary of The Thesis Work] . . . . . ... ... ... ... ... 195
[7.2  Future Scope ot The Thesis Work{ . . . ... ... ... ... ... 200




xiv CONTENTS

(Bibliography| 205

[List_of Publications 235

Publicati Attached with Thesis 239



List of Figures

[1.1 Classification of the Earth’s atmosphere showing variations of neu- |
| tral temperature, number densities of different atomic and molec- |
| ular species along with electron density| . . . . . . . ... ... .. 3

(1.2 Typical electron density profiles during the day and nighttime in |
| solar maximum and minimum periods|{. . . . . . . . ... ... .. 7

(1.3 Latitudinal variations of the geomagnetically quiet time model |

| Tand erdional swind rction of the solar Tocal T l

[ 250 km altitude derived using HWM14 . . . . . .. .. .. .. .. 10
(1.4 Schematic of the three types of atmospheric fundamental waves| 12
(1.5 Air parcel displaced vertically upward with a displacement ot 0z |

[ from 1ts equilibrium position| . . . . . . . . ... ... 14
1.6 Air parcel displaced along an inclined plane with a displacement |

| of 0s trom its equilibrium position|. . . . . . . ... ... L. 17
1.7 An 1illustration of wavetronts, wave vectors, phase velocity and |

| phase propagation angle of a wave|. . . . . . .. ... 18
[1.8  Schematic of a vertical propagating GW depicting direction of |

| phase propagation and energy tlow| . . . . . ... ... ... ... 19
(.9 Schematic of mountain wave (lee wave), an internal GW that blow |

| over a mountaln rangel . . . . . . . . . .. ... 20
[1.10 Schematic of the diurnal temperature profile of the Earth’s atmo- |

[ spherel . . . . .. 22
[1.11 Schematic of the lunar gravitational tides|. . . . . . . . . ... .. 22
[1.12 Solar cycle variation of sunspot number, F10.7 cm index, Mg II |

[ index and He 1083 index| . . . . . . . . . .. .. ... ... .. 25

XV



XVi

LIST OF FIGURES

[1.13 Altitudinal variations of thermospheric and ionospheric parameters [
| during high and low solar activity periods] . . . . . ... ... .. 25
[L.14 Solar cycle variations of Total Electron Content (TEC), F-region |
| critical frequency (foF5) and sunspot number| . . . . . . ... .. 26
[1.15 Latitudinal distribution of the horizontal magnetic field strength| . 28
[1.16 Altitudinal distribution of the current density over geomagnetic [
[ equator] . .. o. .o e 29
(.17 Schematic of the BIAl . . . . . . . .o oo oo o 30
[1.18 Latitudinal variations of the model values of IEC, N,,.,. and N, at [
L different altitudes over Jicamarca and Trivandruml| . . . . . . . . . 31
[1.19 Latitudinal distribution of Ny density at different longitudes de- |
| picting the EA| . . . . .. ..o oo 32
[1.20 Schematic of reconnection between interplanetary magnetic field [
| lines and Earth’s magnetic field lines both in day and nightside| 35
[1.21 Schematic of the combined field-aligned currents and ionospheric |
[ current system| . . .. ..o 37
[1.22 Schematic presentation of the energy and mass transport during [
| geomagnetic storm period| . . . ... ..o 39
[1.23 Schematic presentation of composition and the wind effects during |
| geomagnetic storm| . . . . ... 40
2.1  Oxygen atom energy level diagram| . . . . ... ... ... .... 50
2.2 Green line volume emission rate profiles along with contributions |
| of various production processes on two sample days| . . . . . . .. 53
[2.3  Sample green line volume emission rate profiles on four days| . . . 54
[2.4  Vertical profile of 630.0 nm dayglow emissionl. . . . . . . . . ... 56
2.5 Sample 630.0 nm dayglow volume emission rate profiles on two days| 56
2.6 Schematic of MISE . . . . . . ... ..o oo oo 58
[2.7  Chromatic aberration of light and its correction by apochromat| 60
[2.8  Geometry of the echelle grating depicting the groove spacing, grat- [
| ing normal, facet normal, angle of incidence and diffraction, blaze |
| angle and lateral angle] . . . . . . .. ... 0000 61




LIST OF FIGURES xvii

[2.9 Sample image obtained from MISEf . . . . .. ... ... ... .. 63

[2.10 Schematic of viewing geometry of MISE| . . . . .. ... ... .. 64

[2.11 Method of extraction of dayglow emission intensities at 630.0 nm |

[ wavelength|. . . . . . . ..o 65

[2.12 Method of extracting dayglow emission intensities at 557.7 nm |

[ wavelength|. . . . . ... o 67

[2.13 Method of extracting dayglow emission intensities at 777.4 nm |

| wavelengthl{. . . . . . . .o oo 68

[2.14 Installation of hood and MISE supported to the roof during it’s |

[ operation| . . . . . . .. 69

[2.15 Variation of D, index during various types of storms| . . . . . . . 73

[2.16 Spectral analysis of evenly, unevenly and re-binned spaced thermo- |

| spheric neutral temperature data obtained from the NRLMSISE-00 |

[ model carried out by various methods|. . . . . . . . ... ... .. 7

[2.17 Fourier transtorm of signals with uniform and discrete distribution |

[ of periodicities in time| . . . . . . . .. ... 84

[2.18 Box presentation of uncertainty in time-frequency resolution in S'TFT| 85

[2.19 Box presentation of the uncertainty in time-frequency resolution |

| T, STFT and W] . o o o o oo 87

[2.20 Wavelet transtorm of the signals with unitorm and discrete distri- |

| bution of periodicities as shown in Figures [2.17p,cf . . . . . . . .. 89

[2.21 Wavelet transtorm ot both evenly and unevenly spaced thermo- |

| spheric neutral temperature data as shown in Figure [2.16[ . . . . . 89

[2.22 Sample periodogram and wave number spectral analysis of the |

| 630.0 nm dayglow emission intensities{. . . . . . . . . . ... ... 91

[2.23 Wavelet transtorm of the 630.0 nm dayglow emission intensities as |

| shown in Figure[2.22hf . . . . . . ... ... ... ... .. ... 92

[3.1 Location of stations are shown from where data have been obtained| 98

[3.2  Samples ot the diurnal behavior of Ol 630.0 nm dayglow emission |

[ mtensities) . . . . . . L 99




xviii

LIST OF FIGURES

[3.3  Diurnal behavior of the dayglow emission intensities at 777.4, 630.0, |
| and 557.7 nm wavelength on some days.| . . . ... ... ... .. 101
[3.4 Diurnal variations ot OI 777.4, 630.0, and 557.7 nm dayglow emis- |
| sions, neutral winds and EEJ strength on two selected days|. . . . 105
[3.5 Variations of model neutral winds, asymmetricity in time (AT), |
| and EEJ strength on several days| . . . . . ... ... ... . ... 107
[3.6  Variations ot h,, F5 and [EC on the days with symmetric and asym- |
[ metric diurnal behavior] . . . . . . . . ... 109
[3.7  Diurnal variations of the dayglow as reproduced from Figure No 2 |
| of |Pallamraju and Chakrabarti| [2006] . . . . . . . . .. ... ... 111
[3.8  Diurnal variations of the dayglow as reproduced from Figure No 1 |
| of \[Laskar et al.| [2015([ . . . . . . . ... 112
[3.9  Sample figures obtained from the literature to calculate the AT [
[ valuesl . . . ... 114
[3.10 Sample figures obtained from the literature to calculate AT values| 115
[3.11 Solar cycle variation of the Al values and sunspot number| . . . . 116
.1 Magnetic field intensity (F') map obtained from world magnetic |
[ modell . . ... 122
4.2 Magnetic main field inclination (I) map obtained from world mag- |
[ neticmodell . . . ..o 123
[4.3  Global wave number 4 longitudinal structuref . . . . . . . . . . .. 124
[4.4  Schematic of the viewing direction of MISE showing the regions of [
| interest in West, Zenith, and FEast directions| . . . . . . . . . . .. 127
[4.5 Periodogram analyses in all the three dayglow emission intensities [
[ carried out over west, zenith, and East directions| . . . . . . . .. 130
[4.6  Wavelet analyses of the dayglow emission intensities at all the three [
[ wavelengths obtained along the west, zenith, and east directions |
[ on 30 December 2013 . . . . . .. . . . ... L. 132
[4.7  Wavelet analyses of the dayglow emission intensities at all the three [
| wavelengths obtained along the east, zenith, and west directions |
| on 6 February 2014 . . . . . . .. ... oo 133




LIST OF FIGURES xix

[4.8  Zenith diurnal behaviors of the dayglow emission intensities at all |

| the three wavelengths on the four days considered for the peri- |

[ odogram analyses in Figure 7?7 is shown.| . . . . . . . .. . .. .. 134

[4.9  Sample of the wave number spectral analyses of the dayglow emis- |

| sion intensity at 7.8 L'T' on 10 May 2015 are shown| . . . . . . .. 139

[4.10 Diurnal distribution of the significant zonal scale sizes on the days |

| with symmetric/asymmetric diurnal behavior in the dayglow emis- |

[4.11 Contours of the normalized relative dayglow emission intensity |

| variations on four sample days|. . . . . . . ... ... 145

[>.1  Variations of the D, and Ap indices during four geomagnetic events{156

[>.2  Variations of the daily mean of the D, index, monthly normalized |

[ daily mean dayglow emission intensity in the three wavelengths, |

| normalized daily mean dayglow emission intensity during the four |

| events in the three wavelengths, daily averaged O/N, and peak |

[>.3  Local time distribution of the zonal scale sizes on 18 February 2014 |

| and 19 February 2014|. . . . . . . . .. ... . 163

[>.5 Local time distribution of the zonal scale sizes on 10 and 12 May |

.................................. 166
[6.1 Wavenumber spectral analysis showing A,, A,, 7, Ay, and 6g|. . . 179

[6.2  Keograms of normalized relative dayglow emission intensity varia- |

| tions at 777.4 nm wavelengths on 19 May 2015/. . . . . . . . . .. 182

[6.3  Keograms of normalized relative dayglow emission intensity varia- |

| tions at 630.0 nm wavelengths on 19 May 2015/. . . . . . . . . .. 183

[6.4 Keograms of normalized relative dayglow emission intensity varia- |

| tions at 557.7 nm wavelengths on 19 May 2015/. . . . . . . . . .. 184




XX LIST OF FIGURES

[6.5 Keograms of normalized relative dayglow emission intensity varia- [
| tions at 557.7, 630.0 and 777.4 nm wavelengths on 19 May 2015 . 185
[6.6 Characteristics of the 3-Dimensional wave on 19 May 2015 is shown|186

[6.7 Neutral temperature, scale height and BV time period on 19 May |
.................................. 188

[7.1 Schematic presentation of the result discussed in Chapter{3| of the [
[ thesisgl. . . . . . 197

[7.2  Schematic presentation of the result discussed in Chapters{3f and |

| Mlof the thesisl . . . . . . . . . . 198

[7.3  Schematic presentation of the result discussed in Chapters{3| |4} [

| and blof the thesisl . . . . . . . . . ... 199

[7.4 Schematic presentation of the result discussed in Chapters4d|, [4} [5] |
[ and Iblof the thesid . . . ... ... ... .. ... ... ... 200




List of Tables

[1.1 Categorization of atmospheric waves according to time periods and

[ scale slzesl . . . ..o 13
[2.1 Characteristics of MISE. Specifications of each optical components |
| are given. After |Pallamraju et al.| [2013] . . . . . . ... ... .. 59
(.1 Summary of the GW characteristics (similarity in time periods |
| and zonal scale sizes) on the days with a similar type of diurnal |
| behavior (either symmetric or asymmetric) in all the three dayglow |
L emussionintensities). . . . .. ... ... ... 137
[6.1  Summary of the 3-D Daytime Thermospheric GW Characteristics |
| Obtained for 19 May 2015, . . . . . . . . . .. ... .. ... ... 190

poel






Chapter 1

Introduction

1.1 Background

Nature is extremely beautiful to observe, though not simple to explain. Thinking
of the universe with our closed eyes, creates enormous excitement and avidness
to explore and understand it thoroughly. Meanwhile, Life is an integral part
of the nature, which is yet a mystery amongst all. In the explored part of the
universe, our Earth is the only planet where the existence of life is known. This
makes the Earth very special and unique among other planets. The Earth has
a well-disposed and absolutely balanced internal as well as external structure.
Its surface, atmosphere, and internal structures are perfectly arranged to make
life sustainable on this planet since billions of years. Like water, the role of the

Earth’s atmosphere is invaluable for the existence of life on this planet.

The excitement to understand and explore the planet Earth motivates our sci-
entific communities to carry out thorough investigations on its different aspects.
Scientists and researchers are always fascinated by the Earth’s atmosphere and
focus their interest in rigorous and in-depth study of it. The study of Earth’s
upper atmosphere has always been challenging for scientists because of its highly
complex behavior. Existence of both neutral and ionized species in the upper
atmosphere and their varying response to the solar forcing, lower atmospheric
dynamics, and geomagnetic disturbances bring complexities in the upper atmo-

spheric behavior. Studies have been carried out to understand the upper at-
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mospheric processes and their variations during different geophysical conditions.
Nonetheless, there are many intricacies which need further investigation. In this
chapter, we will discuss the structure of Earth’s atmosphere (focus will be on
thermosphere and ionosphere), various dynamics (e.g. winds, waves), and the re-
lated phenomena which occur in the low-latitude upper atmosphere during both

geomagnetically quiet and disturbed periods.

1.2 Structure of Earth’s Atmosphere

The atmosphere surrounds the Earth from all directions. It contains 78% nitro-
gen, 21% oxygen and 1% other constituents. The effect of gravity and tempera-
ture makes the atmosphere, to the first order, horizontally stratified. Based on
the composition and mixing, the atmosphere is divided into two parts. The lower
one, below 100 km is the homosphere. The varying temperature gradients in
the atmosphere within this altitude range cause different turbulences with scales
larger than the mean free path, which, in turn, make the homosphere a well-mixed
part of the atmosphere. The atmosphere above 100 km altitude is called the het-
erosphere. A positive temperature gradient is maintained in the heterosphere till
an altitude of around 500 km. Above this altitude, temperature remains almost
constant. As a result, the neutrals separate and tend toward diffusive equilibrium,
wherein, each species is distributed in altitude according to its weight. Thus, the
lower /upper heterosphere is dominated mostly by molecular/atomic species. For
example, at ~300 km altitude the O, concentration is ~107 cc™2, whereas, the
concentration of O is ~10? cc™3. At a lower altitudes around 100 km, the con-
centrations of Oy and O are ~10'% and ~10" cc™3, respectively. The layer that
separates the homosphere from the heterosphere is called the turbopause, which

is at an altitude of around 100 km (Figure [1.1]).

Earth’s atmosphere stretches to altitudes of several hundred kilometers. If a
column with unit surface area is considered in the atmosphere, then its weight on

the surface at the base of this column is called the atmospheric pressure. The gas

3

number density of the atmosphere near the surface of Earth is ~10' cm™3 and
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Figure 1.1: Classification of Earth’s atmosphere showing variations of neutral tem-

perature, number densities of different atomic and molecular species. The inscribed

figure shows the electron density variations with altitude. After Pallamraju| [|1996|].

it decreases exponentially with altitude near the surface. Earth’s gravity attracts

the atmosphere with a downward force.

pressure gradually decreases with altitude.

At the same time, the atmospheric

Thus a hydrostatic equilibrium is

attained due to the balance of gravitational force by the pressure gradient force.
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The atmospheric temperature does not vary in the same manner at all the al-
titudes. The physical and chemical properties of the ambient constituents, trans-
port mechanisms and dynamics decide the variation of the temperature gradient
at a given altitude. According to the altitudinal gradients of neutral temperature,
the atmosphere is broadly divided into five layers, i.e. troposphere, stratosphere,
mesosphere, thermosphere, and ezosphere (Figure . The troposphere consti-
tutes the lower atmosphere; the stratosphere and a part of the mesosphere consti-
tute the middle atmosphere; and the upper part of the mesosphere, thermosphere

and exosphere constitute the upper atmosphere.

Troposphere is the bottom-most layer of the atmosphere, which covers from
the surface of Earth up to around 12 km altitude. This layer gets heated up
by the Earth’s surface. Sunlight enters from the space to the atmosphere and
strikes the surface of the Earth and heats the surface. Then, the surface radi-
ates the heat into the adjacent atmosphere. At higher altitudes, where less heat
from the surface warms the air, the temperature decreases. Due to the negative
temperature gradient, convection sets up in the troposphere and equilibrium is
maintained. Thus, the troposphere is known to be in convective-radiative equilib-
rium. Typically, the temperature drops around 6.5 K with each increase of 1 km
altitude in the troposphere. This is called lapse rate. The decrease of temperature
pauses at an altitude of around 10 to 15 km, which is called the tropopause region.
Tropopause is the boundary layer between the troposphere and the stratosphere.
The height of this boundary varies between about 15 km at the equator to 8 km

at the Polar regions.

An increase in temperature occurs in the stratosphere (around 12 to ~50
km) due to the absorption of solar ultraviolet (UVB, 253-300 nm) radiation by
the stratospheric ozone. The stratosphere plays a protective role since harmful
UV radiations are absorbed by the ozone layer that peaks at an altitude of around
25 km. The increase in temperature in the stratosphere reaches a maximum at
about 50 km due to the combined effect of absorption of UVB by ozone and pho-
todissociation of Oy by the solar radiation (~ 180-230 nm). Above this altitude,

temperature again starts decreasing. The boundary that separates the strato-
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sphere from the mesosphere (at about 50 km altitude) is called the stratopause.

Moving up to the next layer is the mesosphere (around 50 to ~90 km). In
this layer, the temperature decreases due to chemical and dynamical processes
like radiative cooling of species like CO, in infrared and visible wavelengths.
Absorption of solar radiation by ozone and molecular oxygen is the source of
heating in the mesosphere. The boundary that separates the mesosphere from
the thermosphere is called the mesopause, which is the coldest region (~180 K)

in the Earth’s atmosphere. The Mesopause lies at an altitude of around 90 km.

The layer above mesopause is called the thermosphere, which extends to
around 800 km. The temperature rises sharply from ~200 to ~1000 K from the
lower to upper thermosphere due to photodissociation of O, by the solar radiation
in the Schumann-Runge continuum (~135-175 nm), which results oxygen atoms
at different excited metastable states. The de-excitation of these excited states
due to collisions cause local heating of the lower thermosphere. These energetic
photoelectrons collide with the ambient neutrals and ions, thereby distribute the
energy in the medium and contribute to the thermospheric heat content. The
magnitudes of EUV and X-ray radiations from the sun are highly solar activity
dependent, which vary up to a factor of 2 between the two extrema of the solar
cycle [Roble and Dickinson, |1973}; |Stolarski et al., [1975; |Hinteregger, |1976]. The
vertical propagating atmospheric waves (discussed in detail in the following sec-
tion) from the lower atmosphere deposit their energy in the lower thermospheric
regions and contribute to a part of the heat budget. Moreover, during geomag-
netic disturbance periods, precipitation of high energy charged particles of solar
wind origin over high-latitude thermosphere, cause a sharp rise in temperature at
those latitudes. The Joule heating by electrical currents at high-latitudes during
geomagnetically disturbed periods, sets up horizontally propagating waves. These
waves affect the thermospheric temperature over mid- and low-latitudes. In the
upper part of thermosphere, the density is very small and the heat is conducted
downwards efficiently. Hence, an isothermal condition is set up in the upper ther-
mosphere. Thus, with increasing altitude from the thermospheric altitudes, the

temperature rises sharply but an equilibrium is maintained due to high thermal
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conductivity at higher altitudes.

Above the thermosphere, the portion of the atmosphere is known as the ex-
osphere. The density is so low at these altitudes that the mean free path of
the constituents like H and O exceeds the scale height. Collisions between the
neutrals are so infrequent that they follow ballistic orbit under the influence of

gravity only. The base of the exosphere is called the exobase or the baropause.

Till now we have discussed about the neutral part of the atmosphere. Whereas,
the Earth’s atmosphere contains both neutrals and charged species. In the upper
mesosphere and thermosphere, the high energetic solar radiations strip atmo-
spheric atoms and molecules of their electrons, producing an electrically con-
ductive region known as the ionosphere. The ionosphere broadly ranges from
about 60 km to around 1000 km. However, the ionosphere has no sharp upper
boundary. It merges into the protonosphere which is primarily populated with

hydrogen ions.

The ionosphere extends through the upper part of the mesosphere, thermo-
sphere and exosphere. The ionosphere plays an important role in the Earth’s
atmosphere, as it influences the radio wave propagation over large distances. The
ionosphere contains free electrons, ions, and neutrals. Within a certain volume,
the number of ions and electrons are equal and hence, quasi-neutrality condition
is valid. Thus, the ionosphere is considered to contain the plasma. Although the
density of charged particles is smaller by nearly 3-4 orders of magnitudes as com-
pared to the neutrals, they have substantial influence on the electrical properties

of the medium.

The production and loss processes of the charged particles depend upon the
available energy, ambient constituents, and transport processes. So the net elec-
tron densities have temporal and altitudinal variations. Depending on the elec-
tron density distribution, the ionosphere is divided into different regions, namely;
D region (about 60-90 km), E region (about 90-160 km), and F region (>160
km) (see Figure . During the daytime all these regions can be distinguishable,
but during night the D and Fj region vanish and the E region becomes much

weaker.
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Figure 1.2: Typical electron density profiles during the day and nighttime in solar

maximum and minimum periods. After |[Hargreaves|[1992].

The Lyman-« line, EUV, hard X-rays, energetic particles from sun, and galac-
tic cosmic rays are responsible for the production of ionization in the D region.
Solar X-rays (1-10 nm) and EUV radiations (80-102 nm) cause ionization in the
E region. Ionization of the neutral species processes in the 15-80 nm wavelength
range produces the F' region of the ionosphere. Sometimes during the daytime,
the F' region splits into two sub-layers, F; and Fy. Mostly molecular ions (e.g.
NO™T and O,™) are present in the F and lower F' region and atomic ions (e.g.
O™) in the upper F region. The loss rate for molecular ions obey square law
but for atomic ions it is linear law and are operative at lower and upper part of
the ionosphere, respectively. Therefore, a differentiation occurs in the region of
separation between the molecular and atomic ions. This occurs at about 160-200
km altitude. When this transition region matches with the altitude where the ion
production is the highest, then F' layer splits into F} and F3 layers. Transport
processes dominate the F' region and the life time of atomic ions are of the order
of a few hours. Hence, even after the sunset also the F' layer exists. On the other
hand, due to faster recombination processes of the molecular ions, the E layer

almost vanishes during the nighttime.
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It is to be noted that the charged particles (both ions and electrons) show
different type of movements in the D, E, and F' regions of the ionosphere. In
the D region, due to larger neutral atmospheric density, movement of both ions
and electrons are dominated by their collisions with the neutrals than by the
effect of the Earth’s geomagnetic field (i.e. collision frequencies, vj,, Ve, > gyro
frequencies, w;,w,). The gyro frequency, w = ¢B/m; ., where ¢ is charge, B is
magnetic field and m is mass. At 80 km, <@> > 1, <y6"> ~ 2. In the E region

Wi We
the situation is different. Due to larger mass and larger collision cross section of

ions, they move along with the neutral winds. But in case of electrons, the gyro
frequencies are greater than their collision frequencies. Thus, in the E region, the
movement of electrons are controlled by the magnetic filed lines, whereas, ions
are still dominated by their collision frequencies (i.e. vy, > w; but ve, < w,). At

120 km, <@> ~ 2, (Vm> < 1. In the F region, movement of both ions and
Wi We
electrons are dominated by the magnetic field lines (i.e. v;, < w; and v, < w,).
in 1 en . . .
At 300 km, (V—> N —, (V ) < 1. More detailed explanation on this can be
Wy 3007 \ w,
found out in |Rishbeth and Garriott| [1969]; |Rishbeth, [1997].

The ionospheric plasma can exist in very small densities within the plasma-
sphere upto 4-5 Rp (where R is the radius of Earth), beyond which, there is
another region called the magnetosphere. The magnetic field lines in the plas-
masphere are bousnd to the Earth and therefore, the plasma co-rotates with the
Earth. In the magnetosphere, however, the magnetic field lines are governed by
the convective fields of solar wind origin. The magnetosphere ends at the magne-
topause, where the influence of geomagnetic field ceases to exist. On the dayside,
the magnetopause lies at a distance of ~10 Rg , whereas, on the nightside it can

extend to ~100 Rg.

From the above discussion, it is clear that the thermosphere and ionosphere
basically refer to the neutral and ionized part of the upper atmosphere. The
behavior of the thermospheric dynamics is governed by the gravity, neutral winds,
and atmospheric waves. On the other hand, the ionospheric behavior is regulated
by the electric and magnetic fields. Both the thermosphere and ionosphere share

the same portion of the upper atmosphere and therefore, are coupled with each
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other. This, as a whole is called the ionosphere-thermosphere system (ITS). Thus,
to have a complete understanding of the upper atmospheric state, information of

both thermosphere and ionosphere is needed.

1.3 Ionospheric and Thermospheric Dynamics

The upper atmospheric behavior is controlled by neutral winds, waves and electric
fields in conjunction with the Earth’s magnetic field. The magnitudes and direc-
tions of these parameters have latitude, longitude, altitude, local time, seasonal,

and solar activity dependence.

1.3.1 Thermospheric Neutral Winds

The thermospheric neutral wind is an important driver of the ITS. Winds influ-
ence the composition, neutral dynamics and electrodynamics of the upper atmo-
sphere. Moreover, winds play a crucial role in the generation of electric fields and
setting up of the current systems. Discussions on the source and propagation of
thermospheric winds started preceding the space age |Greenhow, 1954]. There
are reports on the wind measurements from satellites [e.g., |[Forbes et al., |1987;
Hedin et al.,|1988; \Shepherd et al.,2012], ground-based 630.0 nm Fabry-Perot In-
terferometric measurements |e.g., |[Hernandez and Roble|, [1976; |Meriwether et al.,
1984} 11986, 2011}, |Burnside and Tepley, |1989; |Shiokawa et al., 2003], as well as In-
coherent Scatter Radar (ISR) derived thermospheric winds [e.g., |Salah and Holt)
1974 during different geomagnetic conditions. Empirical characterizations and
modeling simulations of the thermospheric neutral wind have been carried out
both for geomagnetically quiet [Geisler, 1967, |Kohl and King|, 1967, |Hedin et al.,
1996; | Drob et al., 2008, 2015] and disturbed conditions |Roble et al. 1987, |Emmert
et al., 2008].

The thermospheric neutral wind has meridional, zonal, and vertical compo-
nents. Thermospheric winds are influenced by the coriolis force due to Earth’s
rotation. Apart from this, the winds are also affected by the frictional forces due

to the viscosity of the air and by the collisions of neutrals with the ambient ions.
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Ions move along the magnetic field lines and inhibit the motion of the air by
posing a drag force, which is called the ‘ion-drag’. The ion-drag force is a major
factor that limits the wind speeds in the thermosphere. Frictional forces due to
the ion drag (and viscosity) dominate over the coriolis force in the thermosphere.

QUIET TIME WINDS, 250 km QUIET TIME WINDS, 250 km
Eastward Wind Morthward Wind
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Figure 1.3: Latitudinal variations of the geomagnetically quiet time zonal (left) and
meridional (right) winds as a function of the solar local time at 250 km altitude

derived using HWM14. The model winds are evaluated for December solstice

(upper), June solstice (middle), and equinox (bottom). After |Drob et al.l []2015[].

During the daytime in equinoxes, the solar radiations fall more on the equato-
rial region than on the polar regions. This results in a net temperature gradient
between the two regions. Therefore, meridional winds flow from the equator to
poles (F igure. In the nightside, due to Joule heating over polar regions, winds
blow from the polar to equatorial region and can be very strong especially during
geomagnetic storms. The winds move the F' region ions and electrons along the
geomagnetic field lines due to ion-neutral collisions. As the ions in the F region
are strongly coupled to the magnetic field lines, as a reaction force they also exert
a drag force on the neutral winds, which is given by v,;(u — v;), where, v,; is the
ion neutral collision frequency, v is the neutral wind velocity, and v; is the ion

drift velocity. Due to this reason, the F' region wind speed during daytime is
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generally less than that in the night. If the geomagnetic field lines are inclined
(not horizontal), then the vertical component of the geomagnetic field will guide
the motion of ions and electrons to different altitudes. As the loss-coefficient
of ions are altitude dependent, the net concentration of ions and electrons will
change. Since the meridional winds are poleward mainly during the daytime,
they move the ions and electrons down to lower altitudes. During the nighttime
as the meridional winds are equatorward, they lift the ions and electrons in the
F region to higher altitudes. Such effects, being dependent on the geometry of
geomagnetic field lines, have latitudinal variations (Figure . As the magnetic
field lines are horizontal above the geomagnetic equator, meridional winds have
no effect on the plasma over this region |Rishbeth|, 1972]. During different seasons,
the thermosphere in the summer hemisphere suffers greater solar EUV heating
and trans-equatorial (meridional) winds are set up.

The zonal winds in the thermosphere flow along the east-west direction. Dur-
ing the daytime zonal winds are generally westward and during the nighttime
these are eastward due to the pressure gradient forces set up due to differential
heating between the day and night. The zonal winds give rise to the electric fields
and currents through the dynamo action in the F region over the geomagnetic
equatorial region|Gouin and Mayaud), |1967; |Onwumechilli, 1967; | Anandarao and
Raghavarao), 1987; |Rishbeth), |1997]. Observation of the vertical component of the
thermospheric winds is very sparse [e.g., |Biondi and Sipler, (1985; |Raghavarao
et all 1987, |1993]. Vertical winds can play an important role in the thermo-
spheric wave dynamics and also in the growth of plasma instabilities associated
with Equatorial Spread F [e.g., |Sekar and Raghavarao| 1987; |Raghavarao et al.,
1993].

1.3.2 Waves

Waves play a crucial role in the dynamics of the Earth’s upper atmosphere just like
the thermospheric neutral winds. The upper atmosphere is affected by the waves
which propagate from the lower atmosphere and high-latitude regions (during

geomagnetic storms) in addition to those that are locally generated. Depending
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on the ambient atmospheric conditions, the effect of wave dynamics on the upper
atmosphere show a seasonal dependence.

The waves are produced basically due to the perturbations originating from
inside the medium or from outside. A simple example of the atmospheric wave
motion is that of a displaced air parcel, which is governed by two forces. One is
the thermal forcing which takes the air parcel up and the other is the restoring
force due to the gravity. As a resultant of these two oppositely directed forces, the
air parcel starts oscillating in the medium and generates waves. The waves can
propagate in any directions through the medium. The fundamental properties
of the wave propagation are (i) the transfer of energy and momentum from one
point to other, (ii) the disturbance travels through the medium without changing

the mean positions of the species in the medium.

porp
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Figure 1.4: Schematic of the three types of atmospheric fundamental waves. After

1974

Depending on the direction of propagation and displacement of the medium,
the atmospheric waves are classified into three classes. (1) The waves that propa-

gate along the direction of displacements (longitudinal), (2) The waves that prop-
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agate horizontally and are composed of vertical displacements (vertical transverse
waves), and (3) The waves that propagate horizontally with horizontal displace-
ments perpendicular to the propagation direction (horizontal transverse waves).
Figure [1.4] show the schematic of the three types of atmospheric fundamental
waves.

It is to be noted that in the atmosphere, the wave motions are generally a
superposition of all these three types of waves. However, two waves with different
amplitudes and wavelengths can propagate in the same medium but in different
directions without interacting with each other. When the waves propagate in the
medium, their amplitudes can grow or attenuate. In such cases the waves can
interact to produce a non-linear resultant effect.

Based on the nature of sources for perturbation, time-scales (periodicities),
spatial lengths (scale sizes), and amplitudes of oscillation the atmospheric waves

are categorized into different types, which are given in table [L.1]

Waves Period Horizontal Scale Size Importance
Acoustic < 270 sec ~ 0.01s-10s m Tonosphere
Gravity BV to 3 Hrs. ~10s-100s km Ionosphere, UA
Atmospheric tides 24/m, m=1,2, ~1000s km Ionosphere, UA
Planetary ~ days ~1000s km Meteorology, UA

UA=Upper Atmosphere

Table 1.1: Categorization of atmospheric waves according to time periods and scale
sizes. Where BV stands for Brunt-Viisila period (the natural period of oscillation

of an air-parcel in the atmosphere). After |Beer| [1974].

The general treatment of the atmospheric waves is very complicated. The
detailed descriptions on the waves can be found out in the books [e.g., |Beer,
1974; |Hines|, (1974; |Andrews|, 2010]. In the present thesis work, investigations
of the thermospheric wave dynamics have been carried out in the Gravity Wave
(GW) domain. Hence, we have discussed the GWs in detail. For the sake of
completeness and for broader appreciation of the physics of waves, we have also

briefly discussed other types of waves.
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Gravity Waves

Sound waves (acoustic wave) are the most well-known waves in the atmosphere.
Sound waves are longitudinal waves which propagate through the medium by
a balance between the compressibility of the medium (resistance of the fluid to
change in its volume) and inertia of the wave (resistance to change in the wave
velocity). In the absence of external forces (like gravitational and magnetic, etc.),
sound waves are the only waves that can exist in the medium.

As the Earth’s atmosphere is a fluid and is acted upon by gravity, the density
is well stratified. The density gradient provides a static stability which is absent
in a homogeneous medium. When the downward force due to the Earth’s gravity
and the magnitude of the stabilizing restoring force (upward buoyancy force) due
to the atmospheric density gradient becomes comparable, the resulting waves are
called the atmospheric gravity waves (AGWSs). These waves are no longer purely
longitudinal because gravity has produced a transverse component to the prop-
agation direction [Beer, |1974]. The waves in which gravity acts as the restoring

force are called the GWs.

Figure 1.5: Air parcel displaced vertically upward with a displacement of §z from

its equilibrium position.

Let us consider the atmosphere to be at rest. An air parcel of mass m,
has been displaced adiabatically (no net heat transfer with the surroundings)
vertically upward with a displacement of dz from its equilibrium position, as
shown in Figure The buoyancy force (vertically upward), F, acting on the
air parcel is given as,

Fy = —g(my —myg)? (1.1)

where, ¢ is the acceleration due to gravity and m, is the mass of the air fluid
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displaced by the air parcel at its new position. Because of the density gradient
between the air parcel and ambient atmosphere, m, and m, will be different.
Applying Newton’s second law of motion, we can rewrite equation [1.1] as

d*(62)
T g

= —g(m, — my) (1.2)

Assuming volume of the air parcel and the displaced air fluid to be equal and

using ideal gas law in equation (1.2 we can get

d*(62) T, — 1T,
e s T (13)

where, Tj, and T}, are the temperatures of ambient environment and the air parcel.

Expanding 7, and T}, to the first order and considering the temperature gra-
dient to be very small as compared with the ambient temperature, equation (1.3

can be written as,

d*(6z) g (0T, OT, g
. ——2)5r=—=2(T"-7,)0 1.4
dt? T, \ 0z 0z : Ta( )02 (1.4)
o7, g . . . : :
where, I' = 5, o s the adiabatic lapse rate of the air parcel, ¢, is the
z cp
specific heat capacity at constant pressure (For dry air ¢,=1005 J kg™! K~!) and
1, . : :
T, = e is the atmospheric temperature gradient.
z

Equation [1.4] can be written as,

d*(6z)
dt?

= —N?z (1.5)

where, N = [T%(F—Ta)] v is the Brunt-Vaiséla (BV) frequency of the oscillation
of the wave parcel.

Let us define the potential temperature, 3, as that temperature of an air
parcel which would be if it is brought adiabatically from an altitude at pressure
P to that having a pressure of 1000 mbar or 100 hPa (i.e. sea surface of the
Earth).

The potential temperature of the air parcel is given by,

10001 #/e»
) (1.6)

i=T.("p



16 Chapter 1. Introduction

where, R is the specific gas constant (for dry air R=287 J kg™* K™!) and R/c,=0.286.

Taking the logarithmic derivative of § and applying the hydrostatic equilib-

: oP
rium (— = —pg), we can get
0z

s _r-1,
oz T,

(1.7)
g 86 1/2
Bﬁ}

Equation [1.5] represents a simple harmonic motion in the vertical direction,

Thus, the BV frequency can also be written as, N = [

whose solution is,

62(t) = Ae™N 4 Be N (1.8)

where, A and B are constants.

If N is real (i.e. I'>7,), then the air parcel will oscillate with its natural
frequency N. On the other hand, if IV is imaginary (i.e. ['<7,), then the air parcel
will have an unbounded vertical displacement, which is an unstable condition.
Such type of instability arises due to the thermal properties of the medium and is
known as convective instability. Thus, BV frequency is the maximum permissible
frequency in a medium and its values are different at different altitudes.

Till now we have discussed about the motion of the air parcel in a vertical
upward direction. This is possible only when the wave motion is horizontal (e.g.
waves on the surface of water). But, this is not the case in the atmosphere,
where GWs propagate along an inclined plane with respect to the horizontal
due to the density, temperature, and pressure gradients. Thus, GWs have both
horizontal and vertical components. It is to be mentioned here that the vertically
propagating AGWs have no horizontal component. So these are longitudinal in
nature and are a special type of gravity waves, called acoustic gravity waves.

Let us consider the motion of the air parcel in an inclined plane as shown in
Figure[L.6 The air parcel is displaced by a displacement of ds from its equilibrium
position along a plane inclined at angle § with the horizontal.

The equation of motion of the air parcel can be written as,

- d*(0s)
Fy=m, e

= —gsinf(m, —my,) (1.9)

Following the same method as done before for vertical displacement of air parcel,
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Figure 1.6: Air parcel displaced along an inclined plane with a displacement of Js

from its equilibrium position.

we can get
d2(55) g aﬁ 202 2
peaiai [35 sin 9} d0s = —N"ds (1.10)
1/2
Here, buoyancy frequency, N’ = [%Z—B sin? 9] = Nsinf
z

It is to be noted that if & = 0° then N’ becomes zero, i.e. the wave motion
is completely horizontal with no oscillation. If § = 90° then N’ = N. Thus, it is
clear that depending on the angle of inclination, the frequency of the oscillation
varies from 0 to N (BV frequency). Frequencies of tides and planetary waves
are smaller than the GWs. Thus, to differentiate GWs from other waves, the
minimum angular frequency of the GWs is considered to be f = 2{2sin ¢. Here,
Q) and ¢ are the rotation rate of the Earth (=7.29x10 °rad.s™') and geographic
latitude. Waves with frequencies below this, will be affected by the coriolis force
of the Earth. The example of such waves are tides and planetary waves, which
are discussed in the following sections.

Let us consider the propagation of the GW in a two-dimensional (h,z) plane
whose wave solution is of the form expli(wt —k, —k.)] as shown in Figure[L.7] The
dashed straight lines are called the wavefronts. The wave numbers kj (= 27/Ap)
and k,(= 27/),) are parallel to the h- and z- axis, respectively, and have the

components of wave vector k. The phase propagation angle is given as,

0 =tan' <Z—Z> = tan~*! (%) (1.11)

The wave vector k£ can be written as,

K = kj + k? (1.12)
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Figure 1.7: An illustration of wavefronts, wave vectors, phase velocity and phase

propagation angle of a wave.

Therefore,
1 1 1
= (1.13)
AN N2
The phase velocity along the direction of 6 is,
w A
- _Z 1.14
c=+ =" (1.14)

where, 7 is the time period of the wave.
The relation between the phase speed and the wave number is called the
dispersion relation. The permissible vertical wavelength of the GW can be derived

from the GW dispersion relation [Hines, 1960], which is given as,

N2 u’ 1 1
k? = - — >
o(u=cp)? (u—cp) * H(u—c,) " 4H2

(1.15)

The first term in equation is the buoyancy term, where N is the BV
frequency, u is the component of the ambient wind and ¢y, is the horizontal phase
speed. The second and third terms are contributions due to the curvature and

wind shear terms. The last terms represent the background information (ambient

condition), and H is the scale height, (H = In%)

Let us assume the background mean wind flow to be constant (system is
dynamically stable i.e. no wind shearing). Also, the AGWs are not global in
nature, and therefore, the curvature and rotation of the Earth are not relevant.

Thus, we can neglect the second and third terms from the dispersion relation.
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Therefore, equation [1.15]is now reduced to:

o N e

R e (1.16)

From equation it is clear that, increase of background wind speed (u)
in the direction opposite to that of wave propagation will increase the vertical
wavelength of the GW. At higher altitudes, as the scale height increases, this
results in an increase in the vertical wavelength of the GW.

For a stable atmosphere (i.e. u = 0) assuming Az < H, the GW dispersion
equation becomes

N* o MR

2 2
N2l€2
2 h
= 1.18
Y (1.18)
NE
The vertical phase velocity, c,, = Y _4 h 7
k k. (k2 + k7)
&u Nk)zk'h

The vertical group velocity, cg, = =

N

Vertical

Figure 1.8: Schematic of a vertical propagating GW depicting direction of phase
propagation and energy flow. After |[Hargreaves| [1992].

It is to be noted that the direction of vertical phase velocity and group velocity
are opposite to each other. This shows that for GWs, the downward phase prop-
agation is associated with vertical wave propagation [Lindzen) 1990]. Figure
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shows the schematic of a GW propagating upward and the phase is propagating
in downward direction. The energy of the wave is flowing along the displacement
direction i.e. perpendicular to the direction of phase and wave propagation.

The energy density associated with a wave is given by,
< E; >ox pA? (1.19)

where, p is the atmospheric density and A is the amplitude of the wave. In
order to maintain the energy flux constant, the amplitude of the vertical propa-
gating wave increases, since the density decreases.

GWs have typically a localized source and propagate with a limited range of
spatial lengths. In the Earth, the GWs can be generated in the lower atmosphere
and mesosphere, which then propagate to the thermospheric altitudes. They can
be generated in situ in the thermosphere as well.

Gravity waves

Cloud Cloud

m

Mountain
range

Figure 1.9: Schematic of mountain wave (Lee wave), an internal GW that blow

over a mountain range. After [Andrews|[2010].

In the lower thermosphere, AGWs can be generated by perturbations of tem-
perature fluctuations which could be due to orography (Figure . When an air
parcel moves to higher altitudes from its equilibrium position due to mountains,
gravity acts as the restoring force. Due to force imbalance, it will move down from
its equilibrium position and again due to buoyancy and decrease in temperature,
it will move up. In this way the mountain waves act as the source for the GWs.
Moreover, from the lower atmosphere, GWs also propagate upward during thun-
derstorms, volcanic eruptions, wind shears |Pramitha et al.,2015], and tsunamis

[Makela et al., 2011a; | Tsugawa et al., |2011; |[Huba et al., 2015; \Smith et al., [2015}



1.3. Tonospheric and Thermospheric Dynamics 21

Singh and Pallamraju, 2016]. In the upper atmosphere, GWs are generated by
temporal and spatial fluctuations in the heating generation due to particle precip-
itation at high-latitudes, equatorial electrojet over equator, the crests of EIA over
tropical regions, etc. Breaking of the upward propagating tides from the lower
atmosphere cause GWs in the upper atmosphere. Some other sources for the
GWs are the locations of rapid movement of the solar terminator [Forbes et al.,
2008] and the supersonic movement of the lunar shadow during solar eclipses
[Chimonas and Hines|, 1971].

Depending on the time period and scale sizes, typically GWs are divided
into large-scale and medium-scale waves. The large-scale GWs have horizontal
scale sizes of around 1000 km, time periods of more than an hour, and horizontal
velocities of 500-1000 ms~!. The medium-scale GWs have horizontal scale sizes of
several hundred kilometers, time periods of around 5-60 minutes, and horizontal

velocities of 100-300 ms~!. The smallest spatial scales pertain to acoustic waves.

Tides

Tides are generated in the Earth’s atmosphere mainly due to the differential
heating from the sun and differential effects of lunar gravitational pull. Hence,
the time periods of tides are of the order of a solar (24 h) or lunar (24.8) day.
These waves are generally treated as the rotationally modified GWs and are global
in nature [Beer, 1974]. The horizontal wavelengths (scale sizes) of these waves
are around several thousand km and the vertical wavelengths are of the order
of few tens km. Depending on the source, tides are divided into two categories;
namely the thermal tide (e.g. solar tide) and the gravitational tide (e.g. lunar
tide). The gravitational tides due to the sun and the thermal tides due to the
moon are negligible.

Due to the rotation of the Earth, the atmosphere is heated periodically. As
mentioned in the previous section, the thermosphere is heated due to the absorp-
tion of solar EUV and X-ray radiations. In the stratosphere and the mesosphere,
the heat is generated due to the absorption of solar radiation by water vapor,

ozone, atomic and molecular oxygen, etc. Apart from these, the radiations from
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Figure 1.10: Schematic of the diurnal temperature profile of the Earth’s atmo-
sphere. (Figure is obtained from Introduction to tropical meteorology, 2nd edition,

produced by the COMET program).

Earth’s surface heat the lower atmosphere. The schematic of the diurnal tem-
perature pattern of the atmosphere is shown in Figure [1.10, As lifetimes of the
atmospheric constituents are different at different altitudes, their contributions
to the net temperature vary with local time. It can be seen that the diurnal tem-
perature profile shows an asymmetric behavior and the peak is attained in the
afternoon. So, along with the strong diurnal (T=24h) periodicity, semi diurnal
(T=12h) and terdiurnal tides (T=8h) are also observed in the Earth’s atmosphere.
However, the diurnal tides are dominant in the thermosphere. Semidiurnal tides

are mostly dominant in the mesosphere and stratosphere regions.

Figure 1.11: Schematic of the lunar gravitational tides. There are two bulges of

the atmosphere, one at sublunar point and the other at antipodal point.

The lunar tides are generated due to the differential gravitational attraction
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of the moon. As the revolution period of the moon around the Earth is 28 day,
hence, there occur two maxima and two minima for each revolution of the moon
around the Earth, as shown in Figure [I.1I] One maxima occur at the time when
the moon lies overhead (sublunar) and the other is when the moon lies at the
opposite side (antipodal) of the observer. Thus, the lunar tide has a strong time
period of ~14 days.

Depending on the propagation directions, tides are again classified into two
types, namely migrating tides and non-migrating tides. The migrating tides are
synchronized with the solar position and hence, they propagate westward. While,
the non-migrating tides do not follow the position of the sun and can move in

any direction.

Planetary Waves

The planetary waves (PWs) are larger scale size waves and are global in nature.
The horizontal scale sizes are of the order of thousands of km, whereas, the vertical
scale sizes are around tens of km. In the atmosphere, the PWs have periods about
2-20 days. For these large scale waves, the Earth’s rotation, curvature and coriolis
effect cannot be neglected.

The PWs are classified into two types as Rossby waves and Kelvin waves.
Rossby waves are generated due to the strong contrast in heating over land and
sea. The restoring force is the latitudinal variation of coriolis frequency and hence,
get diverted away from the equator and can propagate along both eastward and
westward directions. Rossby waves are stronger over the equatorial region and
weaker at the pole. The kelvin wave is a special type of gravity waves that are af-
fected by the Earth’s rotation and are trapped at the equator or along the lateral
vertical boundaries such as coastlines or mountain ranges. These are large-scale
wave motion which depend on the gravity and stable stratification for sustain-
ing a gravitational oscillation, coriolis acceleration, and the presence of vertical
boundaries or the equator. These waves are trapped to the equatorial region
and propagate unidirectionally. They propagate equatorward/poleward along

a western/eastern boundary, and counter clock-wise/clock-wise in the north-
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ern/southern hemisphere. At the equator, these waves propagate always east-
ward. The PWs consist of both migrating and non-migrating/stationary modes.
The migrating modes are fixed in local time and are driven by the heating at
the sub-solar point. Whereas, the non-migrating tides are fixed with respect to
a rotating planet.

From the discussions about the atmospheric waves so far, it is clear that the
waves are mostly generated in the lower atmosphere and propagate to the up-
per atmosphere. Propagation of the waves to the upper atmosphere is regulated
by different atmospheric dissipation mechanisms, such as, nonlinear wave-induced
diffusion, eddy diffusion, radiative damping, molecular diffusion and thermal con-
duction, and ion-drag [Pitteway and Hines|, [1963; |Vadas and Fritts, 2005; | Yigt
et all 2008]. Among these dissipation mechanisms, the first three are dominant
below the turbopause, whereas, the last two are prevalent above the turbopause.
As the waves propagate from low- to high-altitudes, the amplitudes increase and
at some altitude the waves become unstable and break down. The breaking of
waves occurs mostly in the altitude range of the mesosphere lower thermosphere
(MLT) region and secondary waves with smaller scale sizes that are generated,

propagate to the upper atmosphere under favorable wind conditions.

1.3.3 Solar Forcing

As discussed above, the upper atmospheric behavior is influenced by the winds
and waves which are of atmospheric origin and are influenced by the solar forcing.

With the advent of both ground and space based measurement techniques,
continuous observations could yield significant information on the variations of
the solar activities. The internal magnetic field of the sun flips its polarity every
11 years. Apart from this 22 year cycle, another strong 27-day variation is also
observed in the solar activity due to the rotation of sun about its own axis. The
magnitudes of solar EUV, UV, and X-ray radiations vary with the solar activity.
The spectral irradiance at these wavelength ranges can increase by a factor of two
in the high solar activity as compared to the low solar activity level [Lean) [1997].

Thus, an EUV or, X-ray index is one of the best suited index to observe the
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Figure 1.12: Solar cycle variation of sunspot number, F10.7 cm index, Mg II index
and He 1083 equivalent width index. The solid line represents the 81-day Gaussian
FWHM filtered values for each data set. After |[Floyd et al.| [2005].
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Figure 1.13: Altitudinal variations of thermospheric neutral density and temper-
ature and ionospheric electron density during high and low solar activity periods.
Parameters shown in thin/thick lines correspond to low (F}7=70) /high (F.7,=230)
solar activity periods. These profiles are obtained by the Mass Spectrometer and
Incoherent Scatter (MSIS) and International Reference Ionosphere (IRI) models.
After |[Lean| [1997].
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solar activity. However, this radiation gets absorbed in the upper atmosphere as
discussed above and hence, cannot be measured from the ground. In the absence
of direct measurements, there are many indices developed to characterize the
variations of the solar activity. The most common index is the sunspot number
(SSN). It has been shown that the solar radiation at 10.7 cm wavelength, to
which the Earth’s atmosphere is transparent, varies similarly with the sunspot
number (Figure le.g., |[Floyd et all 2005]. Hence, F10.7 cm flux index is
also used as a proxy to measure the solar activity. The F10.7 cm flux index is
measured in solar flux units (sfu, 1 sfu=10"2Wm2Hz"!'). Figure depicts
the variation of international sunspot number, F10.7 cm index, Mg II index, and
He 1083 equivalent width during four solar cycles (1947-2004). It can clearly be

seen that F10.7 cm index vary with international sunspot number.
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Figure 1.14: Solar cycle variations of Total Electron Content (TEC), F-region
critical frequency (foF>) and sunspot number. The three parameters are showing

a similar type of variations. After |Lean| [1997]

During high solar activity periods, the incoming EUV, UV, and X-ray radia-
tions increase and this brings significant changes in the thermodynamic, chemical,
and radiative state of the thermosphere and the ionosphere. During a complete

solar cycle, the upper atmospheric temperature varies by factors of two, whereas,



1.4. Daytime Equatorial-Low Latitude Upper Atmospheric Phenomena 27

the neutral and electron densities fluctuate by a factor of ten (Figure[1.13). More-
over, from Figure [1.14] it can be seen that the ionospheric total electron content
(TEC) and the F' layer critical frequency, f,Fy (explained in detail in section
show similar variations with sunspot number. This signifies the solar ac-
tivity dependence of the ionosphere electron densities as a whole. Further, this
has been discussed in Chapter-3 of the thesis. Such variations in the background
conditions alter the dissipation characteristics of the waves. During low solar
activity periods, effect of the lower atmospheric GWs and PWS on the thermo-
spheric variations are found to be significant |Laskar et al.,2013,2014]. Whereas,
during high solar activity periods, the thermospheric behavior is controlled by the
solar activity [Pallamraju et al., [2010; |Laskar et all 2013, 2015].

1.4 Daytime Equatorial-Low Latitude Upper At-

mospheric Phenomena

Due to the horizontal nature of the Earth’s magnetic field lines above the magnetic
equator (dip equator) several interesting geophysical phenomena occur which ex-
tend to low-latitudes of the upper atmosphere. During the daytime in the E
region of the ionosphere both ions and electrons are present and their response
to the neutral tidal winds are different. This is because of the difference in their
masses and their ratios of collision to gyro-frequencies as discussed in section [I.2]
At these altitudes the collision frequencies of ions with neutrals are greater than
their gyro frequencies. Therefore, the ions follow the neutral winds. Whereas,
for electrons the gyro frequencies are greater than their collision frequencies with
neutrals and so they are tied to the magnetic field lines. The tidal wind sys-
tem in the F region is such that an ambient eastward electric field exists in the
daytime ionosphere. These are called the solar quiet (S,) time eastward electric
fields (Eg;). The phenomena of the generation of the electric fields by mechani-
cal forces is called dynamo action and the E region is called the dynamo region
[Heelis et al., [1974]. However, in the F' region of the ionosphere such type of

electric fields are not formed, since the gyro frequencies of both the ions and elec-
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trons are greater than their collision frequencies and hence, they move together

along the magnetic field lines.

The tidal F region wind field is global in nature. This drives a global current
system which is counter clockwise in the northern hemisphere and clockwise in
the southern hemisphere. This primary zonal eastward electric field (Ex) Crosses
with the northward magnetic field (é) giving rise to a (Ex X é) vertically upward
drift. Even though this drift is independent of charge and mass, as the ions
are tied up with the tidal wind, and hence, only the electrons respond to this
upward drift. As the perpendicular Hall conductivity falls sharply above 110 km
altitude, the up drifting of electrons decrease above this altitude and a layer of
electrons gets formed at the upper end of this slab. This result in a vertical

—

polarization electric field (£,) which is directed upward. Again this polarization

—

electric field (F,) crosses with the northward magnetic field which results in the

drift of electrons in westward direction.

—

The polarization electric field (£,) maximizes at an altitude of about 105 km
and its value is about 30 times greater (~ 15 mV/m) than the primary electric
field (E,) (~ 0.5 mV/m) |Anandarao, 1976; Pandey et all|2016]. Thus, the zonal
westward drift of electrons is very strong, as a result, an intense jet of current

flows along the eastward direction in a narrow latitudinal band of £3° region

centered around 105 km over the dip equator. This flow of jet current is called
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Figure 1.15: Latitudinal distribution of the horizontal magnetic field strength mea-
sured by ground-based magnetometers during noon at various latitudes. After

Onwumechslli| [1967]
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Figure 1.16: Altitudinal distribution of the current density measured during mid-
day by rocket magnetometer from Thumba, India. After |Sampath and Sastry
[1979]

the Equatorial Electrojet (EEJ), which is directed eastward during the daytime
[Forbes|, 1981; |Anandarao and Raghavarao, [1987; |[Raghavarao et al., |198§].

Figure show the variation of horizontal component (H) of magnetic field
strength over different latitudes as recorded by ground-based magnetometer. At
the dip equator the sharp rise in the value of H seen is due to the equatorial
electrojet currents in the ionosphere |Onwumechilli, 1967]. Figure show the
altitudinal distribution of the East-West current density as measured during the
mid-day by rocket-borne magnetometer from an equatorial station, Thumba over
Indian longitude regions [Sampath and Sastry, (1979]. The current density has a
sharp peak at ~105 km altitude. From Figures and it can clearly be
seen that the EEJ is confined to a narrow range of latitude and altitude. Since
E region electron density is smaller in nighttime, EEJ is less evident.

There are occasions when the horizontal component of the magnetic field (H)

measured by the magnetometer goes below the nighttime mean base value. This
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is called the counter electrojet (CEJ) which occurs mostly during the low solar
activity periods. During CEJ the zonal electric field becomes westward and the
reasons for the change of electric field direction are still being debated |Raghavarao
and Anandarao, 1980; Somayajulu et all 1993; |Stening et al.l 1996} |Gurubaran),
2002].

|Plasma diffuses
|back down along
field-lines -

+ 4 East ++:+ Charge builds up
at the terminators
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Figure 1.17: Schematic presentation of the development of EIA. (1) Development
of zonal eastward electric field in the E region due to the charge separation. (2)
Mapping of eastward zonal electric field from off-equatorial F to equatorial- F
region along the magnetic field lines. (3,4) Ex B up drifting of F' region plasma.
(5) Diffusion of plasma from equatorial- to off-equatorial regions through magnetic

field lines. After |Immel et al. [2006]

From the geometry of the Earth’s magnetic field lines above the equatorial-
and low-latitude regions, as shown in Figure [1.17] it can be seen that the E
region magnetic field lines over the off-equatorial regions are connected to the
equatorial F' region. Because of the high conductivity along the magnetic field
lines, the eastward electric fields (Es,) generated in the off-equatorial E region
map to the equatorial F' region. This mapped eastward electric fields cross the
northward magnetic field and creates a vertical upward (E X E) drift of plasma
in the F region. In the F region, both electrons and ions are influenced by
this (E X E) drift. Thus, the plasma moves up and descends down along the
magnetic field lines in both the hemispheres under the influence of gravity and the

pressure gradient forces. This is called the fountain effect. The diffused plasma
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Figure 1.18: Latitudinal variations of the model values of TEC, N,,,, and N, at
different altitudes over Jicamarca and Trivandrum for a fixed time. It is to be
noted that with increasing altitude, the strength of the EIA gradually decreases.
After |Balan et al.|[1997].

accumulates at around 415° to £20° latitudes. These processes are depicted
schematically in Figure [I.17} Thus, the plasma density shows a minimum at the
equator and two maxima around 15°-20° north and south of it. This creates a
double humped structure in the latitudinal distribution of the F' region ionization
during the daytime with two crests on both side and a trough over the dip equator
(Figure . Typically during an equinoctial period due to photo ionization
greater ionization is expected over the equatorial region as compared to that
over low-latitudes. Whereas, the observations show an opposite behavior and
looks like an anomalous. Hence, this is has traditionally been referred to as
Equatorial Ionization Anomaly (EIA) or the Appleton anomaly [Appleton),[1946].
This shows the dominance of electrodynamic processes over the photochemical
processes and is a good example of F and F' region coupling. The product
of the latitudinal extent of the crest to trough and the ratio of the electron
density at the crest to trough is the measure of the strength of the EIA [Rush
and Richmond, [1973]. The crest to trough ratio shows altitudinal variations.

It maximizes around the peak F; altitude and gradually decreases both upward
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and downward |Balan et al., [1997]. The EIA pattern is also asymmetric about
the geomagnetic equator due to the north south (summer to winter) seasonal
meridional wind [Anderson|, 1973 |Raghavarao et al., [1988; |Balan et all |1995].
The local time integrated EEJ strength till noontime shows a good correlation
with the EIA strength [Raghavarao et al., 1978]. Moreover, the EIA strength
shows local time, day-to-day, seasonal and solar activity dependence |Rajaram,,
1977; |Raghavarao et al., 1988; |Sastril, [1990; Walker et al., (1994; |Pallam Raju
et all 1996]. The role of the EIA process in affecting the low-latitude upper

atmospheric behavior will be discussed in Chapters-3 and 4.

As a consequence of the EIA, the ion density is more at the crest than the
trough region of the EIA. Thus, the neutrals at the crest region of the EIA ex-
perience more ion-drag force. Moreover, higher ion densities at the EIA crests

as compared to the troughs offer larger resistance to the zonal wind motion that
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Figure 1.19: Latitudinal distribution of Ny density at different longitudes around
17 LT as obtained by OGO-6 neutral mass spectrometer. It is to be noted that the
N, density enhances at the crest region of the EIA (i.e. £17" dip latitude). After
Hedin and Mayr| [1973].
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transports neutrals from the day to the nightside. As a result, accumulation of
more neutrals occur at the EIA crest as compared to the trough region. This
anomalous behavior in neutral with respect to latitude is called the Neutral
Anomaly (NA). By observing the latitudinal distribution of Ny obtained from
the OGO-6 neutral mass spectrometer, |[Hedin and Mayr| [1973] showed an en-
hancement of Ny density at the crest region of the EIA by 20% than the EIA
trough region at around 17 LT (Figure . Whereas, in morning time around
6 LT, the Ny density is observed to peak over the dip equator. This is due to the
very weak strength of the EIA during the morning hours. The neutral anomaly

has a strong local time and solar cycle variation [Lei et al.,[2012; Hsu et al.,[2014].

As discussed above, due to larger plasma densities over the EIA crests, the
zonal-wind magnitude reduces in this region. Due to large ion-neutral collision
and chemical heating by molecular dissociative recombination, the temperature
increases in this region. Whereas, at the trough region of the EIA due to less
plasma densities, magnitudes of the zonal wind are greater which carry the heat
from day to nightside. Thus, the neutral temperature is smaller over the trough
as compared to the crest. This phenomena of higher temperature and lower zonal
wind at the crest as compared to those at the trough of the EIA is called the Equa-
torial Temperature and Wind Anomaly (ETWA) [Raghavarao et al.,[1991]. From
satellite observations of latitudinal distribution in temperature and zonal winds
through Wind and Temperature Spectrometer (WATS) instrument, |Raghavarao
et al.| [1991] first reported this phenomena. The temperature gradient between
the crest and trough produces a secondary meridional circulation cell with neutral
winds from the crests towards the magnetic equator resulting in a vertical up-
ward/downward winds at the crest/trough regions of the EIA [Raghavarao et al.,
1993|. This vertically downward wind over the magnetic equator is considered

to play an important role in the generation of plasma irregularities [Sekar and

Raghavarao), 1987).

Thus, all the daytime phenomenon described above are considered to play an
important role in making the ionosphere thermosphere conditions conducive for

the formation of the equatorial plasma irregularities in the nighttime |Sridharan
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et al.,1994; Pallam Raju et al.,1996; Pallamraju et al. |2001]. Hence, in order to
gain greater insights in these coupling processes, it is required that the daytime

wave dynamical characteristics be understood.

1.5 Disturbed Time Low Latitude Upper Atmo-

spheric Behavior

All the processes discussed above depend on the ambient ionospheric thermo-
spheric conditions, such as electric fields, neutral temperature, winds, densities,
and wave dynamics, all of which are affected during geomagnetic disturbance
periods. As a result, behavior of these processes change during the disturbance
periods. In this section we will discuss the effect of geomagnetic disturbances on
the equatorial- and low-latitude processes.

The sun constantly emits energy in the form of electromagnetic radiation and
charged particles. The electromagnetic radiation range from high energy gamma
rays (~1.24 MeV) to very low energetic radio wave (~12.4 feV). The solar flare
is a process of violent explosion on the sun’s surface that releases huge amount
of energy in the form of electromagnetic radiation. Solar flares occur mostly
around sunspots, which are intense magnetic hotspots on the surface of the sun.
Generally, the solar flare lasts for a short duration. The sudden increase of solar
radiations in EUV and X-rays during solar flares sharply enhance the dayside
ionization which result in enhancement of plasma densities, photoelectron con-
centrations, and the dayglow emission intensities |Thome and Wagner,|1971};|Das
et al.,2010]. Studies have shown the immediate response of the ionosphere to the
solar flare [Immel et all 2003; | Tsurutani et al., |2005], whereas the thermosphere
is known to show a delay response [Sutton et al, [2006]. However, there are re-
ports on the immediate response of thermosphere to solar flare [Liu et al., 2007;
Das et al., |2010; |Sumod et al., [2014].

Due to the huge pressure difference between the outer corona of the sun and
the interstellar space, supersonic outflow of electrically charged particles, such as

protons, electrons, and alpha particles occur which is called the solar wind and it
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carries with it the remnant solar magnetic field. The solar wind is extremely ten-
uous and is a collision-less plasma. Therefore, the electrical conductivity is very
high. As a consequence, the magnetic field is frozen in the solar wind, which is
called the Interplanetary Magnetic Field (IMF), also known as the Heliospheric
Magnetic Field (HMF) [Owens|, [2013]. Sometimes, because of the sudden ex-
plosions in the solar corona due to sun’s internal magnetic field, an enormous
mass and energy gets released from the sun with speed ranging from ~500-2000

km.s™!

, which is known as Coronal Mass Ejection (CME). The solar wind phys-
ically brings the enhanced densities of the charged particles emitted during the

CME events. This can take 3-5 days of time depending on the solar wind speed.

Auroral Zone

Figure 1.20: Schematic illustrates the reconnection of IMF B, field lines with
Earth’s magnetic field lines both in day and nightside. Numbers in succession rep-
resent the steps during the whole reconnection process. The inset depicts positions

of the origin of the numbered magnetic field lines in the northern polar region along

with the high-latitude plasma flows. After |Ki'velson and Russell| [|1995|].

The solar wind follows a spiral path in the interstellar medium due to the ro-

tation of the sun [Parker| |1958; Owens|, 2013]. When solar wind plasma reaches

the Earth’s magnetosphere and the Z-component of the interplanetary magnetic
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field (IMF B,) is southward, then it gets reconnected with the Earth’s dayside
magnetic field lines (which are directed northward). Due to the reconnection of
magnetic field lines (Figure , the high energy charged particles of solar wind
origin move along the Earth’s magnetic filed lines towards the polar regions. The
open field lines are dragged by the solar wind to the nightside which reconnect in
the magnetotail region. As a result, the plasma from magnetotail region gets ac-
celerated towards the Earth. When these accelerated charged particles encounter
the closed field lines of the Earth, they experience Lorentz force. The electrons
and ions turn towards east and west direction of Earth’s dipole field, which result
in a westward ring current that is formed at a distance of ~4-6 Rg. The ring
current is constituted by three types of motions of the charged particles, namely,
(i) gyration about the magnetic field lines, (ii) bounce motion along the magnetic
field lines, and (iii) drift motion perpendicular to B. Because of the first two
motions, the charged particles gyrate and bounce along the magnetic field lines
between the two mirror points. The gradient and curvature drifts move the ions
and electrons along westward and eastward directions. The ring current produces
an induced magnetic field on the Earth, which is negative to the Earth’s mag-
netic fields as, the current is enhanced in the westward direction. This indicates
the onset of a geomagnetic storm which is reflected in the ground-based magne-
tometers on the Earth and is characterized by the D index. Details about the

variation of Dy index during the storm is explained in section [2.4.3]

1.5.1 Electrodynamic Perspective

During geomagnetic disturbances (southward IMF B.), the dawn-dusk compo-
nent of the convective electric fields map to the high-latitude ionosphere through
the highly conducting geomagnetic field lines and forms a two-cell convection pat-
tern, which are known as DP2 (Disturbance Polar current type 2) cells [Nishidal,
1968a; | Troshichev||1982]. This is an good example of the magnetosphere-ionosphere
coupling. The mapped electric field promptly penetrates to the equatorial- and
low-latitude ionosphere. This is known as prompt penetration electric field (PPEF)
[ Nishidal, 1968b; |Kelley and Makela, 2002; |Sastri et al., 2002; | Chakrabarty et al.,
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2015|. The PPEF is also associated with the under-shielding electric fields which

are active mostly during the main and recovery phase of the storm |Fejer et al.,
1979; |Kikuchi et all |[2008]. When the plasma in the outer magnetosphere, driven

by the convective electric field, reaches the closed field lines of the Earth, the
differential drift motion of the charged particles take place. Therefore, a polar-
ization electric field is set up in the inner edge of the ring current which will
shield the penetration of convection electric field. To satisfy the divergence of
the current density, two types of field-aligned currents (Region-1 and Region-2)
are generated which connect the high- and mid-latitude ionosphere to the mag-
netosphere. Figure shows a schematic of the field-aligned currents. Again
this is an example of the magnetosphere-ionosphere coupling. The electric field
from mid- and high-latitude ionosphere get mapped to the equatorial ionosphere

[Fejer et all |1979; |Gonzales et al., (1979; |Fejer and Scherliess, 1997].

The PPEF modulates the geomagnetically quiet time behavior of the equatorial-
and low-altitude ionospheric electric fields and currents. Such change of electric

fields also alters the distribution of ionospheric plasma by creating a positive

Region 1 Region 1

Region 2 Field-aligned
Currents

| Pederson
. Currents
|

i

¢
Pederson
Currents

Figure 1.21: Schematic of the combined field-aligned currents (FACs) and iono-
spheric current system. It is to be noted that Region 1 FACs are confined to lat-
itudes around ~67-75°, whereas, Region 2 FACs are confined to latitudes around

~63-68°. The FACs connect the ionosphere and the magnetosphere. After m

poto).



38 Chapter 1. Introduction

storm (electron density increases) and /or negative storm (electron density de-
creases), which can cause the formation of plasma density irregularities mainly
over middle- and low-latitudes |Abdu et all, [1991; |Basu et al., 2001a]. The pen-
etration of intense convective electric fields to the equator during storm time
also enhances the DP2 currents on the dayside as compared to its normal diur-
nal value |Kikuchi et al),2008]. During geomagnetic storms, if the IMF B, turns
northward, then the convective electric field reverses, as a result the electric fields
over the low- and mid-latitudes are observed to be reversed [Fejer et al., 1979;
Gonzales et all [1979]. Moreover, as the PPEF is eastward during the daytime,
it enhances the daytime ionospheric zonal eastward dynamo electric field and
vertical drifts over equatorial- and low-latitude regions |Nishida, (1968b; |Kelley
and Makela, 2002; |Sastri et al., 2002, |Chakrabarty et al.), 2015]. As an effect of
the PPEF, the strength of the EIA (product of the distance between crest and
trough and the ratio of ion densities at the crest and trough) increases |[Zhao
et al., [2005; | Bagiya et al) 2011] and TEC shows an enhancement/decrement in
the day/nightsides of the ionosphere [Maruyama et al., [2004; |Abdu et al. 2007].

The precipitation of high energy charged particles enhances the E-region dy-
namo over polar regions and thereby, strength of the conductivities and the elec-
tric fields over polar regions increase. The higher conductivity and electric fields
drive currents that dissipate energy through Ohmic heating, i.e. Joule heating.
This heating of atmosphere modifies the quiet time pattern of the global quiet
time wind circulation resulting in the generation of the Disturbance Dynamo Elec-
tric Field (DDEF). As a result of the DDEF, net polarization electric fields are
set up from dusk to dawn sector (i.e. westward) in the dayside and from dawn to
dusk sector (i.e. eastward) in the nightside. This is called ionospheric disturbance
dynamo |Blanc and Richmond), [1980; Fejer and Scherliess,|1997]. The DDEF can
prevail for a longer time (around one day) and affect the low-latitude ionosphere.
Direction of the polarization electric field is opposite to the ionospheric dynamo
electric field. Thus, it can suppress the EIA and deplete the TEC on the dayside
(negative ionospheric storm) |Tsurutani et all [2004]. Since, the effects due to

both PPEF and DDEF are observed over the equatorial- and low-latitudes, it is
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a challenge to isolate their individual contributions [Maruyama et al., [2005].

1.5.2 Neutral Dynamics Perspective

Till now we have discussed about the effect of geomagnetic disturbances on the
equatorial- and low-latitude upper atmosphere from an electrodynamic perspec-
tive. In this section we will discuss about the effect of geomagnetic disturbances

through neutral dynamics point of view.

ENERGY TRANSPORT MASS TRANSPORT

MAGNETO-
SPHERE

Figure 1.22: Schematic presentation of the energy and mass transport during ge-

omagnetic storm period. After |[Mayr et al.|[1978].

Figure schematically depicts the processes of energy and mass transport
that occur in the atmosphere during geomagnetic disturbance periods. |Mayr and
Volland, [1973] computed the storm response of kinetic gas temperature (T,) and
compared it with a short fictitious ‘diffusive equilibrium temperature (T)’. The
values of T were deduced under the assumption of diffusive equilibrium from the
variations in the mass density at 450 km obtained from satellite drag data. It was
observed that T increased by about 40 K from the equator to the pole, whereas,
for Ty it was 250 K. This can be understood from Figure that at high-
latitudes, effects of temperature can increase the total mass density (at a given

altitude due to increase of scale sizes with an increase in the gas temperature 7).
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In this context, it is obvious that change of thermospheric winds and compositions

are coupled to each other.

PHASE|
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Figure 1.23: Schematic presentation of composition and the wind effects during

geomagnetic storm period. After Mayr et al. [1978].

During the process of geomagnetic disturbances as explained in the previous
section, the high energy solar wind particles directly precipitate in the auroral re-
gions and enhance the polar E-region dynamo. Auroral conductivities and electric
fields strengthens up in both the hemispheres. Thus, during storm time, electric
currents due to auroral electrojet and precipitation of the charged particles at
high-latitudes account for significant energy in the thermosphere. Due to Joule
heating, atmospheric pressure increases at high-latitudes. Immediately equator-
ward meridional wind circulation is set up due to the pressure gradient forces.
Due to ion-neutral collisions, the neutral winds drag the ionization to higher al-
titudes where the loss rates are very small. This increases the ion density at the
peak F, layer (Phase [; Figure . With time, the wind induced diffusion grad-
ually depletes the O density at higher latitudes, while densities of heavier species
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like Oy and Ny continue to increase. As a result ionization at high-latitudes is
reduced (Phase II; Figure . Due to the transport of O towards the equa-
tor, the ionization and O/Nj values over equatorial- and low-latitudes increase
(Phase 11T, Figure [Mayr et al.|1978; | Prolssl 1980]. In addition, a large-scale
wave motion is engendered at high-latitudes during this process which results in
the generation of AGWs, traveling atmospheric disturbances (TADs) and related
traveling ionospheric disturbances (TIDs). TAD and TID are named depending
on whether the effects are seen in the thermospheric or in the ionospheric pa-
rameters. After the propagation of TADs from both the hemispheres, there is
an increase in temperature and densities over low-latitudes. The related effects
can be seen even after 20-30 hours after the storm. The TADs and TIDs also
bring about changes in the thermospheric composition, dynamics, and chemical
state over low-latitude regions [e.g., |Richmond and Matsushital, 1975; | Hunsucker),

1982; |Hockel, 11996; | Pallamraju et al. 2004b].

Appleton and Ingram, [1935] first noted the decrease of maximum frequency of
F; region during geomagnetic storm periods and |Seaton| [1956] explained this to
be associated to thermospheric neutral composition. Since then many modeling
studies have been proposed and observations have been carried out to understand
the effect of the geomagnetic storm on the thermospheric behavior over low- and
mid-latitudes. The fundamental understanding of the relation between AGWs
and TIDs was developed by |Hines| [1960]. From satellite observations of ther-
mospheric O/Ny density, storm time behavior of thermospheric neutral densities
have been characterized over low- and mid-latitude regions [e.g., |[Hedin et al.,
1977 |Mayr et al., 1978}, |Prolss et al., 1988} |Strickland et al., 1999} |Zhang and
Shepherd), 2000; | Zhang et al., 2004, 2014]. Global-scale simulations show that the
storm time increased equatorward meridional neutral winds cause an increase of

zonal winds at mid-latitudes via the coriolis effect [Fuller-Rowell et al., [1994].

From the discussions in the above section, it can be understood that the ge-
omagnetic disturbances affect the upper atmospheric dynamics over equatorial-
and low-latitudes through neutral and electrodynamic variations. A greater dis-

cussion on the effect of geomagnetic storms on the low-latitude thermosphere will



42 Chapter 1. Introduction

be presented in Chapter-5.

1.6 Methods To Investigate The Upper Atmo-
spheric Dynamics

The upper atmospheric dynamics of the Earth can be investigated by both di-
rect and indirect methods. In direct methods, observations are carried out by
placing the instruments in the medium itself, whereas, in indirect methods of
observations, measurements are carried out remotely. Some examples of direct
method of observations are, probing of sounding rockets and in situ measurements
from satellites. The ground-based balloon-borne measurements of the upper at-
mosphere can be categorized as indirect methods of observations. Even though
the satellite observations give a good spatial coverage, these are limited with
temporal resolution. Ground-based observations are best suited for investiga-
tions of upper atmospheric parameters at high temporal resolutions. Both active
and passive remote sensing techniques are used to carry out the observations of
the atmosphere. In active remote sensing techniques electromagnetic radiations
are transmitted into the atmosphere and observations are carried out from the
reflected /backscattered echoes. Whereas, in case of passive remote sensing tech-
niques, observations are carried out of the naturally occurring radiations in the
atmosphere.

The upper atmospheric dynamics can be investigated by optical, radio, and

magnetic methods of measurement.

1.6.1 Optical Method of Measurement

Observations through optical method of remote sensing of the atmospheric emis-
sions (emissions originating in the atmosphere due to various photo chemical
reactions, discussed in detail in Chapter-2) by photometry, interferometry, spec-
trometry, and imaging yield information about the neutral dynamics of the upper
atmosphere. From the airglow emission measurements information on the varia-

tions of the density of emitting species, temperature (doppler /rotational), and line
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of sight winds etc., can be obtained. Larger field-of-view (FOV) optical emission
measurements can yield information on neutral wave characteristics. Moreover,
vertical coupling of atmospheres can be studied through measurements of optical

emissions at multiple wavelengths that emanate from different altitudes.

Since the time of beginning of upper atmospheric observations, ground-based

optical airglow measurements have been carried out during nighttime |Jones and

\Harrison, 1955; |Chamberlain), |1961]. These initial measurements have been fol-

lowed up by advancements in technology to obtain nightglow emission inten-

sities at higher spectral and temporal resolutions [e.g., |[Hernandez and Roble|
1976; [Hays et all, (1973 [Kulkarni, 1976, [Hays et all [1978; [Mendillo and Baum-
\gardner, 1982; |Meriwether et al., [1986; |\Sridharan et al., |1991a; |Mendillo et al.,
1997; \Shiokawa et al., [1999; |Chakrabarty et all 2005 |Meriwether], 2006; |[Makela,
let all, 2011b; |Makela and Otsuka, 2011; Marshall et al., 2011} |Makela et al., 2013},
\Phadke et all |2014; |Chakrabarty et al., 2015, Singh and Pallamragul, 2017].

However, it is a challenge to obtain dayglow emission intensities as these are

buried in a large solar background continuum. |Wallace| [1961] attempted for the

first time to measure the dayglow emissions by using a low resolution spectro-

graph from a balloon-borne platform but was unsuccessful. Later by using high

resolution spectrograph the dayglow was measured |Wallace, (1963 |Wallace and

\McElroy, |1966]. But in those observations, the measured dayglow was contami-

nated by Fraunhofer absorption features. As the solar scattered light is polarized

and atmospheric dayglow emissions are unpolarized, |[Nozon and Goody, [1962];

[1968] measured the dayglow through a scanning polarimetry technique.

Due to the difficulty in canceling the background intensity which is solar zenith

angle dependent, continuous and systematic observations could not be carried out

by this technique. By using combinations of high and low resolution Fabry-Perot

(FP) etalons, OI 630.0 nm dayglow feature has been obtained |Jarrett and Hoey,
1963t [Bens et all [1965; [Barmorel, 1977, [Cocks et all [1980; |Gerrard and Meri-|
lwether,2011]. However, due to the difficulty of optical alignment and temperature

stability of FP etalons, observations using such technique have been limited to

mainly establishing the proof of concept. By using a pressure-tuned low-resolution
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FP etalon as a high spectral resolution filter along with a unique optical mask

system, dayglow photometry (DGP) technique was developed [Narayanan et al.

11989; |Sridharan et al., 1992a], which was successful in making systematic and

continuous dayglow measurements |Pallam Raju et all 1996]. By modifying the

mask to a spiral shape [Sridharan et all |1993a] multiwavelength dayglow pho-
tometer (MWDPM) was evolved [Sridharan et all |1998]. By using DGP and

MWDPM many new and insightful results on the daytime upper atmospheric

behavior were reported from equatorial- and low-latitudes [e.g., |Sridharan et al.,
1991albl [1992b], [1993bl 1994} [Pallam Raju et al) [1996; [Pallamraju and Sridha
iran, [1998a; |Sridharan et al., 1999 as well as from from high-latitudes [e.g.,
lam Raju et al., [1995; |Sridharan et al., |1995; |Pallamraju and Sridharan), [1998b].

This is the period when the field of daytime optical aeronomy was rejuvenated

through ground-based instrumentation.

Michelson interferometer technique is used to measure nightglow emissions
from satellite based platforms [Shepherd et all 1985, [1993a]. Visible Airglow Ex-
periment (VAE) on-board Atmospheric Explorer-C satellite (|Hays et al., |1978;

\Solomon and Abreu), [1989]) was used to study airglow emissions. The Upper At-

mosphere Research Satellite (UARS) satellite carried the High Resolution Doppler
Imager (HRDI) |Hays et al.,|1993] and WIND Imaging Interferometer (WINDII)
[Shepherd et al.,|1993a), 2012] to study the aurora and airglow which gave a global

perspective of visible airglow emissions in the daytime.

By using echelle grating, small band-width interference filter and Charge Cou-
pled Device (CCD) detector, |Chakrabarti et al. [2001] developed a High Through-

put Imaging Echelle Spectrograph (HITISE) to obtain spectral image of the night
sky. A daytime variant of HITISE called HIgh Resolution Imaging Spectrograph
using Echelle grating (HIRISE) was developed to obtain the high resolution day-

time spectra [Pallamraju et al), 2002]. Many new and exciting results in terms

of upper atmospheric behavior over several latitudes during various geophysical
conditions were reported from the dayglow measurements using HIRISE [e.g.,
\Pallamraju et ol [2000] 2004alb, 2010, 2011} [Pallamraju and Chakrabartil 2005,
20065 | Das et all2010]. Even though HIRISE was capable of obtaining multiwave-
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length dayglow emissions, it was limited in spatial information. A new instrument
called Multiwavelength Imaging Spectrograph using Echelle grating (MISE) was
developed which is capable of obtaining dayglow emission intensities at multiple
wavelengths over a large FOV of ~140° |Pallamraju et al. [2013]. Several re-
sults pertaining to vertical coupling of atmospheres during different solar activity
conditions and due to coupling from high-latitudes during sudden stratospheric
warming events were obtained by this technique [e.g., |Laskar et al., 2013, 2014,
2015; |Laskar and Pallamrajul, 20145 |Laskar, 2015]. Investigations of the MLT
wave dynamics have been carried out by obtaining the UV dayglow emission in-
tensities using an Ultraviolet imaging spectrograph (UVIS) from a balloon-borne
experiment [Pallamraju et al), 2014]. Simultaneous optical dayglow measure-
ments using HITISE and MISE are also used for this investigation. The primary
data set used in the thesis work is the optical dayglow emission intensities at
multiple wavelengths (OI 557.7, 630.0, and 777.4 nm) obtained by MISE. Many
new and first of the kind results have been obtained and will be described in the

subsequent chapters. Details about MISE are discussed in section

1.6.2 Radio Measurements

As discussed in sections [1.2] and along with the neutral behavior, study
of the electrodynamic behavior of the upper atmosphere is essential. Radio tech-
niques such as ionosonde, digisonde, RADAR (RAdio Detection And Ranging)
and GPS (Global Positioning System) have been used for this purpose.

Digisonde refers to digital ionosonde. Ionosonde is based on radio wave prop-
agation in which radio waves of sweep frequency are transmitted from the ground
and from the time delay of reflected waves from the ionosphere plasma character-
istics, such as, plasma densities, drifts, layer height variations, etc. are obtained
conventionally. More information on this technique is discussed in section [2.4.2]
We have used digisonde data from two different stations in the present thesis
work which is discussed in Chapter3]

Radar is another powerful technique to measure the ionospheric parameters

[Dougherty and Farley|, 1963;|Farley),[1969]. From the measurements of incoherent
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scatter radars many small and large scale variations of ionospheric behavior under
different geophysical conditions have been reported.

GPS (Global Positioning System) is generally used to determine the position
and velocity of an object on Earth. But it has a great potential to provide use-
ful ionospheric information about the density of charged particles along a path
between the satellites to receiver i.e. TEC (Total Electron Content). Mathe-
matically, TEC = ffgﬁiﬁe N.ds , where N is the electron density. From a GPS
satellite two carrier waves in L. band are transmitted with frequencies 1575.42
MHz (L1 band) and 1227.60 MHz (L2 band). Four parameters such as; the ap-
proximate distances between satellite and receiver, called pseudoranges and the

carrier phases are calculated from the received data. These parameters are used

to calculate the TEC.

1.6.3 Magnetic Measurements

Various types of electric currents develop in Earth’s ionosphere and magneto-
sphere during different geophysical conditions and their induced magnetic fields
modify the Earth’s magnetic field on the surface of Earth. Magnetometers on
the Earth measure the net magnetic field from which the quiet time values are
subtracted to obtain the induced magnetic fields due to ionospheric currents. In

the thesis work, we have used magnetometer data to measure the EEJ strength

(section [2.4.2]) and Dy, index (section [2.4.3)).

1.7 Objective of The Thesis

The daytime upper atmospheric processes over equatorial- and low-latitudes (as
discussed in section are affected by the solar forcing from above, wave activi-
ties from lower atmosphere as well as from high-latitudes during geomagnetically
disturbed periods. As a result, these processes have short/long temporal and
spatial scale variations. Systematic investigations of the wave characteristics for
daytime conditions are essential in order to gain a comprehensive understanding

of the ionospheric and thermospheric system as a whole. Thus, the objective
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of this thesis is to study the daytime thermospheric wave dynamics over low-
latitudes and their response to neutral and electrodynamic effects under various

geophysical conditions.

1.8 Overview of The Thesis

Neutral oxygen dayglow emission intensities at three wavelengths (OI 557.7 nm,
OI 630.0 nm, and OI 777.4 nm) over a large field-of-view (FOV) have been ob-
tained using high spectral resolution optical technique. Many new and insightful
results have been obtained in terms of the variations in the diurnal pattern of the
dayglow emission intensities, existence of longitudinal differences in equatorial
processes in close separations (3°-8°), response of GWs over low-latitudes due
to geomagnetic storms, and GW characteristics in three dimensions, etc. These
results are described in detail in this work.

In Chapter-1 we have discussed the necessary background of the upper atmo-
sphere that is aimed to build the essential platform for the reader to appreciate
the scientific results that have emerged out of this thesis work.

Chapter-2 includes detailed information on various data sets used, the mea-
surement techniques, and the different methods of analyses carried out to address
the science objectives of the thesis.

Chapter-3 discusses the predominant effect of equatorial electrodynamics on
the off-equatorial dayglow emission intensities.

Chapter-4 presents the results which reveal the existence of longitudinal dif-
ferences in the EEJ and thermospheric wave dynamics at even as small as 3°-8°
spatial extent.

Chapter-5 presents the seasonal response of low-latitude thermospheric wave
dynamics due to the effect of geomagnetic disturbances.

Chapter-6 presents the first three dimensional GW characteristics over the
low-latitude regions.

Chapter-7 provides the summary of the thesis work along with future projec-

tion of this research.
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1.9 Summary

In this chapter we have discussed the structure of different layers of the Earth’s
atmosphere in terms of their composition, energetics and dynamics. Upper atmo-
spheric structure is explained in more detail. Different aspects of dynamics such
as, neutral winds, waves and solar forcing which affect the upper atmospheric
behavior are discussed. Due to these dynamics, several phenomena which occur
in the equatorial- and low-latitude upper atmosphere are also explained in detail.
Effect of the geomagnetic disturbances on the low-latitude processes are discussed
from both electrodynamic and neutral dynamic perspectives. Various methods
used to study the different mechanisms which occur in the upper atmosphere, are
also discussed in detail. In conclusion the objective and overview of the thesis

are given.



Chapter 2

Experimental Technique and

Data Analysis

2.1 Introduction

As discussed in the previous chapter the scientific objective of this thesis work
is to investigate the nature of coupling in the ionospheric and thermospheric
system during daytime over the equatorial- and low-latitudes. The objective is
also to study the daytime thermospheric wave dynamics over low-latitudes and
investigate their response to the neutral and electrodynamic effects under varying
geophysical conditions. In order to address the scientific objectives, various data
sets such as optical, radio, and magnetic, as well as model outputs have been used.
Optical data are used as the primary data set throughout the investigations. All
the other data are used for supporting and substantiating our findings and for
placing the results in a broader context. Investigations of the data sets have been
carried out by using various methods of analysis. In this chapter we will discuss
in detail about all the data sets, measurement techniques used and the analysis

methods carried out in the thesis work.

49
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2.2 Optical Dayglow Emissions

Depending on the available solar energy flux, nature of the ambient constituents
(either molecular or atomic species from where the emissions originate) and their
densities, reaction rates, etc., different photochemical reactions occur in the
Earth’s atmosphere at different altitudes. These photochemical reactions emit
characteristic emissions depending on the energies associated with the excited
states of the species that produce it. Such emissions that originate in the day-
time are called the dayglow emissions. The upper atmospheric dynamic processes
and phenomena (explained in sections , , and bring changes in the den-
sities of the reactants at the dayglow emission altitudes. Hence, the dayglow
emissions are imprinted with the signatures of the dynamic processes that occur
at their respective emanating altitudes. Thus, the temporal variations in the day-
glow emission intensities can be used as tracers of the atmospheric dynamics that
exist at their respective emission altitudes. In this thesis work, we have used the
neutral optical oxygen dayglow emission intensities at three wavelengths i.e. OI
557.7 nm, OI 630.0 nm, and OI 777.4 nm. The details about these three dayglow

emissions are described below.

Excitation
Energy (eV) State Life-time (sec)
10.74 O(CP) 27x108
L 777.4 nm
9.14 O(S) 24x10+
4.19 O(S) 0.74
557.7 nm
1.96 . o(D) 110
630.0 nm
0.00 S OCP) Inf.

Figure 2.1: The energy level diagram of the excited states of atomic oxygen re-

sponsible for 557.7 nm, 630.0 nm, and 777.4 nm emissions.

Dayglow emissions at OI 557.7 nm, 630.0 nm, and 777.4 nm wavelengths are
produced due to the de-excitation of O('S) to O('D), O('D) to O(®*P), and



2.2. Optical Dayglow Emissions 51

O(°P) to O(®S) state, respectively |Torr and Torr, 1982]. Figure shows the
energy level and average lifetime of each state. The O(°P) — O(°S) is an allowed
transition, while the other two are forbidden. The lifetimes of O(*S), O(*D), and
O(°P) states are 0.74, 110, and 2.7 x 107® sec, respectively. Details of each of

the dayglow emissions is discussed below.

2.2.1 OI 557.7 nm (Oxygen Green Line)

The OI 557.7 nm dayglow emission occurs when a transition takes place from the
atomic oxygen O(1S) to O(*D) state. The O('S) state can de-excite either by
yielding 557.7 nm emission (equation or through quenching (equation 2.2)

with ambient constituents.

O('S) = O(*D) + hv(X\ = 557.7nm), (2.1)
O(IS) + <027 Ng) — O(3P> -+ (02, Nz) (22)

The O(1S) state is produced due to various sources, e.g. photoelectron impact
excitation of atomic oxygen O, photodissociation of O,, dissociative recombina-
tion of OF and e~ collisional deactivation of Ny and a three-body recombination
(Barth mechanism) [e.g., |Frederick et al., |1976} |Rees|, [1989; |Tyagi and Singh,
1998; | Witasse et al., [1999; |Zhang and Shepherd, [2005].

i. Photoelectron impact excitation of O:
When a photoelectron (e,,) with energy >4.19 eV collides with an atomic oxygen
O, the e, transfers its energy to O to produce O(!S) state and in this process

the ey, is left with the remaining energy.
O+ epn — O(*S) + epn (2.3)

ii. Photodissociation of Os:
Solar photons in the wavelength range of 100-120 nm dissociate the Oy to produce
O(19) state.

Oy + hv — O+ O('S) (2.4)
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iii. Dissociative recombination of O) and ey,:
The OF and the ambient thermal electron (e,) dissociatively recombine to pro-

duce O('S) state.

OF +em — O('S)+0 (2.5)

iv. Collisional deactivation of N,:

N, gets excited to No(A?X) state after colliding with e,,. Again the excited Ny
(N (A3% 1)) de-excites to Ny by colliding with O, and thereby the O('S) state is
produced.

Ny + epn — No(A3SH), (2.6)
Ny(A’SH) + 0 — Ny + O(1S) (2.7)

v. Three-body recombination mechanism:
In 1931, Chapman proposed a chemical excitation mechanism to understand the
OI 557.7 nm airglow emission |[Chapman) 1931]. In this mechanism an O atom

gets excited to the O(19) state by recombination with two other oxygen atoms.
O+0+0 — 0y+0('5) (2.8)

By using paramagnetic resonance spectrometry and optical spectrometry,
Barth in 1961 calculated the rate co-efficient for the 557.7 nm emission result-
ing from the three-body recombination of oxygen atoms. In his experiment, he
observed that the nighttime emission intensity by Chapman’s three-body recom-
bination mechanism is 0.2 Rayleigh but the typical nightglow intensity is 250
Rayleigh. So Chapman’s three-body recombination mechanism as a source of
557.7 nm airglow emission is discarded.

Barth in 1964, proposed a modified mechanism called the “Barth mechanism”.
He suggested that O is a nascent element. It is stable in its molecular state.
The two atomic oxygen combined with each other to form excited O3 state.
The formation of this O} state is not possible in the three-body recombination
mechanism as proposed by Chapman. For enhancing the collision cross-section a

molecule M is required. This excited O; again collides with O to form a nascent
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O, molecule and O(1S) state |Barth and Hildebrandt, 1961; Barth), [1964].

O+0+M— O+ M, (2.9)

O3+ 0 — Oy +0('9) (2.10)

Figure show the model green line volume emission rate profiles along with
the contributions from various production mechanisms on two days. The model
profiles are compared with the WINDII observations. The photoelectron impact
excitation of O has a major contribution to the total volume emission rate at
altitudes above 110 km and peak around 150-200 km. Some studies found that
its production rate is larger than the dissociative recombination |Witasse et al.,
1999; | Culot et all2004]. However, it was shown that both have almost the same F
region contribution (Figure [ Tyagi and Singh,, (1998; |Upadhayaya and Singh,
2002]. The photodissociation of Oy has lower thermospheric contributions which
peak around 105 km. The dissociative recombination process is reported to have
contributions mostly at altitudes above 150 km and is not considered as one of
the main production process |Witasse et al|[1999]; |Culot et al.| |[2004]. However,
this reaction is also reported to have a major contribution to the production of
O('S) states with two peaks, one around 150-180 km and other at 100-110 km
(Figure[2.2) | Tyagi and Singh|[1998];|[Upadhayaya and Singh|[2002]. The collisional
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Figure 2.2: Green line (OI 557.7 nm) volume emission rate profiles along with the
contributions from various production mechanisms on two sample days are shown.

After |Upadhayaya and Singh| [2002].
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deactivation of N, has two peaks, one above 130 km and other below 120 km.
The three-body recombination mechanism contributes to the lower thermospheric
(E region) contribution which peaks at around 100 km. Contributions from all
the production mechanisms result in two peak emission altitudes of the 557.7 nm
dayglow, one at around 160 km and other at 100 km. In this thesis work, as we
are measuring the column integrated emissions, an average altitude of around 130
km is considered to be the peak emission altitude of 557.7 nm dayglow emission

[Pallamraju et al., [2014].

(a) 11JAN92 (b) 28APR92 (c) 07JUL93 (d) 25APR97

300

Latitude = 54.8S Latitude = 16.3S Latitude = 45.3N
'} Local Time= 10.9h Local Time= 12.2h # Local Time= 16.9h
& COS(SZA) =0.338
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Local Time= 13.5h
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Figure 2.3: Green line (OI 557.7 nm) volume emission rate profiles obtained from
WINDII measurements are shown with fitted curves on four sample days. After

Zhang and Shepherd| [2005].

Figure[2.3|shows the daytime green line volume emission rate profiles obtained
from WINDII measurements on four sample days. The profiles are taken during
different local times at various locations. The two emission peaks are distinctly
noticeable. The peak emission altitude in the F' region occurs anywhere between
130-180 km, whereas, the peak in the F region is comparatively stable at around
100 km.

The dissociative recombination of O5 depends on the electron densities and
contributes significantly to the production of 557.7 nm dayglow emissions at
higher altitudes, especially in equatorial- and low-latitudes [e.g.,|Tyagi and Singh,
1998; | Upadhayaya and Singh, 2002; Taori et al., 2003]. Rocket-borne O(1S) 557.7
nm measurements |Wallace and McElroyl |1966} |Kulkarni, [1976], nightglow mea-
surements from Wind Imaging Interferometer |Shepherd et al.,|1997], and ground-

based optical dayglow measurements |ZTaor: et al., [2003] reported a dominant F’
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region contribution as compared to that of the lower altitudes.

2.2.2 OI 630.0 nm (Oxygen Red Line)

Due to the transition of atomic oxygen O('D) to O(®P) state the OI 630.0 nm
dayglow emission occurs. Like O(1S) state, the O(*D) state can de-excite either

by yielding 630.0 nm emission or through quenching with ambient constituents.

O(*D) = OCP) + hv(\ = 630.0nm), (2.11)

O(lD) + (02, NQ) — O(3P) + (02, Ng) (212)

The O(*D) state is produced due to various mechanisms, e.g. photoelectron
impact excitation of atomic oxygen O, photodissociation of O,, dissociative re-

combination of OF and cascading from loss of O(1S) [e.g., |Solomon and Abreul,

1989; | Witasse et all, 1999).

i. Photoelectron impact excitation of O:
When a photoelectron with energy >1.96 eV collides with an atomic oxygen O,
the e, transfers its energy to O to produce O('D) state and in this process the

epn is left with the remaining energy.
O + epn — O(*D) + e, (2.13)

ii. Photodissociation of Os:
Solar photons in the Schumann-Runge continuum (135-175 nm) dissociate the O

to produce O(* D) state.
Oy +hv — O+ O('D) (2.14)

iii. Dissociative recombination of O;r and eg,:

The OF and ey, dissociatively recombine to produce O(* D) state.
Of + ey, —O(MD)+0 (2.15)

iv. Cascading from loss of O('9):

The O('9) state de-excites to O(1D) state to emit 557.7 nm dayglow emission.

O(*S) — O(*D) + hv(557.Tnm) (2.16)



56 Chapter 2. Experimental Technique and Data Analysis

400 T BT oo T T T T —
\\A & Y
~ BEST FIT Jo,= 310 (SEC)
1 =
S~ - PARAMETERS | Ky 3xI0 " eMsEC
\\"\\ . ~ F(E)m Theory

8
[<]
T
e
!

= \\
X ~ ° MEASUREMENT
ORBIT #435
5 THERMAL “{\
[ ELECTRONS
= S
2 | A\ scHumamy- )
< 200F e RUNGE e
DISSOCIATIVE .~~~ \_-7
RECOMBINATION, - -
/ - \ &
L el I Lol ! L
10 100 1000

VOLUME EMISSION RATE (Ph/CM’ SEC)

Figure 2.4: Vertical profile of 630.0 nm dayglow emission intensity obtained by limb
scanning method by the visible airglow experiment on-board the AE-C satellite.

After Hays et al.| [1978].
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Figure 2.5: Red line (OI 630.0 nm) volume emission rate profiles obtained from
the WINDII measurements are shown with Gaussian fitted curves on two days.

After (Zhang and Shepherd| [2004].

The photoelectron impact excitation of O contributes most to the 630.0 nm
dayglow emissions followed by the photodissociation mechanism. The contribu-
tion of dissociative recombination to the 630.0 nm dayglow emission is around
20-30% (Figure 2.4) [Hays et all [1978}[Singh et all,[1996]. However, the dissocia-
tive recombination contributes significantly to the temporal variability observed
in the emissions [Sridharan et al., [1992bl 1994; |Pallam Raju et al., 1996]. Over
equatorial- and low-latitudes contribution of the dissociative recombination at the

peak emission height could be larger by a factor of 1.5 to 2 |Solomon and Abreu,
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1989]. Whereas, over the high-latitudes these are nearly comparable. Cascading
from the loss of O('S) has a minor contribution to the total production of 630.0
nm dayglow emissions [Solomon and Abreu), |1989; |Witasse et all 1999]. Figure
[2.5] shows red line volume emission rate profiles on two days obtained from the
WINDII measurements. The solid line shows the Gaussian fitting curves. It can
clearly be seen that the 630.0 nm dayglow emission peaks at around 230 km al-
titude and has a emission layer width of around 100 km. More information on

this emission can be obtained from |Pallamraju, [1996].

2.2.3 Ol 777.4 nm

The OI 777.4 nm dayglow emission results from the transition of O(°P) to O(®S)
state. The O(°P) state is produced due to the radiative recombination of Ot and

ew |Tinsley et all 1973].

O" + e — OCP), (2.17)

O(°P) — O(°S) + hv(777.4nm) (2.18)

OI 777.4 nm dayglow emission maximizes at the peak altitude of F' region,
where densities of both the reactants, O" and e~ are greatest. For the daytime
conditions, the peak emission altitude for this emission is considered to be 300 km
during the investigation of the thesis work. The daytime OI 777.4 nm emission
measurement started since the advent of a high spectral resolution technique

[Pallamraju et al. |2013], described in the following section.

2.3 Observational Technique

It is a challenge to obtain the dayglow emission intensities as these are buried
in the huge solar scattered background continuum. Different types of techniques
have been used to obtain the dayglow emission intensities since a long time,
which have been discussed in section [I.6.1] In the thesis work, we have used
a ground-based high spectral resolution multiwavelength optical spectrograph

called MISE (Multiwavelength Imaging Spectrograph using Echelle grating) to



58 Chapter 2. Experimental Technique and Data Analysis

obtain the three dayglow emission intensities of our interest (Ol 557.7, 630.0, and
777.4 nm) [Pallamraju et al. [2013).

2.3.1 Optical Design of MISE

The schematic diagram and detailed information of the components of MISE are
shown in the Figure [2.6] and table respectively. MISE is a large field-of-view
(FOV=140°) slit spectrograph. Light falls on the all sky objective lens that is

y
Multiwavelength Imaging EL—mD

Spectrograph using Echelle- 74 2
grating (MISE) i

. Objective lens

. Slit + field lens

. Collimator: f= 1130 mm, f/11.3

. Grating: 100 x 200 mm (lEchelle), :
31.6 lines mm~

. Imaging lens: f= 600 mm, /6

. Mosaic filter + reimaging lens

.CCD: 1kx 1k, 13 n

W AW N~

~N N

M1, M2, M3 are folding mirrors
Dimension: 77 x 118 mm

Dispersion= 0.004 nm pixel'1
Resolution= 0.012 nm at 557.7 nm

Figure 2.6: Schematic of Multiwavelength Imaging Spectrograph using Echelle
grating (MISE). MISE is used to obtain the dayglow emission intensities simulta-
neously at OI 557.7, 630.0, and 777.4 nm wavelengths without any need of changing
the grating angle. The red lines show the optical ray diagram. After

et 013,
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Slit length 3.9 cm

Slit width 0.012 cm

Throughput (AQ) 2.8785x107* cm? sr

Collimator f=113 cm (f/11 Apochromat)

Grating 31.6 lines mm~!, blaze angle 63.5°
(Size: 110x220x30 mm)

Camera lens f=60 cm (f/6 Apochromat)

Total optical trans., 7 0.010197 (557.7 nm); 0.030775 (630.0 nm);
0.066338 (777.4 nm)

CCD (e ph™1) quantum eff., q(A): q (557.7 nm)=0.95,

q(630.0 nm)=0.93, q (777.4 nm)=0.8,
Gain, g=1.5259 e~ DN!
Total efficiency, Q(A) Q (557.7 nm)=0.62259, Q (630.0 nm)=0.6095,
Q(777.4 nm)=0.5243 DN ph™1,
134, 1kx 1k, E2V Chip
No. of rows (Nyows) 110 for 8 pixel binning along the slit
Dispersion, d (nm pixel ™) d(557.7 nm)=0.004, d(630.0 nm)=0.0049,
d(777.4 nm)=0.0059

Table 2.1: Characteristics of MISE. Specifications of each optical components are

given. After Pallamraju et al|[2013].

focused to infinity. The focal length of this objective lens is 12 mm. Behind the
objective lens a slit is placed. The length and width of the slit are 39 mm and
0.12 mm, respectively. Light from the slit fall onto the field lens which has a focal
length of 75 mm. The field lens reduces the divergence of the transmitting beam
from the slit and makes it to fall onto the collimating lens with the help of two
identical plane mirrors M1 and M2 placed orthogonal to one another (see Figure
. Dimension of the mirrors are 77 x 118 mm. The collimating lens is kept at
such a position to have the slit on its focus. The collimating lens used in MISE
is an apochromat with a focal length of 113 cm (f/11). An apochromatic lens

uses three elements in its preparation and is chosen here to optically correct the
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chromatic aberrations for all the visible wavelengths. The chromatic aberration

of light and its correction by apochromat is shown in Figure

(@) gg (b)
o
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ol L | [y e

Correction by Apochromat

400
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o
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Figure 2.7: (a) Shows error in focus for four types of lens in visible and near
infrared spectrum. (b) Shows the chromatic aberration of a lens for different
wavelengths of light. (c) Shows configuration of apochromat lens to correct the
chromatic aberration for different wavelengths of light. These figures are borrowed

from (https://en.wikipedia.org/wiki/Apochromat) dated 25 July 2017.

The transmitted parallel beam from the collimating lens fall on a special type
of grating called echelle grating. It’s size is 110 x 220 mm with groove density
of 31.6 lines per mm and blaze angle of 63.5°. Simulations have been carried
out using the grating equation and for the f/11 input optics to obtain the right
combination of the groove density and blaze angle of the grating such that all the
three wavelengths simultaneously fall on the 24 mmx 24 mm area at the image
plane where the filters are placed.

Echelle grating is a special type of grating which is designed to operate at
larger values of angle of incidence and diffraction for obtaining high spectral
resolution spectra. In order to understand the advantage of echelle grating over

a normal grating, let us look at the grating equation which is defined as,
nA = d(sin a + sin 3) cos~y (2.19)

where, n is the order of diffraction, A is the wavelength of the light, «, g and
~ are incidence, diffraction, and lateral angle, respectively, and d is the groove
spacing.

The lateral angle from off-axis makes the diffracted beam to be shifted so
that the diffraction pattern gets curved. The geometry of the grooves, optical ray

diagram at the edge of a groove and the lateral angle are shown in Figure [2.8|
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Figure 2.8: Geometry of the echelle grating depicting the groove spacing, grating
normal, facet normal, angle of incidence and diffraction, blaze angle and lateral

angle.

Considering a normal incidence of light (7=0) on the echelle grating and

differentiating equation [2.19| w.r.t. (5, we can get
dB/d\ =n/(dcos3) (2.20)
Substituting n/d from equation in equation we can get
dB/d\ = (sina + sin 3) /(A cos B) (2.21)

From equation [2.21]it can be seen that, for a fixed wavelength of light, the angular
dispersion df3/d\ depends only on « and § and therefore the angular dispersion
is higher for larger values of a and . For a higher grating efficiency (ratio of
incident intensity to diffracted intensity) the blaze angle [#=(a+3)/2] should be
close to a and . At larger blaze angles, the facet length of the grating (=d cos 0)
needs to be large. For this, the groove spacing d needs to be larger as the value of
cos 6 is small at higher values of . This, therefore results in a small groove density
for the grating. From equation [2.19] it can be seen that for a given wavelength of
light, larger values of d, o and [ are supported at high values of n. Thus, echelle
gratings operate at high orders of diffraction. In MISE order number for 557.7,
630.0, and 777.4 nm emission wavelengths are 102, 90, and 73, respectively. At

higher diffraction orders, there would be overlapping of several wavelengths at



62 Chapter 2. Experimental Technique and Data Analysis

different orders at a same location according to the relation,
TL1>\1 = ng/\g = 713)\3 = ... (222)

This problem of order overlap is overcome by using narrow-bandwidth interfer-
ence filters which allows light from a small spectral region around the required
wavelength.

The diffracted beam from the echelle grating is imaged at the detector by
using another imaging lens with focal length of 60 cm (f/6). Transmitted beam
from the imaging lens is made to fall on the detector using another plane mirror
M3 identical to M1 and M2. To get light of the required wavelengths, three strips
of interference filters (full-width at half maximum vary from 10-20 nm) at the
three required wavelengths are glued together and placed in front of the detector
at the image plane. The filtered light at these three wavelengths are imaged by a
macro-lens in the ratio of 1.8:1. The macro-lens re-image the light onto a 1 kx1 k
pixel format charge coupled device (CCD) detector of 13u pixel size (image plane
around 13 mmx13 mm).

The light from the slit falls on the echelle grating. If the light does not fall
normally on the grating, an angle v (lateral angle) will be created between the
incident beam and the diffracted beam as mentioned above. This angle will result
in a curvature effect on the image [Chakrabart: et all 2001; Pallamraju et al.,
2002, 2013]. An on-chip binning of the image on spatial direction is carried out
to increase the signal to noise ratio, and this curvature of the image will decrease
the spectral resolution during the processes of binning. Thus, the curvature effect
of the image needs to be minimized. Hence, the slit is made curved in the opposite
direction to offset the curvature effect. Because of the curved slit, light from a
curved portion of the sky falls on MISE. As the spatial structures at the emission
altitudes are larger than the spatial distance between the regions of the sky that
are covered by the curved slits, the curved slit is acceptable [Pallamraju et al.,
2013].

The f/11 and f/6 lenses reduce the size of the image by a factor of 2. The
macro-lens also reduces the image size by a factor of 1.8. As a combined effect of

all the three lenses, the image size has been reduced without compromising the
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spatial information along the slit at the front-end, and is imaged onto the 13 mm
x 13 mm sized CCD chip. This feature of MISE enables us to obtain simultaneous
information of the dayglow emission intensities that emanate at three different
altitudes over a large FOV (~140°). The dispersion of MISE is 0.004, 0.0049, and
0.0059 nm pixel~! at 557.7, 630.0, and 777.4 nm spectral regions, respectively.
The signal to noise ratio (SNR) for 557.7, 630.0, and 777.4 nm dayglow emission
lines vary from 2-18, 5-28, and 3-8, respectively, throughout the day. These high
spectral resolution dayglow data sets are used as the primary data set in this
thesis work.

The operation of MISE is fully automated through scripts developed using
Microsoft visual basic language and interfaced with MaximDL software. Depend-
ing on the solar zenith angle, the exposure times are scheduled in the software.
The software and the operations of MISE can be accessed and controlled from
anywhere through internet. Any modification on data acquisition can be made

through these programmable software.

2.3.2 Sample Spectral Image Obtained From MISE

The dayglow emission intensities at all the three wavelengths are imaged onto a
1k x 1k CCD detector to form a high resolution spectral image. A sample image
obtained from MISE is shown in Figure [2.9] Pixels along the horizontal axis give

information of the wavelength. The two thick vertical dark lines are the edges of
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Figure 2.9: Sample image obtained from MISE. After |Pallamraju et al. [2013].
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the filters that are glued to one another. The left, middle, and right panels of the
image correspond to the emission intensities in the spectral region of 630.0, 777.4,
and 557.7 nm, respectively. The bottom X-axis show the pixel number whereas,
the top X-axis show the wavelengths corresponding to different spectra. The
small vertical dark lines are the Fraunhofer absorption lines. The three vertical
white dashed lines are drawn to mark the position of the three emission lines of
our interest. Pixels along the vertical axis retains the spatial information along
the slit direction. On-chip binning of 8 pixels along the spatial direction is carried
out to increase the signal-to-noise ratio. This makes the resultant pixel number

along the spatial direction to be 128.
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Figure 2.10: Schematic of viewing geometry of MISE.

As the dayglow emission intensities considered in this thesis work emanate
from varying altitudes, the spatial coverage at their corresponding emission alti-
tudes are different which is depicted in Figure 2.10] It is to be noted that the
altitude on the Y-axis is not to the scale. The spatial coverages at the emission
altitudes of 557.7, 630.0, and 777.4 nm dayglow corresponding to 140° FOV are

approximately 5%, 9%, and 11° longitudes, respectively.

2.3.3 Extraction of Dayglow Emission Intensities

Dayglow emission intensities at the three wavelengths are extracted from the
images obtained by MISE. Figure [2.11] explains one sample method of extraction

for 630.0 nm dayglow emission intensities.
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Figure 2.11: Method of extraction of dayglow emission intensities at 630.0 nm

wavelength. After |Pallamraju et al.| [|2013||.

The daysky spectra (shown in red line in Figure ) obtained from MISE
are compared with the normalized standard/reference solar spectrum (dark line)
in order to calibrate them in the wavelength domain. The calibrated day sky spec-
tra are scaled at the continuum regions with the solar spectra. The resolution
of the solar spectra used in the present study is 0.0002 nm. It is obtained from
BASS2000 Solar Survey Archive site (http://bass2000.0bspm.fr/solar_spect.php).
The region of interest in the spectra is zoomed in and shown in Figure[2.11b. The
two Fraunhofer absorption lines (non-telluric lines) of our interest in this region
are 630.03 and 630.06 nm. The vertical dashed line is drawn at the 630.03 nm
wavelength. The increase in brightness at both these spectral regions are clearly
notable, which can be either due to (i) atmospheric emissions, or (ii) scattering
in the atmosphere, or, both. The filling-in of intensities due to atmospheric scat-

tering (mainly Rotational Raman scattering) at the Fraunhofer lines is called the

Ring effect |Grainger and Ringl 1962 |Pallamraju et al., 2000]. Filling-in of inten-
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sities at 630.03 nm wavelengths are contributed by both atomic oxygen emission
mechanisms (described in section and atmospheric scattering effect (Ring
effect), whereas the filling-in at 630.06 nm emission wavelength are contributed
only by scattering effect. The solar spectra is subtracted from the sky spectra to
obtain only the atmospheric contribution, which has been shown in Figure [2.11k.
From an earlier work by |Pallamraju et al.|[2000], it is known that the Ring effect
contribution at two nearly adjacent (around 0.03 nm) spectral regions of identical
equivalent widths (normalized depth x half width) can be considered to be the
same. It is important to estimate this contribution since many atmospheric day-
glow emissions occur near the Fraunhofer absorption lines. If the data analysis
procedure does not properly account for the Ring effect contributions, then the
dayglow emissions will be overestimated. Thus, taking the Ring effect contribu-
tion at 630.06 nm into account and subtracting it from the total intensities at
630.03 nm, the atmospheric emission is calculated.

If 1., is the normalized intensity at the continuum level, I;; is the depth
of the Fraunhofer line where emission is present, and A,; is the half width of
the Fraunhofer absorption line centered at 630.03 nm, and I., Iz and A, are
the corresponding values at 630.06 nm (Figure 2.11p), then the scattering (Ring
effect) contribution present at the Fraunhofer absorption line, where (630.03 nm)
emission exists as compared to the neighboring 630.06 nm region is the ratios of
the equivalent widths (normalized depth x half width) at each of the Fraunhofer
absorption region.

Mathematically, this ratio is a factor, f, which is given as

(Icl - Idl) X Awl
(Ic2 - Id2) X Aw2

The value of f scales the amount of scattering contribution from 630.06 nm

f= (2.23)

region to be taken into account in the 630.03 nm region.

Now, the contribution of the dayglow emission at 630.03 nm is given by,
Dayglow = [(Area) curve,] — [(AT€a) curves] X f (2.24)

where, (Area)cyrve, is the area under the curve of the Fraunhofer line which

has both atmospheric emission and scattering contribution (centered at 630.03
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nm); (Area)curve, is the area under the curve of the Fraunhofer line which has

only scattering contribution (centered at 630.06 nm).

1.4x10%
1.2x10%E
1.0x10%F
8.0x10"
6.0%107E

55'7.7 557.8 55?.9 558.0

. Wavelength (nm) ~

(W) ]
o]}
9]
=7 [
D

Sky Intensity (R/nm)
~

]
L I
1.20x108F :

1.15x10%F

1.10x10°
557.68 557.70 557.72 B57.74 557.76

6 E
310 ¢) r

|

|

6 |

2x10 : L&R ; s

" |
1x10%E L. =
OMI% J B R s
E I 3

l

557.68 557.70 557.72 55'7.74 557.76

Wavelength (nm)

Atm. Contr. (R/nm)

Figure 2.12: Method of extracting dayglow emission intensities at 557.7 nm wave-

length. After |Pallamraju et all[2013].

The same method as explained above for 630.0 nm dayglow is followed to
extract the dayglow at 557.7 and 777.4 nm emission wavelengths and are shown
in Figures[2.12]and [2.13] respectively. In order to extract the dayglow emissions at
557.73 and 777.53 nm wavelengths, scattering contributions at 557.70 and 778.05

nm are considered.

This method of retrieval of dayglow is well-established and is described in
detail in the literature |Pallamraju et al., 2002, |2013]. By using this method,
the dayglow emission intensity can be obtained as count numbers registered on
the CCD detector. The absolute value of the dayglow emission intensity can be
estimated in Rayleigh unit (1 Rayleigh = 10° photons cm™2 s7!) as follows.

If B()) is the dayglow emission intensity (in Rayleigh unit) that enters into

MISE and N () is the registered count number on the detector for an integration
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Figure 2.13: Method of extracting dayglow emission intensities at 777.4 nm wave-

length. After |[Pallamraju et al. [2013].

time of ¢ seconds then,

N(\) = BO)S(\t (2.25)

and S(A\)=(10%/47)x Q(N) x AXQXT(A)xd(A\)/Nrows [Pallamraju et al.l [2002] is
the sensitivity per nm of MISE. where, Q()) is the overall efficiency of the CCD
detector (quantum efficiency g(\)/gain, g); A is the area of the slit;  is the solid
angle of the sky that the slit sees; 7(\) is the optical efficiency of the instrument;
d(\) is the dispersion in nm pixel™!, and 7,y are the number of rows that
have been obtained after on-chip binning in the spatial direction. Considering
specifications of all the optical components as given in table [2.1] the sensitivity
was calculated to be [Pallamraju et all, 2013]:

Spiz (O 557.7nm) = 0.5205 x 107>(DNnm R 's™1) (2.26)
Spiz (01 630.0nm) = 1.8837 x 107>(DNnm R~ 's™1) (2.27)
Spiz(O1 777.4nm) = 4.2057 x 107 °(DNnm R s 1) (2.28)

Taking the sensitivity into account, the count numbers can be converted to
Rayleighs by using equation [2.25

Extraction of the dayglow emission intensities as explained above is an in-
volved processes for which programmable codes have been developed using In-

teractive Data Language (IDL). As nature of the spectra for the three emission

wavelengths are different (Figures|2.11],[2.12] [2.13]), separate codes are developed
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for the extraction of emission intensities at each of the wavelengths.

2.3.4 Commissioning of MISE

MISE is commissioned at a low-latitude location, Hyderabad, India (Geographic
17.5° N, 78.4° E; 8.9° N Mag. Lat). It is installed at Jawaharlal Nehru Techno-
logical University, Hyderabad (JNTUH), under PRL-JNTUH collaboration since
2010 and is running in an automated schedule. This location is selected due to its
geomagnetic importance. Hyderabad is located in the midway between the EIA
trough and crest regions. Hence, by using the large FOV optical measurements,
spatio-temporal variations in the low-latitude thermospheric dynamics can be
studied.

Initially MISE was installed with its slit oriented along the North-South

(Meridional) direction. Many interesting results in terms of the vertical coupling

of the thermosphere [Laskar et al.l 2013; |Pallamraju et al. 2014], effect of solar

forcing and gravity waves (GWs) on the thermosphere [Laskar et all,[2013,2015],

set up of new meridional circulations during the SSW events and daytime wave

characteristics in the MLT regions |Laskar et al. 2014; |Laskar and Pallamragul,
2014] came out from these data sets.

Figure 2.14: (a) Installation of the hood to reduce the duration of effect of solar

glare, and (b) MISE supported to the roof while it’s operation.

During the present work to investigate the variations of the thermospheric
wave dynamics along the zonal direction, the position of MISE is oriented such

that the slit is aligned along the East-West (zonal) direction. As the slit of MISE
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is aligned along the zonal direction, for low solar zenith angle, effect of solar glare
is maximum and the images get saturated. To reduce the effect of solar glare, a
hood with narrow opening is set up above the dome, as shown in Figure 2.14h.
Further, special field campaigns are conducted to obtain the dayglow emission
intensities along both the directions (zonal and meridional) in order to study the
wave features in both these directions. The results obtained from such data sets
are explained in the subsequent chapters of this thesis. Figure [2.14] shows the

hood installed from outside and view of MISE from inside the laboratory.

2.4 Other Data Sets Used

Since both the neutral and ionized species are present in the upper atmosphere,
information of both the species are required for a complete understanding of the
upper atmospheric behavior. Neutral optical oxygen dayglow emission intensities
give information of the thermosphere. In the previous section we have discussed
in detail about the dayglow emissions. However, in this thesis work, in order to
carry out the scientific investigations, we have also used other data sets, which

are explained below.

2.4.1 EEJ data

Equatorial Electrojet (EEJ) refers to the intense narrow jet of current in the
eastward direction that flows in the daytime over the dip equator at an altitude
of around 105 km. The detail of EEJ has been discussed in the section [L.4l
EEJ strength can be obtained by measuring the induced magnetic field using
magnetometers placed on the surface of the Earth. Over Indian longitudes the
horizontal component (H) of the Earth’s magnetic field is obtained from two
stations. One station is at Tirunelveli (TIR) (Geographic 8.7° N, 77.8° E; 0.15°
N Mag. lat.), in a magnetic equatorial region which records the influence of
currents induced due to the EEJ, and the other is at Alibag (ABG) (Geographic
18.6° N, 72.9° E; 10.5° N Mag. Lat.), magnetically an off-equatorial station, that

is much less influenced by the EEJ currents. From each station, variations of H
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relative to their nighttime base values (i.e. AHr;r and AH,pg) are calculated.
In this process contributions from the magnetospheric current system, if any, are
removed. Difference of the measured AH at the equatorial- and off-equatorial
stations (AH7 p-AHapg) will give the EEJ strength. The variation in the EEJ
strength can be used to infer the behavior of equatorial electrodynamics and can
be related to the low-latitude processes, such as the EIA, ETWA, etc, [Raghavarao
et al,|1978,|1991; | Pallamraju et al., 2010, 2014;|Karan et al., 2016]. The EEJ data
used in this thesis work were obtained from the Indian Institute of Geomagnetism,

India.

2.4.2 Ionospheric data

In order to investigate the coupled nature of the thermosphere and ionosphere,
ionospheric information is needed. We have used digisonde (digital ionosonde) to
get the ionospheric information required for our investigation.

Digisonde is an active remote sensing device which works on the principle
of basic radar technique and has been used for over seven decades. Digisonde
transmits radio wave signals in a scanning mode in the range of 1-20 MHz.

The plasma has a characteristic frequency called plasma frequency (f,), which

is a function of electron density of plasma (N.), given by,

[} = Nee?/4megm = 80.5N, (2.29)

3 e and

where, f, is the plasma frequency in Hz, N, is the electron density in m~
m are the charge and mass of an electron, ¢; is the permittivity of free space.
As the transmitted radio signal with frequency (f) enters into the ionosphere,

it will encounter plasma with gradually increasing density i.e., increasing f, (equa-
tion [2.29)). The refractive index (n) of the medium is given as,

n*=1- f—g (2.30)
At the altitude of f,> f, the refractive index (n) becomes imaginary and the signal
cannot propagate further. Hence, at the altitude where, f,=f, the signal is re-

flected back [Hargreaves|, 1992] and the reflected echo is received by the receiving
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antenna of digisonde. From the time delay of the echo, the height of the reflecting
layer is calculated. This process of calculating the height is continued by scan-
ning the transmitted signal for different frequencies. The height information is
recorded as a function of frequency, which is called an “Ionogram”. The iono-
gram gives information of the electron density and height of different layers of the
ionosphere. By integrating the electron densities over the ionospheric altitudes,
the ionospheric electron content (IEC) can be obtained. In general frequencies
corresponding to the peak density in E, Fi, and F; layer of the ionosphere are
called as critical frequencies of the layers and are written as foF, foF}, and foFs,
respectively. Similarly, base altitude corresponding to foFE, foFi, and foF, are
defined as h,,F, h,, F1, and h,, F5, respectively.

For the thesis work, we have used digisonde data from two stations. One
station is at Trivandrum (Geographic 8.5° N, 76.9° E; 0.07° N Mag. Lat.), a
geomagnetically equatorial location, and the other is at Ahmedabad (Geographic
23.0° N, 72.5% E; 14.9° N Mag. Lat.), typically a northern EIA crest location in

Indian longitudes.

2.4.3 D index

The Dy (Disturbance storm time) index denotes the change in the horizontal
component, H, of the Earth’s geomagnetic field (approximately represented by a
uniform magnetic field parallel to the Earth’s magnetic dipole axis and directed
southward) at mid-latitude regions, and, in essence, indicates the magnetic field
induced at ionosphere due to the strength of the ring current in the inner magne-
tosphere. It is estimated in units of nT (nano Tesla) by using the H measurements
from four well separated mid-latitude stations which are sufficiently far away from
both the overhead auroral and the equatorial electric currents.

Figure [2.15| represents a classical example of the variation of Dy; index during
weak, moderate, and severe geomagnetic disturbances. A geomagnetic distur-
bance consists of three phases, namely (i) Initial phase, (ii) Main phase, and (iii)
Recovery phase. When the solar wind reaches the Earth’s magnetosphere, due

to the increase of solar wind ram pressure (P, = %pvQ; where p and v are the
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Figure 2.15: Variation of D;; index during different types of geomagnetic storms

are shown. After |[Hargreaves|[1992].

solar wind mass density and velocity), the magnetic field lines get compressed
and move closer to the Earth. This causes an increase in the induced magnetic
field on the surface of the Earth as measured by the magnetometers and results in
a sudden rise in Dg. This is referred as the storm sudden commencement (SSC)
and lasts for few hours only, which is followed by the initial phase of the storm.
During the initial phase of the storm, the Dy values remain elevated. During
geomagnetic storms, due to the enhancement of the ring current (westward), the
induced magnetic field (southward) on the Earth increases and the Dy, values
decrease, which forms the main phase of the storm. This phase generally con-
tinues for about several hours to a day. During the recovery phase of the storm,
D, values increase to its normal level and this phase can vary from a couple of
days to tens of days depending on the interplanetary magnetic field configura-
tion. The Dy; data used in the thesis work have been obtained from ISGI website

(isgi.unistra.fr).

2.4.4 Thermospheric O/N, data

The thermospheric ¥O/N, data is obtained from the Global Ultraviolet Imager
(GUVI) on-board the NASA TIMED (Thermosphere lonosphere Mesosphere En-
ergy and Dynamics) satellite. GUVT is a spatial imaging spectrograph which scans
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back and forth across the limb and disc of the Earth in every 15 sec. During each
scan, it covers an area 2500x100 km at 150 km altitude. The spatial resolu-
tion at nadir is 7x7 km [Christensen et al., 2003; | Zhang et al), 2004]. GUVI
obtains airglow images of the Earth’s atmosphere in five selected spectral bands
in the range of far ultraviolet (FUV) emissions (115.0-180.0 nm) to investigate
the composition, temperature of thermosphere, variables related to auroral par-
ticle precipitation and solar EUV irradiance. The five spectral bands include the
Hydrogen Ly-« line (121.6 nm), OI (130.4 and 135.6 nm), and Ny Lyman-Birge-
Hopfield (LBHS, 140-150 nm and LBHL, 165-180 nm) bands [Christensen et al.,
2003; | Zhang et all 2004]. As the airglow emission intensities are proportional
to the densities of the reactants, variation in the emission rates is expected to
show a good correlation with the variation of densities. Following this procedure,
YO/Ns is calculated by taking the ratio of the vertical column density of atomic
oxygen (OI 135.6 nm) to that of the molecular nitrogen (N LBHS emissions).
The base or reference of the column is the altitude where Ny column density is
107 cm™2 [Strickland et al), [1999; |Zhang et al), 2004]. The column extends from
around 140 to 250 km. |Strickland et al.|[1995] has explicitly reported the relation-
ship between the ratio of the column densities and the airglow emission rates at
135.6 and LBHS wavelengths. In the thesis work, we have used the thermospheric
Y.O/N; (Level 3) data corresponding to spatial location over Hyderabad, India
(from where the optical data has been obtained). A spatial extent of 20°x20"
in latitudesxlongitudes centered on Hyderabad has been considered to obtain
information of the neutral composition. Throughout the text of the thesis O/Ny

is used in place of 3O/Ns.

2.5 Data Analysis

In the previous section of this chapter we have discussed different types of data
sets and their measurement techniques that are used for this thesis work. Spec-
tral analysis of such data sets are carried out to obtain the spectral information

at different stages of these investigations. There are different effective spectral
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analysis methods such as, fourier series, fourier transform, least-square fitting of
sine and cosine waves of different time periods to the data, lomb scargle fourier
transform, wavelet transform, Hilbert transform, Wigner distributions, etc. to
carry out this analysis depending on the scientific requirements. To avoid repeti-
tion of the explanation of the spectral analyses methods used in the thesis work,
the result of which are described in various chapters, these methods are explained

in this chapter and are appropriately referred in subsequent chapters later.

2.5.1 Fourier Series

J. Fourier, a French mathematician first showed that any periodic function can
be expressed as an infinite sum of periodic complex exponential functions. Many
years after his discovery, this idea was generalized for non-periodic continuous
and discrete functions.

Before discussing the fourier transform, let us first look at fourier series. Con-
sider a periodic continuous function f(z) with time period T' (i.e. angular fre-
quency, wy = %) The fourier series expansion of f(z) within the interval of

—L < x < L with the corresponding time period T'= 2L can be represented as,

f(x) =ao+ ; <an coS % + b, sin nLL:c) (2.31)
= f(z) =ap+ Z (an cos nwox + by, sin nw0x> (2.32)
n=1

1 L
where, Ww=57 /_L f(z)dz,
1 (L
an:—/ f(x) cos nwozrdz; for n=1,2,3,...
oL |,

1 L
bn:—/ f(z) sin nwozdz; for n=1,2,3,...
oL |,

Substituting the values of a,, and b, in equation [2.32] we can get

_ = 2 2\1/2 an an .
flz) =ao+ Z (a7 +b2) [m cos nwo + (@ )12 sin nwoz)

n=1

(2.33)
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Assuming A, (Amplitude)=(a2+b?) 1/2, 6,(Phase angle)=arctan (—b,/a,),
An

(@ + )

angle form as,

and cos 9, = equation|2.33|can be written in the Amplitude-Phase

flz) =ao+ i A, cos (nwoz + 0,,) (2.34)

n=1

When f(z) is expressed in the form of equation , then wy, 2wp, 3wy...
and Ag,A;, As... are called the frequency and amplitude spectrum of f(x). The
amplitude or the power (square of amplitude) spectrum can be represented as a
function of the harmonic frequencies of f(x). This is called a discrete spectrum
as the powers are calculated for the discrete frequencies in the frequency spectrum.
Fourier series analysis is applied to a continuous and periodic function but cannot
be applied for an aperiodic function. To carry out spectral analysis of such

aperiodic function fourier transform is used.

2.5.2 Fourier Transform (FT)

To convert a continuous data set (either periodic or aperiodic) from time domain
f(t) to frequency domain f(w), fourier transform (FT) is used. The FT can be
written as,
flw) = /00 f(t)exp ™" dt (2.35)
An exponential term exp~®? at a fixed ¢ is multiplied with f(¢) and integrated
over all times to calculate the power of the frequency corresponding to the fixed
t. If f(t) has a high amplitude component of time period ¢, then that component
will be multiplied with the sinusoidal component of exp~™* to give a larger value
of the power. On the other hand if time period ¢ is not a major component of
f(t), then the power will be smaller. And if f(¢) has no component with time
period t, then the power will be zero. It is to be noted that as the product of
f(t) and exp~™?! is integrated over times from —oo to oo, so information of the
occurrence time of the frequencies is lost.
In order to convert a data set from frequency domain f(w) to time domain

f(t), inverse fourier transform (IFT) is applied, which can be written as,

f@) = /_00 f(w) exp™* dw (2.36)
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The experimental observations or the natural data sets are discrete in nature.
The FT of such data sets are called discrete fourier transform (DFT). Suppose

f(tx) is an one dimensional continuous function with £=0, 1, 2, ..., N-1.

The DET of f(t) can be defined as,

=

Flug) = % F(te) exp=ite dt (2.37)
0
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Figure 2.16: (a) Variation of the evenly spaced thermospheric neutral temperature
at an altitude of 100 km obtained from the NRLMSISE-00 model during 1 to
10 January 2017 (e,i) Same as Figure a but for unevenly spaced and re-binned
temperature data. Fourier transform, Lomb scargle fourier transform and Redfit
Lomb scargle fourier transfrom of data shown in Figures (a,e,i) are presented in

Figures (b,f,j), (c,g,k), and (d,h,l), respectively.
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And the inverse discrete fourier transform can be defined as,

N—
Ft) = % Z Flw) exp™t du (2.38)
k=0

The DFT computes N? complex multiplications and small number of addi-
tional operations to generate f(wg). The DFT can be computed faster using
N log, N number of operations using another transform called fast fourier trans-

form (FFT).

Figure shows the thermospheric neutral temperature at 100 km alti-
tude obtained from the NRLMSISE-00 model (https://ccme.gsfe.nasa.gov /mod-
elweb/models/nrlmsise00.php) during 1 to 10 January 2017. Here the data are
continuous and evenly spaced at every hour. Figure [2 shows the F'T of the
data shown in Figure[2.16a. The X- and Y- axes show the time periods and power,
respectively. It is to be noted that FT can clearly extract the dominant 12 h pe-
riodicity (semidiurnal component) in the temperature data. Now let us consider
an unevenly spaced data set. Figure [2.16f shows the same type of data as shown
in Figure but is unevenly spaced. Figure [2.16f shows the FT of the data
shown in Figure[2.16p. On comparison with Figure2.16p it can be noted that FT
does not yield accurate information on the periodicities that are existing as F'T
treats the data to be continuous data set. Hence, F'T cannot be used to find out
the dominant periodicity in an unevenly spaced data set. This is the limitation
with this method. The unevenly spaced data shown in Figure [2.16f is re-binned
linearly to make the data set evenly spaced, which is now shown in [2.16f and its
FT is shown in Figure [2.16j. The dominant time period in the data is obtained
accurately from the Figure 2.16], but this may not be true always. Moreover, by
the process of re-binning, the interpolated data may not carry the true picture of
the variations as can be seen by the presence of periods from ~12-18 h in Figure
2.16) as compared with Figure [2.16b. Therefore, use of interpolated data in FT
will increase the uncertainty in the calculation of the time period. From above
discussions it is clear that F'T can be useful only for evenly spaced data sets. This

limitation is overcome by the Lomb Scargle Fourier Transform (LSFT).
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2.5.3 Lomb Scargle Fourier Transfrom (LSFT)

The fourier series, fourier transforms explained in the previous section are applied
only to an evenly spaced data sets. But in practical scenario, mostly we come
across unevenly distributed data sets. This is because of unfavorable sky condi-
tions, issues with electric power during remote operation, technical issues with
the instrument, etc. Scargle in 1982, derived a modified normalized periodogram
to carry out the spectral analysis of the unevenly spaced data sets [Lomb, |1976}
Scargle), [1982]. Before discussing Scargle’s modified normalized periodogram, let
us first look at the standard classical periodogram analysis.

The DET for an arbitrary sampled data set, X (t;);i = 1,2, ..., Ny is defined

as,
No

FTy(w) =Y X(t;) exp(—iwt;) (2.39)

j=1

The periodogram is then conventionally defined as |Deeming, (1975,

No
1 1
Pp(w) = N |FT,(w)|* = N ;X(tj)exp(_ZWtj)

= NLO[<ZXjCOSWtj>2+ (ZXjSinWtj>2] (2.40)

] J
This classical periodogram can be evaluated for any values of w. It is to be
noted that if X is pure Gaussian noise then P, (w) is distributed exponentially. If
X contains a signal with frequency wy, then at or, near w = wp, X and exp(—iwt;)
are in phase and P,(w) becomes large. Whereas, for other values of w, P,(w) turns
out to be small. For an evenly spaced data set at a cadence of At and assuming

At=1, t; = j, and X; = X(t;), P,(w) can be written as,
2

Pow) = Nio (2.41)

No
ZXJ exp(—ijw)
j=1

The FFT process has two major problems. First one is a statistical problem.
P,(w) is very noisy inspite of increasing the number of data points or decreasing
AT [Richards, 1967]. The power spectra of a signal will be error-free as long
as the mean sampling rate exceeds or equals the Nyquist rate (i.e. the mean
sampling rate is greater than or equal to twice the highest frequency of the sig-

nal). But in unevenly spaced data sets due to the data gaps the mean sampling
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frequency becomes smaller than the Nyquist rate and thereby the noise in the
power spectra increases. The second problem is the spectral leakage of power
to nearby frequencies of wy. These problems can be solved by convolving the
spectrum with a spectral window function |Harris, [1978]. All the convolution
procedures can be applied to the periodogram with arbitrary sampling. These
are basically equivalent to smoothing in the spectral domain. The problem with
such smoothing procedures is that the values of the power at various frequencies
are not independent. Hence, the periodogram in equation [2.40]is not best suited
for spectral analysis particularly in case of unevenly sampled data sets.

Scargle derived a modified periodogram analogous to the periodogram in equa-

tion [2.40| which is defined as,

) [Z Xjcosw(t; — ) ZXj sinw(t; — 7')]
Py(w) = = ! + = (2.42)
2 Z cos’w(t; — 1) Z sin®w(t; — 1)

2

> sin 2wT;
> €os 2wT;
This modified periodogram ([2.42)) is suggested over the classical periodogram

where, tan 2wt =

because it has a simple statistical behavior and is equivalent to the min-
imization of the sum of squares using least-squares fitting of sine waves to the
data. The use of 7 makes the periodogram time translation invariance. Most
importantly for the modified periodogram, P,(w) follows exponential probability
distribution. The modified periodogram is normalized by o2 (total variance of
the data set) [Scarglel, [1982] because it is the only normalization which yields
correct statistical behavior of the periodogram and also it produces the desired

exponential probability distribution [Horne and Baliunas), 1986].

The False Alarm Probability And Significant Power Level

P,(w) shows an exponential probability distribution. For any w; the probability
of P,(w;) for a power level of z or greater is e~*.
Let us assume that N is the total number of independent frequencies and

z is the maximum power of the periodogram. Probability of each independent
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frequency smaller than z is 1 — e™* and therefore probability of all frequencies
smaller than z is [1 — e7*]¥. Hence, probability (False Alarm Probability, FAL,

po) of some frequencies with height z or greater is defined as,
po=1—-[1—e " (2.43)
And hence, the power level can be written as,
z=—In[l — (1 — po)"/M (2.44)

The maximas in P,(w) can either be due to the frequency of the signal or due
to the random noise present in the data. The values of P,(w) above this power
level (z) are considered to be statistically significant. For pp=0.01, the power level
z is calculated with 99% confidence [Scargle, 1982; |Horne and Baliunas), 1986].

The common practice to evaluate the significance of the power spectrum sta-
tistically is to measure the background noise level. The background noise level
can be white noise or red noise. The white noise is a flat spectrum having zero
mean, constant variance and uncorrelated with time. It spreads uniformly for all
frequency range. In spectral analysis of many observational data sets, the spectral
powers of higher frequencies are smaller than than the lower frequencies. Thus,
the background noise level should be accounted carefully with varying frequen-
cies. The red noise has zero mean, constant variance and is correlated with time.

A simple model to estimate the red noise is the univariate lag-1 autoregressive

(AR1) or Markov process, which is defined as,
Ty = QTp_1 + 2n (2.45)

where, « is the characteristic time scale of the AR1 process and z, indicates the
Gaussian white noise.

The normalized discrete fourier power spectrum of x,, can be defined as,

B 1—a?
"~ 1+a?—2acos(rrk/N)

P, (2.46)

where, k=0,...,N/2 is the frequency index.

Hence, by selecting an appropriate lag-1 autocorrelation, the red noise spec-
trum can be estimated using equation [Gilman et al., 1963; | Torrence and
Compol, 1998].
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The Number of Independent Frequencies

One important factor to decide the FAL is the number of independent frequencies
N. By carrying out simulations for a large number of data sets with various time
spacing, powers were estimated for all reliable frequencies. The highest peaks
from each periodograms were selected and then combined. A false alarm function
was then fitted to the peak distribution of the powers keeping N as variable. After
fitting a parabola to the empirically generated values of N; as a function of N,

the folowing function was derived.

N; = —6.362 + 1.193N, + 0.00098 N2 (2.47)

For unevenly spaced data sets, number of independent frequencies reduce. In
case of three data points clumped per time point, N; is estimated to be Ny/2.9

[Horne and Baliunas|, [1986].

Spectral Leakage

Sometimes we come across situations when more than one statistically significant
frequencies are obtained. In those cases one needs to be careful in deciding the
frequencies of the signal in the data. Because of the irregular spacing and finite
length of the data set, the desired frequency of the signal may not appear at the
correct position. These type of problems are known as spectral leakage and can

be taken care of as follows.

A sine curve with the frequency w; obtained from periodogram-1 is to be
removed from the data and then periodogram-2 is to be calculated. Now the
remaining frequencies in periodogram-2 are considered to be the frequencies of
the signal. The periodogram-2 needs to be normalized to the variance of the data
after subtracting the sine curve with frequency w from the periodogram-1 |[Horne

and Baliunas), [1986].
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Uncertainty in the Frequency

The standard deviation (éw) of the frequency (w) can be defined as [Kovdacs,
1981; |Horne and Baliunas, [1986],

3moN

Sw = —2TIN
YT OUN.TA

(2.48)

where, A is the amplitude of the signal, o is the standard deviation of the noise
after the signal has been subtracted, and 7' is the total length of the data set.

This was derived for evenly spaced data. However, the uncertainty does not
degrade much for unevenly spaced data set. So this can also be used for unevenly
spaced data sets.

The lomb scargle fourier transform of the evenly, unevenly spaced and re-
binned data as shown in Figures [2.16p,e,i have been carried out and the results
are depicted in Figures [2.16]c,d),(g.h),(k,]), respectively. The dotted lines in
Figures g,k and d,h,]1 correspond to background white and red noise at
90% confidence level. It can be seen that the red noise level is small for smaller
time periods. By using the lomb scargle fourier transform the 12 h semidiurnal
variation in all the three types of data sets is found out to be significant. The
dominant time periods and uncertainties in Figures [2.16p,c,d,g,h,j,k and 1 are
12.00 £ 0.14, 11.99 + 0.17, 12.00 4+ 0.13, 12.01 £ 0.24, 12.02 £+ 0.17, 12.0 £ 0.14,
12.02 £ 0.19, and 12.0 £ 0.14 h, respectively.

2.5.4 Wavelet Analysis

In the previous section we have discussed about the different types of fourier
transforms which can give information about the time period/frequency in a given
time series data. But, these methods cannot give information about the time of
occurrence of the frequencies as explained in section [2.5.2] For example in Figure
2.16] we do not have any information about the occurrence of 12 h periodicity
during the 10 days (240 h) observation. For more clarity let us consider another
example.

Figures 2.17p,b show two periodic continuous signals with 25, 50 and 100 h
periodicities. In Figure all the three time periods are present during the
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Figure 2.17: Signals depicting (a) uniform and (c) discrete distribution of period-

icities in time. Fourier transform of the data (a,c) are shown in (b,d).

whole 1000 h time duration i.e. the signal is stationary. But in Figure[2.17c 25, 50
and 100 h time periods exist during 0-250, 250-600, and 600-1000 h, respectively,
which means the signal is non-stationary. Figures [2.17b,d show the LSFT of the
signals shown in Figures [2.17h,c. The horizontal dashed line corresponds to the
90% significance level. In both the LSFT spectra the only information that can
be obtained is that 25, 50 and 100 h time periods are significant in both data
sets. The only difference is that in Figure the power values are different
for different time periods. It is because of the existence of 25, 50, and 100 h time

periods for 250, 350, and 400 h, respectively.

LSFT treats the periodic variations to be stationary through out the obser-
vation in both the cases (Figures 2.17h,c) which is not true for Figure 2.17k.
Thus, another transform is needed which can give information of both frequency
components of a signal and the duration of their existence in the signal. Short
Time Fourier Transform (STFT), Multi Resolution Analysis (MRA), Wigner dis-
tribution, Wavelet Transform (WT) are some of the transforms which can yield
such informations. In the thesis work we have used wavelet transform. Before

discussing about wavelet transform, to have background information STFT is



2.5. Data Analysis 85

discussed below.

Short Time Fourier Transform (STFT)

Short time fourier transform divides the signal into small segments within which
the signal is assumed to be stationary. For this a window function, W(t — d)
(width equal to the small segment) is selected and multiplied with the signal,

t and then FT is carried out. d is the

f(t) and an exponential term, exp *
translation parameter.

The STFT of a time series data set, f(t), is given by
STFT(d,w) = / FOW(t —d)exp ™" dt (2.49)

The window function (W) can be any one of the rectangular, Gaussian, Han-
ning, or Hamming type depending on the application. The STFT coefficients are
calculated for each value of d and w. Thus, a 2-dimensional plot of the coefficients
in time and frequency domain can be generated.

The problem with the STFT is the time and frequency resolution. As the
selected window is of finite length, it covers a small portion of the signal data
and we will get information about the frequency band instead of exact frequencies
within that window. This will make the frequency resolution poor. Thus, the
width of the window function which is not well defined, limits the time and
frequency resolution. If the width of the window is increased for better frequency
resolution, the time resolution will be poorer. This limitation is like Heisenberg’s

uncertainty principle which states that “The momentum and position of a moving

STFT

Poor frequency resolution Poor time resolution

Frequency
Frequency

Time Time

Figure 2.18: Box presentation of uncertainty in time-frequency resolution in STFT.



86 Chapter 2. Experimental Technique and Data Analysis

particle can’t be measured simultaneously with 100% accuracy”. Here the same
principle is applied for time and frequency.

This is illustrated in Figure where, the length and width of each box
decides the time and frequency resolution. Each point inside a box corresponds
to a fixed STF'T coefficient and the coefficient changes for different boxes. On the
left panel of Figure the length of the boxes are smaller than their widths.
This implies a better time resolution but poor frequency resolution. On the right
panel of the Figure [2.18] the length is greater than the width of the boxes. This
makes the time resolution poorer but the frequency resolution better. Thus, prior
information on periodic components in the signal will help the user to select the
window function and width while using STFT. The wavelet transform solves this

difficulty to a certain extent, which is discussed in the next section.

Wavelet Transform (WT)

Wavelet analysis is a popular technique for data and image analysis particularly
for non-stationary signals. It decomposes the periodic components of a signal by
passing the signal through different frequency band filters and construct a picture
of the same in spatial, temporal or wavelet scale (frequency) domain. Detailed
information about the WT method can be found out in various literatures e.g.
[Daubechies|, [1988; |Goupillaud et al., 1984; | Grossmann and Morlet, |1984; Lau and
Weng, (1995; |Mallat, 1989; |Morlet et al.l 1982].

The continuous wavelet transform (CWT) of a square integrable function or
data set f(t) is defined as,

+

CWT(d, s) = \/1’?’ /Oo O (t;d) dt (2.50)

Here, d and s are the shift or translation (dilation) and scale parameters.

[e.o]

Low and high value of s correspond to high and low frequencies, respectively.
Y(t) is the transforming function called the Mother wavelet. Depending on
f(t), mother wavelets are selected. Some examples of the mother wavelets are
Coiflet, Daubechies, derivatives of Gaussian, Haar, Morlet, Paul, Symlet function.

WY (%l) is called the daughter wavelet as it is derived from the mother wavelet
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by translation and scaling and the superscript (*) on it represents its complex
conjugate. 1/ \/H is a energy normalizing factor to equalize the energy level of
the transferred signals at every scale. By shifting the values of d and s, all the
coefficients of the CWT are calculated. We have used Morlet wavelet fuction
to calculate the wavelet coefficients which gives a complex output array. From

these coefficients the amplitude, phase and power spectrum of the wavelet can be

obtained.

A
(a) Fourier Transform (b) STFT
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Time Time
\
( C) Wavelet Transform
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Figure 2.19: Box presentation of the uncertainty in time-frequency resolution in

FT, STFT and WT.

As discussed in the previous section, STFT results a wavelet spectrum with
constant time and frequency resolution. But CW'T has a better time resolution
and poor frequency resolution at high frequencies but at low frequencies it has a

poor time resolution and better frequency resolution. For a better comparison of
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the time-frequency resolution of the FT, STFT and WT, box presentation of the
time-frequency resolution in each transform is shown in Figure[2.19| From Figure
it is clear that FT does not give any information of time. Figure [2.19b
shows that both time and frequency information can be obtained using STFT.
At the same time the constant dimension of each box depicts the limitation in
the simultaneous measurements of time and frequency. Different dimension of

the boxes in Figure clearly represent the advantage of WT over STFT.

Cone of Influence (COI)

In practical cases, mostly we deal with finite length of data series. F'T assumes
the data series to be cyclic while calculating the power spectra. Hence, errors will
occur at the edges of the wavelet power spectrum. One solution for this is zero
padding at the edges of the time series. But zero padding at the edges of the data
series will again introduce discontinuities at the endpoints and at larger scales
the amplitude will decrease because of the zeros. The cone of influence (COI) is
the region of the wavelet spectrum in which the edge effects become important.
The COI is defined as the e-folding time for the autocorrelation of wavelet power
at each scale. The e-folding time will drop the wavelet power by a factor of e~2
at the discontinuities and ensures that the edge effects are negligible beyond this
point |Torrence and Compol, [1998]. As zero padding is not required for cyclic
data sets, COI is not needed. For Morlet wavelet the e-folding time is v/2s.

Wavelet transform of the data shown in Figures [2.17h,c are shown in Figures
2.20h,b. The X- and Y-axes show the time duration and time period. Normalized
power is shown in the Z-axis in different colors. The color bar on the right side
of the figure show the values of the normalized power. The white lines show the
cone of influence.

From it can clearly be seen that the 25, 50, and 100 h time periods
are significant through out the 1000 h time duration. In Figure 2.20b, the WT
distinguishably separates the occurrence time of these three periodicities.

WT of the evenly and re-binned spaced thermospheric model neutral temper-

ature data (as shown in Figures [2.16,i) is shown in Figures [2.21a,b. The 12 h
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Figure 2.20: Wavelet transform of the signals with uniform and discrete distribu-

tion of periodicities as shown in Figures|2.17ha,c. The white lines correspond to the
Cone of Influence (COI).
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Figure 2.21: Wavelet transform of both evenly and unevenly spaced thermospheric

neutral temperature data as shown in Figures = ,€e.

periodicity as obtained in the LSFT spectra (Figures ,c,d) is found to be
present through out the 250 h in the evenly spaced data. The discontinuity of
this time period in the re-binned data is also clearly notable.

The WT technique is widely used in various fields such as geophysics, medical
science, astronomy, computer science, and engineering, etc. The wavelet trans-
form is applied for time-scale power spectrum analysis, noise filtering, detection
of coherent structures, edge detection, image compression and enhancement, etc.

All the transform methods explained till now are used to carry out the spectral

analysis of different types of data sets in the thesis work. Samples of the spectral
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analyses carried out for dayglow data using these methods are discussed in the

next section.

2.5.5 Spectral Analysis of Dayglow Data

MISE is operated through out the day to obtain the dayglow emission intensity
data over a large FOV. So we have dayglow emission intensity data both in
temporal and spatial domain. Thus, through periodogram and wavelet analyses
we can get information about the frequency and its time of occurrence. Also, we
can get information of the scale sizes (scale size is a different terminology used for
the wavelength of the atmospheric waves) from the spatial varying dayglow data
by wave number spectral analysis as the information along the spatial direction

is obtained simultaneously. All these processes are explained below.

Periodgram and Wavelet Analysis

Figure shows a sample diurnal behavior of OI 630.0 nm dayglow emission in-
tensity obtained from zenith on 06 February 2014 as a function of local time (LT).
Figures and b depict the steps involved in obtaining the spectral informa-
tion. The diurnal pattern of the 630.0 nm dayglow emission intensity (solid red)
(Figure [2.22h) shows a broad solar zenith angle dependent variation along with
other small period fluctuations, which are attributed to Gravity Waves (GWs).
Since, in the thesis work, our focus is on the fluctuations in the GW regime,
time periods in this range are obtained from the dayglow emission intensities by
subtracting a 3 h smoothed line (solid dark) from the dayglow intensities. As
the large-time scale variations are subtracted, the residuals (red dotted line) now
correspond to time periods that are smaller than 3 h. Periodgram analysis has
been carried out using the Lomb-Scargle technique (described in section [2.5.3)) to
obtain the GW time periods, the result of which is shown in Figure 2.22b. Here,
the X- and Y-axes represent the time periods in hours and normalized power
spectral density (PSD), respectively. The frequency (in h™!) of the PSD is noted
in the X-axis on the top. The horizontal dotted line shows the 90% false alarm
limit (FAL) value. On this day, time periods of 2.28, 1.57, 0.8, and 0.5 h are
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Figure 2.22: (a) The diurnal pattern of the OI 630.0 nm dayglow emission intensity
over the zenith is shown (red). The 3-h running average (dark line) is subtracted
from the dayglow to obtain the residuals (dotted red line). (b) Periodogram analy-
sis of the residuals in Figure [2.22a is shown. (¢) The OI 630.0 nm dayglow emission
intensity along the zonal direction at 8.8 LT on the same day is shown. The 320 km
running average (dark line) is subtracted from the dayglow to obtain the residuals
(dotted red line). (d) Wave number spectral analysis of the residual in Figure [2.22

is shown.

found to be significant (>90% FAL) in the 630.0 nm dayglow emissions in zenith.

To know the time of occurrence of these time periods, we have carried out the
wavelet analysis which is shown in Figure[2.23] The X- and Y-axes show the local
time and time periods in hours. The normalized power is shown in colors along
the Z-axis. The color bar on the right side of the figure show the normalized
power values for different colors. The white line show the COI. It can be seen

that the larger time periods (i.e. 2.28 and 1.57 h) were present during 10 to 12 LT
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Figure 2.23: Wavelet transform of the 630.0 nm dayglow emission intensities as

shown in Figure [2.22}a.

whereas the smaller ones (i.e. 0.8 and 0.5 h) occurred during 12 to 14 LT. Also

it is to be noted that all the time periods are within the COI and are significant.

Wave number spectral Analysis

The spatial coverage of MISE at the emission altitudes of 557.7, 630.0, and 777.4
nm dayglow emission wavelengths are around 340, 600, and 800 km (3°, 5.5°, and
7.3" in longitude), respectively. An 8-pixel binning of the image along the spatial
direction results in the image with 128 pixels along the spatial direction. Out of
the 128 pixels, data from pixel numbers 10 to 109 onto which the light from sky
falls are used for the analysis. The rest of the pixels on either side of the image
correspond to regions of the sky at low elevation angles which are susceptible to
large scattering in the lower atmosphere and so are not used for analysis. An 11-
pixel running average of the image from pixel number 10 to 109 is carried out along
the spatial direction to get 90 useful segments. In this process the smaller scale
fluctuations are averaged out so that random fluctuations which do not have any
physical significance are eliminated. The non-linear nature of the relation between
the FOV and the distance covered in space results in pixel-to-pixel variation in
the spatial extent as imaged on the detector. Spatial resolutions over the zenith

correspond to 0.4, 0.7, and 0.9 km.pixel™* for the emission heights of 130, 230,
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and 300 km, respectively, whereas, it is 11, 20, and 25 km.pixel !, at higher view
angles for the 557.7, 630.0, and 777.4 nm emission wavelengths. Considering a
2-pixel resolution to ascertain the position, the maximum spatial uncertainty for
each of these emissions is 22, 40, and 50 km, respectively. The maximum spatial
extent covered for the given FOV at the emission altitudes of 557.7, 630.0 and
777.4 nm dayglow emission intensities are ~340, ~600 and ~800 km, respectively.
Lomb-Scargle wave number spectral analyses |Lomb, [1976; |Scargle, 1982 of the

residuals have been carried out to obtain the significant scale sizes.

Figures [2.22c and d illustrates a sample of the method for wave number spec-
tral analysis for 630.0 nm dayglow emission intensity at 8.8 LT on 06 February
2014. The X- and Y-axes in Figure show the zonal distance from zenith
(positive eastwards) and dayglow emission intensity, respectively. The spatial
variation of 630.0 nm dayglow emission intensity is shown as the solid red line.
One can clearly notice the small and large wave like structures. To ensure that
at least two repeatable cycles of the wave of a given scale size exist in the ob-
served spatial extent, we have obtained residuals after taking running average
of the zonally distributed dayglow emission intensity data at 777.4, 630.0, and
557.7 nm wavelengths by 425, 320, and 181 km, respectively. The dark solid line
corresponds to the running averaged of the zonally distributed dayglow emission
data. Thus, the residual (dotted lines) contains the contribution of scale sizes
which are statistically significant. Lomb-Scargle wave number spectral analyses
of the residuals have been carried out to obtain the significant scale sizes, which
is shown in Figure 2.22d. The X- and Y-axes show the values of scale sizes (in
km) and their normalized PSD. The upper X-axis shows the wave number (in
km™!). The 90% FAL is shown as the horizontal dashed line. A significant zonal
scale size of 118 km is found to be present at the altitude of origin of the OI 630.0

nm emissions at 8.8 LT.

Methods of the spectral analysis for OI 630.0 nm dayglow data that have been
carried out both in temporal and spatial domain and explained above are followed
during various stages of the investigations of different works. Such analysis will be

carried out for the dayglow data at all the three emission wavelengths. The results
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obtained by the use of such analysis methods will be presented in subsequent

chapters.

2.6 Conclusion

In this chapter the production and loss mechanisms of the three neutral op-
tical oxygen dayglow emission intensities (OI 557.7, 630.0, and 777.4 nm) are
explained. These dayglow emission intensities are obtained by using a large FOV
high spectral resolution optical spectrograph called MISE. Details about the op-
tical design, viewing geometry, output images and commissioning of MISE are
discussed. Extraction of dayglow emission intensities from the images obtained
by MISE is very challenging and involved task, which is carried out through pro-
grammable codings using IDL. The method of extraction of dayglow emission
intensities is explained in detail. In order to carry out the scientific investigations
and to substantiate our findings, we have made use of other supporting data
sets, such as EEJ strength, ionospheric data, Dy, index, and thermospheric O/No
data. We have also discussed about all these data sets and the methods to obtain
these data. During various stages of the investigation, we require the knowledge
of periodicity information in the data sets. For this different spectral analyses
such as FT, LSFT and WT have been performed, which are discussed in detail.
Through these transforms, we have carried out the periodogram and wavenumber
spectral analyses of the temporal and spatial dayglow emission intensity data to
obtain the periodicity and scale sizes information which have also been discussed
in detail with examples. Many new and exciting results have been obtained by
the scientific investigations carried out on the data sets, wherein different analysis
methods discussed in this chapter have been used. The results will be presented

in the subsequent chapters.



Chapter 3

Influence of Equatorial
Electrodynamics on Daytime
Low-Latitude Thermospheric

Optical Emissions

3.1 Introduction

It is well-known that the optical airglow emission intensities act as tracers of
the atmospheric behavior that exists at the altitudes of their origin. In the
Earth’s upper atmosphere optical emissions originate when atomic or molecular
constituents or their ions de-excite from their higher energy states to the lower
ones. The emissions emanate at different altitudes depending on the reactants
and the type of chemical/photochemical reactions that produce them at those
altitudes as described in Chapter-2. We have also seen from Chapter-1 that there
are several large scale phenomena that exists, especially over low-latitudes. With
the knowledge that the dissociative recombination is responsible for the 630.0
nm nightglow, all-sky images of this emission yielded unique signatures on the
reversal of the EIA in the nighttime [Sridharan et al. [1993b]. The nighttime all-
sky images provide information on the dynamics of the large scale plasma bubbles

le.g., | Taylor et al., {1995} |Makela et al., 2013]. The mesospheric (OH, O band)
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and the lower thermospheric (OI 557.7 nm) nightglow emission variability has
been used to derive information on the mesospheric temperatures [e.g., |Taylor
et al., [1995; \Singh and Pallamraju, 2015], AGWs |Shiokawa et al., 2009; |Singh
and Pallamragu), 2016], tides, and PWs |[Nakamura et al., |199§].

With regard to the dayglow, similar variations between the daily averaged
630.0 nm dayglow emission intensity and the daily sunspot number indicated the
influence of solar flux on the optical dayglow emissions [Pallamraju et al., |2010].
With the addition of OI 557.7 nm dayglow measurements, investigations have
been extended to study various aspects such as, GW dynamics in the lower ther-
mosphere [Laskar et all 2013} 2015, effect of the tidal and solar flux variations
on the MLT dynamics from on-board UARS satellite [e.g., Maharaj-Sharma and
Shepherd),[2004; | Zhang and Shepherd),[2004], 2005], and the three dimensional day-
time wave characteristics [Pallamraju et all [2016]. In all these measurements,
it was seen that the diurnal behavior of the daytime emission intensity broadly
varied as a function of the solar zenith angle. In fact, the empirical models for OI
557.7 nm and OI 630.0 nm dayglow emissions that were developed [Zhang and
Shepherd), 2004, 2005] do have solar zenith angle as one of the inputs. This is
not unexpected, as the solar photons through the processes of photodissociation,
photoelectron production, and ionization at a given location do affect the volume
emission rates of the dayglow emissions as explained in section [2.2] This gives
rise to a broad solar zenith angle dependent behavior for the diurnal emission
intensity distribution |[Solomon and Abreu, 1989]. Thus, to the first order con-
sidering purely photochemical production processes one would expect that with
decreasing/increasing solar zenith angle, the dayglow emission intensities will in-
crease/decrease giving rise to maximum dayglow emission intensities around local
noon resulting in a symmetric behavior in the diurnal variation of the dayglow

emission intensities with respect to local noon.

The transport of plasma from the equatorial- to off-equatorial region by the
process of the EIA (described in detail in section [1.4]) can affect the thermo-
spheric contribution of the dayglow emission intensities. Thus, it is interesting to

investigate how the F layer plasma transport affects the diurnal behavior of the
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dayglow emission intensities. For this, we have investigated the diurnal behavior
of the dayglow emission intensities at three wavelengths (OI 557.7, 630.0, and
777.4 nm). The high temporal resolution ground-based measurements that we
have carried out by using MISE (discussed in detail in section do show that
the diurnal behavior of the dayglow emission intensities do not follow a symmetric
pattern with respect to local noon on several days. On some days the dayglow
emission intensity peaks during before noon or afternoon. Such non-symmetric
or asymmetric diurnal behavior in the dayglow emission intensity pattern with
respect to local noon is not expected considering purely the photochemical nature
of the production of dayglow emission intensities. The peak of dayglow emission
intensities in afternoon could be due to the increase of densities of reactants which
produce the dayglow emissions. Hence, we have investigated this asymmetric di-
urnal emission intensity behavior in greater depths to characterize and to find

the source of such behavior.

Following the procedure of extraction of the dayglow emission intensities as
described in detail in section [2.3] we have obtained the dayglow emission inten-
sities at the three wavelengths from Hyderabad, a low-latitude location in India.
The low-latitude thermospheric behavior is affected by the thermospheric neutral
winds as well as by the equatorial electrodynamics. This has been discussed in
detail in sections[I.3|and [I.4] Thus, the influence of the neutral winds versus that
of the equatorial electrodynamics on the production mechanisms of the dayglow

emission intensities and, thereby, their diurnal behavior have been assessed.

3.2 Data Set

To carry out the investigation for this work, we have used the optical (dayglow
emission intensity), magnetic (EEJ strength), radio (IEC, foFs, hy,,, F»), and model
driven thermospheric neutral wind data sets. Details about these data sets and

their measurement techniques are described in Chapter-2.

Figure [3.1] shows the geophysical locations of all the stations from where the
data are obtained for the present work. The X- and Y-axes show the geographical
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Figure 3.1: The geographic locations of the stations from where data have been
obtained are shown. The neutral optical dayglow emission intensity data have been
obtained by MISE commissioned at Hyderabad (white dot). The ionospheric data
obtained from digisondes located at Trivandrum and Ahmedabad are shown as
red diamonds. Stations from where the magnetic data are obtained to calculate
the EEJ strengths are marked as yellow squares. The solid and the dashed dark
lines represent the geomagnetic equator (obtained from IGRF-12) and the EIA
crest location in the northern hemisphere (+15°), respectively, for a given set of

geophysical locations corresponding to the year 2014.

longitudes and latitudes, respectively. The neutral optical dayglow emission in-
tensity data are obtained from the location, Hyderabad, marked as a white solid
circle on the map. The red diamonds and yellow squares show the stations from
where the ionospheric information and the EEJ strength data are obtained. The
dark solid line represents the geomagnetic equator (obtained from International
Geomagnetic Reference Field (IGRF)-12 model for 2014.0), whereas, the dashed
line shows the typical northern crest region (15° N Mag. Lat.) of the EIA in

Indian longitudes.

In this investigation the optical dayglow emission data obtained during De-
cember 2013 to March 2014 have been used. Independent ionospheric and the
EEJ strength data obtained during this period have also been used to substantiate
the findings.
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3.3 Results and Discussion

Figure depicts examples of typical diurnal variability on two days for OI 630.0
nm dayglow emission intensities, with the X- and Y-axes showing the local time
(LT) in hours and the emission intensity in Rayleighs. The black solid line shows
the 11-point running average. A dotted vertical line is drawn at local noon to
aid the eye in bringing out the contrast between the pre- and post-noon behavior
in the emission intensity variability patterns. It can be readily noted that on 05
January 2014 (Figure [3.2h), the diurnal emission intensity behavior is symmetric
with peak intensity around noontime, which seems almost like an inflexion point.
This behavior is opposed to that obtained on 19 December 2013 (Figure ),
wherein the peak emission intensity was reached in afternoon and the diurnal

pattern is asymmetric. As discussed above, the photochemical production is ex-
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Figure 3.2: Samples of the diurnal behavior of OI 630.0 nm dayglow emission inten-
sities. (a) Symmetric diurnal behavior in the emission intensities with respect to
local noon. The behavior shows solar zenith angle dependent variation. Notice that
with respect to noon the rise and fall in the emission intensities seem symmetric.
(b) Asymmetric diurnal behavior in the emission intensities with respect to local
noon. The peak in emission intensity is achieved after about an hour from noon.
Notice the rise in the emission intensities to be more gradual than the decrease.
The product of ratio of the emission intensities at the peak to those at noon and
the difference in times between the peak reached and local noon yield the value of

asymmetricity in time (AT), which are also shown in both the panels.
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pected to peak around noontime and therefore, this asymmetric diurnal behavior
in the dayglow emission intensities seems anomalous. It may also be noted that
the rate of rise in emission intensities is different on these two days. The extent
of asymmetry can be quantified as the product of difference in times between
those of peak intensity and local noon and the ratios of the intensities at those
times. Mathematically, the asymmetricity in time (AT) can therefore, be defined

as follows.

Lpeq
peak X (Tpeak - Tnoon) (31)

[noon

AT =

where, Theqr, and 1,0, are the times of peak emission intensity and local noon.
Lpear, and 1,0, are the emission intensity values corresponding to Tpeqr and Thoon,
respectively. If the peak emission intensity occurs in before noon, it can be
seen from equation that the AT value becomes negative. To characterize the
diurnal pattern of the dayglow emission intensity as symmetric and asymmetric,
area under the curve in before noon and afternoon are calculated. If both the
areas are comparable to each other, the diurnal behavior is characterized as the
symmetric behavior day. Following this characterization method, the diurnal
emission intensity behavior is considered to be symmetric or, asymmetric for AT
< 0.4 h and AT > 0.4 h, respectively. The AT values for 05 January 2014 and 19
December 2013 are calculated to be 0.4 h (symmetric diurnal behavior) and 1.1
h (asymmetric diurnal behavior), respectively.

Such unexpected asymmetric diurnal behavior is seen not only in the OI 630.0
nm dayglow emission intensities, but also in the OI 777.4 nm and OI 557.7 nm
dayglow emission wavelengths that emanate from altitudes above and below that
of the OI 630.0 nm dayglow. Figure 3.3 shows the diurnal emission intensity
behavior, wherein the X-axes represent the local time and the Y-axes show the
intensity of the optical emissions. The vertical dotted line represents local noon.
All the data included here correspond to magnetically quiet days (Ap < 23). The
total number of days plotted in each panel may be noted on the top right corner
of each figure. The upper (Figures [3.3h,d), middle (Figures [3.3p.e), and lower
(Figures ,f) panels show the diurnal behavior of the dayglow emission inten-
sities at 777.4 nm, 630.0 nm, and 557.7 nm wavelengths, respectively. Figures
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Figure 3.3: The diurnal behavior of the optical dayglow emission intensities at (a,d)
OI 777.4 nm; (b,e) OI 630.0 nm; and (c,f) OI 557.7 nm wavelengths. The plots
on the left column (a,b,c) show the symmetric diurnal behavior in the emission
intensities with respect to local noon. Plots on the right (d,e,f) show asymmetric
diurnal behavior in the emission intensities with respect to local noon. The line in
yellow color shows the average of all the days of the data. The number of days of

data that exist for a given diurnal behavior is shown in square brackets.

3.3h-c and Figures [3.3[d-f, show the emission intensity behavior on several days
wherein the diurnal emission intensity behavior was symmetric (AT < 0.4 h) and
asymmetric (AT > 0.4 h), respectively. Note the difference in the timings of the
occurrence of peak intensities with respect to local noon, which are different for
different days. The yellow line shows the average of all the days of data, which
is drawn to essentially show the contrasting diurnal behavior in each emission
intensity. The difference in behavior of the emission intensities on the days with

symmetric/asymmetric diurnal pattern is clearly contrasting in many ways. (1)
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It may be noted that the emission intensity variability on the days with symmet-
ric diurnal behavior is not as much as that seen on the days with asymmetric
diurnal behavior particularly in 630.0 nm and 777.4 nm emissions. (2) The af-
ternoon spread in the emission intensities on the days with asymmetric diurnal
pattern is much greater as compared with that in the forenoon. (3) The pattern
of rise in emission intensity is different between these two types, with a slow rate
of rise on the days with asymmetric diurnal behavior, while it is relatively faster
on the days that show symmetric diurnal behavior. (4) While the emission inten-
sity pattern is skewed towards post-noon on the days with asymmetric diurnal
behavior; it is slightly skewed before noon, especially in the 630.0 nm and OI
557.7 nm emissions, on the days with symmetric diurnal behavior. In Figure 3.3
we collated the days with symmetric/asymmetric diurnal behavior in emission
intensities at each of the wavelengths, obtained during December 2013 - March
2014. There are days when intensities only at one or two emission wavelengths
show symmetric diurnal behavior but the others show asymmetric. There are
also common days when emission intensities at all the three wavelengths show
symmetric/asymmetric diurnal behavior. All these features make this very in-
teresting and intriguing at the same time, as there seems to be a combination of
atmospheric processes, the constituents/reactants available at a given time, neu-
tral dynamics (winds), and electrodynamic forces operative at different altitudes

on these days.

To begin with, let us look at the production mechanisms of all these emissions
which originate in the lower-thermosphere/thermosphere as discussed in the sec-
tion [2.2] Tt is clear that the 557.7 nm and 630.0 nm dayglow emissions depend
on both neutral and electron densities, whereas, the 777.4 nm dayglow emissions
depend only on the ion and electron densities. Thus, the production of all the
three dayglow emission intensities depend on the available solar flux, tempera-
ture dependent reaction rates, and the densities of neutrals and ions. It can be
readily seen that the photoelectrons, EUV flux for photodissociation, and ioniza-
tion at any location vary with respect to the solar zenith angle. So the diurnal

behavior of the three dayglow emission intensities are expected to be symmetric
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with respect to local noontime as mentioned in section Thus, the asymmet-
ric diurnal behavior observed in the three optical dayglow emission intensities
(Figure can mainly be due to the variation of either the neutral densities, or
the electron densities, or both, which can be engendered by neutral dynamics or

electrodynamics, or both.

Firstly, we consider the changes in the electron densities due to neutral winds,
especially the meridional wind, as it is known that the wind-assisted movement of
electrons along the magnetic field lines alter the electron densities at a given loca-
tion |Rishbeth and Garriott, [1969]. An increase/decrease of the electron number
densities result in corresponding increase/decrease in the optical emission inten-
sities. A poleward wind moves the ionospheric layer to lower altitudes where
the dissociative recombination mechanism can be significant, thereby increasing
the yield of OI 630.0 nm and OI 557.7 nm dayglow emissions. Similarly, the
yield of OI 777.4 nm dayglow emission is also expected to show an enhancement
through radiative recombination mechanism. An equatorward wind will move
the ionospheric layer to higher altitudes thereby reducing the potential yield of
the dayglow emissions. In a similar manner, poleward winds, especially from the
summer hemisphere, bring in additional plasma into the winter hemisphere and

so give rise to greater yield in the dayglow emission intensities.

Other than the meridional winds, the equatorial electrodynamical forcing is
another potential cause which is capable of bringing plasma from equatorial- to
low-latitude regions. In the equatorial region, due to the horizontal nature of
the geomagnetic field lines, several interesting phenomena such as the EEJ, EIA|
ETWA take place. The formation of these phenomena along with their effects
on the equatorial- and low-latitude ionospheric-thermospheric system has been
discussed in detail in section EEJ strength can be used to infer the effective-
ness of the electrodynamical processes operative on a day over the low-latitudes.
The excess ionization that is brought in to a given off-equatorial region from the
equatorial region by the process of the EIA, results in greater emission intensities
through the dissociative recombination and radiative recombination mechanisms.

Moreover, E region electric field in the off-equatorial low-latitude regions are
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mapped to equatorial F' region through the geomagnetic field lines and can con-
tribute to the (E X E) plasma drifts, thereby increasing the EIA strength. Thus,
effect of the zonal winds on the optical dayglow emission intensities can also be
brought about through the equatorial electrodynamics. The relative importance
between these two sources, namely, the neutral winds and the equatorial elec-
trodynamics, in making the diurnal emission behavior to be asymmetric in the

dayglow emission intensities is evaluated below.

Figure shows two days (columns) of dayglow emission intensity data for all
the three wavelengths, the thermospheric neutral winds, and the EEJ strengths
(rows). The left column shows the day with symmetric diurnal behavior (26
December 2013) and the one on right shows the day with asymmetric diurnal
behavior (07 February 2014) in all the three dayglow emission intensities. The
X-axes show the local time, while the Y-axes (in the top three rows) show the
dayglow emission intensities and (fourth row) the thermospheric zonal wind, U,
(dotted line, positive eastward) and meridional wind, U, (solid line, positive
northward) at all the three emission altitudes on both the days as obtained by
the Horizontal Wind Model, (HWM14) [Drob et al.,2015]. The bottom-most row
shows the EEJ strength in n'T and the horizontal dashed line drawn corresponds
to 0 nT value. The solid lines in the dayglow emission intensities represent an
11-point running average of the data. The vertical dotted lines are drawn at
local noon. The dates of the data and the AT values for each of the diurnal
behavior of the emission intensities are shown in the plots. For these days, panels
B.4,i show the zonal and meridional winds at 130, 230, and 300 km altitudes
that are representative of those of the OI 557.7, 630.0, and 777.4 nm emissions,

respectively.

It is expected that larger meridional winds bring the ionospheric layer to lower
altitudes, which gives rise to larger dayglow emission intensities, as discussed
above. The meridional wind magnitudes were large on 26 December 2013 at all
the altitudes, which as per the discussion above are favorable for giving rise to
asymmetric diurnal behavior in emission intensities, however, the observations do

not show such a behavior. Conversely, on the day (07 February 2014) with lower
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Figure 3.4: Top row (a,f) show the diurnal variability of the dayglow emission
intensity in OI 777.4 nm wavelength on two selected days. Plots (b,g) and (c,h)
show the diurnal behavior of OI 630.0 nm and OI 557.7 nm emission intensities on
the same days as of OI 777.4 nm emissions. Plots (d,i) show the HWM14 neutral
wind magnitudes. Plots (e,j) show the electrojet strengths. The plots in the left
column correspond to the day with symmetric diurnal behavior in all the three
oxygen dayglow emission intensities, while those on the right correspond to the

day with asymmetric diurnal behavior in all the dayglow emission intensities.

meridional wind magnitudes, asymmetric diurnal behavior was observed in all the
dayglow emission intensities. Therefore, the meridional wind hypothesis as the

cause for the asymmetric diurnal behavior is not supported by the observations.

In this context, the possibility of equatorial electrodynamical influence in

bringing about the asymmetric diurnal behavior in the emission intensities is
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examined using the EEJ strength as the reference. It is known that the EEJ
dynamics have a significant role in influencing the distribution of electron den-
sities over the low-latitude regions [Moffett, [1979]. Further, as a consequence of
the EIA, ETWA is formed (as discussed in section and the zonal winds and
temperatures are affected [Raghavarao et al. [1993]. It should be noted that the
peak EEJ strengths on these two days were different (40 and 75 nT), however the
peak emission intensities on these days were similar, and therefore it is apparent
that the peak EEJ strengths have no direct relationship with the magnitudes
of the peak dayglow emission intensities. However, it had been shown in earlier
works [Raghavarao et al.,[1978| that the integrated EEJ strength until noon has a
direct one to one correlation with the strength of the EIA. Although ionization is
not being measured through optical measurements, it has been shown by earlier
studies that the ionization brought in from the equatorial-latitudes contribute to
the OI 630.0 nm dayglow emissions through dissociative recombination mecha-
nism [Sridharan et al., [1992b; Pallam Raju et al., |1996} |Pallamraju et al., 2002].
Thus, the asymmetricity in time (AT) observed in the optical dayglow emission
intensity measurements at all the three wavelengths is compared with the values
of the EEJ strengths, (Aggy), integrated over 07 to 12 LT. On these days with
symmetric and asymmetric diurnal pattern in the dayglow emission intensities,
the values of Agg; were 147 and 214 nTh (shown in Figure . As discussed
above in this section, the larger value of Agg; on the day with asymmetric diurnal
behavior contributes to the strength of the EIA to a greater extent, which results
in higher values of AT. The values of AT on the day with asymmetric diurnal
behavior were calculated to be 1.2, 1.1, and 1.4 h for 777.4, 630.0, and 557.7
nm emissions, respectively, whereas on the day with symmetric diurnal behavior,
these values were -0.1, -0.2, and -0.3 h for these emissions. The negative AT
value indicate that the peak in the emission intensity has occurred before noon,
which could most probably be due to the weaker equatorial electrodynamics on
that day. The zonal wind magnitudes show nearly similar behavior on both these
days. In any case, as the zonal winds affect the equatorial electrodynamics, their

effect are implicit in the integrated EEJ strength.
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Figure 3.5: The variations in (a) the neutral winds at the three different emission
altitudes, (b) the asymmetricity in time (AT) at the three dayglow emission in-
tensities on different days, and (c) EEJ strength integrated over 07-12 LT (Aggy)

on the days corresponding to optical data are shown. The X-axis shows the day

number starting from 01 December 2013.

Figure [3.5] comprehensively summarizes the results of the present investiga-
tion. The X-axis shows the day number beginning on 01 December 2013. Figure
shows the peak meridional wind, Uy (solid line) and the corresponding zonal
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wind, Ux (dotted line) magnitudes obtained from the HWM14 model at the three
emission altitudes. It can be seen that the magnitudes of the meridional wind
reduces, expectedly, from December to March, which is consistent with the sea-
sonal wind behavior as one moves from solstice to equinox, whereas, the variation
in zonal winds is not significant. Figure shows the AT values for all these
three emissions, which over this period varied from -1.5 to +1.5 h. From the
uncorrelated behavior between the values of AT and the meridional winds, it is
clear that the meridional winds are not the cause for the observed asymmetric
diurnal behavior in the optical emission intensities. Figure [3.5c shows the EEJ
strengths, Agpy, integrated in forenoon (07-12 LT), which display a similar be-
havior as that in the AT values in the optical dayglow emission intensities at all
the three wavelengths. The optical dayglow emission intensities are affected by
both the neutral dynamics and the electrodynamics. Both of these show seasonal
dependence. So their contributions in the observed fluctuations in the dayglow
emission intensities are different in various seasons. The strength of equatorial
electrodynamics decides the latitudinal extent of the EIA. Also, the effect of the
EIA can first be seen at lower altitudes in off-equatorial latitudes and then at
higher altitudes. Thus, on a given day this can result in a better agreement be-
tween Agpp; and values of AT in 557.7 nm emission intensity but not in 630.0
nm/777.4 nm emissions. In Figure 3.5, AT values are calculated for all the clear-
sky days irrespective of the symmetric or asymmetric diurnal behavior at all
the three emission wavelengths, which shows a broad similarity with the values
of Aggy at different wavelengths of emissions. This clearly indicates that the
electrodynamical variations primarily govern the diurnal behavior of the neutral

dayglow emission intensities.

For the sake of completeness, it should however be mentioned that the ther-
mospheric winds used in this study are a climatological model driven, whereas,
the EEJ values were obtained from measurements. Model values of the winds
have been used because, measurements of the winds during the daytime are not
available for comparison. Nevertheless, being driven primarily by the solar heat-

ing, it is not expected that the measured winds (had they been available) would
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yield any different result, as they are not expected to show significant variations
from one day to another during geomagnetically quiet times, to which the data

in this study corresponds.
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Figure 3.6: Variation of peak height of F; layer (i.e. h,,F5) over Trivandrum (equa-
torial station) and ionospheric electron content (IEC) over Ahmedabad (station
typically under the northern crest of the EIA) on the days with (a,c) symmetric,
and (b,d) asymmetric diurnal dayglow emission intensity behavior, respectively,

are depicted.

To further confirm the role of electrodynamic influence on the dayglow emis-
sion intensities, we have investigated the ionospheric behavior at two different
locations, Trivandrum (magnetic equatorial location) and Ahmedabad (typically
the northern crest location of the EIA). These independent ionospheric measure-
ments were segregated into two categories: those corresponding to the days when
the dayglow emission intensities at all the three wavelengths showed symmetric
diurnal behavior (AT < 0.4 h), and those that showed asymmetric diurnal be-
havior (AT > 0.4 h). Figures and b show the variation in the peak F region
height (h,,F») over Trivandrum on the days with symmetric and asymmetric di-

urnal behavior of the dayglow emission intensities, respectively. Ionosonde data
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corresponding to the days with symmetric diurnal behavior in optical emission
intensities are not available from Trivandrum during December 2013. The vari-
ations of I’ region electric field over the equator will alter the height of the F
layer due to (E X é) drifts. Hence, the variation in the values of h,,F5 is consid-
ered to be the representative of the F' region electric field over the dip equator
which is largely modulated by zonal winds. It can be seen in Figure that
the peak h,,F5> decreases in afternoon on the days with symmetric diurnal be-
havior. However, on the days with asymmetric diurnal behavior (Figure ),
h.,F5 shows an increasing trend, indicating that the equatorial electrodynamics
are active in afternoon. Figures and show the ionospheric electron con-
tent (IEC) obtained from the digisonde measurements over Ahmedabad on these
days. As the (E x B) drifts of plasma over the equatorial region increases the
ionospheric electron content (IEC) over the crest of the EIA, increases the IEC
over Ahmedabad will be seen concurrently. It is very clear from these figures
that the IEC over Ahmedabad peaked around 14:00 LT on the days with sym-
metric diurnal behavior, whereas, on the days with asymmetric diurnal behavior
the electron density keeps increasing and its peak occurs later than 15:00 LT.
It also indicates that the electrodynamics had been active in the late afternoon
on the days with asymmetric diurnal behavior observed in the dayglow emis-
sion intensities. Further, the IEC values are of greater magnitudes on the days
with asymmetric diurnal behavior (Figure [3.6{l) as compared to the days with
symmetric diurnal behavior (Figure [3.6¢). It is striking to note that the optical
dayglow measurements obtained over Hyderabad (a location between Trivandrum
and Ahmedabad, Figure , show the peak emission intensities at around 13:00
LT on the days with asymmetric diurnal behavior in comparison to 15:00 LT in
IEC over Ahmedabad, which can be attributed to the movement of the crest of
the EIA. These independent measurements add credence to our interpretation
that the temporal behavior seen in the optical neutral dayglow emission intensi-
ties are governed by the electrodynamic forces that originate at the geomagnetic

equator, thus, strongly implying a like temporal behavior in the neutral winds.

The nightglow emission intensities vary purely as a function of the densities
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of the reactants, and their behavior does not show any set pattern, whereas, the
dayglow show a broad solar zenith angle dependent variation primarily due to
the solar control of several of the production mechanisms. The emission inten-
sities at all times do respond to the geomagnetic storm time induced electric
field variations or the neutrals that are brought in from higher-latitudes. All of
these vary from one storm to another and do not show any specific type of diur-
nal /nocturnal pattern. However, it is quite interesting to note the clear changes
that are brought-in in the diurnal variation of the neutral dayglow emission in-

tensities.
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Figure 3.7: Zenith measurements of the OI 630.0 nm dayglow emission intensi-
ties from Carmen Alto (10.6°S Mag. Lat.), Chile for 30 days during November-
December 2001 are shown. The thick plot shows the variation of cosine of the
solar zenith angle (on November 29) scaled to 5000 R for comparison. Notice the
afternoon peaks in the zenith emission intensities. These deviations in the times of
the peaks towards afternoon are due to the electrodynamical effects, which differ
day-to-day. This feature shows a clear evidence of the ionosphere-thermosphere
coupling in equatorial- and low-latitudes. Reproduced from Figure No 2 of |Pal-

lamraju and Chakrabarti| [2006].

To see if such symmetric and asymmetric diurnal behavior in the dayglow
emission intensities have been seen in earlier studies, we have investigated all the
existing data sets in the literature to assimilate this information. For OI 630.0
nm dayglow emission, the data obtained during 2001 from a low-latitude location,
Carmen Alto, in Chile, |Pallamraju and Chakrabarti, 2006] showed such asym-
metric diurnal behavior (Figure as seen in the present study. However, later
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Figure 3.8: The diurnal variations of the dayglow emission intensities for the three
years 2011-2013 (left to right) and for the three wavelengths (top to bottom) are
shown. The additional axes at the top represent the day of the year (DOY) on
which dayglow data are available. It can be noted that the diurnal behavior of
the dayglow emission intensities in all the three wavelengths are symmetric, broad
solar zenith angle dependence in these years unlike the ones reported in the present

data from the year 2014, wherein deviations from the solar zenith angle dependence
seem to exist (Figures ,e,f). Reproduced from Figure No 1 of [Laskar et al.
013

in low solar activity epoch, such an asymmetric diurnal pattern in the dayglow
emission intensities was not noted. In Figure the Figure No 1 from
is reproduced, wherein the data that were obtained from Hyderabad,
India over the years of 2011-2013 are shown. The diurnal behavior in the emis-
sion intensities in all these years showed a broadly symmetric pattern as seen in
Figures [3.3h, b, and ¢ of the present study. The optical data obtained from that
epoch did not show any asymmetric diurnal behavior in the emission intensities.
Since the slit of MISE was oriented in the meridional direction, the data around
noon were not obtainable, as the images obtained by MISE got saturated due to
the presence of the sun overhead. Even though the zenith data do not exist to
see when the peak emission intensity has occurred, we can say that these data
showed symmetric behavior by looking at the diurnal emission intensity pattern.

It was noted earlier that on the days with symmetric diurnal behavior, the slopes



3.3. Results and Discussion 113

of rise/fall during before/after noon showed similarity. If one looks at the plots
in Figure [3.8] they seem to be closely matching with the behavior as seen in the
left column of Figure (3.3

It is important to note that for the days of optical data that exist in the years
2001, 2011, 2012, 2013, and 2014, the average sunspots numbers were 160, 35, 52,
53, and 144, respectively. Therefore, not only asymmetric diurnal behavior exists
(along with symmetric diurnal behavior) in the past data but also there seem
to be a solar activity dependence in the observed AT values in optical dayglow

emission intensities.

In order to characterize the solar activity effect, we have looked at the OI
630.0 nm optical dayglow emission intensity pattern as presented in the litera-
ture at different times obtained from different locations. The 630.0 nm dayglow
emission intensity is chosen due to the availability of large set of observations at
this wavelength of emission (for over 25 years, although not continuous) in the
published literature. Figures and show sample diurnal behaviors of the

630.0 nm dayglow emission intensities obtained from published literatures.

The images were digitized to obtain the dayglow emission intensities and the
corresponding AT values were calculated for each day, and their mean values in
different years are shown in Figure The X-axis shows the year and the Y-axis
(on the left) shows the mean AT values (red dots) (the relevant literature which
have been considered for these data are shown in the figure). It can be noted that
the mean values of AT vary from one year to the other. Observations by |Laskar]
et al|[2015] during 2011-2013 show a symmetric diurnal behavior at all the three
emission wavelengths and in the absence of any possibility to calculate the AT val-
ues for these days (as the emission peak occurs around noon, however, as the solar
glare enters directly over the slit of the spectrograph, no data were obtainable),
the values of AT are approximated to zero during these years. It should be men-
tioned here that in the present experimental setup the slit of MISE is oriented in
the zonal direction (for the study of longitudinal variations of the thermospheric
behavior) due to which the direct entry of the solar glare during noon is avoided,

enabling us to obtain continuous dayglow data through the day without any gap.
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Figure 3.9: Sample figures obtained from (a) |Sridharan et al.|[1991b] (b)|Sridharan
et al.| [1994] and (c) [Sridharan et al.| [1999] show the diurnal behavior of the 630.0

nm dayglow emission intensity of which the AT values are based/calculated.
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Figure 3.10: Sample figures obtained from (a) |Taori et al.|[2003] and |Chakrabarty
et al|[2002] and (b) |Sumod et al.|[2014] show the diurnal behavior of the 630.0 nm

dayglow emission intensity of which the AT values are based/calculated.

Also, some of the earlier results published in the literature that are used in this
study to estimate the AT values plotted in Figure [3.11} had a smaller FOV, of
~ 4° [Sridharan et al), [1999] because of which direct entry of the solar glare was
not an issue. The mean AT values calculated from the present observations at

all the three emission wavelengths are shown in different colors. We have also
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Figure 3.11: Variation of the mean asymmetricity in time (AT) at OI 630.0 nm
dayglow emission intensities in different years as obtained from the published liter-
ature is shown. The monthly averaged sunspot number is also plotted. A striking
similarity between them indicates the influence of solar activity on the dayglow
emission processes over the low-latitudes through changes in the ionospheric elec-

tric field over the dip equator.

plotted the monthly average sunspot numbers (dark dots) on the Y-axis (on the
right side) of Figure . The sunspot number data are obtained from the daily
solar data set maintained by NOAA (ftp://ftp.swpc.noaa.gov/pub/indices). It
is striking to note that the variations of AT values go almost hand-in-hand with
those in sunspot numbers. This clearly shows that the asymmetricity in time
observed in the optical neutral dayglow emission intensities has a solar activ-
ity dependence. The extreme ultraviolet (EUV) and X-ray radiation which is
mainly responsible for the ionization in the thermosphere vary with the solar
activity (discussed in section . Hence, for the same value of electric fields,
more plasma is transported to the off-equatorial thermosphere in the high solar
activity period than the low solar activity period. Thereby, the dayglow emission
intensities can increase in the high solar activity period. At this point, the similar
variations between the sunspot number and the AT values clearly indicate the

dominance of the equatorial electrodynamics over the neutral dynamics on the
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optical dayglow emission intensities.

It thus shows the dominance of electrodynamic processes over the photochem-
ical processes in bringing about the temporal variations in the neutral dayglow
emissions and is also a good example of E and F' region coupling in the equatorial-
and low-latitude ionosphere-thermosphere system. A consequence of this effect is
shown in Figure |3.6, where a movement of F' region height in afternoon to higher
altitudes on some days over Trivandrum (equatorial station) (Figure [3.6b) and
a corresponding increase in the IEC over Ahmedabad (station near the northern
crest of the ETA) is seen (Figure [3.61d). Depending on the strength of the equato-
rial electrodynamics, its effect on the off-equatorial thermospheric dayglow emis-
sions will have a latitudinal variation. Thus, on a given day, the AT values will
be different for observations at different latitudes. Hence, the characterization of
AT value as has been done in the present work (AT < 0.4 h and AT > 0.4 h for
days with symmetric and asymmetric diurnal behavior of the dayglow emission
intensities), is valid for observations at this latitude. Similar type of dayglow
observations from different latitudes are required to investigate the latitudinal
variation of the effect of equatorial electrodynamics more comprehensively. How-
ever, the strength of this coupled phenomenon varies with respect to the local
time, season, and solar activity. In the low-solar activity period (2011-2013), the
electric field strengths are smaller [Fejer and Scherliess|,[1995] and apparently not
sufficient to move the ionization to regions far away from the magnetic equator.
Hence, the dayglow emission intensities measured from Hyderabad (8.9° N Mag.
Lat) showed a symmetric diurnal behavior in their respective emission intensi-
ties. This can also be seen in the present study wherein the negative AT values
on some days correlate with smaller integrated electrojet strengths (Figures
and c¢) and hence, weaker electrodynamics (Figures and c). Further, the
results from mid-latitudes, Boston (48.3° N Mag. Lat), where equatorial electro-
dynamical effects do not exist, do show symmetric type of behavior in OI 630.0
nm diurnal emission intensities [Pallamraju and Chakrabarti, 2006] as seen in the
study with weaker electrodynamics during 2011-13. These issues add credence to

the inference on the influence of electrodynamical effect on the neutral dayglow
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emission intensities.

To appreciate this issue further, attention is drawn to another study wherein
the dayglow OI 630.0 nm emissions were measured from the magnetic equatorial
station, Thumba, in India. It was seen that the shape of the diurnal pattern of
the 630.0 nm dayglow was similar to that of the EEJ with a time shift as can be
seen in Figure [Sridharan et al.l 1999]. This time gap had been interpreted
to be the time taken for the plasma to move from the E to F' region under the
influence of (E x B) drifts. The fact that it was indeed so was also confirmed
by simultaneously operating the VHF Doppler radar, wherein the time taken
for the ionospheric layer movement due to the (E X é) drifts obtained by the
measured eastward electric fields were consistent with the observed time shifts
between the EEJ and 630.0 nm dayglow variation. This result indicated the
imprint of electrodynamical effect on the 630.0 nm dayglow emission intensities,
both of which were obtained from the same location. Observations from an EIA
crest region, Mt. Abu, (Geographic 24.6° N, 72.8° E) in India, during high
solar activity showed different diurnal behavior (Figure [3.10p) in the OI 630.0
nm emission intensities on the equatorial electrojet and counter electrojet days

|Chakrabarty et al.l [2002].

All these results corroborate our conclusion that the asymmetric diurnal be-
havior of the optical dayglow emission intensities (at OI 630.0 nm) seen in the
low-latitudes are mainly due to the equatorial electrodynamic variations. How-
ever, the effect of the neutral winds on the dayglow emission intensities can not
be ruled out completely. Ultimately, a comprehensive model is needed to fully
understand the complex coupled behavior of the thermosphere and ionosphere
and the underlying processes at the equatorial- and off-equatorial low-latitude
regions. It should be remembered that the peak dayglow emission intensities at
any of the wavelengths are correlated not with the EEJ strengths, but with the
asymmetricity in time, indicating that not the total emission intensities, but their
temporal variability is governed by the EEJ strength. Day to day variation in AT
values can be compared with the electric field models and an empirical relation

between the AT and electric field can be obtained. Such an exercise is being
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planned for the future.

3.4 Conclusion

In this study oxygen dayglow measurements at three emission wavelengths were
obtained during 2013-2014. It is shown that the diurnal behavior of the dayglow
emission intensities not only at the OI 630.0 nm emission but also those at OI
777.4 nm and OI 557.7 nm emissions were both symmetric and asymmetric with
respect to local noon. While the symmetric diurnal behavior can be understood
in terms of the solar zenith angle variation of the production mechanisms, the
cause of asymmetric behavior in the diurnal emission intensities is not apparent.
Against this background, its possible causes have been investigated in terms of
the effect of neutral winds and the equatorial electrodynamics. Using the EEJ
strength data and ionospheric parameters on all these days, it has been conclu-
sively shown that the equatorial electrodynamics that is operative on a given
day gives rise to the observed asymmetric diurnal behavior in the neutral oxygen
dayglow emission variability. This aspect has been discussed in larger context. It
has been noted that during the low solar activity period the diurnal variability
in the oxygen dayglow emission intensities were predominantly symmetric with
respect to local noon, while they were asymmetric during the high solar activ-
ity period. This again gives a broader picture to the ionosphere-thermosphere
systemic behavior as the neutral dayglow emission intensities are sensitive to the
electrodynamical changes that happen over a solar cycle.

These findings have great potential and implication in terms of understanding
the thermospheric wave dynamics and the spatio-temporal variations associated
with them both during geomagnetically quiet and disturbed times. The results

from these aspects are presented in the subsequent chapters.






Chapter 4

Longitudinal Variations in
Daytime Thermospheric Wave

Dynamics Over Low-Latitudes

4.1 Introduction

The Earth’s upper atmosphere consists of both neutrals as well as plasma, and
hence, it is affected by both the neutral and electrodynamic processes. Many
interesting coupled processes occur over the equatorial- and low-latitudes, which
are explained in detail in section [I.4] These coupled processes vary along the
meridional directions and hence, bring in changes in both the neutral and plasma
densities across the latitudes. The details on the formation mechanism of these
phenomena and their effects in bringing about changes across latitudes is now
well understood [e.g., |Moffett, 1979; |Raghavarao et al., 1978, 1991, 1993]. The
strength of the EEJ has been shown to be directly proportional to the strength
of the EIA |Raghavarao et al., |1978] and therefore, it plays an important role in
bringing about changes in the meridional variations in the development of equa-
torial upper atmospheric processes. Moreover, during geomagnetic disturbances
due to the precipitation of highly energetic particles and the enhancement of auro-
ral electrojet current, joule heating occurs over polar regions which sets in higher

speed winds and larger amplitude atmospheric waves. These winds and waves
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move away from the high-latitudes and the large scale motion in neutrals and
plasmas are set up, which are referred to as the TADs and TIDs, respectively.
The formation of the TADs and TIDs along with their effect on the mid- and
low-latitudes have been discussed in detail in section [L5l The TADs and TIDs

alter the densities of the upper atmospheric constituents bringing about lati-

tudinal variations from high- to low-latitudes [e.g., |Richmond and Matsushital,

(1975} |Hagkowicz, 1991 |Hocke,, (1996} |Pallamraju et al., [2004b]. Due to the above

mentioned mechanisms, variations in the neutrals and the electrodynamic pro-
cesses over equatorial- and low-latitudes can be brought in along the meridional
direction.

In addition to the meridional variations, these neutral and electrodynamic
processes also show zonal variations. Many studies have been carried out on the
zonal variations of the ionosphere and thermosphere at different longitude sectors.
Variation in the geomagnetic field strength at different longitudinal sectors can
bring about changes in the strengths of the dynamo action and thereby cause the
longitudinal variations in the equatorial electrodynamics. As can be seen from
Figure the magnetic field strengths over the Indian, African, and American
longitudes are different. For example, the magnetic field strength at the dip
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Figure 4.1: Magnetic field intensity (F) map obtained from world magnetic model

for the year 2015. Map developed by NOAA/NGDC and CIRES.

equator over the Indian sector is ~40000 nT and is greater than that over the
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American sector, which is ~25000 nT. Therefore, the vertical drifts (V}), of the

equatorial plasma over the Indian sector are smaller than those over the American

sector for same value of E at both the sectors [Kelley, 2009] (as Vy=(E x B)/|B|?;

where E is the zonal electric field and B is the geomagnetic field intensity). This

difference in the vertical drifts has the potential to contribute to the differences

in the extents of the EIA crests at these two longitude sectors |Raghavarao et al.,

1988).
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Figure 4.2: Magnetic main field inclination (I) map obtained from world magnetic

model for the year 2015. Map develpoed by NOAA/NGDC and CIRES.

The changes in the magnetic declination angle with respect to the longitudes
also contribute to the longitudinal variability in the equatorial electrodynamic
processes, which is most prominent over the Brazilian sector (South Atlantic
anomaly region) in comparison to that over the Chilian longitudes. As the Earth’s
axis of rotation is tilted with respect to the solar ecliptic plane, the relative angle
between the magnetic declination and the solar terminator keeps on changing at
a given location in a year. The preferential occurrence of the plasma irregularities
across the longitudes was shown to be matching with the durations when the solar
terminator was aligned with the north-south plane of the magnetic field lines [e.g.,

|Abdu et al., 1981; | T'sunodal, [1985]. This is because, this configuration enables

simultaneous sunset in both the hemispheres, thereby preventing the shorting of

the F region electric currents by the highly conducting E region. It can clearly
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be seen from Figure that the locations of the geomagnetic conjugate positions
on either side of the geomagnetic equator are aligned differently with respect to
the geographic longitude over Brazilian sector. This prevents the simultaneous
sunset at the conjugate locations at one longitude but not at the other and hence,

brings the longitudinal differences in the electrodynamic behavior.

In the recent past, analysis of the far ultraviolet (FUV) emissions (OI 135.6
nm) obtained on-board the IMAGE satellite showed the existence of a significant
longitudinal structure in the emission intensities [e.g., |[England et al., 2006; |Im-
mel et al., 2006; |Sagawa et al.,2005]. The ionospheric densities as inferred in the

nightglow emissions were found to be peaking at four fixed longitudes (shown in

0 100 200 300

Brightness, Rayleighs
Figure 4.3: Reconstruction of the nightglow emissions from 30 days (2002 March 20
to April 20) of observations with the IMAGE-FUYV imager. The average location
and brightness of the equatorial ionospheric anomaly stand out in this representa-
tion. Due to the poor sampling of the emissions from the southern anomaly, it is
represented here with a mirror image of the northern anomaly across the magnetic
equator. This image is the representative of the local ionospheric behavior at 20:00
LT. Overlaid on this figure with white dashed contours are the amplitude of the
diurnal temperature variation at 115 km due to the upward-propagating lower at-
mospheric tides, as reported by the GSWM. Reproduced from Figure 3 of |[Immel
et al.| [2006].
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Figure around the globe, viz. South America, West Africa, South-East Asia,
and the Central Pacific Ocean. The contours in Figure [4.3| show the equinoctial
amplitude of the diurnal temperature variations at 115 km altitude which was
determined by the Global Scale Wave Model (GSWM) [Hagan et all|2001]. The
peaks in the temperature represent the locations on the Earth where the major
components of the diurnal tide combine most effectively to alter the winds and
temperatures at the given altitudes. It is striking to note the matching between
the locations of the peak temperature and that of the enhanced EIA crests. Such
enhancement of the EIA crests at these four longitudes were attributed to be
due to the modulation of F region electric field due to the diurnal non-migrating
tides. The non-migrating tides are generated by the latent heat release from
the lower atmosphere due to the prevalent convective processes [Immel et al.,
2006]. In an earlier work carried out using ISIS-2 satellite measurements of elec-
tron densities at two different longitudes (51° E and 80° E) separated by 30Y,
the EIA strengths were reported to be behaving differently from one another
[Sharma and Raghavarao, |1989]. Now we know that, the two longitudes happen
to be in different regions of tidal forcing and the tidal peaks in zonal winds in
the E region are near the regions of strong convection in the troposphere is a
coincidence |[Immel et all 2006]. Using GPS Aided Geo Augmented Navigation
(GAGAN) network derived measurements differences in the values of TEC over
Indian longitudes (70° E to 95° E) were reported which seem consistent with the
global wave number 4 structure [Sunda and Vyas, [2013]. More recently, from the
magnetic measurements at two different Indian longitude regions (separated by
15%) the existence of the longitudinal variations in the equatorial electric fields

and the current densities were reported |[Phani Chandrasekhar et al., 2014].

To summarize, all the measurements/results reported in the literature over the
years show that the zonal differences are localized over fixed longitudinal sectors.
These could be due to (i) the differing conditions in the geomagnetic anomalies,
(ii) the geomagnetic field line geometry, or (iii) the tides that are setup in re-
sponse to the forcing from the tropospheric convective zones. The longitudinal

differences in the dynamical process thus obtained using satellite observations,
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ground-based measurements, and through simulations give information on the
existence of variability in the electrodynamic processes over longitudinal sep-
arations greater than 1000 km. However, it is not known if any longitudinal
difference exists over distances that are shorter than 1000 km. If they do, then
what are the mechanisms responsible for such small-spatial scale changes in the
zonal direction? To the best of our knowledge longitudinal differences of the
daytime electrodynamic processes within separations smaller than 10° has not
been reported in the literature. In other sectors where such drastic differences in
the geomagnetic conditions as in South Atlantic anomaly region does not exist,

the minimum separation in longitudinal differences has been of the order of 15°

|Phani Chandrasekhar et al. 2014].

Satellites with high inclination orbit can yield information on the small-scale
meridional variations, but are not well-suited for the studies of the temporal
variations of any phenomenon over a given longitudinal region which may possibly
have zonal structures. Measurements from ground-based instruments in close
separation (e.g. 1° latitude x 1Y longitude) could be useful to study such small-
scale zonal differences. However, in the absence of such instruments in grids
of such fine spacing, optical measurements with high spatial resolution are best
suited for such studies. It is known that the density fluctuations due to the
winds and waves alter the reactants that produce nightglow/dayglow emissions
and thus, contribute to the modulations in their intensities |Teitelbaum et al.,
1981; |Shepherd et al., [1993b; |Pallamraju et al., 2010]. Hence, optical emission
intensity variations can be used as tracers of the dynamic processes that occur at

their respective altitude of emissions.

In Chapter-3, we have discussed that the equatorial electrodynamics predom-
inantly affect the thermospheric behavior over off-equatorial and low-latitude
regions during geomagnetically quiet times. The diurnal behavior of the dayglow
intensities at all the three emission wavelengths were observed to be asymmetric
when the equatorial electrodynamics were stronger. This was studied by taking
the zenith measurements of the dayglow emission intensities and this finding was

supported by independent ionospheric measurements. Also, it was shown that
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the inter coupling between the equatorial electrodynamics and the off-equatorial
thermospheric behavior showed a solar activity dependence. Over the Indian
longitudes where the magnetic field lines over low-latitudes (where magnetic dec-
lination angle is close to zero) are nearly parallel to the geographic longitudes,
similar type of behavior in the coupling processes over a range of longitudes are
expected. In order to investigate whether the longitudinal behavior of the electro-
dynamic processes in this region is similar or different, we have made use of the
optical dayglow emission intensities originating from the upper atmosphere over
a large spatial extent along the zonal direction. Such investigations will also give

us information about the intricacies of the longitudinal behavior in the equatorial

electrodynamics.

4.2 Data Used

As described in the previous section, to carry out the present investigation we
require optical dayglow emission intensity measurements over a large spatial ex-
tent along the zonal direction. We have obtained the dayglow emission intensities

using MISE. The details about these three dayglow emission intensities (Ol 557.7,
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Figure 4.4: Schematic of viewing direction of MISE. The yellow lines show the
three independent regions (not to scale) in west, zenith, and east from where the

dayglow emission intensity data are obtained for the periodogram analysis.
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630.0, and 777.4 nm), MISE and the method of extraction of dayglow emission
intensities have been explained in sections [2.2] and 2.3] Dayglow emission inten-
sity data obtained during December 2013 to March 2014 are used in the present
investigation. During this period the slit of MISE was oriented along the zonal

direction.

Figure 4.4 shows the schematic of the viewing direction of MISE along the
zonal direction. The yellow lines correspond to the viewing directions of MISE
along the west, zenith, and east directions. Due to technical constraints the spa-
tial coverage of MISE along the east direction is smaller than the west direction.
The dayglow emission intensities along the FOV are obtained simultaneously. The
spectra from different spatial segments of an image are independently analyzed

to obtain the dayglow emission intensities along the zonal direction.

4.3 Results

As mentioned above, the slit of MISE was oriented along the zonal (East-West)
direction for the present investigation. Due to the imaging property of MISE,
information on the spatial variations (across longitudes) in the dayglow emission
intensities are obtained simultaneously. Diurnal variation in the three dayglow
emission intensities are obtained along three independent segments towards the
west, zenith, and east directions (shown in yellow lines in Figure for each im-
age as a function of time. As the altitudes of origin of the three optical emissions
are different, the zonal distances to which the emission intensity data correspond

are also different.

Behavior of the dayglow emission intensities at all the three wavelengths are
linear superposition of the waves of different periodicities, such as GWs, tidal
oscillations, diurnal, and semidiurnal modulations, which have been explained in
section[I.3] In the present work, our focus is on the fluctuations in the GW regime.
Hence, periodogram analyses (explained in section have been carried out
to obtain the GW time periods from the dayglow emission intensity variations

along the three directions (west, zenith, and east) as shown in Figure in all
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the three emission wavelengths. GWs in all the three directions whose values of
time periods are similar are assessed with respect to the time period(s) obtained
over the zenith within a range of £0.25 h (which is equal to the maximum Brunt
Vaisala period amongst the altitudes considered in the present study). Existence
of a common time period in the emission intensity variability at all these three
well-separated spatial regions cause to consider the same source driving the wave
features in all these directions. Hence, it is inferred that on such days no longitu-
dinal differences exist in the neutral wave dynamics over the given spatial extent.
On the other hand, absence of waves whose values of time period(s) are similar
in the emission intensity variations at all the three directions indicates that the
sources of the waves prevalent in these three directions are different and hence,
there exist longitudinal differences in the zonal wave features within this spatial

extent.

Figure 4.5 shows the result of such periodogram analyses over west, zenith,
and east for four sample days, with the X- and Y-axes showing the time period
and the normalized PSD. Periodograms in the upper, middle, and lower panels
represent those that were obtained for 777.4, 630.0, and 557.7 nm wavelength
emission intensities, respectively. This type of depiction is maintained for all the
figures that follow in this chapter. Periodgrams at west, zenith, and east are
shown by different line styles. The blue shaded regions correspond to the time
periods with similar values in all the three directions. The vertical arrows on the
top of each panel points to the values of time periods which are similar in any of
the two directions. On 30 December 2013, significant time periods of 0.9 h (Figure
4.5p), 1.6 h (Figure [1.5p), and 1.2, 0.9, 0.7, and 0.5 h (Figure [.5c) are found
to be similar in all the three directions at the emission altitudes of 777.4, 630.0,
and 557.7 nm wavelengths, respectively. On 20 January 2014, although no time
periods with similar values were found along the three directions at the 777.4 nm
emission altitude, similarity in time periods in all the three directions were found
at 630.0 and 557.7 nm dayglow emission altitudes for 0.4 h (Figure [4.5¢) and 0.8 h
(Figure ), respectively. As described above, the existence of time periods with

similar values in all the three directions at a given altitude indicates the existence
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Figure 4.5: Results of the periodogram analyses carried out in the dayglow emis-
sion intensity data at all the three wavelengths obtained over west, zenith, and
east directions on four sample days are shown. Periodograms in the upper (Fig-
ures ,d,g,j), middle (Figures ,e,h,k), and lower (Figures ,f,i,l) panels
represent those that were obtained for 777.4, 630.0, and 557.7 nm wavelengths,
respectively. The shaded portion in blue corresponds to the GW time periods
with similar values in all the three directions. The blue arrows on the top indicate
the values of GW time periods with similar values in any two directions. It may
be noted that the similar GW periodicities at heights of all emission wavelengths
and in two directions is seen more readily on the two days on the left as compared
with the two on the right. The two days on the left/right correspond to symmet-

ric/asymmetric diurnal behavior in the zenith dayglow emission intensities and are

shown in Figure

of a similar behavior in the thermosphere, and a common source driving the wave
dynamics. This suggests that no significant longitudinal differences exist in the
neutral wave dynamics within the longitudinal extent of 3°-8° (spatial extents
covered corresponding to the altitudes of the three dayglow emissions) on these
two days. This, however, is not the case always. On 6 February 2014 and 14

March 2014, no time periods with similar values were found in all the three
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directions at the emission altitudes of 777.4 and 557.7 nm wavelengths (Figures
[1.5-1). The poor availability /non-availability of the similar time periods on these
days points to a non-uniform or non-identical behavior of the sources in these
three well-separated zonal locations that drive the thermospheric neutral wave
mechanisms. Thus, these days indicate the existence of longitudinal differences
in the neutral wave features within the spatial extent of 3°-8° longitudes. An
exception has been noticed for 630.0 nm dayglow emissions wherein similar time

periods at 1.4 and 0.9 h were found on these two days.

Spatial extent of the sources which govern the behavior of the dayglow emis-
sion intensities over the west, zenith, and east regions may vary with time. The
time periods with similar values in all the three regions is expected to occur at
the same time for a large spatially extended source. Whereas, if the source has a
small spatial extent and it moves from one region to other with time, then time

varying occurrence of the similar time periods are expected.

In order to investigate the duration of occurrence of the time periods with
similar values in the three spatially separated regions, wavelet analyses have been
carried out following the method explained in section [2.5.5] Figures [4.6] and [4.7]
show the results of wavelet analyses of the dayglow emission intensities as shown in
Figures ,b,c for 30 December 2013 (day without longitudinal differences of the
wave dynamics) and Figures ,h,i for 6 February 2014 (day with longitudinal

differences of the wave dynamics), respectively.

In Figures[4.6]and [4.7]the X- and Y-axes show the local time and time periods,
respectively. Normalized powers of the time periods at different local times are
shown in various colors. Values of each color is shown on the bars on the right
side of each panel. The white lines show the cone of influence (COI). During
afternoon the dayglow emission intensity data from western directions are affected
by the solar glare and are removed from the analyses, which limit the duration
of dayglow emission intensity data in that direction. The left (a,d,g), middle
(b,e,h), and right (c,f,i) panels show the wavelet analyses of the dayglow emission
intensity data obtained from west, zenith, and east regions, respectively. The

result of wavelet analysis of the dayglow emission intensity data at 777.4, 630.0,
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Figure 4.6: Wavelet analyses of the dayglow emission intensities at all the three
wavelengths obtained along the west, zenith, and east directions on a sample day
(30 December 2013) with the existence of similar time periods are shown. The
duration of the occurrence of the time periods with similar values is seen to be

nearly simultaneous in all the three directions.

and 557.7 nm wavelengths are shown in the top (a,b,c), middle (d,e,f) and bottom
(g,h,i) panels, respectively.

From Figures [4.6{d,e,f it can be seen that the similar time periods of around
1.6 h (see Figure [£.5p) occurred around 12 LT in all the three directions. This
indicates that the source governing the dynamics at the emission altitude of 630.0
nm dayglow is spatially extended from the west to east direction as covered by
MISE. But at the emission altitude of 557.7 nm dayglow, the time periods with
similar values occurred at different local times. The 0.7 h time period occurred
on the east, zenith, and west directions (Figures [4.6],h,g) around 10, 11, and
13 LT. This points to the westward movement of the waves with time. Similar

time variation of the time periods is also observed at 777.4 nm dayglow emission
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altitude. Both smaller 0.9 h (similar time periods) and a larger ~1.5 h (not
similar as the time periods in the three directions do not fall within £+0.25 h
range) time periods are present around 10, 12 and 14 LT in east, zenith, and
west regions, respectively. The time difference in the occurrence of the time
periods with similar values between the zenith and west direction is more than
that in between the east and zenith. This could be due to the larger/smaller
distance of the sky (from where dayglow emissions are obtained) in west/east
from the zenith (see Figure[4.4). Such observations on the movement of waves at
different emission altitudes carried out in the time domain matches well with the
movement of waves in the spatial domain (Figures ,b,c), as discussed later
in this chapter.
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Figure 4.7: Same as in Figure but for 6 February 2014.

Absence of the time periods with similar values at the emission altitude of

777.4 and 557.7 nm dayglow on 6 February 2014 (as shown from the periodogram
analyses in Figures ,i) is clearly noted in Figures ,b,c and ,h,i, re-
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spectively. At the emission altitude of 630.0 nm dayglow, the larger similar time
period i.e. 2.2 h is found to be present around 10.5, 12, and and 11 LT on the
east, zenith, and west regions, respectively. Whereas the smaller time periods of
0.6 and 0.4 h occurred during 11, 14, and 13 LT on the east, zenith, and west
regions, respectively.

To summarize the above discussions, it is to be noted that the duration of
occurrence of the time periods with similar values do not vary much with time on
the days with no longitudinal differences. This indicates to a uniform extended

source on such days.
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Figure 4.8: Zenith diurnal emission intensity variability along with the respective
AT values for OI 777.4 nm (top row), OI 630.0 nm (middle row), and OI 557.7 nm
(bottom row) are shown on the four days considered for the periodogram analyses
in Figure [4.5] The dark solid line in each of the figures represents the 11-point run-
ning average of the dayglow emission intensities. A vertical dotted line is drawn at
the local noon to aid the eye for appreciating the symmetric/asymmetric behavior
in the diurnal dayglow emission intensities. Figures -f)/-l) correspond to
two days on which the diurnal behavior of the dayglow emission intensities were

symmetric/asymmetric in all the three emission wavelengths.

The diurnal behavior of the zenith dayglow emission intensities at all the three
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emission wavelengths on the four days considered for the periodogram analyses
(depicted in Figure are shown in Figure The X-axis shows the LT in
hours. The Y-axes for all these plots indicate the dayglow emission intensities
in Rayleigh. An 11-point running average of the dayglow emission intensities is
over plotted as a continuous line for a clear visualization of the diurnal behavior.
A vertical dotted line is drawn at the local noon to aid the eye for comparing
the diurnal emission intensity behavior between forenoon and afternoon. As
discussed in detail in Chapter-3, the dayglow emission intensities at each of the
wavelengths on the two left panels (Figures [4.8h-c and [1.8d-f) for 30 December
2013 and 20 January 2014 show symmetric diurnal behavior (with respect to
local noon). Whereas, in the two panels on the right (Figures —i and —1)
for 6 February 2014 and 14 Mar 2014, the dayglow emission intensities at all the
three emission wavelengths show asymmetric diurnal behavior. The AT values
for each diurnal behavior are noted in their corresponding panels in Figure [4.8]
It is striking to note that waves with similar time periods (as shown in Figure
over west, zenith, and east were found to exist on the days when the diurnal
behavior of the dayglow emission intensities over zenith were symmetric. On the
other hand, no waves with similar time periods were found on the days when the

diurnal behavior of the dayglow emission intensities were asymmetric.

As discussed in Chapter{3] the neutral optical dayglow emission intensities
at low-latitudes are predominantly affected by the equatorial electrodynamics
[Karan et all 2016]. This was based on systematic investigations of the EEJ
strength and the diurnal variability of the three dayglow emissions. It was shown
that on the day when the electrodynamic forcing is large/small (as seen in the
EEJ strength), the diurnal behavior of the dayglow emission intensity is asym-
metric/symmetric. Such imprint of the electric field effect in the neutral dayglow
have been shown in earlier studies as well [e.g., [Sridharan et al. 1999; Pallamraju
et al.,2004b} 2010, 2014). For the days being discussed in this study the integrated
EEJ strengths (A) between 7 to 12 h (A=[.? EEJ.dt) values are 149.5, 169.7,
290.3, and 190.8 nTh on 30 December 2013, 20 January 2014, 6 February 2014,
and 14 March 2014, respectively. It may be noted that the values of A are larger
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on the days with asymmetric diurnal behavior than on the days with symmetric
diurnal behavior. Figure shows the effect of equatorial electrodynamics on the
dayglow emission intensity behavior as characterized by A and AT values. It was
shown in that Figure that, to a first order, the equatorial electrodynamics and
not the meridional winds, to be the cause for the observed asymmetric diurnal
behavior in the dayglow emission intensities. The broadly similar behavior of AT
and A (Figures and c) clearly indicates that the asymmetric diurnal behavior
of the dayglow emission intensities are predominantly due to the effect of elec-
trodynamics. Independent ionospheric observations confirmed the clear relation
between the EEJ strength and AT not only during a few months but also from
the reconstructed data for over two solar cycles |Karan et al., 2016]. Thus, we
use the dayglow behavior over this low-latitude location as a qualitative indicator

of the variation of the equatorial electrodynamics.

Further, we have investigated the waves with time periods of similar values in
all the three directions on all the days with symmetric (17 days) and asymmetric
(8 days) diurnal behavior in the zenith emission intensities at the three wave-
lengths. Table shows the percentage of similarity in the GW periodicities,
range and mean values of the time periods with similar values. It may be noted
that the waves with similar time periods in different directions are observed in
more number of days with symmetric diurnal behavior in comparison to those
on the days with asymmetric diurnal behavior. Correspondingly, the percentage
of occurrence of days with similar time periods on “days with symmetric diurnal
behavior”, is greater than those on “days with asymmetric diurnal behavior”,
mainly at 777.4 and 557.7 nm emission wavelengths. The range of values of the
similar time periods is from 0.4 to 2.1 h for all the three emission intensities for
all the days. The values of integrated EEJ strengths (A) on the days (considered
here) with symmetric diurnal emission intensity behavior range from 64 to 196
nTh, whereas on the days with asymmetric diurnal emission intensity behavior
the values of A range from 124 to 295 nTh. This clearly indicates that the equato-
rial electrodynamics is, in general, stronger on the days with asymmetric diurnal

emission intensity behavior in which longitudinal differences are found to exist.
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At this point, it is to be appreciated that longitudinal differences in the GW
time periods are observed in the optical dayglow emission intensity variations
which is a neutral phenomena. We have seen above that when the diurnal be-
havior of the dayglow emission intensities over zenith is asymmetric, there is a
strong equatorial electrodynamic forcing on that day. This is a good example
of electrodynamic and neutral coupling in the equatorial- and low-latitude up-
per atmosphere. The contrast in symmetric and asymmetric diurnal behavior in
630.0 nm dayglow emission is poorer than in 557.7 and 777.4 nm dayglow emis-
sions [Karan et al., 2016]. This is most probably due to the combined effect of
the equatorial electrodynamics and the neutral winds to the 630.0 nm dayglow
emission, and thus, this seems to be resulting in the observed time periods with

similar vlaues even on the days with an asymmetric diurnal behavior as seen in

Figure [4.5]

As discussed above, the EEJ strengths have a strong influence on the diur-
nal behavior of the dayglow emission intensities. This suggests that the varying
equatorial electrodynamic processes at different longitudes would have their im-
print on the neutral dayglow emission intensities at different longitudes, just as
reflected in our optical observations over the zenith. If that be the case, the zonal
GW characteristics would be different on all these days. In order to understand
the different nature of the thermospheric wave characteristics in greater detail,

we have carried out the wave number spectral analyses (method is explained in

detail in section [2.5.5)) on these days.

In section [2.5.5] the sample wave number spectral analysis carried out in 630.0
nm dayglow emission intensities is shown. For the sake of completeness, Figure
[4.9 illustrates one sample wave number spectral analysis of the dayglow emission
intensities at all the three wavelengths (OI 557.7, 630.0, and 777.4 nm) carried
out for 7.8 LT on 10 May 2015. Similar method of wave number spectral analysis,
as discussed in section is followed here. The left panels (Figures ,b,c)
show the dayglow emission intensity distribution along the zonal direction, with
the upper, middle, and lower panels for 777.4, 630.0, and 557.7 nm emission
wavelengths, respectively. In the left panels of Figure 1.9 the X- and Y-axes



4.3. Results 139

10 May 2015 Wave number (km™")
LT=7.8 Hrs. 0.01  0.0025 0.00125
120 T T T ] 25 T T T T T T T3
10 F(0) ] NIC) 3
gl — Ol 777.4nm . E
of ER
Ar p oF |\ /
2p ] 3 E
Of—"" et ] 55
20 0k [
_. —600 =300 0 300 0 200 400 600 800
[2)
‘E 0.005 0.0025 0.0016
) 3 T T T T T 25F T T T T T ]
s r (b) 1 % E (e) E
Q L | 20 -
£ 2[ —0i 630.0nm o
> B 15F
= 1 NOoE
2] s 10 |\ ___ T
§ oF E _E
< s 9F
z -1 Z 0 b
%, —-400 -200 0 200 0 200 400 600
>
OD 0.01 0.005 0.0025
3 T T T T T T T T 30 E (fl) T T T T T T E
() 1 | »E :
2[—o01557.70m 7] 20F E
T \Mﬂ/ - o ]
I A 10F =
OF o 2 A E-----\-----1
I | s5E E
_1 1 1 I 1 1 I 1 1 O E I 1 I 1 1 E
-300 -150 0 150 0O 100 200 300 400
West Zonal Distance (km) East Zonal Scale Size (km)

Figure 4.9: Sample of the wave number spectral analyses of the dayglow emission
intensity data at all the three wavelengths obtained along the zonal direction at
7.8 LT on 10 May 2015 are shown. The left column shows the dayglow emission
intensity distribution along the zonal direction for 777.4 nm (Figure ), 630.0
nm (Figure ), and 557.7 nm (Figure ), respectively. Wave number spec-
tral analyses of the residuals (after subtracting the smoothed zonal intensities) are
shown on the right column (Figures ,e,f). The horizontal dashed line corre-
sponds to 90% FAL limit.

show the zonal distance from zenith (positive eastward) and dayglow emission
intensity. On the right panels of Figure [1.9] the X- and Y-axes show the zonal
scale sizes (scale size is a different terminology used for the wavelength of the
atmospheric waves) in km and normalized power spectral density (PSD). The
upper X-axis in the right panels shows the wave number in km~!. The horizontal

dashed lines in these panels show the 90% significant value. Here, the significant
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scale sizes in 777.4, 630.0, and 557.7 nm dayglow emission intensities are 232,

195, and 124 km, respectively.

This method has been followed to obtain the diurnal behavior of the statisti-
cally significant scale sizes for all the days at all the three emission wavelengths
at a cadence of 15 minutes. In one of our recent studies |Pallamraju et al.
2016], this method has been demonstrated to yield the neutral GW characteris-
tics (both in space and time) and the first three-dimensional wave structure in the
daytime upper atmosphere had been obtained (which will be discussed in detail

in Chapter-6).
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Figure 4.10: Diurnal distribution of the significant zonal scale sizes on two sample
days (Figures [4.10p,b,c) with symmetric, and (Figures [4.10d,e,f) with asymmetric
zenith diurnal emission intensity behavior are shown. Diurnal distribution of the
significant zonal scale sizes are collated for all the days with (Figures ,h,i)
symmetric, and (Figures ,k,l) asymmetric diurnal emission intensity behavior
in all the three wavelengths. Significant differences may be noted in the scale sizes
between the days with symmetric and asymmetric diurnal behavior in the emission

intensities.
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Diurnal distribution of the zonal scale sizes obtained for two sample days,
with symmetric and asymmetric zenith diurnal emission intensity behavior for
all the three wavelengths are shown on the two left columns of Figure [£.10] Fig-
ures [.10h-c/Figures [4.10d-f show the diurnal distributions of the zonal scale
sizes on 30 December 2013/6 February 2014, which were the days with sym-
metric/asymmetric behavior in the diurnal emission intensity at all the three
wavelengths. The X- and Y-axes show the LT in hours and the scale sizes in km.
Notable contrast exists for the values of the zonal scale sizes and their diurnal
behavior obtained between the days with symmetric/asymmetric diurnal behav-
ior in the dayglow emission intensities at all the three wavelengths. The diurnal
behavior of the zonal scale sizes has been shown for only one sample day each
for symmetric/asymmetric diurnal behavior in Figures —f. However, it was
noted that all the other days showed almost similar behavior as characterized by
the symmetric/asymmetric diurnal behavior. Therefore, we have overlaid the di-
urnal distribution of the significant GW scale sizes obtained for all the days with
respect to symmetric/asymmetric diurnal behavior in Figures —i and Figures
[.10j-1, respectively. It is striking that the pattern of the diurnal distribution of
the zonal scale sizes is: (i) remarkably similar within the days with symmetric
or asymmetric diurnal behavior, and (ii) distinctly different when compared with

one type to another in zenith emission intensity behavior.

Table includes the summary of the diurnal distribution of the GW zonal
scale sizes on both the type of days (either with symmetric/asymmetric diurnal
emission intensity behavior in all the three wavelengths). The contrast is appar-
ent in terms of the magnitudes of the zonal scale sizes and the times at which
they exist at a given emission wavelength between the two types of diurnal emis-
sion intensity behaviors. The dashed line corresponds to the non-availability of
the significant scale sizes within the observational window of this experiment. As
mentioned above, the ranges of the integrated EEJ strengths (A) on the days
(considered for Figures [4.10k-1) with symmetric/asymmetric diurnal emission in-
tensity behavior are 64-196/124-295 nTh. This points to the important role of
the EEJ strength in all these days.
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At the emission altitude of 777.4 nm dayglow, on all the days (either with
symmetric or asymmetric diurnal emission intensity behavior), GWs with zonal
scale sizes greater than 200 km are present, mostly during noon which seem to
be decreasing gradually towards afternoon (Figures ,d,g,j). However, on the
days with asymmetric diurnal emission intensity behavior, larger- and smaller-
scale sizes of around 300 and 50 km are also seen in forenoon and noon (Figures
4.10d,j), which are absent on the days with symmetric diurnal emission intensity
behavior (Figures ,g). From Figure and h, it is clear that at 230 km
altitude, on the day with symmetric diurnal emission intensity behavior, larger-
scale sizes (>200 km) are present only during forenoon and seem to be increasing
towards noon. Waves of scale sizes >200 km and ~50 km are present during
forenoon on the days with symmetric diurnal emission intensity behavior (Figures
7h), whereas, these are absent on the days with asymmetric diurnal emission
intensity behavior (Figures ,k). Presence of the waves with smaller-scale
sizes of around 120 km is clearly noticeable on the days of both types of diurnal
emission intensity behavior (Figures[4.10h.k). At 130 km altitude GW zonal scale
sizes of around 100 km are seen in forenoon which increase during noon and then
gradually decrease with time on the days with symmetric diurnal behavior (Figure
4.101). Contrary to this, on the days with asymmetric diurnal behavior, the
spread in the values of the significant scale sizes are clearly seen during afternoon
(Figure ) The 557.7 nm dayglow emission has contributions from both lower
thermosphere and higher above (F' region). The lower altitude contribution is
mostly affected by the wave activities from the mesosphere/lower thermosphere
regions while the higher one gets affected by the equatorial electrodynamics as
well. Hence, on the days with asymmetric diurnal behavior, as the equatorial
electrodynamics is stronger, the F' region contribution to the OI 577.7 nm dayglow
could be significant and time varying, which could give rise to the observed values

of multiple zonal scale sizes during afternoon.

Even though the three dayglow emissions considered in the present work origi-
nate from different altitudes and have different production mechanisms, the broad

pattern of the presence of waves with larger-scale sizes in forenoon/noon of a day
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with symmetric diurnal behavior (Figures[d.10,h,i) and of relatively smaller-scale
sizes in afternoon on days with asymmetric diurnal behavior (Figures [1.10],k,1) is
clearly noticeable, especially for 630.0 nm dayglow emission intensities. It is to be
emphasized here that the days with symmetric and asymmetric diurnal behavior
in the zenith intensities are irregularly spaced in the duration of December 2013
to March 2014. Thus, it is striking to note that in spite of these belonging to
different months, the diurnal distribution in the zonal scale sizes on all the days
with symmetric diurnal behavior of the dayglow follow a similar configuration.
Similar is the case for the days with asymmetric diurnal behavior of dayglow as
well. This indicates that the neutral wave dynamics is mainly influenced by the
strength of the equatorial electrodynamics and follows a broad order in the upper

atmosphere.

As has been shown above, optical dayglow emissions over low-latitude regions
are sensitive to the equatorial electrodynamics and display zonal variations. On
the days with symmetric diurnal behavior of the dayglow emission intensities over
zenith, the time periods of waves in a separation of 3°-8° in longitudes are found to
be similar. Contrary to this, on the days with asymmetric diurnal behavior in the
zenith emission intensities, the similarity in time periods over these longitudinal
separation is poor. Moreover, the diurnal distribution of the zonal scale sizes of
GWs also shows differences with respect to these two types of diurnal emission
intensity behaviors. Such contrasting behavior of time periods and scale sizes
implies a clearly different behavior in the neutral wave dynamics on these two

types of days.

To further investigate the behavior of the wave dynamics, information on the
propagation characteristics of the waves at each altitude has been obtained. In
order to do that, power of the statistically significant scale sizes of GWs at a
given time is selected by centering a band-pass filter at the peak of the dominant
scale size with widths of 22, 40, and 50 km for 557.7, 630.0, and 777.4 nm,
respectively. Inverse Fourier transform is carried out on the selected scale sizes
to obtain the corresponding emission intensity modulations. The positions of

crests/troughs as seen in the emission intensities are laid one-next to the other
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as a function of time, in order to be able to track the movement of the wave.
This procedure to obtain the keogram by tracking the modulations in emission
intensities with time are explained in detail in chapter-6 |Pallamraju et al.,2016].
The keogram analyses have been carried out on the days in which all the three
dayglow emission intensities over zenith show a common type of diurnal behavior
(i.e. either symmetric or asymmetric). Figure shows the keograms on four
sample days that were considered for periodogram analyses shown in Figures [4.5],
4.8 and [4.10] The X- and Y-axes show the zonal distance from the zenith in km
and the local time, in hours, respectively. The differing extents in zonal distances
covered at each emission wavelengths may be noted. Positive/negative values of
the distance corresponds to the eastern/western directions with respect to the
zenith. The normalized relative intensity is shown as contours and their values
are represented by the color bars on the right hand side of the figure. The gaps in
the figures at some times are due to the absence of statistically significant scale
sizes in the GWs at those times as seen from the wave number spectral analysis.
To follow the propagation of waves, black/violet lines have been drawn (to aid
the eye) that join the crests/troughs with respect to time. Dotted lines are drawn
to show the most probable movement of the GWs with time when the power of

the scale sizes are found to be below the FAL.

On days with symmetric diurnal behavior of the zenith dayglow, westward
movement of the zonal component of GWs are seen at the emission altitude of
777.4 nm dayglow emission (Figures [£.11h,d). At 230 km (emission height of
630.0 nm dayglow) and 130 km (altitude of 557.7 nm dayglow emissions), no
significant movements of the crests and troughs are noticed. They seem to follow
a standing wave type of pattern throughout the day (Figures ,c). On the
second day as well, such standing wave type of pattern in the waves is clearly
noticed (Figures ,f). A uniform pattern of waves without any significant
zonal movement of wave-fronts on the days with symmetric diurnal behavior
indicate to a systematic and uniform behavior in the dynamic processes over large
spatial extent and the absence of zonal differences within the spatial coverage

possible in this experiment. On the days with asymmetric diurnal behavior,
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the thermospheric neutral waves at 777.4 nm emission altitude show a westward
propagation (Figures|4.11g,j) similar to the days with symmetric diurnal behavior.
The behavior of the GW propagation at the top most layer of the F' region as
measured by OI 777.4 nm dayglow emission seems to be mainly westward on all
the days, most probably due to the existence of strong daytime westward winds
at this altitude. At 230 km altitude, the crest/troughs towards east of zenith
move eastwards and those towards the west move westwards (Figures [1.11] k).
This kind of movement of waves in 630.0 nm emission was seen on other days as
well, as reported in one of our earlier works [Pallamraju et al., | 2016]. The cause
for such behavior is under investigation. On the days with asymmetric diurnal
behavior, the waves at 130 km altitude show an eastward propagation (Figures
,l). It is interesting to note that the movement of the crests and troughs
are significantly different after 13 LT at both the altitudes of 630.0 and 557.7
nm dayglow emissions. Moreover, at different longitudinal regions there seems to
be changes in the gradients of propagation direction of the waves. This type of
spatially varying direction of propagation of the waves in forenoon and afternoon
clearly indicates to the different nature of the processes and dynamics that are

prevalent at the respective longitudes.

4.4 Discussion

The neutral wave dynamics in the thermosphere show different pattern on the
days with symmetric/asymmetric diurnal behavior in the optical dayglow emis-
sion intensities obtained over zenith. Analyses of the data obtained over large
spatial distances show significant differences in terms of (i) the existence/non-
existence of GWs with similar time periods, (ii) dissimilar diurnal distribution
of the zonal scale sizes, and (iii) varying propagation characteristics of the zonal
wave fronts on the days with symmetric/asymmetric diurnal behavior. All these
distinct features suggest the existence of longitudinal variations in the thermo-
spheric wave dynamics in smaller (3°-8") longitude spatial extents. The magnetic

declination angles and magnitudes of the geomagnetic field strengths do not vary
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within the zonal separations considered in this study. Hence, the differences in
the zonal component of the neutral thermospheric waves as seen in the optical
dayglow emission intensities at multiple wavelengths are most likely due to the
differences in the equatorial electrodynamic processes along the respective lon-
gitude sectors. Changes in the magnitudes and directions of the thermospheric
neutral wind, if any, can also bring about such small-scale zonal variations of
the wave dynamics ([Fritts and Alexander}, 2003]). Moreover, the effect of the lo-
calized wind shears in bringing about changes in the wind structure and thereby
affecting the waves cannot be neglected, especially for the lower altitude emissions
at 557.7 nm. During December/January when the equatorial electrodynamics are
weaker [Karan et al. [2016], the similarity in GW time periods was found to be
greater, indicating the absence of longitudinal variations in the 3°-8° longitudes.
On the other hand, during March, the equatorial electrodynamics are stronger
and the GW time periods of similar values along these longitudinal separations
are observed less frequently suggesting a possible existence of longitudinal differ-
ences in the neutral wave dynamics. This could be due to stronger wave activities
during equinoxes. In this background it is striking to note that the diurnal behav-
ior in the zenith OI optical dayglow emission intensities, which are a part of the
overall upper atmospheric system indicates as to whether longitudinal differences

exist or, not.

These new results presented here hold a lot of promise on various aspects of the
coupling of the atmospheres that vary as a function of time. In this work, we have
considered only the days when all the three emission intensities showed a common
type (i.e. either symmetric or, asymmetric) of diurnal behavior. However, there
are days in which a couple of emission wavelengths show symmetric/asymmetric
diurnal behavior while the remaining one shows an opposite behavior. Char-
acterization of the dayglow emission intensity data on these days will provide
information on the nature of inter-coupling among the thermosphere at different
altitudes. Further, small-scale variations in the wave features could also be due
to structures in the density distribution over space, which can vary with time.

Also, there are cases when the distribution of the scale sizes on the days with
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symmetric/asymmetric diurnal behavior showed features similar to that on the
days with asymmetric/symmetric diurnal behavior. These days are found to be
relatively geomagnetically active among all the days considered and hence, are
not included here. This indicates a positive response of the low-latitude ther-
mospheric neutral GWs to the geomagnetic activity and is explained in detail in
Chapter-5. Further, it is to be kept in mind that in this study the focus had
been on the zonal component of the GWs. However, GWs are three dimensional
in nature with different projections in zonal, meridional and vertical directions
[Pallamraju et al.,2016]. In this case, for zonal propagation, when the zonal scale
sizes are seem to be varying with time, it is also possible that the direction of
propagation is changing. For that investigation, near-simultaneous information of
the dayglow emission intensity variations along both the zonal and meridional di-
rections are required. Such data were acquired in campaign mode and the results

of which will be presented separately.

For the sake of completeness, we have looked at results, if any, of smaller-scale
size zonal variation in the published literature. Many of the all-sky measurements
reported in the literature [e.g., |Shiokawa et al., [2009; | Taylor et al., |1995; Naka-
mura et al.,|1998; | Makela et al. 2013, | Hickey et al., 2015;|Martinis et al., 2015, do
not highlight the existence of longitudinal differences. This is probably because
the all-sky images of the nighttime ionosphere over equatorial- and low-latitudes
are dominated by the significant feature of the movement of plasma bubbles
(with greater occurrence during the high solar activity, and during equinoxes),
and the smaller scale feature, if any, are masked. During the geomagnetic distur-
bances, the zonal variations could be due to shears in the zonal plasma flow in the
equatorial- and low-latitude regions [e.g., |Sekar et al.,2012] or due to the prompt
penetration electric field |Basu et al., 2001b; |Chakrabarty et all 2015]. However,
in this work we present the results on the existence of longitudinal differences
in the equatorial electrodynamic processes during geomagnetically quiet periods.
The lower thermospheric emissions of OI 557.7 nm in the nighttime is governed
mainly by the lower atmospheric forcing with waves of different scale sizes moving

in different directions [e.g., |Taylor et al., 1995]. To the best of our knowledge,
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no result exists in the literature that describes a longitudinal differences in such

small zonal separations as presented in this work.

In the present study, the longitudinal differences within 3°-8° separations
present in the daytime seems to be mainly due to the zonal differences in the EEJ
strengths. As the equatorial electric field is electrostatic in nature (i.e. 6 XE:O),
any changes in the values of E at certain longitude gives rise to changes of E at
other longitudes around the globe so as to maintain the [ E.dl=0 condition.
Thus, possibility of the existence of changes in the EEJ strengths in such small
separations seems to be the cause of longitudinal variations observed in this study.
The fact that the integrated EEJ strengths play a distinct role in influencing the
diurnal emission intensity behavior in the dayglow as shown in Figure |3.5 add
credence to this conclusion arrived at. To the best of our knowledge, these ex-
perimental results that suggest to the possible existence of dissimilarities in the
equatorial electric fields in the daytime in such short separations of 3°-8° longi-
tudes are first of their kind. Information as revealed in the present experiment has
great potential in forming inputs to the regional and the global scale dynamical

models.

4.5 Conclusion

Optical Ol dayglow emission intensities were obtained over a large FOV along the
zonal direction from a geomagnetic low-latitude station. Periodogram analyses
were carried out on the dayglow emission intensity variability obtained in the
west, zenith, and east directions to investigate the periodicities in them. Pres-
ence/absence of the time periods with similar values in these three directions
suggests to a common/different source driving the wave features indicating the
non-existence/ existence of longitudinal differences in the wave features within
this spatial extent. Examples shown in Figures and of wavelet analy-
sis indicate to no variation in the time duration or systematic variation in the
occurrence time of the similar time periods. From the zenith emission inten-

sity measurements it was found that the waves with similar time periods are
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present/absent on the days with symmetric/asymmetric diurnal dayglow emis-
sion intensity behavior. The non-existence of the waves with similar time periods
on the days with asymmetric diurnal behavior was attributed to the stronger
equatorial electrodynamics, which seems to show variations even within a ~3°
longitudinal separation. This gives a clear and broader picture of the coupling
processes between the equatorial electrodynamics and the off-equatorial neutral
wave dynamics. Moreover, the GW features in terms of the zonal scale sizes and
the propagation directions also show different behavior on the days with sym-
metric and asymmetric diurnal dayglow emission intensity behavior. The high
spatio-temporal resolution measurements at the three optical dayglow emissions
emanating from different altitudes revealed, for the first time, that there exist
longitudinal differences of the equatorial electrodynamic processes in as small a
separation as 3° in longitude. Such longitudinal differences observed over such
short separations in the neutral wave features and the electrodynamic processes
over the low-latitude thermosphere provide new insights into the understanding
of the intricacies of the upper atmospheric dynamical processes regionally as well
as globally.

We have discussed in detail about the effect of the equatorial electrodynamics
on the off-equatorial neutral wave dynamics. Now we know that this coupling
process have small scale zonal variations along with the large scale variations. All
the aspects discussed till now are valid during geomagnetically quiet conditions.
However, it is well-known that the equatorial- and low-latitude upper atmosphere
get affected by the perturbations brought in due to the geomagnetic disturbances.
Effect of the geomagnetic disturbances on our understanding of the equatorial-
and low-latitude thermospheric wave dynamics will be discussed in detail in the

next chapter.



Chapter 5

Response of Low-Latitude
Thermospheric Wave Dynamics

Due to (Geomagnetic Storms

5.1 Introduction

The behavior of the thermosphere over the equatorial- and low-latitude regions
are affected by various dynamical processes originating from different sources.
As discussed in detail in section [I.4] the daytime coupling processes between
equatorial- and off-equatorial regions like the EEJ, EIA, and ETWA alter the
composition and dynamics in the thermosphere over the low-latitudes. Addi-
tionally, propagation of GWs that originate at both lower- and higher-latitudes
bring substantial thermospheric compositional changes (discussed in section .
These upward propagating waves also modify the prevalent wave structure in the
thermosphere [Hockel 1996} Pallamraju et al. 2014;|Laskar et al. 2015]. The solar
forcing from above also plays an important role in bringing changes in the upper
atmospheric dynamics. These processes and their effects on the equatorial- and
low-latitude thermosphere show seasonal and solar cycle variation. The seasonal
variability is brought about mainly due to the changes in the background wind
pattern, ambient densities, and variation of relative position of the Earth with re-

spect to the sun. Moreover, during sudden stratospheric warming (SSW) periods,
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mesosphere-thermosphere meridional circulation is set up which not only affects
the low-latitude thermospheric neutral densities but also brings about global scale
circulation in the MLT region |Laskar and Pallamraju), 2014]. Further, indepen-
dent parameters, such as the high-latitude TEC variations and the ring current
(as measured through D) showed striking similarity |Yadav and Pallamraju,
2015 indicating a common source responsible for the observed magnetospheric-
thermospheric-ionospheric coupled effects. It is likely that such coupled effects
will have a corresponding signature in the neutral wave dynamical behavior as

well.

As explained in detail in section [I.5] during geomagnetic disturbances, due
to the strong electric currents and precipitation of high energy particles into the
high-latitude upper atmosphere, significant amount of energy is deposited in the
atmosphere. Because of these inputs, equatorward meridional wind circulation is
set up. The TADs and TIDs that propagate from high- to low-latitudes also bring
about changes in the thermospheric composition, dynamics, and chemical state
over the low-latitudes. Moreover, during geomagnetic disturbances the equatorial
zonal electric fields and plasma drifts show complex behavior due to the solar
wind-magnetosphere dynamo and the ionospheric disturbance dynamo. Complex
behaviour of the equatorial zonal electric fields during storm time can change
the (E X é) plasma drifts abruptly and hence, the equatorial thermospheric
dynamics is affected [Basu et al., [2001b; |Sastri et all 2002; Pallamraju et al.,
2004b; |Chakrabarty et all 2010].

The adverse effects/changes that a geomagnetic disturbance can create/bring
to the low-latitude thermospheric dynamics, depend on the season and time
(day/night) of its occurrence, speed and direction of the ambient winds and waves
as discussed above. Many researchers have studied the effect of the geomagnetic
disturbances at different latitudes/longitudes by using different observational
techniques and also through simulations [e.g., Mayr et al., |1978 |Prolss, |1980;
Fujiwara et all [1996; |Pant and Sridharan|, [1998; |Pallamraju and Chakrabarti,
2005]. Atmospheric optical airglow emissions can be used to study the dynamical

process occurring at the altitudes of their origin. During geomagnetic storms, the
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morning time dayglow emission intensities at low-latitudes have been reported to
have enhanced by a factor of 2-3 when compared to the quiet day, which was
attributed to the increase of neutral densities brought in from the high-latitude
regions |Pallamraju et al., [2004b]. From the measurements of WINDII (Wind
Imaging Interferometer) on board UARS (Upper Atmospheric Research Satel-
lite) winds of around 650 ms~! have been reported at 200 km altitude during a
geomagnetic storm with Kp value 7.7 |Zhang and Shepherd, [2000]. Moreover, by
using ionosonde, RADAR, GPS measurements, effect of the geomagnetic distur-
bances are studied over equatorial- and low-latitude regions through nighttime
scintillations [Dabas et al., [1989]. Photochemical models have been used to es-
timate the volume emission rate of 557.7 nm and 630.0 nm dayglow emission
intensity to study the geomagnetic disturbances over low-latitude regions [e.g.,

Culot et all 2005].

In Chapter{4, we have discussed the local time distribution of the thermo-
spheric GW zonal scale sizes over low-latitude regions. The diurnal distribution
of the zonal scale sizes were found to exhibit different patterns on the days with
symmetric/asymmetric diurnal emission intensity behavior. Detailed discussion
on symmetric or asymmetric diurnal behavior of the dayglow emission intensi-
ties can be found out in Chapter{3] Such investigation was carried out on the
geomagnetically quiet days. As discussed above in this section, the geomag-
netic disturbances are expected to bring variations in the observed thermospheric
wave dynamics over the low-latitude regions. Event based investigations on the
study of the effect of the geomagnetic storms on the low-latitude thermosphere
have yielded many results as reported in the literature. However, a broad un-
derstanding of the response of the low-latitude thermosphere to the effect of the
geomagnetic disturbances require a long term systematic observation. Thus, in
the present work, we have carried out investigations to study the behavior of
the thermospheric wave dynamics in the GW regime over low-latitudes during

geomagnetically disturbed periods in a broader context.

For this investigation, we have used measurements of the thermospheric opti-

cal neutral oxygen dayglow emission intensities that emanate from three different
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altitudes. We have investigated their variations during different geomagnetic dis-
turbance events which occurred during different months. In order to understand
the seasonal variations observed in the dayglow emission intensities, we have
compared them with the EEJ strength, IEC and thermospheric O/N,. These are
the first results of the kind on the investigations of daytime thermospheric wave

dynamics and zonal wave scales during periods of geomagnetic disturbances.

5.2 Experimental Technique and Data Set

To address the objectives of this work as mentioned above, we have used the
disturbance storm time index (D), thermospheric O/N,, equatorial electrojet

strength (EEJ), and ionospheric electron content (IEC) data.

We have obtained the optical oxygen dayglow emission intensities at 557.7,
630.0, and 777.4 nm wavelengths using MISE from a low-latitude station, Hyder-
abad, India (Geographic 17.5° N, 78.4° E; 8.9° N Mag. Lat) during the months
of January and February of 2014, May 2015 and March of 2016 wherein geomag-
netic disturbances of varying levels and durations occurred. The optical dayglow
emission intensities imprint the signature of the dynamic processes that occur
at their altitudes of emission. Hence, the temporal variations in the emission
intensities act as tracers of the atmospheric dynamics that exist at the respective
emission altitudes. In order to know the occurrence time of different stages of the

geomagnetic storms during these periods, we have used the D index data.

To obtain the information about the thermospheric behavior during different
geomagnetic periods, we have investigated the thermospheric O/N, data. The
thermospheric O/N, data is obtained from the Global Ultraviolet Imager (GUVI)
onboard the NASA TIMED (Thermosphere Tonosphere Mesosphere Energy and
Dynamics) satellite. Details about the O/N, data have been discussed in section
. We have used the O/N, data corresponding to spatial location over Hyder-
abad, India (from where the optical data has been obtained). A spatial extent of
20° x 20° in latitudes x longitudes centered at Hyderabad has been considered

to obtain the information of the neutral composition.
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To investigate the equatorial electric field effects on the off-equatorial plasma
dynamics during geomagnetic storms, we have analyzed the EEJ strength and
IEC data. The IEC data are obtained from Ahmedabad (typically the northern

crest location of the EIA) in Indian longitudes. Details about these data sets are

explained in sections [2.4.1{ and [2.4.2]

5.3 Results

In the present study we have considered three events (February 2014, March 2016,
and May 2015) to study the effect of the geomagnetic disturbances on the low-
latitude thermospheric GW dynamics. Another event on January 2014 (Event-1)
is additionally considered as a geomagnetically quiet event to serve as a reference.
These three geomagnetic disturbed events occurred during different months and

are used to study the seasonal variation in the low-latitude wave dynamics.

The Y-axes in Figure |5.1| depict the variation of the Dy (left Y-axes) and Ap
indices (right Y-axes) for all the events. The horizontal dotted lines correspond
to the zero Dy value. During January 2014 (Event-1), variations in the Dy
values showed a typical geomagnetically quiet type pattern (Figure ) The
maximum value of Ap index was 30 during this period. The main phase of the
storm during the Event-2 (Figure[5.1p) started on 18 February 2014. During the
recovery phase of this storm, the Dy, values showed an oscillatory type of behavior
that continued to 19-23 February 2014. The Ap value reached a maximum of 94.
Event-3 describes the geomagnetic disturbance that occurred during 6-12 March
2016 (Figure ) Variation of D; during this event showed a typical storm type
pattern with a peak Ap value of 94. The disturbance reached its maximum on 7
March, then it recovered gradually. In the Event-4, we have considered the storm
during 9-18 May 2015 (Figure ) In comparison to the Events-2 and 3, the
Event-4 is a moderate geomagnetic disturbance (peak Ap=67). The main phase
started on 11 May 2015 and continued for 3 days. It is to be noted that in the
geomagnetic disturbance Events-2, 3, and 4, after the recovery phase of the first

storm, another small storm occurred. The vertical downward arrows in blue color
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Figure 5.1: Variations of the D,; and Ap indices during the four events considered

in the present study are shown.

on the top side of Figures [5.1b,c,d correspond to a pair of geomagnetically quiet

and a disturbed day chosen for more detailed analyses of zonal wave dynamics

on these days and are shown later in Figures 5.3
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5.3.1 Geomagnetic storm effect on the OI dayglow emis-

sion intensities over Hyderabad

Firstly, we present the variations of the Dy; index, the dayglow emission intensities
at all the three wavelengths (OI 777.4, 630.0, and 555.7 nm), thermospheric O /N,
EEJ strength, and the IEC data for all the events in Figure [5.2 The X-axis
represents the dates of the month. The upper panel of Figure [5.2] shows the
variation of the daily mean of the Dg; index on all the days of the month. For all
the four events the daily mean dayglow intensities at each emission wavelengths
are individually normalized with respect to their maximum values in that month.
Variation of the normalized daily mean dayglow emission intensity with one sigma
standard deviation at all the three wavelengths are joined by a solid line and
are shown in the second row of Figure By doing this, inter comparison of
variations in all the dayglow emission intensities can be made for each of these
events. However, in order to inter compare the behavior of the dayglow emission
intensities in all the four events, the daily mean dayglow data are normalized with
respect to their maximum values during the four events and has been shown in the
third row of Figure . Data gaps (due to unfavorable sky conditions) of more
than a day have been joined by dotted lines. The daily averaged thermospheric
O/N, data (obtained over a spatial extent of 20° x 20° in latitudes x longitudes
centered at Hyderabad) are shown in the fourth row of Figure The peak
EEJ strength and IEC values are plotted in the fifth row of Figure for all the

events and their values are shown on the left and right Y-axes.

From the Dy; variation as shown in Figure [5.2h, it is clear that Event-1 is a
geomagnetically quiet period. The optical dayglow emission intensities at all the
three emission wavelengths (Figure [5.2b) show similar type of variations with an
average correlation coefficient (R) value of 0.9 during this period except for the
557.7 nm emission on 12 January 2014. It can also be seen that on these days
not only the correlation is good amongst all the three dayglow emission intensi-
ties but also these dayglow emission intensities show a broadly similar variations
with the peak EEJ. Correlation analyses of the normalized daily mean dayglow

at each of the emission wavelengths has been performed separately with the peak
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Figure 5.2: Variations of daily mean of the Dy, index (Figures ,f,k,p), monthly
normalized daily mean dayglow emission intensity in the three wavelengths (Fig-
ures ,g,l,q), normalized daily mean dayglow emission intensity during the four
events in the three wavelengths (Figures ,h,m,r), daily averaged O/N, (Figures
5.2d,i,n,s), variation of the peak EEJ and the peak IEC (Figures ,j,o,t) are
shown for various durations: January 2014 (Figures -e), February 2014 (Figures
[6.2f-j), March 2016 (Figures [5.2k-0), and May 2015 (Figures [5.2p-t). The X-axis
shows the dates in each month. The duration in which both the dayglow emission
intensities and EEJ show similar variations are shaded in blue color, whereas, the
duration in which both the dayglow emission intensities and O/N, show similar
variations are shaded in pink color. On the days marked by grey shaded region,
the behavior of dayglow at different wavelengths showed a mixed response to the

variation of O/N2 and EEJ.

EEJ for this period. Excluding a couple of days as shown by the vertical dot-
ted lines in Figures [5.2b,e, the average of correlation coefficients of all the three

individual values (for correlation between OI 777.4 nm to peak EEJ, OI 630.0
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nm to peak EEJ, and OI 557.7 nm to peak EEJ) turn out to be 0.8. The days
on which both the dayglow emission intensities and EEJ show similar variations
are shaded in blue color in Figure 5.2} Independent ionospheric measurements
of IEC over the crest region of the EIA vary hand-in-hand with those of the
EEJ (Figure 5.2k), which is due to the effect of equatorial electric field on the
EIA process |Raghavarao et all [1978]. On the days with larger EEJ value, due
to stronger (E X E) up-drifting of plasma over the geomagnetic equator, more
plasma are transported to the off-equatorial regions. This thereby increases the
electron densities and the production of the dayglow emission intensities over
low-latitude regions. Such similar variations between the dayglow emission in-
tensities and the EEJ indicates the influence of equatorial electrodynamics from
day-to-day on the low-latitude thermospheric optical emission intensities and are
consistent with earlier findings as reported in the literature [e.g., |Sridharan et al.,
1999|. Specifically, it had been explained in the earlier studies that the temporal
variations in the OI 630.0 nm dayglow emission intensity are due to the dissocia-
tive recombination mechanism, which, in turn, depends on the ambient electron
densities [Pallam Raju et al), [1996] and equatorial electric fields |Karan et al.
2016]. It may be noted that the dayglow emission intensities do not show any

similarity with the variations in O/Ny during this period.

Now let us compare the variation of the dayglow emission intensities with
the peak EEJ and O/N, during the three geomagnetically disturbance events.
Similar type of data presentation as shown for the Event-1 (Figures [p.2h-e) is
maintained for the Events-2, 3, and 4. During the Event-2, the Dy; values con-
tinued to decrease from around 9.5 LT on 16 February to 2.5 LT on 17 February
2014 (Figure [5.1p) and then recovered to its zero value by 19.5 LT on 18 Febru-
ary. As a consequence, the O/N, over low-latitudes increased on 17 February
and decreased on 18 February, shown by vertical dashed-dot lines (Figure [5.2}).
The Dy value again started decreasing from around 19.5 LT on 18 February and
the main phase continued till 21 February (Figure p.1p). The Ap value reached
a maximum of 94 on 19 February. An increased transport of the neutral densi-

ties from high-latitudes could be responsible for the rise of O/Ny observed on 19
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and 20 February (Figure [5.2). During this period (17-20 February), the dayglow
emission intensities showed a similar variation to that of the thermospheric O/Ns.
As discussed above an average value of R obtained for each of the three dayglow
emission wavelengths (except for the 630.0 nm dayglow emissions on 20 February
2014) (Figures [p.2kg,i) with O/N, is 0.8. The days on which both the dayglow
emission intensities and O/N, showed similar variations are shaded in pink color.
On the other hand, correlation between variations of the dayglow emission inten-
sities and EEJ showed negative (-0.5) values during these days (Figures [5.2,]).
Further, this is also in contrast to the behavior (4ve correlation) noted in the
case of Event-1. Moreover, during the recovery phase of the storm, the IMF B,
once again becomes southward which results in another disturbed phase of the
event during 23-27 February 2014 (Figure ) The main phase of this storm
continued from around 15.5 LT on 23 February 2014 to 4.5 LT on 24 February
2014. During this period (23-26 February), dayglow emission intensities showed
a similar variations with the EEJ strength with an average R value of 0.9. Also,
the dayglow emission intensities showed similar variation with the O/N, with an
average R value of 0.45. Hence, effect of the EEJ in the variation of the dayglow
emission intensities seem to be stronger than the O/Ny. This could be due to the
weaker strength of the storm during this period when compared with the previous

one. These effects can cause a decrease of the dayglow emission intensities in all

the three wavelengths observed on 24 February 2014 (Figure [5.2§).

Event-3 depicts the geomagnetically disturbance period during 6-23 March
2016 (Figures —o). During this event, the main phase of the storm continued
from around 21.5 LT on 6 March to 2.5 LT on 7 March 2016 (Figure [5.1). The
Ap value (94) peaked on 7 Mar 2016. On this day, both O/Ny and EEJ strength
showed an increase in their values. However, a decrease in the dayglow emission
intensities is observed in all the three emission wavelengths on 7 March 2016,
shown by vertical dashed line (Figure [5.2]). The possible cause(s) for this be-
havior could be some of the localized effects which require further investigations.
During the recovery phase of the storm (8-12 March), the dayglow emission in-
tensities rose along with the EEJ with an average R value of 0.88 (Figure ,0)
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(blue shaded region). The decrease of the dayglow emission intensities in all the
wavelengths on 13 March (geomagnetically quiet) is due to the counter electrojet
occurrence on that day. During this period (8-12 March), an opposite behavior
is observed between the variations of the dayglow emission intensities and O/N
(Figure ) indicating a seemingly stronger effect of equatorial electrodynamics
on the dayglow emission intensities during equinoxes even during geomagnetically
disturbed periods. The vertical dashed lines in Figure correspond to the days

on which the IEC data were not available.

Another moderate storm occurred during 14-22 March 2016. The dayglow
data are available on the days (17-21 March 2016) which are during the main
phase of this storm. During 17-19 March, the dayglow emission intensities showed
similar variations with those of the O/N, with an average R value of 0.72, which
are shaded in pink color (Figures ,n), while the EEJ strength showed an
opposite behavior with the variation of the dayglow emission intensities (Figures
5.21,0). On the rest of the days (marked by grey shaded region), the behavior of
the dayglow emission intensities at different wavelengths showed a mixed response
to the variation of the O/Ny and the EEJ strength. The IEC data were not
available for these days. Thus, based on these measurements during geomagnetic
storm periods in the equinoxes, it seems that the low-latitude variations of the
dayglow emission intensities are influenced to a greater extent by the equatorial

electrodynamics than the effects of the neutral dynamics of high-latitude origin.

Further, we have considered a geomagnetic disturbance period during May
2015 as Event-4 (Figures[5.2p-t). The geomagnetic condition was quiet during 1-
5 May 2015 (Figure ) On these days, the dayglow emission intensities showed
similar variations with the O/N, with an average R value of 0.7 (Figures [5.2},s).
Except for the first two days (shown by vertical dotted lines in Figure[5.2}) during
this period, the dayglow emission intensities in all the wavelengths showed similar
type of variations with the EEJ strength and the IEC, as shown in the blue color
shaded region with an average value of R = 0.8 (Figures [5.2(,t). The main phase
of the storm started around 11.5 LT on 10 May and continued till 11.5 LT of

13 May 2015. No simultaneous optical data were available, except for 12 May
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2015 (Figures ,r) to enable comparison in case of this storm. The dayglow
emission intensities on 12 May 2015 are found to decrease in comparison to that
on 10 May 2015, shown by vertical dashed-dot line. This could be attributed to
the weaker electrodynamical strength as observed in both the EEJ strength and
IEC (Figures ,s,t). Another moderate storm occurred during 18 to 22 May
2016 when simultaneous dayglow data were available. The main phase of this
disturbance continued during 16.5 LT of 18 May to 4.5 LT of 19 May. The effect
of which was observed as a decrease in the dayglow emission intensities at each
emission wavelengths on 19 May 2015, shown by vertical dashed line. During
the recovery phase (20-24 May) of the storm, variation of the dayglow emission
intensities showed a good correlation with the O/N, (Figures [5.2},s) with an
average R value of 0.7 (except for 23 May; shown by dotted line). Whereas,
variations of the EEJ strength do not show any similarity with the dayglow
emission intensities (Figures [5.2},t).

5.3.2 Geomagnetic storm effect on the GW scale sizes

over the low-latitudes

For the analysis so far, we have considered only the daily averaged zenith dayglow
emission intensity variations as obtained from Hyderabad. It is clear that there
are distinct changes in them between the geomagnetically quiet and disturbed
periods. It is obvious that these effects are spread over large spatial locations. As
MISE has a large FOV, it has the capability to simultaneously obtain the dayglow
variability over a large spatial extent. This enables us to carry out analysis in
greater details to obtain the spatial scale sizes in the GW domain that are set up
during geomagnetic disturbances at the emission altitudes of 557.7, 630.0, and
777.4 nm dayglow emission intensities.

The slit of MISE was oriented along the zonal direction on most of the days
considered in the present work to obtain the dayglow emission intensity variation
along the zonal directions and hence, the zonal GW scale sizes. The method of
obtaining the spatial distribution of the dayglow emission intensities for all the

three emission wavelengths at a given time have been discussed in detail in section
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Figure 5.3: Local time (LT) distribution of the zonal scale sizes at the emission
altitudes of 777.4 (upper panel, Figures ,d), 630.0 (middle panel Figures ,e),
and 557.7 nm (bottom panel Figures ,f) dayglow emission intensities on 18
February 2014 (left column) and 19 February 2014 are shown. The vertical dashed
line is drawn at local noon. The LT distribution in the zonal scale sizes is different

on the geomagnetically quiet and disturbed days.

[2.5.591 This method has been followed to calculate the dominant GW zonal scale
sizes in all the three dayglow emission wavelengths for a whole day at a data

cadence of 15 minutes.

We have obtained the diurnal distribution of the significant zonal scale sizes for
all the three dayglow emissions and compare them between geomagnetically quiet
and disturbed days. For this study, we have considered the three geomagnetically
disturbed events (Events-2,3,4) as depicted in Figures 5.1} [5.2] above. The couple
of days considered in each of the events are marked by two vertical arrows in the

upper side of the plots in Figures [5.1b,c,d. In the Event-2, we have considered



Chapter 5. Response of Low-Latitude Thermospheric Wave Dynamics Due to
164 Geomagnetic Storms

the data for 18 February 2014 (geomagnetically quiet) (Figures [5.3p-¢) and 19
February 2014 (geomagnetically disturbed) (Figures [5.3d-f). The X- and Y-axes
show the local time in hours and the zonal scale sizes in km. The vertical dotted
line corresponds to local noon. A notable contrast is observed in the diurnal
distribution pattern of the zonal scale sizes between these two days. At 777.4
nm emission altitude, the zonal scale sizes of around 200-300 km are seen during
forenoon on the quiet day (Figure ) In afternoon, along with these values,
additional zonal scale sizes with smaller values ( 50 km) are seen. Contrary
to this, on the disturbed day no significant zonal scale sizes are seen during
forenoon (Figure ) and during afternoon larger scale sizes of greater than
250 km are seen. A finite possibility does exist that the scale sizes in forenoon
on the disturbed day are much larger (beyond the cut-off limit of 425 km). At
the emission altitude of 630.0 nm dayglow, 120 km zonal scale sizes are seen
throughout the quiet day. After 15 h, the zonal scale sizes of 45 km and 175
km are observed (Figure [5.3p). Surprisingly, on the disturbed day (Figure [5.3g),
the 120 km zonal scale sizes are not seen. Rather, larger zonal scale sizes of
around 300 km are seen during noon which seem to decrease to smaller scale
sizes of around 50 and 150 km in afternoon on the disturbed day. At 130 km
altitude, zonal scale sizes of around 140 km are seen during 11-15 h on the quiet
day (Figure ). After 15 h, values of these scale sizes decrease. While on the
disturbed day (Figure ), along with the 140 km scale size, smaller scale sizes
of around 25 km are seen during noon and the larger scale sizes seem to decrease
in afternoon. On these two days, no contrasting difference is seen in the zonal

scale sizes after 15 h at this altitude.

Figures and are plotted in the same way as explained for Figure [5.3]
Figure shows the comparison of the zonal scale sizes on 6 March (geomagnet-
ically quiet) and 7 March (geomagnetically disturbed) 2016 (Event-3). At 300
km altitude, 60 km zonal scale sizes are seen during the morning hours (7-10 h)
on the quiet day (Figure [5.4h). Whereas, on the disturbed day (Figure [5.44),
along with the 60 km zonal scale sizes, 130 km scale sizes are also seen in the

morning hours. On both the days, values of the zonal scale sizes increase during



5.3. Results 165

Event—3
6Mar2016(Q) 7Mar2016(D)

500 T T T T T [T T T T 1]
400_—0) x 4R« -
B K 1L X 38K i
300 L &*L- L 777.4 nmé % x]
50y S | T
/g O'T&T.l.i.l.l.' ?KIX?XI.I.I.I._
5400'|'|'|'|'|' L L L B B B
© " (b) f 1L (e) ]
N 300 .
%2 - oo ° woe: -
o 200 0‘0_ —630.0 nmé K o]
S 100 we === Jp=— "
— r e ann ® and ® o
O O ' I T N T ' I T I T
S 200 TTTTTTTTTT L L I B B I
N [ % S0 M ]
150_(c) y - ]
100 X 1 [557.7 nmix ]
o %ok
50 : e *
L% RO * : g
(0 I P T A P I R N R

6 8 10121416 18
Local Time (H)

Figure 5.4: Same as in Figure but for 6 and 7 March 2016.

afternoon. At 230 km altitude, 120 km zonal scale sizes are seen during forenoon
and 50 and 200 km scale sizes are seen during afternoon on both the days. It
is to be noted that in addition to these scales, additional scale sizes of 250 km
are found to be more significant during forenoon on the disturbed day. At 130
km altitude on both the days, during forenoon no significant scale sizes are seen,
whereas, both smaller and larger scale sizes are seen during afternoon. Smaller

scale sizes of around 30 km are seen during noon on the quiet day but not on the

disturbed day (Figures [5.4k.f).

In the Event-4 (Figure [5.5)), we have compared the diurnal distribution of
the zonal scale sizes on 10 May (geomagnetically quiet day) and 12 May (geo-
magnetically disturbed day) 2015. Due to the unfavorable sky conditions, the
optical dayglow data could not be obtained on 13 and 14 May 2015, when the

geomagnetic disturbance was at its peak. Therefore, we have considered 12 May
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Figure 5.5: Same as in Figure but for 10 and 12 May 2015.

2015 as the disturbed day for the comparison. Even though this is not the most
geomagnetically disturbed day, this day is within the main phase of the geomag-
netic disturbance. The contrast in the distribution of the zonal scale sizes on the
two days are clearly noticeable. At the emission altitude of 777.4 nm dayglow,
230 km scale sizes are seen during the morning and afternoon on the quiet day
but only during afternoon on the disturbed day. Interestingly, the smaller scale
sizes of around 60 km are present during afternoon on the quiet day but not
on the disturbed day (Figures [5.5p,d). It is to be noted that on the disturbed
day, significant scale sizes are sparse during forenoon. On this day, larger scale
sizes are present during afternoon, which are not seen on the quiet day. At the
emission altitude of 630.0 nm dayglow, zonal scale sizes decrease from 200 km to
100 km during forenoon and again increase to 200 km during afternoon on the

quiet day, whereas, on the disturbed day this type of trend in zonal scale sizes
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is not seen (Figures ,e). On the disturbed day, zonal scale sizes of around
100 and 300 km are observed during forenoon. Smaller scale sizes (around 50-150
km) are seen during noon and these scale sizes increase to around 300 km during
afternoon (Figure [5.5¢). At the emission altitude of 557.7 nm dayglow, on both
the days, zonal scale sizes of around 150 km are seen during forenoon (Figures
5.5c.f) and seem to decrease during afternoon. Not much difference is observed in

the zonal scale size distribution between these two days at this emission altitude.

Lack of contrast in the diurnal distribution of the zonal scale sizes at the
emission altitude of 557.7 nm dayglow between the geomagnetically quiet and
disturbed days for all the events considered, could be due to the contributions
from dual heights (both upper and lower thermosphere) to the production of 557.7
nm dayglow emission. Although the zenith OI 557.7 nm dayglow emission inten-
sity respond to the neutral density (O/N,) variations as shown earlier in Figure
5.2, with regard to the GWs in the zonal direction, it may, however, be possi-
ble that the lower atmospheric contribution overwhelms the column integrated

Intensities.

5.4 Discussion

From the results of the three disturbed events (Events-2, 3 and 4 as shown in
Figure discussed above, it is clear that the dayglow emission intensities at all
the three wavelengths show variations with the Dy, index during geomagnetically
disturbed periods. It is to be remembered that these are two independent param-
eters and therefore, their interdependency has been investigated to understand
the process through which they are related. In order to do that both the neutral
and the electrodynamic variations that existed on those days have been looked
into in greater details.

The optical dayglow emission intensities over low-latitude regions are affected
by both the neutral winds and the equatorial electrodynamics. The behavior
of the dayglow emission intensities depends both on the nature of ambient neu-

tral winds (magnitude and direction) and strength of the equatorial zonal elec-
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tric fields. These effects show seasonal variations. During geomagnetic distur-
bances, the ambient background conditions change when compared to the quiet
times. During geomagnetically quiet conditions, variations of low-latitude day-
glow emission intensities are primarily governed by the equatorial electrodynamics
and hence, the day-to-day averaged intensity variations showed similarity with
that of the EEJ strength (Figures ,e; Event-1). This is because, an increase
in the EEJ strength causes an increase in the strength of the plasma fountain,
thereby bringing in greater electron densities (reactants for OI dayglow) to the
off-equatorial latitudes, such as Hyderabad. This contributes to greater dayglow
emission intensities. If a geomagnetic disturbance occurs, TADs and TIDs are
set up at high-latitudes. Due to the high- to low-latitude wind circulation, the
relative atomic to molecular nitrogen contribution (O/Ny) varies globally. Such
variations of O/Ny over low-latitudes seem to govern the oxygen dayglow emis-
sion intensities and hence, during this period, they show similar type of variations
with O/N, instead of the EEJ strength (as seen in Event-2). During equinoxes,
when the meridional wind speeds are small, significant similarities are observed
between the dayglow emission intensities and the EEJ strengths (Figures [5.2],q)
and is also consistent with our earlier observations [Karan et al., |2016], which is
discussed in detail in Chapter{3] It is to be noted that during the moderate storm
in solstice period of May 2015 (Event-4), the dayglow emission intensities vary
with O/N,. However, during geomagnetically quiet period in May 1 to 5, the
dayglow emission intensities showed similar variation with the O/N,, the EEJ
strength and the IEC. It is to be noted that during the present investigation,
the daily mean value of the dayglow emission intensities are compared with the
other parameters to get a broad disturbed time picture of the equatorial- and
low-latitude thermosphere. However, investigations of the daily variations in the
dayglow emission intensities will give more insights into the process of the effect
of geomagnetic disturbances on the thermospheric behavior. Such investigations

will be carried out in future.

The day-to-day variations in the optical dayglow emission intensities over

low-latitudes are observed to be affected by the interplay between the neutral dy-
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namics and the equatorial electrodynamics under varying geophysical conditions.
However, a broad systematic variations between the dayglow emission intensities
at all the three wavelengths and the O/Ny during all these four months of ob-
servations can be seen in Figure 5.2} Both the dayglow emission intensities and
the O/N, gradually increase from January to March and again decrease towards
May. But, EEJ strength does not show such type of variations in all these four

months.

The EEJ strength and IEC are expected to show similar variations during
geomagnetically quiet periods, as indeed observed during the quiet periods of all
the events described in Figures [5.2p,j,0,t. On the days with peak geomagnetic
disturbances (i.e. minimum Dy, value) in the months of February (24) and May
(13 and 19), as shown by vertical dashed lines, the EEJ strength and IEC do not
show similar variation. Whereas, on the days with peak disturbances in March
(7 and 17) the EEJ strength and IEC showed similar variations, which is also
consistent with the variations in the dayglow emission intensities as discussed
above. It is known that during geomagnetic disturbances, the equatorial zonal
electric field can be modified because of the prompt penetration electric field
and disturbance dynamo electric field effects which do affect the daytime upper
atmospheric behavior [e.g., |[Richmond and Matsushital [1975; |Pallamraju et al.),
2004bt |Chakrabarty et al. 2010]. Thus, an enhancement or decrement of the
equatorial zonal electric field under the influence of prompt and/or disturbance
dynamo electric fields over the equatorial region can be understood to be the
cause for the dissimilar behavior of the dayglow emission intensity with the EEJ
strength. Hence, in different seasons the effect of the geomagnetic disturbances on
the optical neutral dayglow emissions are different as they depend on the ambient

conditions.

As discussed above and also in Chapter{3] that the neutral optical dayglow
emission intensities over low-latitude regions are sensitive to the equatorial elec-
trodynamics. It was extensively discussed that the diurnal behavior of the day-
glow emission intensities are symmetric/asymmetric with respect to the local

noon on the days with weak/strong equatorial electric field strength. The extent
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of symmetric or asymmetric diurnal behavior of the dayglow emission intensity
was estimated by a parameter called Asymmetricity in Time (AT). The diurnal
behavior of dayglow was considered as symmetric or asymmetric for AT < 0.4h
or AT > 0.4h, respectively (Discussed in detail in Chapter. In Chapter of
the thesis, the diurnal distribution in the zonal scale sizes on geomagnetically
quiet days (Ap values smaller than 22) with symmetric and asymmetric diurnal
behavior during December 2013 to March 2014 is shown in Figure [4.10] Figures
4.10(a,b,c) and (d,e,f) show the diurnal distribution of the zonal scale sizes on
two sample days, with symmetric and asymmetric diurnal behavior in the zenith
emission intensities at all the three emission wavelengths. The contrast in the
distribution of the zonal scale sizes on these two days is clearly noticeable. The
zonal scale size distributions on all the days with symmetric/asymmetric diur-
nal emission intensity behavior are overlaid and shown in Figures (g,h,i) and
(j,k,1), respectively. As discussed in earlier results, for geomagnetic quiet times,
it can be seen that the diurnal distribution in the scale sizes are (i) conspicuously
similar on the days with a particular (symmetric/asymmetric) diurnal behav-
ior, and (ii) distinctly different on the days with symmetric diurnal behavior as
compared to the days with asymmetric diurnal behavior [Karan and Pallamraju)
2017). In the present work, the diurnal behavior of the three dayglow emission
intensities on the two days considered in Event-2 (Figure , are asymmetric in
nature (the AT values for 777.4, 630.0, and 557.7 nm dayglow emission intensities
are 0.5 h, 0.9 h, and 1.7 h on 18 February 2014 and 1.0 h, 1.6 h, and 0.6 h on
19 February 2014, respectively). It is interesting to compare the results of zonal
scale sizes for days with asymmetric diurnal dayglow behavior for geomagneti-
cally quiet days (Figure with those of present results of geomagnetically
disturbed days (Figure . The diurnal distribution of the scale sizes for all the
dayglow emissions on 18 February (Figures 7b,c) show similar pattern as seen
for the days with asymmetric diurnal behavior in Figures [£.10g,h,i. Contrary
to this, diurnal distribution in the zonal scale sizes on 19 February 2014 show
altogether a different pattern. Even though both these days showed asymmetric

diurnal pattern in their zenith intensities, the contrast seen in the diurnal pattern
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of the gravity wave zonal scale sizes between these two days (as discussed before
in Figures , is attributed to the effect of geomagnetic disturbances
on the thermospheric neutral wave dynamics. On the dates of the optical data
considered in Events-3 and 4, not all the emissions show a common (symmet-
ric/asymmetric) diurnal behavior to enable such a comparison as carried out for
Event-2. The diurnal distribution in the GW zonal scale sizes show contrast in
the quiet and disturbed day in the three events (Figures , as described

above.

However, it is to be noted that the scale size distribution pattern on the dis-
turbed days in different seasons do not show a common type of pattern. The scale
sizes and propagation directions of the GWs depend on the thermospheric am-
bient neutral winds |Hines|, |1960], which has a seasonal dependence. Thus, the
effect of the geomagnetic disturbances on the low-latitude thermospheric wave
dynamics is unlikely to be the same in different seasons. Moreover, localized
effects, if any, can also be modified due to the propagation of TADs during geo-
magnetically disturbed periods. Such compositional variations that are brought
in due to the meridional circulations during the disturbance periods over the low-
latitudes will also affect the thermospheric wave dynamics over the equatorial- and
low-latitudes. The tides also play an important role in bringing the diurnal and
seasonal variations in the composition of the atmosphere. Thus, it can have an ef-
fect on both the optical dayglow emission intensities and the thermospheric O /N
simultaneously over low-latitudes. However, it is difficult to decipher the relative
contribution of the tides and O/Ns in the dayglow. The intricacies of the effects
due to various sources on the upper atmospheric GWs need further investigations.
The effect of the compositional variations due to the geomagnetic disturbances
on the low-latitude thermospheric neutral wave dynamics is observed to be more

during the solstices (Events-2 and 4) than during the equinoxes (Event-3).

During geomagnetic disturbances, the TADs and TIDs move from the polar to
the equatorial- and low-latitude regions. As a result, the neutral waves en route
get modified. Moreover, sometimes the equatorial electric field also changes be-

cause of both prompt penetration and disturbance dynamo electric fields. These
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electric fields re-distribute the ion densities over the equatorial- and low-latitude
regions through processes such as, EIA and ETWA. The transported ion densities
alter the neutral densities through the ion-neutral collisions. Thereby, changes
are brought in the wave structure also. The modification of the neutral wave
dynamics depends on the ambient thermospheric conditions. As the ambient
conditions vary from season to season, accordingly the effect of the storm on the
equatorial neutral wave dynamics will vary. In some seasons, during the SSW
events, new meridional circulation from the pole to the equator is set up in the
MLT altitudes |Laskar and Pallamraju, 2014]. Any geomagnetic disturbances
during this period may affect the neutral wave dynamics at the low-latitude re-
gions differently than in the case of non-SSW events, and it is difficult to assess
their relative contribution to the changes in the GW regime. It is to be noted
that the geomagnetic disturbance will bring changes in the zonal, meridional,
and vertical scale sizes along with their path of propagation in the thermospheric
waves over the equatorial- and low-latitude regions. In order to study this, large
FOV optical dayglow measurements along both the zonal and meridional direc-
tions are required |Pallamraju et al., 2016]. However, in the present study, we

have investigated the behavior of zonal scale sizes only.

5.5 Conclusion

To investigate the effect of the geomagnetic disturbances on the equatorial- and
low-latitude upper atmosphere, neutral optical oxygen dayglow emission intensi-
ties at three wavelengths were obtained by using a large FOV high resolution spec-
trograph, MISE. The mean zenith dayglow emission intensities showed different
types of variations with those of the Dy index during geomagnetic disturbances
in different seasons. Such similarity between these two independently measured
parameters points to a clear coupling between the magnetosphere-thermosphere-
ionosphere system. Further, variations of the mean zenith dayglow emission inten-
sities, EEJ strength, IEC, and the thermospheric O/N, have been studied during

three geomagnetic disturbance events, which occurred in different seasons. During
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winter and summer solstices, dayglow emission intensities show similar variations
with O/N,. This is attributed to the effect of the geomagnetic disturbances over
equatorial- and low-latitude thermosphere. During equinox period, the dayglow
emission intensities show similar variations with the EEJ strength indicating a
dominance of the equatorial electric fields over the storm influenced neutral wave
dynamics during the equinoxes. This clearly shows that there is a seasonal de-
pendence of the electrodynamic vs. neutral dynamics over the equatorial- and
low-latitudes. Moreover, from this large FOV dayglow measurements, wave num-
ber spectral analyses have been carried out to obtain the GW zonal scale sizes
at three multiple altitudes. Diurnal distribution in the GW zonal scale sizes are
studied in different seasons on a case-by-case basis by comparing the behavior of
the quiet and the disturbed days in each season. Contrasting distributions in the
diurnal variations of the zonal scale sizes were noticed in different seasons. This
shows that changes are brought-in in the zonal GW scale sizes during geomag-
netic disturbances irrespective of the season of the storm occurrence. Such first
of the kind results on the effect of geomagnetic disturbances on the equatorial-
and low-latitude thermospheric zonal wave dynamics as inferred from large FOV
dayglow measurements have brought to light new information on the neutral wave
dynamics that exists in the daytime thermosphere. To extend the capability, we
have carried out further analysis to obtain the scale size information along both

horizontal and vertical directions, which will be discussed in the next chapter.






Chapter 6

Daytime Three Dimensional

Wave Characteristics Over

Low-Latitudes

6.1 Introduction

Importance of the neutral wind and the wave dynamics in contributing to the
day-to-day, diurnal, and seasonal behavior of the upper atmosphere both dur-
ing geomagnetically quiet and disturbed periods is well-known [e.g., Mayr et al.,
1978]. The inter-hemispheric winds in solstices, westward/eastward winds dur-
ing the daytime/nighttime, and equatorward winds and waves due to the Joule
heating at high-latitudes during geomagnetic storms are of great interest to the
research community as these alter the composition, and bring about the lati-
tudinal changes in the neutral densities |Mayr et al., (1978 |Immel et al., 2001].
Effect of the thermospheric wind and waves in bringing variations on the cou-
pling process of the thermosphere and ionosphere during various space weather
conditions have been discussed in previous chapters of this thesis. Satellite-based
measurements have provided a broad picture of the neutral winds [e.g., |[Herrero
et al.l, |1988; |Shepherd et al.,[1993a] which in combination with the ground-based
measurements have formed the basis for empirical wind models [e.g., Hedin et al.,

1996; | Drob et al., [2015]. It can be appreciated that, unlike winds which can be
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measured by both the ground-based [e.g., Meriwether et al., [1986; |Makela et al.,
2013] and satellite-based platforms [e.g., |Spencer et all, [1981; |Shepherd et al.,
1993b; |Killeen et al., [2006], the neutral wave scale sizes (scale size is a different
terminology used for the wavelength of the atmospheric waves) and periodici-
ties in the daytime can only be measured by the ground-based observations of
the optical airglow emissions that are carried out over a large FOV. It is shown
that the density fluctuations due to the waves alter the reactants that produce
the nightglow/dayglow and thus, contribute to the modulations in their inten-
sities |Teitelbaum et al., (1981} |Shepherd et all |1993b; |Pallamraju et al.l 2010].
While nightglow imaging has been possible to obtain the wave features in two-
dimensions [e.g., |Taylor et al., [1995; Mendillo et al., [1997; |Shiokawa et al., 2009;
Lakshmi Narayanan et al.,2010], measurements during the daytime, however, re-
main a challenge. This is essentially due to the difficulty of using two-dimensional
optical imaging techniques in the daytime as direct incidence of sunlight renders

the images unusable.

In terms of two dimensional information on the daytime thermospheric be-
havior obtained from the ground-based measurements, to the best our knowledge
there has been only one report in peer reviewed literature on the observations of
the OI 630.0 nm dayglow emission intensities and its response to the equatorial
processes, and was carried out using the daytime photometric technique [Pal-
lamraju and Sridharan), 1998a). In that experiment, a mirror scanner attached
to the dayglow photometer sequentially rotated in the azimuth and elevation
angles in a programmed manner to obtain the two-dimensional intensity maps
of OI 630.0 nm dayglow emissions. For an integration time of 20 sec per da-
tum point, a two-dimensional map was obtained in 12 minute. It was assumed
that the wave dynamics remains constant between the successive scans. These
maps clearly showed the movement of the large scale features, such as the EIA,
in low-latitudes. However, as the measurements along the zonal and meridional
directions were not obtained simultaneously, it was not possible to obtain infor-

mation on the scale sizes of the neutral waves using such a method.

However, using the high spectral resolution spectrograph MISE, it is now
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possible to obtain the simultaneous dayglow emission intensity data at multiple
wavelengths (OI 557.7, 630.0, and 777.4 nm) over a large FOV. The details about
these three dayglow emission intensities, MISE and the method of extraction of
dayglow emission intensities have been explained in sections and The
method of obtaining the scale sizes from the space varying dayglow emission
intensities have been explained in detail in section [2.5.5] Using this method, scale
sizes along the zonal directions have been obtained at the emanating altitudes of
the three dayglow emissions of our interest (i.e. Ol 557.7, 630.0, and 777.5 nm)
as measured by MISE. Many new and exciting results have come out from the
zonal scale size information of the thermospheric waves over the low-latitudes.
Distribution pattern of the zonal scale sizes are found to be different on the days
with strong and weaker equatorial electrodynamics, which is discussed in detail in
Chapter-4. Also, behavior of the zonal scale sizes and their diurnal distribution
patterns are affected during geomagnetic disturbance periods, which is discussed

in Chapter-5.

The waves in the atmosphere propagate along an inclined plane with respect
to the horizontal due to the vertical and horizontal gradients in the density, tem-
perature, and pressure. Thus, the atmospheric waves have both horizontal and
vertical components and are three dimensional in nature. In this work, we have
carried out analysis to obtain three dimensional daytime thermospheric wave dy-
namics. For this we have obtained the dayglow emission intensities along both the
zonal and meridional directions in a specially organized observational campaign.
From this spatial varying information of the dayglow emission intensities in the
orthogonal directions, the wave features in the horizontal directions (e.g. horizon-
tal scale sizes, time periods, phase speed, horizontal phase propagation direction
etc.) at the three altitudes of oxygen emissions have been obtained through wave
number spectral analysis. Such measurements on horizontal scale sizes (in two
dimensions) have hitherto been not reported. Moreover, the measured values
have been used in conjunction with the GW dispersion relation [Hines, [1960] to
calculate the plausible wave features in the vertical direction. Thus, this study

reports the first results on the three-dimensional wave characteristics at different
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altitudes in the daytime upper atmosphere.

6.2 Measurement Technique And Data Analysis

Details about the three types of dayglow emission intensities and MISE are dis-
cussed in sections and [2.3] As MISE is a large FOV slit spectrograph, spatial
information of the dayglow emission intensities can be obtained along the slit
orientation as shown in Chapters-4 and 5. For the present investigation, it is
required that the dayglow emission intensity be obtained along both the zonal
and meridional directions. Hence, orientation of MISE was changed between the
orthogonal directions in each half an hour and the dayglow data were obtained.
This was repeated throughout the day. The spatial coverage at the emission alti-
tude of 557.7, 630.0, and 777.4 nm dayglow emissions are 3°, 5.5%, and 7.3° (~340,
600, and 800 km) in latitude/longitude for MISE (depending on its orientation

along meridional/zonal direction).

The description of the spatial resolution and spatial uncertainties possible for
each emission wavelength, along with the spectral analysis to obtain the scale
sizes in the zonal direction has been described in detail in section 2.5.5l For the
present work reported in this chapter, after around 30 minutes of operation in
a particular orientation, the spectrograph is rotated to its orthogonal position.
The data cadence for obtaining information on the dayglow emission intensities
along a given orientation is 5 minutes, however, data are averaged for 15 minutes.
Spectral analyses have been carried out for each of the 15-minutes of data along
a spatial orientation and values of wave numbers k, (zonal) and k, (meridional)
(and hence, scale sizes A\, and \,) that are statistically significant (greater than
90% false-alarm-limit, FAL) are obtained. Out of all the dominant scale sizes, the
lower cut-offs are taken to be 22, 40, and 50 km considering the 2-pixel resolution
as discussed in section [2.5.5] for 557.7, 630.0, and 777.4 nm emission wavelengths.
To ensure that at least two waves exist in the observed spatial extent, scale sizes
which are greater than half the spatial extent have not been considered for the

analysis. Taking the spatial uncertainties (due to 2-pixel resolution) into account,
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the higher cut-offs turn out to be 181, 320, and 425 km at the emission altitude
of 557.7, 630.0, and 777.4 nm dayglow emissions. The horizontal wave vector kg,
and hence, the horizontal scale size Ay, is estimated using the values of k, and

ky measured alternatively (k%=k2+k]). The phase propagation angle of these

waves, (0y), is given as tan™"(k,/k).

6.3 Results
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Figures and b show sample results of the wave number spectral analysis
carried out of the dayglow intensities at the three emission wavelengths obtained
along the zonal and meridional orientations at two times on 19 May 2015. The X-
and Y-axes show the scale sizes in km and the normalized power spectral density
for each of the wavelengths. The dotted lines show the 90% FAL. Using the
data cadence of 5 min for zenithal dayglow emission intensities for all the three
emission wavelengths, Lomb-Scargle periodogram analysis [Lomb, |1976} |Scargle,
1982 has been carried out to arrive at the prominent periodicities (7) of GWs
for this day. These values are 32.8 + 1.9, 51.1 4+ 5.3 and 69.1 & 13.9 min for the
emissions corresponding to 557.7 nm; 51.2 + 1.9 and 66.1 4= 6.7 min for 630.0 nm;
and 50.2 & 5.1 and 65.6 + 11.6 min for 777.4 nm emissions (Figure [6.1k). As the
variations in all the emission intensities show a prominent common time period
of around 51 min, the information on the values of A\, and ), arrived at within a
gap of just 30 min is considered together for estimating the horizontal scale sizes.
Thus, the values of Ay [= AyA,/(A2+A2)Y/2] for 10.5 LT turn out to be 74, 142,
and 185 km at the heights corresponding to the emission altitude of 557.7, 630.0,
and 777.4 nm dayglow. It should be noted that a smaller scale size of 53 and
46 km in 557.7 nm emission at 10.75 and 10.25 LT in the zonal and meridional
directions will contribute to another value of Ay. The zonal/meridional scale
sizes obtained at a given time are used twice in conjunction with the preceding
and succeeding values of meridional /zonal scale sizes to yield the Ay at a cadence

of half an hour.

Such analyses as described above have been carried out for all the times of
this day at all the emission wavelengths, and the resulting behavior is shown in
Figures[6.1d-i for Ay (in km; left column) and the phase propagation angle (6, in
degrees; right column) for 777.4 nm (Figures and e), 630.0 nm (Figures
and g), and 557.7 nm (Figures and i) dayglow. To maintain the fidelity of
wave modes, the larger scale sizes in A, have been combined with the larger values
of A\, and the smaller A\, with smaller )\, to calculate the values of Ay and 5. In

doing so, arbitrary boundaries of 200 and 100 km are considered for 777.4 nm and

630.0 nm; and 557.7 nm dayglow emission altitudes (Figures , f, and h). It
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can be noted that on this day the magnitudes of Ay progressively decrease with
local time at 777.4 nm emission altitude while those at 557.7 nm increase with
local time and the ones at 630.0 nm emission altitude stay reasonably unchanged
throughout the day. Interestingly, the corresponding propagation angles (in the
range of 207°-253°, counterclockwise from east) seem to indicate a rotation in
the wave orientations with altitude as a function of LT. That is, at higher/lower
altitudes the waves seem to be moving away from/closer to the west. The cause

for such new aspects is to be investigated.

During the nighttime conditions, propagation characteristics of the waves are
inferred by comparing subsequent two-dimensional airglow images. For daytime
conditions, however, this process is ineffective as generally there exist more pro-
duction mechanisms for dayglow emissions in comparison to usually one for night-
glow. For 557.7 nm and 630.0 nm dayglow, the photoelectron and photodisso-
ciation production mechanisms can contribute up to 70% of the total emission
intensities. Although these mechanisms do not vary in the GW /tidal time scales
[Solomon and Abreul, 1989; |Sridharan et al.l |1992b], they contribute to a dc shift
in the emission intensity, and as a consequence, the wave motion is not apparent
in the column integrated emissions. The 777.4 nm dayglow emission is also af-
fected by such an effect as the background electron densities in the F' region too
increase with rise in solar elevation angle. Therefore, to remove the dc contribu-
tion and to discern the propagation direction of the waves at each of the emission
altitudes during the daytime, we have considered the power in the dominant scale
sizes at a given time by using a band-pass filter of widths of 22, 40, and 50 km for
557.7, 630.0, and 777.4 nm, respectively, centered at the peak scale sizes greater
than the FAL, as described in [Hocke and Kampfer, [2009]. The power thus iso-
lated in the Fourier domain is subjected to inverse fourier transform to obtain the
emission intensity modulations caused by these waves. Independent keograms of
the emission intensity modulations due to both the smaller and the larger scale
sizes as mentioned above were generated for 777.7, 630.0 and 557.7 nm emission

wavelengths and are shown in Figures and respectively.

In all these figures the left /right columns correspond to the meridional/zonal
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Figure 6.2: Normalized relative dayglow emission intensity variations at 777.4 nm
wavelength obtained using band-pass filter centered on the dominant scale sizes
shown in Figure for 19 May 2015. Top row: (Smaller scale sizes <200 km),
Middle row: (larger scale sizes >200 km), Bottom row: All the scale sizes combined.

Left /right columns show the meridional/zonal scale sizes.

scale sizes. The X- and Y-axes on the left column show the local time and
the distance from the zenith in the meridional direction, whereas, on the right
column they show the distance from the zenith along the zonal direction and the
local time, respectively. Here, the local time is considered corresponding to the
zenith longitude. The colors indicate the normalized relative emission intensity
variations. Due to the technical difficulties in the viewing geometry, the data
in the southern/eastern directions extend to smaller distances from the zenith
compared to the northern/western directions as also mentioned earlier in Chapter-

4. The whites in between the scans indicate gaps due to alternating nature of data
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Figure 6.3: Same as Figure but for 630.0 nm dayglow emission wavelength.

acquisition and/or to the absence of statistically significant power in any of the
scales at that time. The upper/middle panels show the keograms of the intensity
modulations due to smaller/larger scale sizes, respectively. As the propagation
angles between the smaller/larger scale sizes at each of the emission heights were
similar (can be seen in Figures ,g,i), they have been combined and shown
in the bottom panels of Figures and For better comparison and
visualization of the movement of the crests and troughs in the emission intensity
modulation at all the three wavelengths, plots in the bottom panels of Figures
and are combined and shown in Figure Figures [6.5(a,b), (c,d)
and (e,f) show the keograms for 777.4, 630.0, and 557.7 nm emission wavelengths,
respectively. Attention is drawn to the movement of crests and troughs through

the dotted line. The yellow/blue color represents the crest/trough of the waves.
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Figure 6.4: Same as Figure but for 557.7 nm dayglow emission wavelength.

Here the small/large scales correspond to smaller/greater than 100 km.

The keograms show that broadly there is a westward movement of waves at
all the emission heights which are more prominent in the 777.4 nm and 557.7 nm
emissions. Further, there is a southward movement of waves which is prominent
in the 557.7 nm (during forenoon) and 777.4 nm emissions (during afternoon).
The resultant propagation angle, 8, is shown in Figure [6.6] In 630.0 nm emis-
sions, the power in the smaller/larger scale sizes were less than the FAL in after-
noon/forenoon and so, when the daily behavior is seen, it gives an appearance
of expansion in scale sizes from forenoon to afternoon (the inter crest separation
increases with time). Another intriguing observation is that the waves seen in
630.0 nm dayglow emission intensities west of zenith move westward and those

on the east move eastward. In similar way, for 630.0 nm dayglow emission in-
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Figure 6.5: Normalized relative dayglow emission intensity variations obtained
using band-pass filter centered on the dominant scale sizes shown in Figure for
19 May 2015. Left/right columns show the meridional/zonal scale sizes. Westward

and southward phase propagations can be seen.

tensities, the waves seen in the north of the zenith move northward, whereas,
the waves seen in the south of the zenith move southward. The cause for such a
movement is being investigated. Thus, a net southwestward propagation of the

wave is observed at the emission altitudes of the three dayglow emissions.

Figures [6.6k and shows the measured horizontal scale sizes, Ay, and
the corresponding phase velocities (cy =w/ky) as a function of the local time.
The propagation angles, 0y (solid arrows), and the propagation angles of the

model neutral wind, 6y (dotted arrows), at the emission altitudes of the three
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Figure 6.6: (a) the horizontal scale sizes (b) phase speeds (c) HWM14 model wind
speeds, (d) wave propagation (solid lines) and the neutral wind (dashed) directions
at the three emission altitudes, (e) vertical scale sizes calculated with above values

as inputs into GW dispersion relationship.

dayglow emissions are shown in Figure ) These are the first results on the
characteristics (Ay, 0y, 7, and cpy) of the two-dimensional wave behavior in the

daytime upper atmosphere.
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6.4 Discussion

In order to appreciate the results on the daytime wave dynamics better, they
are compared with the known characteristics that exist in the nighttime. From
the OH and O, nightglow imaging measurements, the horizontal scale sizes and
the phase speeds have been found to be in the range of 10-60 km and 20-100
ms~!, with a predominant northeastward /southwestward motion (depending on
season) [Nakamura et al., |1998; |Taylor et al., 1995, |Shiokawa et al., 2009; |Lak-
shmi Narayanan et all 2010], which were obtained from the middle- and low-
latitudes. These parameters as seen from the present study for 557.7 nm dayglow
emission intensities (which emanate from around 40 km above the OH/O, emis-
sion altitudes) are 27-101 km and 7-52 ms~'. With regard to the thermospheric
emissions, the nightglow 630.0 nm imager data reveal the scale sizes to be 100-400

! with a predom-

km, periodicities of 30-150 min, and phase speeds of 50-150 ms™
inant movement in south/southwestern direction |Taylor et al., |1998; |Shiokawa
et al, [2009]. For 19 May 2015, these values were found to be 95-214 km, 51-66
min, and 24-70 ms™!. (In general, the GW time periods in these dayglow emis-
sion intensities are found to be in the range of BV period to ~3 h |Laskar et al.,
2015]). The peak values of the phase speeds on this day are, in general, lower
than those reported for the nighttime. This could be understood to be due to (i)
an increase in the neutral densities at a given altitude with temperatures in the
daytime, which thereby offer greater resistance to the propagation of the waves,

and (ii) the increase in the BV time period with increase in temperatures in the

daytime, which contribute to a decrease in the daytime phase speeds.

Figure shows the variation of the neutral temperature obtained from the
NRLMSISE-00 model at the peak emission latitude of 557.7, 630.0, and 777.4 nm
dayglow emission intensities on 19 May 2015. It can be noted that depending on
the altitudes, there is about 18-36% increase in the neutral temperature in the
daytime as compared to the nighttime. The scale height and the BV time periods
are calculated for the same day and are shown in Figures [6.7b,c. The BV time
period increases by about 9-16% in the daytime than the nighttime and so will

contribute to the observed decrease in the phase speeds in the daytime.
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Figure 6.7: Local time variation of (a) the neutral temperature obtained from the
NRLMSISE-00 model, (b) the scale height, and (c) the BV time period at the peak
emission altitudes of 557.7, 630.0, and 777.4 nm dayglow emissions on 19 May 2015
are shown. The green, red and dark red colored lines correspond to 130, 230, and

300 km altitude.

The largest scale sizes obtained in the daytime seem smaller in comparison to
the largest scale sizes obtained in the nighttime, which could, in all possibility,
be due to the smaller FOV of observation in the present daytime experiment as
opposed to much larger FOV, in general, of nighttime imaging studies. As shown
in Figure the movement of the waves is mostly in the west/southwestward
direction. During nighttime, both eastward/westward propagations have been
noted in the equatorial latitudes and southward propagation in middle latitudes

[Shiokawa et al.l 2006].

In an earlier work, measurements of daytime waves in the zonal direction
present in the MLT altitudes were carried out using UV OI 297.2 nm emissions
from on-board a balloon on 8 March 2010 [Pallamraju et al., [2014]. For that

experiment, a large FOV ultraviolet spectrograph was flown on balloon from the
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National Balloon Facility in Hyderabad, India (same location where MISE is in-
stalled for the present experiment) to observe the OI 297.2 nm emissions. MISE
was operated from the ground along with a nighttime OI 557.7 nm photometer.
It was observed that the daytime waves and the zenith intensity fluctuations of
around 20 minutes on that day continuing on into the nighttime as observed by the
nightglow photometer operated at that location [Pallamraju et all 2014]. How-
ever, for varying latitudes, it is envisaged that the daytime periodicities, phase
speeds, scale sizes, and propagation directions would be different. Simultaneous,
collocated day and night measurements in the future will provide greater insights
into these aspects.

The characteristic scale sizes, time periods, and the phase speeds of 777.4
nm in the daytime are 57-227 km, 50-66 min, and 14-75 ms~!. To the best of
our knowledge, there are no reports of such information in the published litera-
ture for the nighttime conditions obtained at this emission wavelength to enable
comparison.

Further, as the horizontal wave characteristics obtained are in the class of
acoustic GWs, the linear dispersion relation (equation as given by |Hines,
1960] has been used to derive the vertical scale sizes (A,).

N? 9 1

(kz>2 = (u*_—CH)Q — ky — 102 (6.1)

Here, k, is the vertical wave number (27/).), N is the BV frequency, cy is
the measured phase speed obtained from the present experiment (Figure ),
u* is the component of the ambient neutral wind along the phase front, and H is
the scale height.

Neutral thermospheric temperatures for 19 May 2015 from NRLMSISE-00
model have been considered to calculate the values of H, which, on an average are
39, 55, and 60 km at the emission altitudes of 130, 230, and 300 km, respectively.
The BV frequency, N, (given as (2¢*/5H)"2, where g* is the acceleration due
to gravity at a given altitude) has been calculated to be 11 x 1073, 8 x 1073,
and 7 x 1073 rad.s~!, respectively, at the altitudes under consideration. Ambient

neutral wind magnitudes, u, and their directions, 6y, play an important role
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Table 6.1: Summary of the 3-D Daytime Thermospheric GW Characteristics Obtained for 19 May 2015.

Wavelength,| Zonal | Meridional| Horizontal Horizontal Time Phase Vertical | Resultant | Vertical Phase
A(nm) Scale Scale Scale Phase Angle, Period, | Speed, cy Scale 3-D Scale | Angle With
Size, Size, Size, 0 (deg), 7(min) =w/ky, Size, Size, \%* | Respect to
Ag(km) | Ay (km) Mg (km) Counter (ms™1) %0 (km) k08 (deg.)
clockwise From
Bast

Ol 159-278 | 54-398 155-227 207-226 65.6+11.6;| 37.0-75.4; | 0.3-68.4 | 0.3-62.6; | 66.2-89.9;

7774 57-133 220-253 50.24+5.1 | 14.6-44.2 0.2-31.4 0.2-29.6 | 70.2-89.7

Ol 125-304 | 47-302 200-214; 221-225; 66.1£6.7; | 50.4-69.7; | 0.1-54.9 | 0.1-53.2; | 75.5-89.9;

630.0 95-131 216-231 51.241.9 | 23.9-42.7 | 0.9-18.0 0.9-17.8 | 81.2-89.5

oI 37-160 | 25-172 70-101; 216-236; 69.1413.9:| 16.9-51.5; | 2.1-21.0 | 2.1-20.5; | 76.5-88.8;

dh7.7 27-46 223-242 51.1£5.3 6.5-23.6 0.1-21.7 0.1-19.6 | 64.4-89.7

32.8£1.9

¢ Small A, and ), derived will be evanescent. ® Calculated using the dispersion relation given by [Hines| |1960].
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in influencing the magnitudes of A, of GWs. The HWM14 winds [Drob et al.,
2015] (Figure [6.6) and their angles at the three emission altitudes are depicted
as arrows (dashed lines) in Figure [6.6l. The relative angles between 6y and 6y
have been used to calculate the component of wind, uv*, along the direction of
cy. These values along with the model H, N, and measured cy, Ay from the
present experiment have been used to calculate the A, (shown in Figure [6.6p)
which vary from 0 to 70 km. From the measured Ay and the derived A, the
magnitudes of the resultant scale size (\,) [= AgA./(AL+A)Y2 (as k2=k%+k?)]
and the vertical phase angles of GWs, 0, [= tan™'(k./ky)] (with respect to the
horizontal) have also been calculated. Thus, this approach gives as realistic a
picture as possible of the characteristics of GWs in the vertical direction (scale
sizes and phase angles) existing at a given time in the daytime. The 6, seem to
be greater than 60° which can have important consequences with regard to the
vertical coupling of atmospheres. At the same time, it should also be noted that
the waves with smaller magnitudes in A\, and )\, may be incapable of propagating
to greater heights. It can be seen from equation that the magnitudes of A\,
vary not only due to the changes in the wind magnitudes, u, and their directions,
0y, but also due to the changes in the phase speeds, cy, and the phase angles,
Oy, of the measured waves. It is known that the winds along/opposite to the
direction of the phase propagation reduce/enhance the magnitudes of X\, |Fritts
and Alexander}, |2003|. Also, larger Ay could result in larger magnitudes of A,. It
can be appreciated that in addition to day-to-day variability, the variation in the
relative angles between the 5 and 6y that changes with seasons and geomagnetic
activity will result in different values of A,. Therefore, measurements of the
horizontal characteristics of waves as presented here are essential in understanding
the three-dimensional wave dynamics during the daytime. It is to be noted that
the vertical scale sizes are not measurable using the daytime optical emissions
due to the thickness of the emission layer. Using these measured horizontal
wave characteristics, the vertical wave characteristics (A,, 6,) have been derived.
Table [6.1|summarizes all values of the thermospheric wave characteristics in three

dimensions (A, Ay, Am, Om, 7, cu, Az, Ay, and 6,) during the daytime for 19 May
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2015 that have been made possible through this work for the first time.

It is known that the 557.7 nm dayglow emissions peak at two altitudes. One
at around 100 km (94-104 km) and the other at around 160 km (140-180 km).
The emissions at lower peak are known to be affected by the dynamical motion
of the lower thermosphere [Shepherd et al.|1997]. In comparison to the emissions
originating at the lower altitude, those at the higher altitudes are known to vary
with respect to the solar zenith angle as shown by the empirical modeling studies
[Zhang and Shepherd, 2005]. It was revealed that the emission intensities of
higher altitude of the green line emission show a smooth variability with respect
to the solar zenith angle. The approach followed in obtaining the horizontal
scale sizes of waves was based on these considerations. The same approach have
been used to obtain the meridional scale sizes of the waves at 557.7 nm dayglow
emission altitude |Pallamraju et al., [2014]. At this point, it is to be remembered
that the integration along the layer thickness will reduce the contrast making it
difficult to observe the propagation of the waves in the raw integrated emission
intensities most of the times. However, they reveal tidal, semi-diurnal and diurnal
periodicities for 630.0 nm dayglow emission intensities |Pallamraju et al., 2010].
For smaller-scale (GW regime) periodicities, spectral analysis of the residuals
(obtained by subtracting the 3-h running mean from the total intensities) have
been carried out and the results give a clear signature of the GWs ([Pallamraju
et al., 2010; Laskar et al., 2015]). |Laskar et al.|[2015] shows the GW periodicities
at the emission altitude of all the three dayglow emission wavelengths obtained by
MISE. Moreover, as shown in Figure [6.5] using the method explained above, the
horizontal scale sizes and the phase propagation angle of the waves at multiple

altitudes are distinguishably obtained.

The last three parameters in Table (i.e. A, Ay, and 6,) are derived us-
ing [Hines, |1960] dispersion relationship for the GWs by using the measured
horizontal wave characteristics as inputs. Such a new capability of deriving the
three-dimensional wave characteristics of the waves in the daytime opens up new
possibilities of investigations of vertical coupling through waves in the daytime.

Further, in addition to enhance our understanding of the processes related to the
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vertical coupling of atmospheres and modeling of the thermospheric wave dynam-
ics in the daytime, such studies can also provide insights into the role of the wave
sources from lower below in the generation of the ionospheric equatorial plasma

irregularities in the nighttime.

6.5 Conclusion

There are methods available to infer information on the neutral winds such as
satellite-based optical interferometry and spectrometry, triangulation of vapor
cloud releases from rockets, and from radars and Doppler shifts of the optical
emissions from the ground. However, investigations on the neutral wave dynamics
in the daytime can be carried out only by ground-based dayglow measurements
over a large FOV, as presented in this work, wherein dayglow emission intensities
at 557.7 nm, 630.0 nm, and 777.4 nm wavelengths were measured along the
orthogonal directions to obtain the components A, (zonal) and A, (meridional)
of the horizontal waves. These were used to calculate the horizontal scale sizes,
A of waves and their propagation angles, , in the daytime and are first results
of their kind. Not only the wave parameters in two dimensions but also the
characteristics of the waves in the vertical dimension have been arrived at in
this study using the dispersion relation of GWs. Measurements such as these
now present us with a new capability of investigating the thermospheric wave

dynamics in three dimensions during the daytime.






Chapter 7

Summary and Future Scope

7.1 Summary of The Thesis Work

In this thesis work, focus of study has been the coupled nature of the daytime
ionosphere-thermosphere system (ITS) over equatorial- and low-latitudes. The
effect of these coupling processes along with forcing on the low-latitude ther-
mospheric GW dynamics during various geophysical conditions are investigated.
Conventionally, by using data set for a longer duration, temporal variations of the
thermospheric GW dynamics are studied. In this thesis work, GW characteristics

have been investigated both in temporal and spatial domain.

The necessary background information is given in detail, in the Chapter-1 of
the thesis. The structure of different layers (particularly in the upper atmosphere)
of the Earth’s atmosphere, in terms of its composition, energetics and dynamics
(e.g. neutral winds, waves and solar forcing), are presented. The geomagnetically
quiet and disturbed time picture of the equatorial- and low-latitude thermospheric
behavior is also discussed. Various methods that have been used to study the
upper atmospheric behavior are also reviewed.

To carry out the investigations of this thesis work, the neutral optical dayglow
emission intensities at three wavelengths (OI 557.7, 630.0, and 777.4 nm) are
obtained by using a large FOV high spectral resolution spectrograph called MISE.
These dayglow data are used as the primary data set for this thesis work. To

substantiate the results and to draw inferences, other supporting data sets, such

195
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as the EEJ strength, ionospheric data, Dy index, thermospheric O/N, along
with model driven outputs are also used. Detailed discussion on all these data
sets, their measurement techniques, and analysis methodology are carried out in

Chapter-2.

Several new and exciting results have been obtained during this thesis work.
The diurnal behavior of the dayglow emission intensities obtained at all the three
emission wavelengths showed both symmetric and asymmetric behavior with re-
spect to noon. The extent of asymmetric behavior in the dayglow emission inten-
sity is defined by Asymmetricity in Time (AT). The days with AT < 0.4 h and AT
> 0.4 h are considered to be the days with symmetric and asymmetric diurnal
behavior in the emission intensities. To the first order, considering purely the
photochemical production mechanisms of the dayglow emission intensities, the
asymmetric diurnal behavior in the dayglow emission intensities is not expected.
The cause for the asymmetric diurnal behavior is investigated in terms of the
neutral dynamics vs. the equatorial electrodynamics. Comparing the AT values
with the neutral winds and the EEJ strength, it is conclusively shown that the
dayglow emission intensities over the off-equatorial thermosphere are predomi-
nantly affected by the equatorial electrodynamics which causes the asymmetric
diurnal behavior in the dayglow emission intensities. The equatorial electrody-
namics is stronger on the days with asymmetric diurnal behavior in the dayglow
emission intensity. Independent ionospheric measurements assest this finding. It
has also been noted that during the low solar activity, the diurnal variability
in the oxygen dayglow emission intensities were predominantly symmetric, while
they were asymmetric during the high solar activity. This again gives a broader
picture to the behavior of ITS. This result is shown schematically in Figure [7.1

and is discussed in Chapter{3| of the thesis.

For the investigations discussed in Chapter-3, only the zenith measurements of
the dayglow emission intensities have been considered. In the work discussed in
Chapter-3 of the thesis, both the temporal and spatial variations of the day-
glow emission intensities are investigated. By carrying out the periodogram

analysis of the dayglow data at all the three emission wavelengths over three
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Dayglow Emission Intensities Are Obtained Over a Large Field of View
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Figure 7.1: Results obtained from the thesis work as discussed in Chapter is

shown schematically.

distinctly different directions (west, zenith and east), the GW time periods are
obtained. Presence/absence of the similar time periods in these three directions
suggests to a common/different source driving the wave features indicating the
non-existence/existence of longitudinal differences in the GW features within the
spatial extent possible by the present measurement. Such observational results
from this study, revealed for the first time that longitudinal differences can exist
in small spatial separations of ~3%-8". Until now, the reports presented in the
published literature showed the existence of longitudinal difference in 10° sep-
arations. Moreover, the diurnal behavior of the dayglow emission intensity are
found be symmetric/asymmetric on the days when the similar time periods are
present /absent. The non-existence of the similar time periods on the days with
asymmetric diurnal behavior was attributed to the stronger equatorial electrody-
namics, which seems to show variations even within a ~3° longitudinal separation.
This gives a clear and broader picture of the coupling processes between the equa-
torial electrodynamics and the off-equatorial neutral wave dynamics. Moreover,
the GW features in terms of the zonal scale sizes and the propagation directions
also show different behavior on the days with symmetric and asymmetric diurnal
dayglow emission intensity behavior. The cause for this longitudinal differences
has been attributed to that in the equatorial electrodynamical processes. This
result is explained in Chapter{4 of the thesis. Figure depicts the schematic
presentation of the results discussed in Chapters{3 and [4] of the thesis. The (*)s
in the Figure indicate to the results that have been possible due to the large



198 Chapter 7. Summary and Future Scope

FOV measurement of the dayglow emission intensities by the present measure-

ment technique.

Dayglow Emission Intensities Are Obtained Over a Large Field of View*
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GW Dynamics* Do Not Exist) Dynamics* Exist)

Diurnal Distribution of the GW Zonal Scale sizes* and Propagation directions* Show
Different Pattern on The Days With AT < 0.4 and AT > 0.4.

Figure 7.2: Results obtained from the thesis work as discussed in Chapters and

EI, is shown schematically.

The zonal GW characteristics discussed in the previous result is geomagnet-
ically quiet time picture, which get affected by the geomagnetic disturbances.
Investigations of the variations of the dayglow emission intensities with Dy, EEJ
strength, thermospheric O/N,, and IEC have been carried out during three ge-
omagnetic disturbance periods which occurred in three different seasons, in or-
der to get information on the broad effect of the geomagnetic disturbances on
the low-latitude thermosphere. It is found that the dayglow emission intensi-
ties show similar variations with the O/Ny during geomagnetic disturbances on
solstices. This is attributed to the effect of the geomagnetic disturbances over
low-latitude thermosphere. However, during the equinox, the dayglow emission
intensities show similar variations with the EEJ. This shows the dominance of
the equatorial electric field over the storm influenced neutral wave dynamics over
low-latitudes during the equinoxes. This indicates that there is a seasonal de-
pendence of the electrodynamic vs. neutral dynamics over the equatorial- and

low-latitudes. Moreover, contrasting distributions of the GW zonal scale sizes are
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observed on the geomagnetically quiet and disturbed days in different seasons.
This shows that changes are brought-in in the zonal GW scale sizes during ge-
omagnetic disturbances irrespective of the season of the storm occurrence. This
result is discussed in Chapter{d] of the thesis. Figure depicts the schematic
presentation of the results discussed in Chapters{3| [} and [ of the thesis.

Dayglow Emission Intensities Are Obtained Over a Large Field of View*
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Figure 7.3: Results obtained from the thesis work as discussed in Chapters Q
and [5| is shown schematically.

Till now, the GW characteristics along the zonal directions over the low-
latitude thermosphere have been discussed both during geomagnetically quiet and
disturbed periods. In this work, near-simultaneous measurements of the spatial
varying dayglow intensity at the three emission wavelengths along both the zonal
and meridional directions are obtained. From the wave number spectral analysis
of these data, A, (zonal) and A, (meridional) component of the horizontal waves
are obtained. These values are used to calculate the horizontal scale sizes, Ay of
the waves and their propagation angles, 8. Such measurements on the horizontal
scale sizes (in two dimensions) are first results of their kind. Moreover, the

measured values have been used in conjunction with the GW dispersion relation
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Dayglow Emission Intensities Are Obtained Over a Large Field of View*
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Figure 7.4: Results obtained from the thesis work as discussed in Chapters Q,

and |§| is shown schematically.

to calculate the plausible wave features in the vertical direction. Thus, the first
three dimensional GW characteristics in the daytime upper atmosphere is derived.
This technique opens up new possibilities in the investigations of the daytime wave
dynamics. This result is discussed in Chapter{f] of the thesis. Figure [7.4] depicts
the schematic presentation of all the results discussed in Chapters{3], [ [5 and [g]
of the thesis.

7.2 Future Scope of The Thesis Work

The results obtained in this thesis work have provided lot of insights and at the
same time generated a large number of problems which need further detailed
investigation in future. Some of these are discussed below.

The equatorial electrodynamics has a strong influence on the optical neutral

dayglow emission intensities over the off-equatorial regions. Hence, on the days
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with stronger equatorial electrodynamics, the diurnal behavior of the dayglow
intensities at all the three emissions are observed to be asymmetric. However,
there are days on which not all the three dayglow emission intensities show a
common type of behavior. This indicates to the altitudinal variations of the effect
of the equatorial electrodynamics which needs thorough detailed investigation.
Also, there are some days, on which the AT values turned out to be negative i.e.
the peak emission intensity occurred during forenoon. This could be possibly due
to the weaker EEJ strength during forenoon or a change in the wind pattern.

Further detailed investigations are required to understand this behavior.

Depending on the strength of the equatorial electrodynamics, its effect on the
off-equatorial thermospheric dayglow emission intensities will have a latitudinal
variation. Thus, on a given day, the AT values will be different for observations
at different latitudes. Hence, the characterization of AT value as has been done
in the present work (AT < 0.4 h and AT > 0.4 h for days with symmetric and
asymmetric diurnal behavior of the dayglow emission intensities), is valid for
observations at this latitude. Similar type of dayglow observations from differ-
ent latitudes are required to investigate the latitudinal variation of the effect of

equatorial electrodynamics more comprehensively.

During the investigations, it is found that the AT values showed a solar activity
dependence. During the high solar activity periods, the increase of solar flux
results in an increase of the ionization in the upper atmosphere. As a result,
more plasma is transported to the off-equatorial latitudes for the same value of
electric fields as in the low solar activity periods. However, along with the solar
cycle variation, the AT values also show a day-to-day variations, which could be
due to the daily variations of the equatorial electric field, when the solar flux does
not show significant daily variations from one day to another. At this point, it will
be of interest to explore if any information on the equatorial electric field can be
obtained from the AT values obtained by optical neutral dayglow measurements
from Hyderabad. In order to do that comparison with physics based model, EEJ
strength, and diurnal behavior of the dayglow emission intensity will be carried

out in near future.
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This thesis work reported the first time, systematic longterm zonal scale size
measurements of the GWs at three different altitudes as seen in the variations
of the optical dayglow emission intensities. These new results presented here
hold lot of promise on various aspects of coupling of the atmospheres that vary
as a function of time. The local time distribution of the zonal scale sizes at
different altitudes need greater attention to address the causative mechanisms
responsible for the observed pattern and to understand the vertical coupling of
different layers in the upper atmosphere. Such investigations are challenging
since the production mechanisms of the three dayglow emission intensities and
the daytime dynamics are quiet complex and require measured plasma parameters
for theoretical estimations of the emission rates. Modeling/simulations of such

observations would provide greater insights on these aspects of coupling.

The observed GW features during the investigations, such as, (i) the existence
of the longitudinal variations of the GWs more during equinoxes and less during
the solstices, (ii) eastward/westward movements of the crest and trough of the
GWs present in the east/west of the zenith, particularly at the emission altitude

of 630.0 nm dayglow needs a more detailed investigation.

Further, it is to be noted that all the GW characteristics obtained during
the investigations of this thesis work are carried out for the days on which the
dayglow emission intensities at all the three wavelengths showed a common (ei-
ther symmetric/asymmetric) diurnal behavior. However, there are days in which
a couple of emission wavelengths show symmetric/asymmetric diurnal behavior
while the remaining one shows an opposite behavior. Characterization of the
dayglow emission intensity data on these days will provide information on the
nature of inter-coupling behavior among the thermosphere and new insights to

the GWs at different altitudes.

Effect of geomagnetic storms on the low-latitude thermospheric GW scale sizes
along the zonal directions have been investigated during three disturbed events
which occurred during different seasons. The zonal scale size distribution pattern
on the disturbed days are found to be different in all the seasons. The intricacies

of the effects due to the various sources on the upper atmospheric GWs needs
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further detailed investigations.

GWs are three dimensional in nature with different projections in zonal,
meridional and vertical directions as shown in one of the results of this thesis
work. A long term study of the three dimensional daytime thermospheric GWs
over low-latitudes during both geomagnetically quiet and disturbed days will give
clear understanding and new insights of the daytime thermospheric wave char-
acteristics. Simultaneous, collocated day and night measurements of this kind in

the future will provide greater insights into these aspects.
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Abstract First results on the three-dimensional wave characteristics in the daytime upper atmosphere
have been derived using measurements of oxygen dayglow emissions at 557.7, 630.0, and 777.4 nm that
originate at around 130, 230, and 300 km (peak of the F region). The horizontal scale sizes of gravity waves
(GWs), their time periods, phase propagation angle (counterclockwise from east), and phase speeds are found
to vary in the range of 27-227 km, 32-70 min, 207°~253°, and 6-76 ms ™", respectively. Two-dimensional
measurements on the horizontal scale sizes in the daytime have not been reported before. Further, using Hines’
(1960) dispersion relation for GWs, vertical scale sizes and phase angles have also been derived. This technique
opens up new possibilities in the investigations of daytime wave dynamics in three dimensions in the

upper atmosphere.

1. Introduction

The importance of neutral wind and wave dynamics in contributing to the day-to-day, diurnal, and seasonal
behavior of the upper atmosphere is well known [e.g., Mayr et al., 1978]. Satellite-based measurements have
provided a broad picture of neutral winds [e.g., Herrero et al., 1988; Shepherd et al., 1993a] which, in combina-
tion with ground-based measurements, have formed the basis for empirical wind models [e.g., Hedin et al.,
1996; Drob et al., 2015]. It can be appreciated that, unlike winds which can be measured by both ground-
based [e.g., Meriwether et al., 1986; Makela et al., 2013] and satellite-based platforms [e.g., Spencer et al.,
1981; Shepherd et al., 1993a, 1993b; Killeen et al., 2006], neutral wave scale sizes and periodicities in the
daytime can only be measured by ground-based observations of optical airglow emissions that are carried
out over a large field of view (FOV). It is shown that the density fluctuations due to waves alter the reactants
that produce nightglow/dayglow and thus contribute to modulations in their intensities [Teitelbaum et al.,
1981; Shepherd et al., 1993b; Pallamraju et al., 2010]. While nightglow imaging has been possible to obtain
wave features in two dimensions [e.g., Taylor et al., 1995; Mendillo et al., 1997; Shiokawa et al., 2009;
Lakshmi Narayanan et al., 2010], measurements during daytime, however, remain a challenge. This is essen-
tially due to the difficulty of using two-dimensional optical imaging techniques in the daytime as direct
incidence of sunlight renders the images unusable.

The nearest attempt on two-dimensional maps in the daytime was made using an azimuth and eleva-
tion mirror scanning arrangement to the dayglow photometer [Pallam Raju and Sridharan, 1998];
however, as the measurements were not simultaneous over a large FOV, it was not possible to obtain
information on scale sizes using such method. In the present study, we have used a high spectral
resolution imaging slit spectrograph in zonal and meridional directions and obtained thermospheric
daytime airglow emission intensities simultaneously at multiple wavelengths over a large FOV. From
this information on the dayglow intensities in the orthogonal directions, the wave features in the
horizontal directions at the three altitudes of oxygen emissions have been obtained through spectral
analysis. Such measurements on horizontal scale sizes (in two dimensions) have hitherto been not
reported. Moreover, the measured values have been used in conjunction with the gravity wave (GW)
dispersion relation [Hines, 1960] to calculate the plausible wave features in the vertical direction as
well. Thus, this paper reports the first results on the three-dimensional wave characteristics at different
altitudes in the daytime upper atmosphere.
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2. Measurement Technique

It is a challenge to make ground-based measurements of thermospheric dayglow emission intensities as
these are buried in the strong solar scattered background continuum. However, innovations in the recent
past have enabled unambiguous measurements of daytime optical emissions from the ground [eg.,
Narayanan et al., 1989; Sridharan et al., 1993, 1998; Chakrabarti et al., 2001; Pallamraju et al., 2002, 2013;
Gerrard and Meriwether, 2011; Marshall et al., 2011].

In this study, wave characteristics in terms of their scale sizes, periodicities, orientations, and phase speeds,
have been obtained as a function of local time (LT) using a multiwavelength imaging echelle spectrograph,
MISE. MISE is an ideal technique for simultaneously obtaining the daytime thermospheric airglow emission
intensities originating at multiple altitudes over a large FOV [Pallamraju et al., 2013]. Dayglow intensity varia-
tions at 557.7,630.0, and 777.4 nm that originate at around 130, 230 km, and peak height of the F region (con-
sidered at 300 km), respectively, are used to infer the wave characteristics at those altitudes as a function of
time. For a FOV of 100°, the spatial coverage at those emission altitudes is 3°, 5.5°, and 7.3° (~340, 600, and
800km) in latitude/longitude (depending on MISE’s orientation along meridional/zonal direction).
Information from all these three spectra obtained at a high resolution (~0.015nm) is imaged onto a
1kx 1k CCD detector. On-chip binning of 8 pixels along the spatial direction (results in an image of size
1024 (spectral) x 128 pixels (spatial)) is carried out to increase the signal-to-noise-ratio. Different segments
of the image on the CCD correspond to different spatial regions. Spectra from each of the spatial segments
are compared with the normalized solar spectrum [Delbouille et al., 1973] to obtain the dayglow emissions by
removing the contribution of atmospheric scattering (Ring effect) [Pallamraju et al., 2000, 2002, 2013].

With regard to the production mechanisms, the 630.0 nm dayglow originates at the base of the F region
(~230km) and is produced due to a cumulative effect of photoelectron impact on atomic oxygen,
photodissociation of molecular oxygen, and dissociative recombination of O,* [Solomon and Abreu,
1989]. Similar to 630.0 nm emissions, 557.7 nm dayglow also has multiple production sources but peaks
at two altitudes, 100 and 160 km. Here an average value of 130 km has been considered as a represen-
tative height for 557.7 nm emissions, which is produced due to quenching of N,, electron impact excita-
tion of O, dissociative recombination of O,*, and charge exchange of O,* with N [Witasse et al., 1999].
The 777.4 nm emissions originate from radiative recombination of 0" and e~ [Tinsley et al., 1973]. As the
densities of both species maximize at the peak height (h,ax) Of the F region, this emission emanates
from ~300 km. Daytime 777.4 nm emission measurements have been possible only after the emergence
of MISE [Pallamraju et al., 2013] which have contributed to a greater understanding of upper atmo-
spheric behavior due to waves from gravity to planetary scales in the recent times [e.g., Laskar et al.,
2013, 2015; Laskar and Pallamraju, 2014].

3. Data Analysis

The measurements presented here have been obtained during 13-25 May 2015 from Hyderabad (17.3°N,
78.5°E), a low-latitude location in India. The maximum spatial extent of data possible at the 557.7, 630.0,
and 777.4 nm emission altitudes is 340, 600, and 800 km, respectively. In the present experiment, an 11
pixel running average of the spectral image is obtained along spatial direction. By design, in a size of
128 pixels along the spatial direction, 89 useful segments of data exist leaving out ~20 pixels on either
side of the image which correspond to locations that form very low elevation angles and so are suscep-
tible to large scattering in the lower atmosphere. The maximum spatial dispersion for the three emission
wavelengths considering the varying nature of spatial distance with view angle corresponds to 11, 20,
and 25 km pixel ™', respectively. Considering a 2 pixel resolution to ascertain the position, the spatial
uncertainty for each of these emission altitudes is 22, 40, and 50 km. The data cadence for obtaining infor-
mation on dayglow emission intensities along a given orientation is 5 min; however, data are averaged for
15 min in the present study to smooth out the highly fluctuating components of the order of Brunt-Vaisala
(BV) period. Further, after around 30 min of operation in a certain orientation, the spectrograph is rotated
to its orthogonal position. This is repeated throughout the day. Spectral analyses have been carried out
for each of the 15 min of data along a spatial orientation and values of wave numbers k, (zonal) and k,
(meridional) (and hence scale sizes /. and 4,) that are statistically significant (greater than 90% false alarm
limit (FAL)) are obtained. Out of all the dominant scale sizes, the lower cutoffs are taken to be 22, 40, and
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Figure 1. Wave number spectral analysis showing (a and b) 4,, /ly, (€) 7, (d, f, and h) Ay, and (e, g, and i) 6 counterclockwise
from west.

50 km considering the 2 pixel resolution as mentioned above for 557.7, 630.0, and 777.4 nm. The higher
cutoffs are estimated according to the Nyquist criterion and so the scale sizes greater than half the spatial
extent have not been considered for further analysis. Taking also into account the spatial uncertainties
(due to 2 pixel resolution) the higher cutoffs are 181, 320, and 425 km for the three emission altitudes
considered. The horizontal wave vector ky, and hence scale size /4, is calculated using the values of k
and k, measured alternatingly (k,ﬂ = kf + k)z,). The phase propagation angle of these waves, 8y, is given
as tan ™" (k,/k).

4, Results

Figures 1a and 1b show sample results of wave number spectra as obtained for zonal (4,) and meridional (4,)
orientations for the three emission wavelengths of investigations at two times on 19 May 2015. The x and y axes
show the scale sizes in kilometer and normalized power spectral density for each of the wavelengths. The
dotted lines show the 90% FAL. Using the data cadence of 5min for zenithal dayglow emission intensities
for all the emission wavelengths, Lomb-Scargle periodogram analysis [Lomb, 1976; Scargle, 1982] has been
carried out to arrive at the prominent periodicities () of GWs for this day. These values are 32.8+1.9, 51.1
+5.3, and 69.1+£139min for the emissions corresponding to 557.7nm; 51.2+1.9 and 66.1+6.7min for
630.0nm; and 50.2+5.1 and 65.6+ 11.6 min for 777.4nm emissions (Figure 1c). As the variation in all the
emission intensities shows a prominent common time period of around 51 min, the information on the values
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Figure 2. Normalized relative dayglow intensity variations obtained using band-pass filter centered on the dominant scale
sizes shown in Figure 1 for 19 May 2015. (left and right columns) The meridional/zonal scales. Westward and southward
phase propagations can be seen.

of J and /, arrived at within a gap of just 30 min is considered together for estimating the horizontal scale sizes.
Thus, the values of Ay = [ix/ly/ )j + /15 for 10.5 LT turn out to be 74, 142, and 185 km for the heights at the

emission wavelengths of 557.7, 630.0, and 777.4 nm. It should be noted that a smaller scale size of 53 and 46 km
in the 557.7 nm emission at 10.75 and 10.25 LT in the zonal and meridional directions will contribute to another
value of 1. The zonal/meridional scale sizes obtained at a given time are used twice in conjunction with the
preceding and succeeding values of meridional/zonal scale sizes to yield 44 at a cadence of half hour.

Such analyses as described above have been carried out for all the times of this day at all emission wave-
lengths, and the resulting behavior is shown in Figures 1d-1i for A4 (in km; left column) and the phase
propagation angle (04, in degrees; right column) for 777.4 nm (Figures 1d-1e), 630.0 nm (Figures 1f and
1g), and 557.7 nm (Figures 1h and 1i). To maintain the fidelity of wave modes, the larger scale sizes in 4, have
been combined with the larger values of 1, and the smaller 4, with smaller 4, to calculate the values of 1, and
6. In doing so, arbitrary boundaries of 200 and 100 km are considered for 777.4nm and 630.0 nm and
557.7 nm emission altitudes (Figures 1d, 1f, and 1h). It can be noted that on this day the magnitudes of 14
progressively decrease with local time at 777.4 nm emission altitude while those at 557.7 nm increase with
time and the ones at 630.0 nm altitude stay reasonably unchanged throughout the day. Interestingly, the
corresponding propagation angles (in the range of 207°-253°, counterclockwise from east) seem to indicate
a rotation in the wave orientations with altitude as a function of LT. That is, at higher/lower altitudes
the waves seem to be moving away from/closer to the west. The cause for such new aspects is currently
under investigation.
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Figure 3. (a) Horizontal scale sizes, (b) phase speeds, (c) HWM14 for all the emission wavelengths (not shown

model wind speeds, (d) wave propagation (solid lines), and here). As propagation angles between them at
neutral wind (dashed) directions at the three emission altitudes.  each of the emission heights were similar, they
(e) Vertical scale sizes calculated with above values as inputs have been combined. The resulting keograms

into GW dispersion relationship. are shown in Figure 2 for 777.4nm (Figures 2a

and 2b), 630.0nm (Figures 2c and 2d), and
557.7 nm (Figures 2e and 2f) emissions. The left/right columns correspond to meridional/zonal scale sizes.
The colors indicate the normalized relative intensity variations. Due to technical difficulties in the viewing
geometry, the data in the southern/eastern directions extend to smaller distances from zenith compared
to northern/western directions. The whites in between the scans indicate gaps due to alternating nature of
data acquisition and/or to the absence of statistically significant power in any of the scales at that time.
Attention is drawn to the movement of crests and troughs through the dotted line.

The keograms show that broadly there is a westward movement of waves at all the emission heights which
are more prominent in the 777.4nm and 557.7 nm emissions. Further, there is a southward movement of
waves which is prominent in the 557.7 nm (during forenoon) and 777.4 nm emissions (during afternoon).
The resultant propagation angle, 84, is shown in Figure 3. In 630.0nm emissions, the power in the
smaller/larger scale sizes was less than the FAL in the afternoon/forenoon hours and so, when the daily beha-
vior is seen, it gives an appearance of expansion in scale sizes from prenoon to postnoon (the intercrest
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separation increases with time). Another intriguing observation is that the waves seen in 630.0 nm intensities
west of zenith move westward and those on the east move eastward. The cause for such a movement is
being investigated.

Figures 3a and 3b shows the measured horizontal scale sizes, 14, and the corresponding phase velocities
(cy=w/ky) as a function of LT. The propagation angles, 6, at the different emission altitudes are shown as
arrows with solid lines in Figure 3d). These are the first results on the characteristics (44, 0y, 7, and c¢p) of
the two-dimensional wave behavior in the daytime upper atmosphere.

5. Discussion

In order to appreciate the results on daytime wave dynamics better, they are compared with the known char-
acteristics that exist in the nighttime. From OH and O, nightglow imaging measurements, the horizontal
scale sizes and phase speeds have been found to be in the range of 10-60 km and 20-100 ms ™', with a pre-
dominant northeastward/southwestward motion (depending on season) [Nakamura et al., 1998; Taylor et al.,
1995; Shiokawa et al., 2009; Lakshmi Narayanan et al., 2010], which were obtained from middle and low lati-
tudes. These parameters as seen from the present study for 557.7 nm emission dayglow intensities (which
emanate from around 40 km above the OH/O, emission altitudes) are 27-101 km and 7-52 ms ™. With regard
to the thermospheric emissions, the nightglow 630.0 nm imager data reveal the scale sizes to be 100-400 km,
periodicities of 30-150min, and phase speeds of 50-150ms~' with a predominant movement in
south/southwestern direction [Taylor et al., 1998; Shiokawa et al., 2009]. For 19 May 2015, these values were
found to be 95-214 km, 51-66 min, and 24-70 ms . (In general, the GW periods in these dayglow emissions
have been found to be in the range of BV period to ~3 h [Laskar et al., 2015]). The peak values of phase speeds
on this day are, in general, lower than those reported for the nighttime. This could be understood to be due to
(i) an increase in neutral densities at a given altitude with temperatures in the daytime, which thereby offer
greater resistance to the propagation of waves and (ii) the increase in the BV period with increase in tempera-
tures in the daytime, which contributes to a decrease in the daytime phase speeds.

The largest scale sizes obtained in the daytime seem smaller in comparison to the largest scale sizes obtained
in the nighttime, which could in all possibility be due to the smaller FOV of observation in the present day-
time experiment as opposed to much larger FOV, in general, of nighttime imaging studies. As shown in
Figure 2, the movement of waves is mostly in the west/southwestward direction. During nighttime, both
eastward/westward propagations have been noted in equatorial latitudes and southward propagation in
middle latitudes [Shiokawa et al., 2006]. It was seen in an earlier experiment that the periodicity of waves con-
tinues to remain the same from day to night at a given location [Pallamraju et al., 2014]; however, for varying
latitudes, it is envisaged that the daytime periodicities, phase speeds, scale sizes, and propagation directions
would be different. Simultaneous, collocated day and night measurements in the future will provide greater
insights into these aspects.

The characteristic scale sizes, time periods, and phase speeds of 777.4nm in the daytime are 57-227 km,
50-66 min, and 14-75ms " '. To the best of our knowledge, there are no reports of such information in the
published literature for the nighttime conditions obtained at this emission wavelength to enable comparison.

Further, as the horizontal wave characteristics obtained are in the class of acoustic GWs, the linear dispersion
relation as given by Hines [1960] has been used to derive the vertical scale sizes (2,).

N? 1

(k) :m—(kH - 5 (1)

4H?
Here k, is the vertical wave number (27/4,), N is the BV frequency, cy is the phase speed (in the

west/southwest direction), u* is the component of ambient wind along the phase front, and H is the
scale height.

Neutral thermospheric temperatures for 19 May 2015 from NRLMSISE-00 model have been considered to cal-
culate the values of H, which on an average are 39, 55, and 60 km at the emission altitudes of 130, 230, and
300 km, respectively. The BV frequency, N, (given as (2 g*/5H)"/2, where g* is the acceleration due to gravity at
a given altitude) has been calculated to be 11x107>,8x 102, and 7x 10 3rad s ', respectively, at the alti-
tudes under consideration. Ambient wind magnitudes, u, and their directions, 6,, play an important role in
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% £ 9 g\ PN influencing the magnitudes of 1, of GWs. The HWM14 winds
£= ‘gnE a & a & ® & [Drob et al., 2015] (Figure 3c) and their angles at the three
T L J | |
g © %@ da3nda 3 emission altitudes are depicted as arrows (dashed lines) in
= <o) o) . .
g<E glonnen Figure 3d. The relative angles between 6, and 6, have been
9 9
used to calculate the component of wind, u, along the
p 9
E direction of cy. These values along with model H, N, and mea-
S:nf T sured cy, Ay from the present experiment have been used to
o ) O N R 0 . . .
EX G ﬂl o .'ll <) .CEI calculate 4, (shown in Figure 3e) which vary from 0 to 70 km.
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o
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-c"TA ) sequences with regard to vertical coupling of atmospheres.
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S § ; Bk S A é N S wave characteristics in three dimensions (4, 4y, A, O, 7, Ch, A
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a 2.2  wave characteristics as inputs. Such a new capability of
p
=a y
a e 2 & deriving three-dimensional wave characteristics of waves in
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g f SR S’I-, © 27T  the daytime opens up new possibilities of investigations of
G I - N TN < vertical coupling through waves in the daytime. Further, in
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6. Conclusion

There are methods available to infer information on neutral winds such as satellite-based optical interferometry
and spectrometry, triangulation of vapor cloud releases from rockets, and from radars and Doppler shifts of
optical emissions from the ground. However, investigations on neutral wave dynamics in the daytime can be
carried out only by ground-based dayglow measurements over a large FOV, as presented in this paper, wherein
intensities at 557.7 nm, 630.0 nm, and 777.4 nm were measured along orthogonal directions to obtain the com-
ponents /, (zonal) and , (meridional) of the horizontal waves. These were used to calculate the horizontal scale
sizes of waves, 1, and their propagation angles, 6, in the daytime and are first results of their kind. Not only the
wave parameters in two dimensions but also the characteristics of waves in the vertical dimension have been
arrived at in this study using the dispersion relation of GWs. Measurements such as these now present us with a
new capability of investigating thermospheric wave dynamics in three dimensions during daytime.
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Abstract. The diurnal variations in daytime airglow emission
intensity measurements at three wavelengths OI 777.4 nm,
OI 630.0nm, and OI 557.7 nm made from a low-latitude lo-
cation, Hyderabad (17.5° N, 78.4°E; 8.9°N MLAT) in In-
dia have been investigated. The intensity patterns showed
both symmetric and asymmetric behaviour in their respec-
tive diurnal emission variability with respect to local noon.
The asymmetric diurnal behaviour is not expected consider-
ing the photochemical nature of the production mechanisms.
The reason for this observed asymmetric diurnal behaviour
has been found to be predominantly the temporal variation
in the equatorial electrodynamics. The plasma that is trans-
ported across latitudes due to the action of varying electric
field strengths over the magnetic equator in the daytime con-
tributes to the asymmetric diurnal behaviour in the neutral
daytime airglow emissions. Independent magnetic and radio
measurements support this finding. It is also noted that this
asymmetric diurnal behaviour in the neutral emission inten-
sities has a solar cycle dependence with a greater number of
days during high solar activity period showing asymmetric
diurnal behaviour compared to those during a low solar ac-
tivity epoch. These intensity variations over a long timescale
demonstrate that the daytime neutral optical emissions are
extremely sensitive to the changes in the eastward electric
field over low and equatorial latitudes.

Keywords. Atmospheric composition and structure (air-
glow and aurora) — ionosphere (equatorial ionosphere;
ionosphere—atmosphere interactions)

1 Introduction

It is known that optical airglow emissions act as tracers of
atmospheric behaviour that exists at the altitudes of their ori-
gin. In the earth’s upper atmosphere, optical emissions orig-
inate when atomic or molecular constituents or their ions
de-excite from their higher energy states to the lower ones.
The emissions emanate at different altitudes depending on
the constituents and type of chemical/photochemical reac-
tions that produces them at those altitudes. Understandably,
the variability of the reactants that participate in these reac-
tions has a role in the overall variability of the airglow emis-
sions. In that regard, the Doppler shifts and widths of the
neutral 630.0 nm nightglow emissions have been used to ob-
tain information on thermospheric winds and neutral thermo-
spheric temperatures. With the knowledge that dissociative
recombination is responsible for the 630.0 nm nightglow, the
all-sky images of this emission yielded unique signatures of
the reversal of the equatorial ionization anomaly (EIA) in the
nighttime (Sridharan et al., 1993a). The all-sky images also
provide information on the dynamics of large-scale plasma
bubbles (e.g. Taylor et al., 1995; Makela et al., 2013). The
mesospheric (OH, O, band) and lower thermospheric (OI
557.7nm) emission variability has been used to derive in-
formation on the mesospheric temperatures (e.g. Taylor et
al., 1995; Singh and Pallamraju, 2015), atmospheric gravity
waves (Shiokawa et al., 2009; Singh and Pallamraju, 2016),
tides, and planetary-scale waves (Nakamura et al., 1998).
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With regard to the daytime airglow, predominantly OI
630.0 nm emissions have been used to derive the effect of
coronal mass ejection on the thermosphere (Pallamraju and
Chakrabarti, 2005), solar flares (Das et al., 2010), and mag-
netospheric cusps (Pallamraju et al., 2004) and to under-
stand the upper-atmospheric behaviour due to solar activ-
ity. Similar variations between daily averaged 630.0 nm day-
glow emission intensity and the daily sunspot number in-
dicated the influence of solar flux on the optical dayglow
emissions (Pallamraju et al., 2010). With the addition of
OI 557.7nm for daytime measurements, investigations have
been extended to study various aspects such as gravity wave
dynamics in the lower thermosphere (Laskar et al., 2013,
2015), the effect of tidal and solar flux variations on meso-
sphere and lower-thermosphere (MLT) dynamics from on-
board the Upper Atmosphere Research Satellite (UARS; e.g.
Maharaj-Sharma et al., 2004; Zhang and Shepherd, 2004,
2005), and three-dimensional daytime wave characteristics
(Pallamraju et al., 2016). In all these measurements it was
seen that the diurnal behaviour of daytime intensity broadly
varied as a function of solar zenith angle. In fact, the em-
pirical models for OI 557.7nm and OI 630.0 nm dayglow
emissions that were developed (Zhang and Shepherd, 2004,
2005) do have solar zenith angle as one of the inputs. This
is not unexpected, as the solar photons through the processes
of photodissociation, photoelectron production, and ioniza-
tion at a given location do affect the volume emission rates
of the daytime airglow emissions. This gives rise to a broad
solar zenith-angle-dependent behaviour for the diurnal emis-
sion intensity distribution (Solomon and Abreu, 1989). Thus,
one would expect that with the decreasing/increasing of the
solar zenith angle, the dayglow emission intensities will in-
crease/decrease giving rise to maximum dayglow emission
intensities around local noon resulting in a symmetric pattern
in the diurnal variation of emission intensities with respect to
local noon. However, the high temporal resolution ground-
based measurements that we have carried out do show that
the diurnal behaviour of dayglow emission intensities does
not follow a symmetric pattern with respect to local noon
on several days. This non-symmetric or asymmetric diurnal
behaviour in the intensity pattern with respect to the local
noon on a given day has been investigated at greater depths
in this work. The influence of neutral winds vs. that of equa-
torial electrodynamics on the daytime airglow production
mechanisms and, thereby, the resulting emission intensities
have been assessed. It is found that the electrodynamic be-
haviour is mainly responsible for such disparity that is seen
in the diurnal behaviour of neutral dayglow emission intensi-
ties. Moreover, the extent of asymmetricity in the diurnal be-
haviour in the dayglow emission intensities is found to show
a solar activity dependence with a greater number of days
showing asymmetric diurnal behaviour during high solar ac-
tivity periods.

Ann. Geophys., 34, 1019-1030, 2016

2 Observational technique and data analysis
2.1 Oxygen dayglow emissions

Ground-based optical instruments are now available that
provide opportunities to measure the thermospheric day-
glow emissions buried in the strong solar background con-
tinuum. A few methods have been put forth in the past
(e.g. Narayanan et al., 1989; Sridharan et al., 1993b, 1998;
Chakrabarti et al., 2001; Pallamraju et al., 2002, 2013; Ger-
ard and Meriwether, 2011) to measure these emission in-
tensities, which used low- and high-resolution Fabry—Pérot
etalons, echelle and normal gratings, with varying fields of
view.

In the present work the thermospheric optical dayglow OI
emission intensities measured have been obtained by using
a high spectral resolution Multiwavelength Imaging Spec-
trograph using Echelle grating (MISE) (Pallamraju et al.,
2013) from a low-latitude station, Hyderabad, India (17.5° N,
78.4° E; 8.9° N MLAT). MISE obtains dayglow emission in-
tensities over a large field of view (~ 100°) along the slit
direction, simultaneously at three wavelengths: OI 557.7, OI
630.0, and OI 777.4 nm (without any need to change the grat-
ing angle). Both photochemical and chemical reactions are
responsible for the production of these three optical dayglow
emissions. The availability of the reactants, such as photo-
electrons, and atmospheric constituents responsible for an
emission decide the altitudes of emissions, which are around
130 km (average of the two peak emission altitudes at ~ 100
and ~ 160km), 230, and 300 km for the O(!S) (557.7 nm),
O('D) (630.0 nm), and OCS) (777.4 nm) emissions, respec-
tively. The O('S) state is produced due to photoelectron im-
pact on the ground state of O, collisional deactivation of No,
photodissociation of O, in 90—120 nm of the solar radiation,
and dissociative recombination of OEL (e.g. Tyagi and Singh,
1998; Witasse et al., 1999; Zhang and Shepherd, 2005). Also,
a three-body reaction (Barth mechanism) is responsible for
the production of 557.7 nm emissions at lower altitudes be-
low 120km (which peak at ~ 100 km). The dissociative re-
combination of O; , which depends on the electron densi-
ties, contributes significantly to the production of 557.7 nm
dayglow emissions at higher altitudes, especially in low and
equatorial latitudes (e.g. Tyagi and Singh, 1998; Upadhayaya
etal., 2002; Taori et al., 2003). Rocket-borne O(1 S) 557.7nm
measurements (Wallace and McElroy, 1966), nightglow mea-
surements from the Wind Imaging Interferometer (WINDII;
Shepherd et al., 1997), and ground-based optical dayglow
measurements (Taori et al., 2003) reported a dominant F re-
gion contribution as compared to that of lower altitudes. The
630.0nm is produced due to the de-excitation of olD) to
O(P) state. The O('D) state is produced by photoelectron
impact on the ground state O, photodissociation of O, in the
Schumann—Runge continuum (135-175 nm) of the solar ra-
diation, a dissociative recombination of O;r, and a cascade
from the loss of O('S), with the last one being a minor con-
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tributor (Solomon and Abreu, 1989; Witasse et al., 1999).
The photoelectron impact mechanism contributes most to the
630.0 nm dayglow emissions followed by the photodissocia-
tion mechanism. Dissociative recombination contribution to
the 630.0 nm dayglow emission is around 20-30 % (Hays et
al., 1978; Singh et al., 1996). However, the dissociative re-
combination contributes significantly to the temporal vari-
ability of the emissions (Sridharan et al., 1992, 1994; Pallam
Raju et al., 1996). The de-excitation of O(°S) to OCP) yields
777.4nm dayglow emissions. The OCS) state is produced
due to the radiative recombination of O" and e~ (Tinsley et
al., 1973). This emission maximizes at the peak of the F layer
where the densities of both O" and e~ are maximal.

The variation in intensities at these three optical thermo-
spheric dayglow emissions carries the information of the
dynamical behaviour occurring at the respective altitudes
of emissions. The dayglow emission intensities at the three
wavelengths are imaged onto a 1k x 1k charge coupled de-
vice (CCD) detector to form a high-resolution (0.012 nm
at 630.0 nm) spectral image. On-chip binning of eight pix-
els along the spatial direction is carried out to increase the
signal-to-noise ratio. The spectra obtained from MISE are
compared with the normalized standard solar spectrum in or-
der to calibrate them in the wavelength domain. These are
then compared at the continuum level to obtain the contribu-
tions of total dayglow emissions and the atmospheric scat-
tering (Ring effect) (Pallamraju et al., 2000). The dayglow
emission intensities are obtained by removing the scattering
contribution with a data cadence of 5 min. This method of
retrieval of dayglow is well-established and is described in
detail in the literature (Pallamraju et al., 2002, 2013). The
technical details of MISE have been described by Pallamraju
et al. (2013). Further, in order to make a comparison of our
findings with earlier dayglow measurements, we have made
use of the OI 630.0 nm data as presented in the published
literature.

2.2 EE] data

Equatorial electrojet (EEJ) refers to the intense narrow jet
of current in the eastward direction that flows in the day-
time over the dip equator. EEJ strength can be obtained by
measuring the induced magnetic field using magnetometers
placed on the surface of earth. Over Indian longitudes the
horizontal component of the earth’s magnetic field is ob-
tained from two stations. One station is at Tirunelveli (TIR)
(8.7°N, 77.8°E; 0.15° N MLAT), in a magnetic equatorial
region which records the influence of currents induced due to
the EEJ, and the other is at Alibag (ABG) (18.6° N, 72.9°E;
10.5° N MLAT), magnetically an off-equatorial station, that
is not influenced by the EEJ currents. From each station, vari-
ations relative to their nighttime base values are subtracted so
that the contribution from magnetospheric currents, if any, is
removed. Thus, the difference between the magnetic data at
Tirunelveli and Alibag yields information on the strength of
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Figure 1. The geographic locations of the stations from which data
have been obtained are shown. Neutral optical dayglow emission
data have been obtained by MISE commissioned at Hyderabad
(white dot). The ionospheric data obtained from digisondes located
at Trivandrum and Ahmedabad are shown as red diamonds. Sta-
tions from which the magnetic data are obtained to calculate the
EEJ strengths are marked as yellow squares. The solid and dashed
dark lines represent the geomagnetic equator (obtained from IGRF-
12) (Emmert et al., 2010) and the EIA crest location in the Northern
Hemisphere (+15°), respectively, for the year 2014.

the EEJ current. The high temporal resolution (1 min data
cadence) EEJ data from December 2013 to March 2014 have
been used in the present work.

2.3 Ionospheric data

Ionospheric behaviour from two stations, Trivandrum
(8.5°N, 76.9°E; 0.07° N MLAT), a geomagnetically equa-
torial location, and Ahmedabad (23.0° N, 72.5°E; 14.9°N
MLAT), typically the northern crest location of the EIA, has
been used. The data cadence for the ionospheric information
is 7.5 min.

Figure 1 shows the geophysical locations of all the stations
from which the data are used for the present work. The x and
y axes show the geographic longitude and latitude, respec-
tively. Neutral optical dayglow emission data are obtained
from the location Hyderabad, marked as a white solid cir-
cle on the map. The red diamonds and yellow squares show
the stations from which ionospheric information and the EEJ
data are obtained. The dark solid line represents the geomag-
netic equator (obtained from the International Geomagnetic
Reference Field (IGRF-12) model for 2014.0), whereas the
dashed line shows the typical northern crest region (15° N
MLAT) of the EIA.

In the present work the optical dayglow emission data ob-
tained from December 2013 to March 2014 have been used
to address this issue. Independent ionospheric data and the
EEJ data obtained during this period have been used to sub-
stantiate our findings.
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3 Results

Figure 2 depicts examples of diurnal variability on 2 days
for OI 630.0 nm dayglow emissions, with the x and y axes
showing local time (LT) in hours and intensity in rayleighs.
The black solid line shows the 11-point running average. A
dotted vertical line is drawn at local noon to aid the eye in
bringing out the contrast between the pre- and post-noon be-
haviour in the emission intensity variability. It can be readily
noted that on 5 January 2014 (Fig. 2a), the intensity variabil-
ity is symmetric with peak intensity around noontime, which
seems almost like an inflexion point. This behaviour is con-
trary to that obtained on 19 December 2013 (Fig. 2b), when
the peak intensity was reached in the afternoon hours. As
discussed above, the photochemical production is expected
to peak around noontime, and, therefore, this asymmetric di-
urnal behaviour in the dayglow emission intensities seems
anomalous. It may also be noted that the rate of rise in inten-
sities is different on these 2 days. The extent of asymmetry
can be quantified as the product of difference in times be-
tween those of peak intensity and local noon and the ratios
of the intensities at those times. Mathematically, the asym-
metricity in time (AT) is given as

Lpeak
AT = ( P ) S (Tpeak - Tnoon) ) 9]

noon

where Tpeak and Tyoon are the times of peak emission inten-
sity and local noon. Ipeak and Inoon are the intensity values
corresponding t0 Tpeak and Thoon, Tespectively. If the peak in-
tensity occurs in pre-noon hours, it can be seen from Eq. (1)
that the AT becomes negative. The diurnal emission inten-
sity pattern is considered to be symmetric or asymmetric for
AT <0.4h. and AT >0.4h, respectively. The AT values for
5 January 2014 and 19 December 2013 are calculated to be
0.4h (symmetric diurnal behaviour) and 1.1 h (asymmetric
diurnal behaviour), respectively.

Such behaviour in the diurnal intensity pattern is seen not
only in the OI 630.0 nm emissions but also in the emissions
at Ol 777.4 nm and OI 557.7 nm that emanate from altitudes
above and below that of the OI 630.0 nm dayglow. Figure 3
shows the diurnal intensity behaviour, according to which the
x axes represent the local time and the y axes show the in-
tensity of the optical emissions. The vertical dotted line rep-
resents the local noontime. All the data included here corre-
spond to magnetically quiet days (Ap <23). The total num-
ber of days plotted in each panel may be noted on the top
right corner of each figure. The upper (Fig. 3a, d), middle
(Fig. 3b, e), and lower (Fig. 3c, ) panels show the diurnal
behaviour of dayglow emission intensities at 777.4, 630.0,
and 557.7 nm wavelengths, respectively. Figure 3a—c and d—
f show the behaviour on several days when the diurnal in-
tensity pattern was symmetric (AT <0.4h) and asymmetric
(AT > 0.4 h), respectively. Note the difference in the timings
of the occurrence peaks with respect to local noon, which are
different for different days. The yellow line shows the aver-
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age of all the days of data, which is essentially drawn to show
the contrasting diurnal behaviour in each emission. The dif-
ference in the pattern of the emission intensities on the days
with symmetric/asymmetric diurnal behaviour is clearly con-
trasting in many ways. (1) It may be noted that the intensity
variability in the days with symmetric diurnal behaviour is
not as much as that seen in the days with asymmetric diurnal
behaviour. (2) The post-noon spread in intensities on the days
with asymmetric diurnal behaviour is much greater as com-
pared with that in the pre-noon. (3) The pattern of rise in in-
tensity is different between these two types, with a slow rate
of rise on the days with asymmetric diurnal behaviour, while
it is relatively faster on the days that show symmetric diur-
nal behaviour. (4) While the emission intensity pattern seems
skewed towards post-noon on the days with asymmetric di-
urnal behaviour, it seems slightly skewed towards forenoon,
especially in the 630.0nm and OI 557.7 nm emissions, on
the days with symmetric diurnal behaviour. In Fig. 3 we col-
lated the days with symmetric/asymmetric diurnal behaviour
in emission intensities at each of the wavelengths, obtained
from December 2013 to March 2014. There are days when
only one or two emission intensities show symmetric diurnal
behaviour but the others show asymmetric behaviour. There
are also common days when all the oxygen emission intensi-
ties show symmetric/asymmetric diurnal behaviour. All these
features make this very interesting and intriguing at the same
time, as there seems to be a combination of atmospheric pro-
cesses, the constituents/reactants available at a given time,
neutral dynamics (winds), and electrodynamic forces opera-
tive at different altitudes on these days.

To begin with, let us look at the production mechanisms
for these emissions as discussed in the earlier section. It is
clear that the 557.7 and 630.0nm dayglow emissions de-
pend on both neutral and electron densities, whereas the
777.4 nm emissions depend only on the ion and electron den-
sities. Thus, the production of all three dayglow emission
intensities depends on the available solar flux, temperature-
dependent reaction rates, and densities of neutrals and ions.
It can be readily seen that photoelectrons, extreme ultraviolet
(EUV) flux for photodissociation, and ionization at any loca-
tion vary with respect to the solar zenith angle. So the diurnal
pattern of the three dayglow emission intensities is expected
to be symmetric with respect to local noontime. Thus, the
asymmetric diurnal behaviour observed in the three optical
dayglow emission intensities (Fig. 3) can mainly be due to
the variation of either the neutral densities or the electron
densities, which can be engendered by neutral dynamics or
electrodynamics or both.

Firstly, we consider the changes in electron densities due
to winds, especially the meridional wind, as it is known that
the wind-assisted movement of electrons along the magnetic
field lines does alter the electron densities at a given location.
An increase/decrease of the electron number densities results
in a corresponding increase/decrease in the optical emission
intensities. A poleward wind moves the ionospheric layer to
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Figure 2. Sample of the diurnal behaviour of OI 630.0 nm dayglow emissions. (a) Symmetric diurnal behaviour in intensities with respect to
local noon. The behaviour shows solar zenith-angle-dependent variation. Note that with respect to noon the rise and fall in intensities seem
symmetric. (b) Asymmetric diurnal behaviour in intensities with respect to local noon. The peak in intensities is achieved after about 1 h
from noon. Note the rise in intensities is more gradual than the decrease. The product of ratio of intensities at the peak to those at noon and
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Figure 3. The diurnal behaviour in optical dayglow emission in-
tensities at (a, d) OI 777.4nm, (b, e¢) OI 630.0nm, and (¢, f) OI
557.7nm is shown. The plots in the left column (a, b, ¢) show the
plots with symmetric diurnal behaviour in intensities with respect
to local noon. Plots (d, e, f) show asymmetric diurnal behaviour in
intensities with respect to local noon. The yellow line shows the av-
erage of all the days of the data. The number of days of data that
exist for a given diurnal behaviour is shown in square brackets.

lower altitudes where the dissociative recombination mech-
anism can be significant, thereby increasing the yield of OI
630.0 nm and OI 557.7 nm dayglow emissions. Similarly, the
yield of the OI 777.4 nm dayglow emission is also expected
to show an enhancement through the radiative recombina-
tion mechanism. An equatorward wind will move the iono-
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spheric layer to higher altitudes, thereby reducing the poten-
tial yield of the dayglow emissions. In a similar manner, pole-
ward winds, especially from the winter hemisphere, bring ad-
ditional plasma into the summer hemisphere and so give rise
to a greater yield in all the daytime airglow emissions.
Other than meridional winds, the equatorial electrody-
namic forcing is another potential cause which is capable of
bringing plasma to low latitudes. In the equatorial region, due
to the horizontal nature of the magnetic field lines, several
interesting phenomena take place. In the daytime, the forma-
tion of the equatorial electrojet is one of them, the strength
of which can be used to infer the effectiveness of the elec-
trodynamic processes operative on that day in the low lat-
itudes. Under the action of the equatorial F region electric
fields and the northward directed magnetic field lines of the
earth, the plasma undergoes an E x B drift, which moves it
to higher altitudes, from where the plasma follows the mag-
netic field lines and is transported to latitudes farther away
due to the pressure gradient forces. This action forms the
well-known EIA. Such excess ionization that is brought in
to a given off-equatorial location results in greater emission
intensities through the dissociative recombination and radia-
tive recombination mechanisms. Moreover, in off-equatorial
low-latitude regions, the westward zonal wind can produce
an eastward E region electric field which gets mapped to
the equatorial F region through magnetic field lines and can
contribute to the E x B plasma drifts, thereby increasing the
EIA strength. Thus, the effect of the zonal winds on the op-
tical dayglow emission intensities can also be brought about
through the equatorial electrodynamics. The relative impor-
tance of these two sources, namely neutral winds and elec-
trodynamics, in making the diurnal emission behaviour to be
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asymmetric in the dayglow emission intensities is evaluated
below.

Figure 4 shows 2 individual days (columns) of data for
all the OI emissions, thermospheric neutral winds, and EEJ
strengths (rows). The left column shows the day with a sym-
metric diurnal pattern (26 December 2013), and the one on
the right shows the day with an asymmetric diurnal pattern
(7 February 2014) in all the dayglow emission intensities.
The x axes show local time, while the y axes (in the top three
rows) show the dayglow intensity and (fourth row) the ther-
mospheric zonal wind, U, (dotted line, positive eastward),
and meridional wind, Uy, (solid line, positive northward), at
all three emission altitudes on both the days as obtained by
the Horizontal Wind Model (HWM14) (Drob et al., 2015).
The bottommost row shows EEJ strength in nanotesla, and
the horizontal dashed line drawn corresponds to OnT value.
The solid lines in the dayglow emission intensities represent
an 11-point running average of the data. The vertical dotted
lines are drawn at local noontime. The dates of data and the
values of AT of each of the emissions are shown in the plots.
For these days, panels d and i show the zonal and merid-
ional wind at 130, 230, and 300 km altitudes from where the
OI 557.7nm, OI 630.0 nm, and OI 777.4 nm emissions orig-
inate. It is expected that larger meridional winds bring the
ionospheric layer to lower altitudes, which give rise to larger
dayglow emissions, as discussed above. The meridional wind
magnitudes were large on 26 December 2013 at all the alti-
tudes, which, expectedly, are favourable for giving rise to an
asymmetric diurnal pattern in emission intensities; however,
the observations do not show such a behaviour. Conversely,
on the day (7 February 2014) with lower meridional wind
magnitudes, asymmetric diurnal behaviour was observed in
all the dayglow emission intensities. Therefore, the merid-
ional wind hypothesis as the cause of the asymmetric diurnal
behaviour is not supported by observations.

In this context, the possibility of electrodynamic influence
in bringing about the asymmetric diurnal behaviour in the in-
tensities is examined using the equatorial electrojet strength
as the reference. It is known that the EEJ dynamics have a
significant role to play not only in influencing the distribu-
tion of electron densities in low-latitude regions (Moffett,
1979) but also in influencing the zonal winds and tempera-
tures (Raghavarao et al., 1993). It should be noted that the
peak EEJ strengths on these 2 days were different (40 and
75 nT); however, the peak emission intensities on these days
were similar, and therefore it is apparent that the peak EEJ
strengths have no direct relationship with the magnitudes of
the peak dayglow intensities. However, it has been shown in
earlier works (Raghavarao et al., 1978) that the integrated
EE]J strength until noontime has a direct one-to-one correla-
tion with the strength of the EIA. Although ionization is not
measured through optical measurements, it has been shown
by earlier studies that the ionization brought in from equa-
torial latitudes contributes to the OI 630.0 nm dayglow emis-
sions through a dissociative recombination mechanism (Srid-
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Figure 4. Top row (a, f) shows the diurnal variability in Ol 777.4 nm
on 2 selected days. Plots (b, g) and (c, h) show the diurnal behaviour
of OI 630.0 nm and OI 557.7 nm emissions on the same days as of
OI 777.4 nm emissions. Plots (d, i) show the HWM 14 neutral wind
magnitudes. Plots (e, j) show the electrojet strengths. The plots in
the left column show the symmetric diurnal behaviour in all three
oxygen dayglow emission intensities, while those on the right rep-
resent the day with asymmetric diurnal behaviour in all the dayglow
emission intensities.

haran et al., 1992; Pallam Raju et al., 1996; Pallamraju et al.,
2002). Thus, the asymmetricity in time observed in optical
measurements at all the emission wavelengths is compared
with the values of the EEJ strengths (Aggy) integrated over
07:00-12:00LT. On these days with symmetric and asym-
metric diurnal patterns in dayglow emission intensities, the
values of Aggy were 147 and 214 nT h. As discussed above in
this section, the larger value of Aggy on the day with asym-
metric diurnal behaviour enhances the strength of the EIA
and results in higher values of AT. The values of AT on the
day with asymmetric diurnal behaviour were calculated to be
1.2, 1.1, and 1.4 h for 777.4, 630.0, and 557.7 nm emissions,
respectively, whereas on the day with symmetric diurnal be-
haviour, these values were —0.1, —0.2, and —0.3 h for these
emissions. The zonal wind magnitudes show nearly similar
behaviour on both these days. In any case, the zonal winds

www.ann-geophys.net/34/1019/2016/



D. K. Karan et al.: Electrodynamic influence on the diurnal behaviour of neutral daytime airglow emissions 1025

affect the equatorial electrodynamics, and, therefore, their ef-
fect will be implicit in the integrated EEJ strength.

Figure 5 comprehensively summarizes the results of the
present investigation. The x axis shows the day number be-
ginning on 1 December 2013. Figure 5a shows the peak
meridional wind, Uy (solid line), and the corresponding
zonal wind, U, (dotted line), magnitudes obtained from the
HWM 14 model (Drob et al., 2015) for the three emission al-
titudes. It can be seen that the meridional wind reduces in
magnitude, expectedly, from December to March, which is
consistent with the seasonal wind behaviour as one moves
from the solstice to the equinox, whereas the variation in
zonal winds is not significant. Figure 5b shows the AT val-
ues for all these three emissions, which over this period var-
ied from —1.5 to +1.5h. From the uncorrelated behaviour
between the values of AT and the meridional winds, it is
clear that meridional winds are not the cause of the observed
asymmetric diurnal behaviour in the optical emission inten-
sities. Figure 5¢ shows the EEJ strengths, Aggg, integrated in
the pre-noon hours (07:00-12:00 LT), which display a simi-
lar behaviour to that in the AT values in the optical dayglow
emission intensities at all three wavelengths. The optical day-
glow emissions are affected by both neutral dynamics and
electrodynamics; both of these show seasonal dependence.
So their contributions in the observed dayglow fluctuations
are different in different seasons. The strength of equatorial
electrodynamics decides the latitudinal extent of the EIA.
Also, the effect of the EIA can first be seen at lower alti-
tudes in off-equatorial latitudes and then at higher altitudes.
Thus, on a given day this can result in better agreement be-
tween Aggg and values of AT in 557.7 nm emission intensity
but not in 630.0/777.4nm emissions. In Fig. 5, AT values
are calculated for all the clear-sky days irrespective of sym-
metric or asymmetric diurnal patterns at all three emission
wavelengths, which shows a broad similarity with the values
of Agg; at different wavelengths of emissions. This clearly
indicates that electrodynamic variations primarily govern the
diurnal behaviour of the neutral dayglow emission intensi-
ties.

For the sake of completeness, it should however be men-
tioned that the thermospheric winds used in this study are
model driven, whereas the EEJ values were obtained from
measurements. Model values of winds have been used as
measurements of winds in the daytime are not available for
comparison. Nevertheless, as they are driven primarily by so-
lar heating, it is not expected that the measured winds (had
they been available) would yield any different result, as they
are not expected to show significant variations from one day
to another during magnetically quiet times, to which the data
in this study corresponds.

To further confirm the role of electrodynamic influence
on the daytime airglow intensities, we have investigated the
ionospheric behaviour at two different locations, Trivandrum
(magnetic equatorial location) and Ahmedabad (typically
the northern crest location of the EIA). These independent
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Figure 5. The variation in (a) neutral winds at the three different
emission altitudes, (b) the asymmetricity in time (AT) at the three
dayglow emission intensities on different days, and (c¢) EEJ strength
integrated over 07:00-12:00 LT (Aggj) on the days corresponding
to optical data are shown. The x axis shows the day number starting
from 1 December 2013.

ionospheric measurements were segregated into two cate-
gories: those corresponding to the days when all the dayglow
emission intensities showed symmetric diurnal behaviour
(AT <0.4h) and those that showed asymmetric diurnal be-
haviour (AT > 0.4 h). Figure 6a and b show the peak F region
height (hmF2) over Trivandrum on the days with symmet-
ric and asymmetric intensity distribution in dayglow emis-
sion intensities, respectively (ionosonde data corresponding
to the days with symmetric diurnal behaviour in optical emis-
sion intensities are not available from Trivandrum during De-
cember 2013). The variation in the values of hmF2 is con-
sidered to be representative of the F region electric field
over the dip equator. It can be seen in Fig. 6a that the peak
hmF2 decreases in the afternoon on the days with symmet-
ric diurnal behaviour. However, on the days with asymmetric
diurnal behaviour (Fig. 6b), the hmF2 shows an increasing
trend, indicating that the equatorial electrodynamics are ac-
tive in the afternoon. Figure 6¢ and d show the ionospheric
electron content (IEC) obtained from the digisonde mea-
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Figure 6. Variation of peak height of F2 layer over Trivandrum
(equatorial station) and ionospheric electron content (IEC) over
Ahmedabad (station typically under the northern crest of the EIA)
on the days with (a, ¢) symmetric and (b, d) asymmetric diurnal
dayglow intensity behaviour, respectively, are depicted.

surements over Ahmedabad on these days. It is very clear
from these figures that the electron density over Ahmedabad
peaked at around 14:00 LT on the days with symmetric diur-
nal behaviour, whereas on the days with asymmetric diurnal
behaviour the electron density keeps increasing and its peak
occurs later than 15:00 LT. It also indicates that the electrody-
namics had been active in the late afternoon hours on the days
with an asymmetric diurnal pattern observed in the dayglow
emission intensities. Further, the IEC values are of greater
magnitudes on the days with asymmetric diurnal behaviour
(Fig. 6d) as compared to the days with symmetric diurnal
behaviour (Fig. 6¢). It is striking to note that the optical day-
glow measurements obtained over Hyderabad (a location be-
tween Trivandrum and Ahmedabad; Fig. 1) show peak emis-
sion intensities at around 13:00LT on the days with asym-
metric diurnal behaviour in comparison to 15:00LT in IEC
over Ahmedabad, which can be attributed to the movement
of the crest of the EIA. These independent measurements add
credence to our interpretation that the temporal behaviour
seen in the optical neutral dayglow emission intensities are
governed by electrodynamic forces that originate at the mag-
netic equator.

4 Discussion

The nighttime airglow intensities vary purely as a func-
tion of densities of reactants, and their behaviour does not
show any set pattern, whereas the daytime emission inten-
sities show a broad solar zenith-angle-dependent variation
primarily due to the solar control of several of the produc-
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tion mechanisms. However, it is quite interesting to note the
clear changes that are brought in in the diurnal intensity vari-
ation of neutral daytime airglow emission intensities. For OI
630.0 nm dayglow emission, the data obtained during 2001
from a low-latitude location, Carmen Alto, in Chile (Pallam-
raju and Chakrabarti, 2006) showed such asymmetric diur-
nal behaviour as seen in the present study. However, later in
a low solar activity epoch such an asymmetric diurnal pat-
tern in the dayglow emission intensities was not noted. In
Fig. 7 we reproduce Fig. 1 from Laskar et al. (2015), where
the data that were obtained from Hyderabad, India, over the
years of 2011-2013 are shown. The diurnal behaviour in in-
tensities in all these years shows a broadly symmetric nature
as seen in Fig. 3a, b, and c of the present study. The opti-
cal data obtained from that epoch did not show any asym-
metric diurnal behaviour in the emission intensities. It is im-
portant to note that for the days of optical data that exist
in the years 2001, 2011, 2012, 2013, and 2014, the aver-
age sunspots numbers were 160, 35, 52, 53, and 144, respec-
tively, and so there seems to be a solar activity dependence
in the observed AT values in optical dayglow emissions.

In order to characterize the solar activity effect, we have
looked at the 630.0 nm optical dayglow emission intensity
pattern as presented in the literature at different times and lo-
cations. The 630.0 nm dayglow emission is chosen due to the
availability of a large set of observations at this emission (for
over 25 years, although not continuous) in the published liter-
ature. The AT values were calculated for each day, and their
mean values in different years are shown in Fig. 8. The x axis
shows the year, and the y axis (on the left) shows the mean
AT values (red dots) (the relevant literature which has been
considered for these data is shown in the figure). We have
also plotted (on the right side of the y axis) the monthly av-
erage sunspot numbers (dark dots). Observations by Laskar
et al. (2015) during 2011-2013 show a symmetric diurnal
pattern at all three wavelength emissions and in the absence
of any possibility to calculate the AT values for these days (as
the emission peak occurs around noontime; however, as the
solar glare enters directly over the slit, no data were obtain-
able), the values of AT are approximated to zero during these
years. It should be mentioned here that in the present experi-
mental setup, the slit of MISE is oriented in the zonal direc-
tion (for the study of longitudinal variations) due to which
the direct entry of solar glare during noontime is avoided, en-
abling us to obtain continuous dayglow data throughout the
day without any gap. Also, some of the earlier results pub-
lished in the literature that are used in this study to estimate
the AT values plotted in Fig. 8 had a smaller field of view of
~ 4° (Sridharan et al., 1999) because of which direct entry
of solar glare was not an issue. The mean AT values cal-
culated from the present observations at the three emission
wavelengths are shown in different colours. It is striking to
note that the variations of AT values go almost hand-in-hand
with those in sunspot numbers. This clearly shows that the
asymmetricity in time observed in optical neutral dayglow
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emissions has a solar activity dependence. This is interpreted
to be due to the increase in equatorial electric field strengths
with solar activity.

It thus shows the dominance of electrodynamic processes
over the photochemical processes in bringing about tempo-
ral variations in the neutral dayglow emissions and is also a
good example of E and F region coupling in the equatorial-
and low-latitude ionosphere—thermosphere system. A conse-
quence of this effect is shown in Fig. 6, where a movement
of F region height in the afternoon to higher altitudes on

www.ann-geophys.net/34/1019/2016/

some days over Trivandrum (equatorial station) (Fig. 6b) and
a corresponding increase in the IEC over Ahmedabad (sta-
tion near the northern crest of the EIA) is seen (Fig. 6d). The
strength of this phenomenon varies with respect to local time,
season, and solar activity. In the low solar activity period
(2011-2013), the electric field strengths are smaller (Fejer
and Scherliess, 1995) and apparently not sufficient to move
the ionization to regions far away from the magnetic equa-
tor. Hence, the dayglow emission intensities measured from
Hyderabad showed a symmetric photochemical emission be-
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haviour in their respective intensities. This can also be seen
in the present study wherein the negative AT values on some
days correlate with smaller integrated electrojet strengths
(Fig. 5b and ¢) and, hence, weaker electrodynamics (Fig. 6a
and ¢). Further, the results from midlatitudes (Boston), where
equatorial electrodynamic effects do not exist, do show a
symmetric type of behaviour in OI 630.0 nm diurnal emis-
sion intensities (Pallamraju and Chakrabarti, 2006) as seen
in the present study with weaker electrodynamics. These is-
sues add credence to the inference regarding the influence
of an electrodynamic effect in the neutral daytime airglow
emissions.

To appreciate this issue further, attention is drawn to an-
other study wherein the dayglow OI 630.0nm emissions
were measured from the magnetic equatorial station Thumba
in India. It was seen that the shape of the diurnal pattern of
the 630.0 nm dayglow was similar to that of the EEJ with a
time shift (Sridharan et al., 1999). This time gap had been
interpreted to be the time taken for the plasma to move from
the E to F region under the influence of E x B drifts. The
fact that it was indeed so was also confirmed by the simul-
taneously operating VHF doppler radar, where the E x B
drifts obtained by the measured eastward electric fields were
consistent with the observed time gaps between the EEJ
and 630.0nm dayglow variation. This result indicated the
imprint of electrodynamic effect on the 630.0 nm dayglow
emission intensities, both of which were obtained from the
same location. Observations from an EIA crest region, Mt
Abu (24.6° N, 72.8°E) in India, during high solar activity
showed different behaviour in the OI 630.0 nm emission in-
tensities on the equatorial electrojet and counter electrojet
days (Chakrabarty et al., 2002). All these results corrobo-
rate our conclusion that the asymmetric diurnal behaviour
of the optical dayglow emission intensities seen in the low
latitudes is mainly due to the equatorial electrodynamic vari-
ations. However, the effect of neutral winds on the dayglow
emissions cannot be ruled out completely. Ultimately, a com-
prehensive model is needed to fully understand the complex
coupled behaviour of the thermosphere/ionosphere and the
underlying processes at equatorial and off-equatorial low-
latitude regions.

In this study it is shown that not only the OI 630.0 nm day-
glow intensity variations but also those at OI 777.4 nm and
OI 557.7nm show asymmetric diurnal behaviour. It should
be remembered that the peak dayglow emission intensities at
any of the wavelengths are not correlated with EEJ strengths;
they are related with the asymmetricity in time, indicating
that it is not the total emission intensities but their temporal
variability that is governed by the EEJ strength.

5 Conclusion

Oxygen-neutral dayglow emissions at multiple wavelengths
measured during 2013-2014 showed that the emissions’ di-
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urnal behaviour in intensities was both symmetric and asym-
metric with respect to local noon. While the symmetric di-
urnal behaviour can be understood in terms of solar zenith
angle variation of the production mechanisms, the cause of
asymmetric behaviour in diurnal emission intensities is not
apparent. Against this background, its possible causes have
been investigated in terms of neutral winds and equatorial
electrodynamics. Using the equatorial electrojet strength data
and ionospheric behaviour on all these days, it has been con-
clusively shown that the equatorial electrodynamics that are
operative on a given day give rise to the observed asymmet-
ric diurnal behaviour in the neutral oxygen dayglow emission
variability. This aspect has been discussed in a wider con-
text. It has been noted that in the low solar activity period,
the diurnal variability in the oxygen emission intensities was
predominantly symmetric with respect to local noon, while
they were asymmetric during high solar activity periods. This
again gives a broader picture to the ionosphere—thermosphere
systemic behaviour as the neutral dayglow emission intensi-
ties are sensitive to the electrodynamic changes that happen
over a solar cycle.

6 Data availability

For this study, the optical dayglow data from Hyderabad
and ionospheric data from Ahmedabad were obtained by the
Physical Research Laboratory and can be made available on
request. The EEJ data can be obtained from the Indian Insti-
tute of Geomagnetism. The ionosonde data from Trivandrum
can be obtained from the Space Physics Laboratory. The
sunspot number data are obtained from the daily solar dataset
maintained by NOAA (ftp://ftp.swpc.noaa.gov/pub/indices).
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Abstract The equatorial upper atmospheric dynamic processes show both latitudinal and longitudinal
variabilities. While the variability in latitudes can exist over small distances (approximately hundreds of
kilometers), the longitudinal behavior has been shown to be existing mainly over large spatial separations
(approximately thousands of kilometers). In the present work we have used variations in thermospheric
optical dayglow emissions at Ol 557.7, 630.0, and 777.4 nm, as tracers of neutral dynamics. These emissions
are obtained simultaneously from a high-resolution slit spectrograph, Multi wavelength Imaging
Spectrograph using Echelle grating, from a low-latitude location, Hyderabad (17.5°N, 78.4°E; 8.9°N magnetic
latitude) in India, to investigate the longitudinal differences in the upper atmospheric processes over short
separations. Spectral analyses of gravity waves carried out on the dayglow emission intensity variations for
different independent viewing directions on some days show dissimilar periodicities suggesting the
existence of longitudinal differences. Gravity wave scale sizes and the propagation characteristics on these
days are different from those in which longitudinal differences are not seen. Further, the zenith diurnal
emission intensity patterns are different on the days with and without the observed longitudinal variability.
This work shows for the first time that longitudinal differences in upper atmospheric processes can exist at
even as small as 3° longitude separations. Such longitudinal differences seen in the neutral dayglow emission
intensities are attributed to the zonal variation in the daytime equatorial electrodynamics.

Plain Language Summary The longitudinal variability in the upper atmospheric phenomena has
been reported over large distances in the literature that span greater than several thousands of kilometer.
However, nothing is known as to what happens on the smaller distances. Using large field of view optical
dayglow emission measurements obtained along zonal direction, we discovered that longitudinal variations
do exist in as small longitudinal separations as 300-800 km. We inferred that this is due to changes in the
equatorial electrodynamics. These results have implications for comprehensive understanding of the
variations in the atmospheric dynamics which can many a times be localized.

1. Introduction

Earth’s upper atmosphere consists of both neutrals as well as plasma, and hence, it is affected by both neutral
and electrodynamic processes. These processes vary in both zonal and meridional directions. Owing to the
horizontal nature of the Earth’s magnetic field lines above the geomagnetic equator, many interesting upper
atmospheric phenomena, such as equatorial electrojet (EEJ), equatorial ionization anomaly (EIA), and equa-
torial temperature and wind anomaly, are formed over the equatorial/low latitudes during daytime. These
coupled processes bring about variations in both neutral and plasma densities across the latitudes. The
details on the formation mechanism of these phenomena and their effects in bringing about changes across
latitudes are now well understood [e.g., Moffett, 1979; Raghavarao et al., 1978, 1991, 1993]. During daytime,
the zonal wind across the magnetic field lines gives rise to a dynamo action, wherein the EEJ currents are
formed above the geomagnetic equator. The strength of the EEJ has been shown to be directly proportional
to strength of the EIA [Raghavarao et al., 1978], and therefore, it plays an important role in bringing about
changes in the meridional variations in the development of equatorial upper atmospheric processes.
Moreover, during geomagnetic disturbances due to the precipitation of highly energetic particles and the
enhancement of auroral electrojet current, joule heating occurs over polar regions which sets in winds and
waves. These winds and waves move away from the high-latitudes, and the large-scale motion in neutrals
and plasmas is referred to as traveling atmospheric disturbances (TADs) and traveling ionospheric
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disturbances (TIDs). The TADs and TIDs alter the densities of the upper atmospheric constituents bringing
about latitudinal variations from high-to-low latitudes [e.g., Richmond and Matsushita, 1975; Hajkowicz,
1991; Hocke and Schlegel, 1996; Pallamraju et al., 2004].

In addition to the meridional variations, these neutral and electrodynamic processes also show zonal varia-
tions. Many studies have been carried out on the zonal variations of the ionosphere and thermosphere at
different longitude sectors. Variation in geomagnetic field strength and magnetic declination angle at differ-
ent longitudinal sectors can bring about changes in the strengths of dynamo action and thereby cause long-
itudinal variations in the equatorial electrodynamics. For example, the magnetic field strength over the Indian
sector is greater than that over the American sector. Therefore, the vertical drifts (v,) of equatorial plasma over

— —
the Indian sector are smaller than those over the American sector [Kelley, 2009] (asvy4 = E_)Lf where E is the
7]
zonal electric field and B is the geomagnetic field intensity). This further contributes to the differences in the
extents of the EIA crests at these two longitude sectors [Raghavarao et al., 1988]. Changes in the declination
angle with respect to longitude also contribute to longitudinal variability in the electrodynamics, which is
most prominent over the Brazilian sector (South Atlantic anomaly region) in comparison to that over the
Chilian longitudes. As the Earth’s axis of rotation is tilted, the relative angle between the magnetic declination
and solar terminator keeps changing at a given location in a year. The preferential occurrence of the plasma
irregularities across longitudes was shown to be matching with the periods of alignment of the solar termi-
nator with that of the north-south plane of magnetic field lines [e.g., Abdu et al., 1981], as it enables simulta-
neous sunset in both the hemispheres, thereby preventing the shorting of the F region electric fields by the
highly conducting E region.

In the recent past analysis of far ultraviolet (FUV) emissions (Ol 135.6 nm) obtained onboard the IMAGE satel-
lite showed the existence of a significant longitudinal structure in the emission intensities [e.g., England
et al., 2006; Immel et al., 2006; Sagawa et al., 2005]. The ionospheric densities as inferred in the nightglow
emissions were found to be peaking at some fixed longitudes and were attributed to be due to the E region
dynamo being governed by neutral winds associated with nonmigrating diurnal tides [England et al., 2006;
Immel et al., 2006]. Such fixed locations of the global wave 4 structure were interpreted to be due to the
latent heat release from the lower atmosphere due to the prevalent convective processes [Immel et al.,
2006]. In an earlier work carried out using ISIS 2 satellite measurements of electron densities at two different
longitudes (51°E and 80°E) separated by ~30°, the EIA strengths were reported to be behaving differently
from one another [Sharma and Raghavarao, 1989]. Now we know that the two longitudes happen to be over
different convective regions on the ground that coincide with the crest and trough regions of the FUV
airglow intensities as reported by Immel et al. [2006]. Using GPS Aided Geo Augmented Navigation
network-derived measurements, differences in the values of total electron content over Indian longitudes
(70°E to 95°E) were reported which seem consistent with the global wave number 4 structure [Sunda
and Vyas, 2013]. More recently, from magnetic measurements at two different Indian longitude regions
(separated by 15°) the existence of longitudinal variations in equatorial electric fields and current density
was reported [Chandrasekhar et al., 2014].

To summarize, all the measurements/results reported in the literature over the years show that the zonal
differences are localized over fixed longitudinal sectors. These could be due to differing conditions in
geomagnetic anomalies, geomagnetic field line geometry, or tropospheric convective zones. The longitu-
dinal differences in the dynamical process thus obtained using satellite observations, ground-based
measurements, and through simulations give information on the existence of variability in the electrody-
namic processes over longitudinal separations greater than 1000 km. However, it is not known if any
longitudinal difference exists over smaller distances that are shorter than 1000 km. If they do, then what
are the mechanisms responsible for such small-spatial scale changes in the zonal direction? To the best of
our knowledge, longitudinal differences of the daytime electrodynamic processes within separations
smaller than 10° (over South American sector) have not been reported in the literature. In other sectors
where such drastic differences in geomagnetic conditions as in South Atlantic anomaly region do not exist,
the minimum separation in longitudinal differences has been on the order of 15° [Chandrasekhar
et al., 2014].
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Satellites with high-inclination orbit can yield information on the small-scale meridional variations but are not
well suited for the studies of the temporal variation of any phenomenon over a given longitudinal region
which may possibly have zonal structures. Measurements from ground-based instruments in close separation
(e.g., 1° latitude x 1° longitude) could be useful to study such small-scale zonal differences. However, in the
absence of such measurements in grids of such fine spacing, optical measurements with high spatial resolu-
tion are best suited for such studies. Optical emission intensity variations can be used as tracers of the
dynamic processes that occur at the respective altitude of emissions. In the present work, by using multiwa-
velength oxygen optical dayglow emission intensity data obtained over a large field of view (FOV) of around
100°, for the first time, we have found the existence of small-scale zonal (along east-west) differences in the
neutral wave dynamics. These are attributed to the variations in the equatorial electrodynamics. This depen-
dence varies from day to day and is shown to be intricately coupled with the EEJ strength. Further, we also
show that the daytime wave characteristics in terms of the wave periods, scale sizes, and propagation direc-
tion are clearly different on the days that show longitudinal variations in comparison with those that do not
show any longitudinal variation.

2, Experimental Technique and Data Analysis

The dayglow emissions are buried in the strong solar scattered background continuum. In the present work,
neutral optical oxygen dayglow emission intensity data at 557.7, 630.0, and 777.4 nm wavelengths over a
FOV of around 100° are obtained by using the high-resolution spectrograph, Multi wavelength Imaging
Spectrograph using Echelle grating (MISE) [Pallamraju et al., 2013]. These emissions originate at 130, 230,
and 300 km altitudes, respectively. The data used in the present work were obtained during December
2013 to March 2014. MISE is commissioned at Hyderabad (17.5°N, 78.4°E; 8.9°N magnetic latitude) which
is a low-latitude location in India. The spectral information around these three wavelengths is imaged onto
a 1k x 1k pixel charge coupled device detector. An on-chip binning of 8 pixels is carried out along the spa-
tial direction to increase the signal-to-noise ratio of the measurement. The spectral resolution of MISE is
0.012 nm at 630.0 nm. The day-sky spectra are compared with the normalized solar spectrum for wave-
length calibration. Further, the solar spectrum is scaled with the sky spectra at the continuum levels, and
therefore, the difference between them gives information on the atmospheric contributions (both emissions
and scattering). The atmospheric scattering contribution (Ring effect) at a Fraunhofer absorption line (free
from atmospheric emissions and telluric absorptions) very close to the emission line is considered and sub-
tracted from the atmospheric contribution at the emission line of interest to yield the dayglow emission
intensities. A data cadence of 5 min is considered as it is typically half of the Brunt Véisala period in the alti-
tudes considered in this work. This process is well established and has been described in detail in the litera-
ture [Pallamraju et al., 2000, 2002, 2013]. This process of obtaining dayglow emission intensity at each
wavelength is repeated continuously to obtain information on its diurnal variability. An example of Ol
630.0 nm dayglow intensities obtained for 1 day is shown as a solid red line in Figure 1a.

The slit of MISE was oriented along the zonal direction for the present study. The maximum spatial extent
covered for the given FOV at the emission altitudes of 557.7, 630.0, and 777.4 nm dayglow emission inten-
sities are ~340, ~600, and ~800 km, respectively. The spectra of MISE have 128 pixels along the spatial
direction. Data from pixel numbers 10 to 109 are considered for analyses which correspond to the light
incident from the 100° FOV. The remaining pixels on either side correspond to lower elevation angles of
the sky which are susceptible to be affected by scattering effect in the lower atmosphere and hence, have
not been considered for the analysis. An 11-pixel running average of the spectral image is obtained along
the spatial direction, which smooth out very fine spatial scales that may not have any physical significance.
The nonlinear nature of the relation between FOV and the distance covered in space results in pixel-
to-pixel variation in the spatial extent as imaged on the detector. Spatial resolution over zenith corresponds
to 0.4, 0.7, and 0.9 km pixel ™' for the emission heights of 130, 230, and 300 km, respectively, whereas it is
11, 20, and 25 km pixel ', at higher view angles for the 557.7, 630.0, and 777.4 nm emission wavelengths.
Considering a 2-pixel resolution to ascertain the position, the maximum spatial uncertainty for each of
these emissions is 22, 40, and 50 km, respectively. The dayglow emission intensities along the FOV are
obtained simultaneously. The spectra from different spatial segments of an image are independently
analyzed to obtain the emission intensities along the zonal direction. A sample of such result is shown in

Figure 1c.
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Figure 1. (a) The diurnal pattern of the Ol 630.0 nm dayglow emission intensity over zenith on 06 February 2014 is shown
(red). The 3 h running average (dark line) is subtracted from the dayglow to obtain the residuals (dotted red line). (b) The
result of Lomb-Scargle periodgram analysis obtained from the residuals is shown. The horizontal dashed line represents the
90% FAL. On this day, time periods of 2.28, 1.57, 0.8, and 0.5 h are found to be significant. (c) The Ol 630.0 nm dayglow
emission intensity along the zonal direction at 8.8 LT on the same day is shown. Ranges covered toward east and west from
the zenith are shown as positive and negative values. (d) The result of wave number spectral analysis on the spatial
dayglow data in Figure 1c is shown. The horizontal dashed line shows the 90% FAL level. A significant scale size of 118 km is
found to be present on this day.

The optical dayglow emission intensities are produced due to various photochemical and chemical reactions
occurring in the atmosphere. The Ol 557.7, 630.0, and 777.4 nm dayglow emissions occur due to the
transitions as shown below:

0('s)—0('D) + hv(Z = 557.7nm) M

The O('S) state can be produced due to collisional deactivation of N,, dissociative recombination of O,*
and e, photoelectron impact excitation of O, and photo dissociation of O, at 100-120 nm of the solar
radiation [Witasse et al., 1999; Upadhayaya and Singh, 2002; Zhang and Shepherd, 2005]. These reactions
contribute to the emission of 557.7 nm that peak at around 160 km. Along with these reactions the three
body mechanism (Barth mechanism) contributes to the emission of Ol 557.7 nm from a lower altitude
with a peak at around 100 km. In this work an average of around 130 km is considered to be the repre-
sentative altitude for the 557.7 nm emission, which is found to appropriately describe the overall behavior
of the Ol 557.7 nm dayglow emission variability [e.g., Pallamraju et al., 2014; Laskar et al., 2015; Karan
et al., 2016].

0('D)—0(*P) + hv(4 = 630.0nm) ©)

Production of O('D) state depends on photoelectron impact excitation of O, photodissociation of O,
at Schumann Runge continuum at 135-175 nm of solar radiation, and dissociative recombination of
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0," and e™ [Solomon and Abreu, 1989; Witasse et al., 1999; Pallamraju et al., 2004]. The 630.0 nm dayglow
emissions peak at an altitude of around 230 km.

0(°P)—0(°S) + hv(2 = 777.4nm) ©)

Radiative recombination of 0" and e~ produces 777.4 nm dayglow emissions [Tinsley et al., 1973; Pallamraju
et al., 2013] which emanates from the peak height of F layer (~300 km).

3. Results

As mentioned above, the slit of MISE was oriented along the zonal (E-W) direction. Due to the imaging prop-
erty of MISE, information on the spatial variations (across longitudes) in the dayglow emission intensities is
obtained simultaneously. Diurnal variation in the three dayglow emission intensities are obtained along three
independent segments toward the west, zenith, and east directions for each image as a function of time. As
the altitudes of emanation of the three optical emissions are different, the zonal distances to which the emis-
sion intensity data correspond are also different. The dayglow emission intensity patterns at all the three
wavelengths are linear superposition of waves of different periodic behavior, such as gravity waves (GWs),
tidal oscillations, diurnal, and semidiurnal modulations. Figure 1a shows a sample diurnal behavior of Ol
630.0 nm dayglow emission intensity obtained from zenith on 6 February 2014 as a function of local time
(LT). Figures 1a and 1b depict the steps involved in obtaining the spectral information. The diurnal pattern
of the 630.0 nm dayglow emission intensity (solid red) (Figure 1a) shows a broad solar zenith angle-
dependent variation along with other small period fluctuations, which are attributed to GWs. Since, in the
present work, our focus is on the fluctuations in the GW regime, time periods in this range are obtained from
the dayglow intensities for the three directions (west, zenith, and east) at all the three emission wavelengths
by subtracting a 3 h smoothed line (solid dark) from the dayglow intensities. As the large time scale variations
are subtracted, the residuals (red dotted line) now correspond to time periods that are smaller than 3 h.
Periodgram analysis has been carried out using the Lomb-Scargle technique [Lomb, 1976; Scargle, 1982] to
obtain the GW time periods, the result of which is shown in Figure 1b. Here the x and y axes represent the
time periods in hours and normalized power spectral density (PSD), respectively. The frequency (in h™") of
the PSD is noted in the x axis on the top. The horizontal dotted line shows the 90% false alarm limit (FAL)
value. On this day time periods of 2.28, 1.57, 0.8, and 0.5 h are found to be significant (> 90% FAL) in the
630.0 nm dayglow emissions in zenith. Such analysis is carried out for the optical emissions from other view
angles as well. Coherency in time periods in all the three directions was assessed with respect to the time per-
iod(s) obtained over zenith within a range of £0.25 h (which is equal to the maximum Brunt Vaisala period
among the altitudes considered in the present study). Existence of a common time period in the emission
intensity variability at all these three well-separated spatial regions signifies to the likelihood of the same
source driving the wave features in all these directions. Hence, it is assumed that on such days no longitudinal
differences exist in the neutral wave dynamics over the given spatial extent. On the other hand, absence of
coherent time period(s) in the emission intensity variations at all the three directions indicates that the
sources of waves prevalent in these three directions are different, and hence, there exist longitudinal differ-
ences in the zonal wave features within this spatial extent.

Periodgram analyses as described for a sample of diurnal Ol 630.0 nm intensity variations for zenith have
been carried out at all the three wavelengths of dayglow emissions for all the three directions. Figure 2 shows
the result of such periodgram analyses over west, zenith, and east for four sample days, with the x and y axes
showing the time period and normalized PSD (similar to that shown in Figure 1b for 630.0 nm emission).
Periodgrams in the top (Figures 2a, 2d, 2g, and 2j), middle (Figure 2b, 2e, 2h, and 2k), and bottom
(Figure 2¢, 2f, 2i, and 2I) rows represent those that were obtained for 777.4, 630.0, and 557.7 nm wavelength
emission intensities, respectively. This type of depiction is maintained for all the figures that follow.
Periodgrams at west, zenith, and east are shown by different line styles. The blue shaded regions correspond
to the coherent time periods in all the three directions. The vertical arrows on the top of each panel points to
the values of time periods which are coherent in any of the two directions. On 30 December 2013, significant
time periods of 0.9 h (Figure 2a), 1.6 h (Figure 2b), and 1.2,0.9, 0.7, and 0.5 h (Figure 2c) are found to be coher-
ent in all the three directions at the emission altitudes of 777.4, 630.0, and 557.7 nm wavelengths, respec-
tively. On 20 January 2014, although no coherent time periods were found along the three directions at
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Figure 2. Results of the periodgram analyses carried out in the dayglow emission intensity data at all the three wavelengths obtained over west, zenith, and east
directions on four sample days are shown. Periodgrams in the top (Figures 2a, 2d, 2g, and 2j), middle (Figures 2b, 2e, 2h, and 2k), and bottom (Figures 2c, 2f, 2i,
and 2I) rows represent those that were obtained for 777.4, 630.0, and 557.7 nm wavelengths, respectively. The shaded portion in blue corresponds to the time period
in which gravity waves obtained from all the three directions are coherent. The blue arrows on the top indicate the values of time periods in which GWs are coherent
in any two directions. It may be noted that coherency in GW periodicities at heights of all emission wavelengths and in two directions is seen more readily on the
two days on the left as compared with the two on the right. The two days on the left/right correspond to symmetric/asymmetric diurnal pattern in dayglow emission
intensities and are illustrated in Figure 3.

the 777.4 nm emission altitude, coherency in time periods in all the three directions was found at 630.0 and
557.7 nm emission altitudes for 0.4 h (Figure 2e) and 0.8 h (Figure 2f), respectively. As described above,
existence of coherent time periods in all the three directions at a given altitude indicates the existence of
a similar behavior in the thermosphere, thereby most probably to the existence of a common source
driving the wave dynamics. This suggests that no significant longitudinal differences exist in the neutral
wave dynamics within the longitudinal extent of 3°-8° on these two days. This, however, is not the case
always. On 6 February 2014 and 14 March 2014, no coherent time periods were found in all the three
directions at the emission altitudes of 7774 and 557.7 nm wavelengths (Figures 2g-2l). The poor
availability/nonavailability of coherent time periods on these days points to a nonuniform or nonidentical
behavior of sources in these three well-separated zonal locations that drive the thermospheric neutral
wave mechanisms. Thus, these days indicate the existence of longitudinal differences in the neutral wave
features within the spatial extent of 3°-8° longitudes (spatial extents covered corresponding to the
altitudes of the three dayglow emissions). An exception has been noticed for 630.0 nm dayglow emissions
wherein coherent time periods at 1.4 and 0.9 h were found on these two days.

The zenith diurnal patterns of the dayglow emission intensities at all the three emission wavelengths on the
4 days considered for periodgram analyses (depicted in Figure 2) are shown in Figure 3. The x axis shows the
LT in hours. The y axes for all these plots indicate the dayglow emission intensities in Rayleigh. An 11-point
running average of the dayglow emission intensities is over plotted as a continuous line for a clear
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Figure 3. Zenith diurnal emission intensity variability along with the respective AT values for (a, d, g, and j) O 777.4 nm, (b, e, h, and k) O1 630.0 nm, and (c, f, i, and I) Ol
557.7 nm are shown on the four days considered for the periodgram analyses in Figure 2. The dark sold line in each of the figures represents the 11-point running
average of the dayglow emission intensities. A vertical dotted line is drawn at the local noon to aid the eye for appreciating the symmetric/asymmetric pattern
in the diurnal dayglow emission intensities. Figures 3a-3f/3g-3l correspond to two days on which the diurnal pattern of the dayglow emission intensities was
symmetric/asymmetric in all the three emission wavelengths.

visualization of the diurnal pattern. A vertical dotted line is drawn at local noon to aid the eye for comparing
the diurnal emission intensity pattern between forenoon and afternoon. The dayglow emission intensities at
each of the wavelengths in Figures 3a-3c and 3d-3f (representing the behavior for 30 December 2013 and 20
January 2014) peak around local noon, and therefore, they show a symmetric diurnal pattern (with respect to
local noon). In Figures 3g-3i and 3j-3I (6 February 2014 and 14 Mar 2014), the dayglow emission intensities at
all emission wavelengths peak in the afternoon hours, which make the diurnal emission intensity pattern to
be asymmetric with respect to local noon. Considering purely the photochemical nature of the dayglow
emissions, an asymmetric diurnal pattern is not expected. Such type of asymmetric diurnal patterns at all
the three optical dayglow emission intensities was characterized and explained in detail in one of our
earlier studies [Karan et al., 2016]. The extent of asymmetricity in time (AT) in the diurnal emission intensity
pattern is estimated as

4

AT = (Ipeak) X (Tpeak - Tnoon)
Inoon
where Tpeak and Troon are the times of peak emission intenisty and local noon. /peak and Inoon are the inten-
sities at Tpeak and Thoon, respectively. The diurnal emission intensity pattern was characterized as symmetric
and asymmetric for values of AT < 0.4 h and AT > 0.4 h, respectively. The AT values for each diurnal pattern
are noted in their corresponding panels in Figure 3, and according to this characterization, emission variabil-
ities at all the wavelengths on 30 December 2013 and 20 January 2014 show symmetric diurnal pattern,
whereas on 6 February 2014 and 14 March 2014 the diurnal pattern is asymmetric in nature. It is striking
to note that coherent time periods (as shown in Figure 2) over west, zenith, and east were found to exist
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Figure 4. The variations in (a) model neutral winds at the three oxygen  190.8 nTh on 30 December 2013, 20
emission altitudes, (b) the asymmetricity in time (AT) for the three January 2014, 6 February 2014, and 14
dayglow emission intensities on different days, and (c) EEJ strength .
) ) ’ March 2014, respectively [Karan et al.,
integrated over 7-12 LT (Agg)) on the days corresponding to optical data
are shown. The x axis shows the day number starting from 1 December 2016]. It may be noted that the values
2013. [from Karan et al., 2016, Figure 5]. of A are larger on the days with

asymmetric diurnal pattern than on the
days with symmetric diurnal pattern. Figure 4 shows the effect of equatorial electrodynamics on the dayglow
emission intensity pattern as characterized by “A” and “AT" values [Karan et al., 2016, Figure 5]. Figures 4a-4c
show the variation of (HWM14) model neutral winds at the altitudes of emanation of the three dayglow emis-
sions, asymetricity in time (AT) in all the three dayglow emissions, and the integrated EEJ strength (A), respec-
tively. It was shown in that study that to a first order the equatorial electrodynamics, and not the meridional
winds, to be the cause for the observed asymmetricity in the dayglow emission intensities. The broadly simi-
lar behavior of AT and A (Figures 4b and 4c) clearly indicates that the asymmetric diurnal pattern of the day-
glow emissions are predominantly due to the effect of electrodynamics. Independent ionospheric
observations confirmed the clear relation between EEJ and AT not only during a few months but also from
the reconstructed data for over two solar cycles [Karan et al., 2016]. We thus use the dayglow behavior over
this low-latitude location as a qualitative indicator of the variation of the equatorial electrodynamics.

Further, we have investigated the coherency in time periods in all the three directions on all the days with
symmetric (17 days) and asymmetric (8 days) diurnal pattern in the zenith emission intensities at the three
wavelenghts. Table 1 shows the percentage of coherency in GW periodicites, range, and mean values of
coherent time periods. It may be noted that the coherency in periodicities in different directions are observed
in more number of days with symmetric diurnal pattern in comparison to those on the days with asymmetric
diurnal pattern. Correspondingly, the percentage occurrence of days with coherent time periods on “sym-
metric days” is greater than those on “asymmetirc days,” mainly at 777.4 and 557.7 nm emission wavelengths.
The range of values of the coherent time periods is from 0.4 to 2.1 h for all the three emission intensities for all
the days. The values of integated EEJ strengths (A) on the days (considered here) with symmetric diurnal
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Table 1. Summary of the GW Characteristics (Coherency in Time Periods and Zonal Scale Sizes) on the Days With a Similar Type of Diurnal Pattern (Either
Symmetric or Asymmetric) in All the Three Dayglow Emissions is Given Below

Emission Diurnal Pattern in All No. of Days Which Showed % of Coherency in Range and Mean of Zonal Scale
Wavelength (nm) the Three Emissions  Coherency in GW Time Period(s)  GW Periodicities ~ Coherent Time Periods (h) Sizes (km)
Ol 7774 Symmetric 1 64 04-2.1;1.2 Before 10 LT: ----; -
After 10 LT: --—; 227-638
Asymmetric 2 25 2.0-2.1; 2.0 Before 10 LT: -——; 265-290
After 10 LT: 50-66; 240-638
0l 630.0 Symmetric 7 41 0.4-1.9; 1.1 Before 12 LT: 40-128; 244-490
After 12 LT: 47-165; -
Asymmetric 4 50 0.5-2.2; 0.9 Before 12 LT: 116-135; -
After 12 LT: 42-185; 201-306
Ol 557.7 Symmetric 14 82 0.5-2.0; 0.9 Before 11 LT: 86-98; 106-115
After 11 LT: 23-99; 106-230
Asymmetric 5 62 0.6-2.0; 1.0 Before 11 LT: 25-98; 274-276

After 11 LT: 23-81; 115-197

emission intensity pattern range from 64 to196 nTh, whereas on the days with asymmetric diurnal emission
intensity pattern the values of A range from 124 to 295 nTh. This clearly indicates that the equatorial
electrodynamics is, in general, stronger on the days with asymmetric diurnal emission intensity pattern in
which longitudinal differnces are found to exist.

At this point, it is to be appreciated that longitudinal differences in the GW time periods are observed in the
optical dayglow emission intensity variations which is a neutral phenomena. We have seen above that when
the diurnal pattern of the dayglow emission intensities over zenith are asymmetric, there is a strong equator-
ial electrodynamic forcing on that day. This is a good example of electrodynamic and neutral coupling in the
low- and equatorial-latitude upper atmosphere. The contrast in symmetric and asymmetric diurnal pattern in
630.0 nm dayglow emissions is poorer than in 557.7 and 777.4 nm dayglow emissions [Karan et al., 2016]. This
is most probably due to the combined effect of equatorial electrodynamics and neutral winds to the
630.0 nm dayglow emissions, and thus, this seems to be resulting in the observed coherency in time periods
even on the days with an asymmetric diurnal pattern as seen in Figure 2.

As discussed above, the EEJ strengths have a strong influence on the diurnal pattern of dayglow emission
intensities. This suggests that the varying equatorial electrodynamic processes at different longitudes would
have their imprint on the neutral dayglow emissions at different longitudes, just as reflected in our optical
observations over zenith. If that be the case, the zonal gravity wave characteristics would be different on
all these days. In order to understand the different nature of thermospheric wave characteristics in greater
detail, we have carried out wave number spectral analyses for these days. Figures 1c and 1d illustrate a sam-
ple of the method for wave number spectral analysis used for 630.0 nm dayglow emission intensity at 8.8 LT
on 6 February 2014. The x and y axes in Figure 1c show the zonal distance (positive eastward from zenith) and
dayglow emission intensity, respectively. The spatial variation of 630.0 nm dayglow emission intensity is
shown as the solid red line. The x and y axes in Figure 1d show the values of scale sizes (in kilometer) and their
normalized PSD. The upper x axis shows the wave number (in km™"). The 90% FAL is shown as the horizontal
dashed line. A significant zonal scale size of 118 km is found to be present at the altitude of origin of the Ol
630.0 nm emissions at 8.8 LT. This method has been followed to obtain the diurnal behavior of the statistically
significant scale sizes for all the days at all the emission wavelengths at a cadence of 15 min. Out of all the
significant scale sizes obtained, the lower cutoffs are taken to be 22, 40, and 50 km considering the 2-pixel
resolution as mentioned above for 557.7,630.0, and 777.4 nm, respectively. In a recent study [Pallamraju et al.,
2016], this method has been demonstrated to yield neutral gravity wave characteristics (both in space and
time) and the first three-dimensional wave structure in the daytime upper atmosphere had been obtained.

Diurnal distribution of the scale sizes obtained for two sample days, with symmetric and asymmetric diurnal
emission intensity pattern for all the three wavelengths are shown on the two left columns of Figure 5.
Figures 5a-5c/Figures 5d-5f show the diurnal variations of the zonal scale sizes on 30 December 2013/6
February 2014, which were the days with symmetric/asymmetric pattern in the diurnal emission intensity
at all the three wavelengths. The x and y axes show the LT in hours and values of scale sizes in
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Figure 5. Diurnal distributions of the significant zonal scale sizes on two sample days (a-c) with symmetric and (d-f) with asymmetric diurnal emission intensity
patterns are shown. Diurnal distributions of the significant scale sizes are collated for all the days with (g-i) symmetric and (j-I) asymmetric diurnal emission
intensity patterns in all the three wavelengths. Significant differences may be noted in the scale sizes between the days with symmetric and asymmetric diurnal
patterns in emission intensities.

kilometres. Notable contrast exists for the values of zonal scale sizes and their diurnal behavior obtained
between the days with symmetric/asymmetric diurnal pattern in dayglow emission intensities at all the
three wavelengths. The diurnal behavior of zonal scale sizes has been shown for only one sample day
each for symmetric/asymmetric diurnal pattern in Figures 5a-5f. However, it was noted that all the other
days showed almost similar behavior as characterized by the symmetric/asymmetric diurnal behavior.
Therefore, we have overlaid the diurnal distribution of the significant GW scale sizes obtained for all the
days with respect to symmetric/asymmetric diurnal patterns in Figures 5g-5i and 5j-5I, respectively. It is
striking that the pattern of the diurnal distribution of scale sizes is (i) remarkably similar within the days
with symmetric or asymmetric diurnal pattern and (ii) distinctly different when compared with one type
to another in zenith emission intensity pattern.

Table 1 includes summary of the diurnal distribution of zonal scale sizes on both the type of days (either with
symmetric/asymmetric diurnal emission intensity pattern in all the three wavelengths). The contrast is appar-
ent in terms of the magnitudes of the zonal scale sizes and the times at which they exist at a given emission
wavelength between the two types of diurnal emission intensity patterns. The dashed line corresponds to the
nonavailability of significant scale sizes within the observational window of this experiment. As mentioned
above, the ranges of integrated EEJ strengths (A) values on the days (considered for Figures 5g-5I) with
symmetric/asymmetric diurnal emission intensity pattern are 64-196/124-295 nTh. This points to the impor-
tant role of the EEJ strength in all these days.
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At the emanation altitude of 777.4 nm emission, on all the days (either with symmetric or asymmetric diur-
nal emission intensity pattern), waves with scale sizes greater than 200 km were present, mostly during
noon which seem to be decreasing gradually toward afternoon hours (Figures 5a, 5d, 5g, and 5j).
However, on the days with asymmetric diurnal emission intensity pattern, larger- and smaller-scale sizes
of around 300 and 50 km are also seen in the forenoon and noon hours (Figures 5d and 5j), which are absent
on the days with symmetric diurnal emission intensity pattern (Figures 5a and 5g). From Figures 5b and 5h it
is clear that at 230 km altitude, on the day with symmetric diurnal emission intensity pattern, larger-scale
sizes (>200 km) are present only during forenoon hours and seem to be increasing toward noon time with
around 500 km on some days. It is possible that the scale sizes are increasing in magnitudes in the afternoon
hours and going well beyond the spatial extent of 600 km possible in the present experiment. Waves of
scale sizes >200 km and ~50 km are present during forenoon hours on the days with symmetric diurnal
emission intensity pattern (Figures 5b and 5h), whereas these are absent on the days with asymmetric diur-
nal emission intensity pattern (Figures 5e and 5k). The presence of waves with smaller-scale sizes of around
120 km is clearly noticeable on the days of both types of diurnal emission intensity pattern (Figures 5h and
5k). At 130 km altitude scale sizes of GWs of around 100 km are seen in forenoon which increase during
noon time and then gradually decrease with time on the days with symmetric diurnal pattern (Figure 5i).
Contrary to this, on the days with asymmetric diurnal pattern, larger-scale sizes of around 270 km are
present during forenoon hours. Also, on the days with asymmetric diurnal pattern, the spread in the values
of significant scale sizes is clearly seen during afternoon (Figure 5l). The 557.7 nm dayglow emission has
contributions from both lower thermosphere and higher above (F region). The lower altitude contribution
is mostly affected by the wave activities from the mesosphere/lower thermospheric regions, while the
higher one gets affected by equatorial electrodynamics as well. Hence, on the days with asymmetric diurnal
pattern, as the equatorial electrodynamics is stronger, the F region contribution to the Ol 577.7 nm dayglow
could be significant and time varying, which could give rise to the observed values of multiple zonal scale
sizes during afternoon hours.

Even though the three dayglow emissions considered in the present work emanate from different altitudes
and have different production mechanisms, the broad pattern of presence of waves with larger-scale sizes in
the forenoon/noon hours of a day with symmetric diurnal pattern (Figures 5g-5i) and of relatively smaller-
scale sizes in the afternoon on days with asymmetric diurnal pattern (Figures 5j-5I) is clearly noticeable, espe-
cially for 630.0 nm dayglow emission intensities. It is to be emphasized here that the days with symmetric and
asymmetric diurnal pattern in zenith intensities are irregularly spaced in the duration of December 2013 to
March 2014. Thus, it is striking to note that in spite of these belonging to different months, the diurnal distri-
butions in the zonal scale sizes on all the days with symmetric diurnal pattern follow a similar configuration.
Similar is the case for days with asymmetric diurnal pattern as well. This indicates that the neutral wave
dynamics is mainly influenced by the strength of the equatorial electrodynamics and follows a broad order
in the upper atmosphere.

As has been shown above, optical dayglow emissions over low-latitude regions are sensitive to the equatorial
electrodynamics and display zonal variations. On the days with symmetric diurnal pattern of the dayglow
emission intensities, the time periods of waves in a separation of 3°-8°in longitudes are found to be coherent.
Contrary to this, on the days with asymmetric diurnal pattern in the zenith intensities the coherency in time
periods over these longitudinal separations is poor. Moreover, the diurnal distribution of the zonal scale sizes
of GWs also shows differences with respect to these two types of diurnal emission intensity patterns. Such
contrasting behavior of time periods and scale sizes implies a clearly different behavior in the neutral wave
dynamics on these two types of days. To further investigate the behavior of the wave dynamics, information
on the propagation characteristics of the waves at each altitude has been obtained. In order to do that, the
power of the statistically significant scale sizes of GWs at a given time is selected by centring a band-pass filter
at the peak of the dominant scale size with widths of 22, 40, and 50 km for 557.7, 630.0, and 777.4 nm, respec-
tively. Inverse Fourier transform is carried out on the selected scale sizes to obtain the corresponding inten-
sity modulations. The positions of crests/troughs as seen in the emission intensities are laid one-next to the
other as a function of time to be able to track the movement of the wave. This procedure to obtain the
keogram by tracking the modulations in intensities with time is explained in detail in Pallamraju et al.
[2016]. The keogram analyses have been carried out on the days in which all the three dayglow emissions
show a common type of diurnal pattern (i.e., either symmetric or asymmetric). Figure 6 shows the
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Figure 6. (a-1) Contours of the normalized relative dayglow intensity variations obtained using band-pass filter centred at the dominant scale sizes on four sample
days that were considered for periodgram analyses (in Figure 2) are shown. The values of the normalized relative intensity are shown in the bar on the right-hand
side. Figures 6a-6f/Figures 6g-6l show symmetric/asymmetric diurnal dayglow emission intensity pattern in all the three emission wavelengths. Contrasting
characteristics in the zonal propagation of waves can be seen the days with symmetric/asymmetric diurnal pattern.

keograms on four sample days that were considered for periodgram analyses shown in Figures 2, 3, and 5.
The x and y axes show the zonal distance from zenith in kilometer and LT in hours, respectively. The
differing extents in zonal distances covered at each emission wavelengths may be noted. Positive/negative
values of the distance correspond to the eastern/western directions with respect to the zenith. The
normalized relative intensity is shown as contours, and their values are represented by the color bars on
the right-hand side of the figure. The gaps in the figures at some times are due to the absence of
statistically significant scale sizes in the GWs at those times as seen from the wave number spectral
analysis. To follow the propagation of waves, black/violet lines have been drawn (to aid the eye) that join
the crests/troughs with respect to time. The dotted lines are drawn to show the most probable movement
of the GWs with time when the power of the scale sizes is found to be below the FAL.

On days with symmetric diurnal pattern, westward movement of the zonal component of GWs is seen at the
altitude of 777.4 nm dayglow emission (Figures 6a and 6d). At 230 km (emission height of 630.0 nm dayglow)
and 130 km (altitude of 557.7 nm dayglow emissions), no significant movements of the crests and troughs are
noticed. They seem to follow a standing wave type of pattern throughout the day (Figures 6b and 6c). On the
second day as well, such standing wave type of pattern in the waves is clearly noticed (Figures 6e and 6f). A
uniform pattern of waves without any significant zonal movement of the wavefronts on the days with sym-
metric diurnal pattern indicates to a systematic and uniform behavior in the dynamic processes over large
spatial extent and the absence of zonal differences within the spatial coverage possible in this experiment.
On the days with asymmetric diurnal pattern, thermospheric neutral waves at 777.4 nm emission altitude
show a westward propagation (Figures 6g and 6j) similar to the days with symmetric diurnal pattern. The
behavior of the GW propagation at the top most layer of the F region as measured by Ol 777.4 nm dayglow
emission seems to be mainly westward on all the days, most probably due to the existence of strong daytime
westward winds at this altitude. At 230 km altitude, the crests/troughs toward east of zenith move eastward
and those toward the west move westward (Figures 6h and 6k). This kind of movement of waves in 630.0 nm
emission was seen on other days as well, as reported in one of our earlier works [Pallamraju et al., 2016]. The
cause for such behavior is under investigation. On the days with asymmetric diurnal pattern, the waves at
130 km altitude show an eastward propagation (Figures 6i and 6l). It is interesting to note that the movement
of the crests and troughs is significantly different after 13 LT at both the emission altitudes of 630.0 and
557.7 nm dayglow emissions. Moreover, at different longitudinal regions the gradients of the change in pro-
pagation direction of the waves are also different. This type of spatially varying direction of propagation of
waves in forenoon and afternoon clearly indicates to the different nature of the processes and dynamics that
are prevalent at the respective longitudes.
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4. Discussion

The neutral wave dynamics in the thermosphere show different behavior on the days with
symmetric/asymmetric diurnal pattern in the optical dayglow emission intensities. Analyses of the data
obtained over a large spatial distances show significant differences in terms of (i) the
existence/nonexistence of coherent time periods, (ii) dissimilar diurnal distribution of the zonal scale sizes,
and (iii) varying propagation characteristics of the zonal wavefronts on the days with symmetric/asymmetric
diurnal pattern. All these distinct features confirm the existence of longitudinal variations in wave dynamics
in the thermosphere in smaller (3°-8°) longitude spatial extent. The magnetic declination angles and magni-
tudes of magnetic field strengths do not vary within the zonal separations considered in this study. Hence,
the differences in the zonal component of the neutral thermospheric waves as seen in the optical dayglow
emissions at multiple wavelengths are most likely due to the differences in the equatorial electrodynamic
processes along the respective longitude sectors. Changes in the magnitudes and directions of the thermo-
spheric neutral wind, if any, can also bring about such small-scale zonal variations of the wave dynamics.
Moreover, the effect of localized wind shears in bringing about change in the wind structure and thereby
affecting the waves cannot be neglected, especially for the lower altitude emissions at 557.7 nm. During
December/January when equatorial electrodynamics is weaker [Karan et al., 2016], the coherency in GW time
periods were found to be more, indicating the absence of longitudinal variations in the 3°-8° longitudes. On
the other hand, during March, the equatorial electrodynamics is stronger and the coherent GW time periods
along these longitudinal separations are observed less frequently suggesting to a possible existence of long-
itudinal differences in the neutral wave dynamics. This could be due to stronger wave activities during equi-
noxes. In this background it is striking to note that the diurnal pattern in the zenith Ol optical dayglow
emission intensities, which are a part of the overall upper atmospheric system indicates as to whether long-
itudinal differences exist or, not.

These new results presented here hold lot of promise on various aspects of the coupling of atmosphere that
vary as a function of time. In this work we have considered only the days when all the emission intensities
showed a common type (i.e., either symmetric or asymmetric) of diurnal pattern. However, there are days in
which a couple of emission wavelengths show symmetric/asymmetric diurnal pattern while the remaining
one shows an opposite behavior. Characterization of the dayglow emission intensity data on these days will
provide information on the nature of intercoupling among thermosphere at different altitudes. Further,
small-scale variations in the wave features could also be due to structures in the density distribution over
space, which can vary with time. Also, there are cases when the distribution of the scale sizes on the days
with symmetric/asymmetric diurnal pattern showed a behavior similar to that on the days with
asymmetric/symmetric diurnal pattern. These days are found to be relatively geomagnetically active among
all the days considered and, hence, are not included in the present work. This indicates a positive response
of low-latitude thermospheric neutral GWs to the geomagnetic activities. Further, it is to be kept in mind
that in this study the focus had been on the zonal component of the GWs. However, GWs are three dimen-
sional in nature with different projections in zonal, meridional, and vertical directions [Pallamraju et al.,
2016]. In this case, for zonal propagation, when the zonal scale sizes are seem to be varying with time, it
is also possible that the direction of propagation is changing. For that investigation near-simultaneous infor-
mation of dayglow variations along both zonal and meridional directions is required. Such data were
acquired in campaign mode and the results of which will be presented separately.

For the sake of completeness, we have looked at results, if any, of smaller-scale size zonal variation in the pub-
lished literature. Many of the all-sky measurements reported in the literature [e.g., Shiokawa et al., 2009; Taylor
et al., 1995; Nakamura et al., 1998; Makela et al., 2013] do not show the existence of longitudinal differences.
This is probably because the all-sky images of the nighttime ionosphere over low- and equatorial-latitudes
are dominated by the significant feature of the movement of plasma bubbles (with greater occurrence in
high solar activity and during equinoxes), and the smaller-scale feature, if any, are masked. During geomag-
netic disturbances the zonal variations could be due to shears in the zonal plasma flow in the equatorial- and
low-latitude regions [e.g., Sekar et al., 2012] or due to prompt penetration electric field [Basu et al., 2001;
Chakrabarty et al., 2015]. However, in this work we present the results on the existence of longitudinal
differences in equatorial electrodynamic processes during geomagnetic quiet periods. The lower
thermospheric/mesospheric emissions of Ol 557.7 nm in the nighttime is governed mainly by the lower
atmospheric forcing with waves of different scale sizes moving in different directions [e.g., Taylor et al., 1995].
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To the best of our knowledge, no result exists in the literature that describes a longitudinal difference as pre-
sented in this work.

In the present study the longitudinal differences within 3°-8° separations present in the daytime seem to be
mainly due to zonal differences in the EEJ strengths. As the equatorial electric field is electrostatic in nature

(i.e, V x E = 0), any changes in the value of E at certain longitude give rise to changes of E at other long-

itudes around the globe so as to maintain the I?.dl = 0 condition. Thus, the possibility of existence of
changes in the EEJ strengths in such small separations seems to be the cause of longitudinal variations
observed in this study. The fact that the integrated EEJ strengths play a distinct role in influencing the diurnal
emission intensity pattern in the dayglow as shown in Figure 4 adds credence to this conclusion arrived at. To
the best of our knowledge, these experimental results that suggest to the possible existence of dissimilarities
in the equatorial electric fields in the daytime in such short separations of 3°-8° longitudes are first of their
kind. Information as revealed in the present experiment has great potential in forming inputs to regional-
and global-scale dynamical models.

5. Conclusion

Optical Ol dayglow emission intensities were obtained over a large FOV along the zonal direction from a
geomagnetic low-latitude station. Periodgram analyses were carried out on the dayglow emission intensity
variability obtained in the west, zenith, and east directions to investigate the periodicities in them. The
presence/absence of coherent time periods in these three directions suggests to a common/different source
driving the wave features indicating the nonexistence/existence of longitudinal differences in the wave fea-
tures within this spatial extent. From the zenith intensity measurements it was found that the coherent time
periods are present/absent on the days with symmetric/asymmetric diurnal dayglow emission intensity pat-
tern. The nonexistence of coherent time periods on the days with asymmetric diurnal pattern was attributed
to the stronger equatorial electrodynamics, which seems to show variations even within an ~3° longitudinal
separation. This gives a clear and broader picture of the coupling processes between equatorial electrody-
namics and off-equatorial neutral wave dynamics. Moreover, the gravity wave features in terms of zonal scale
sizes and propagation directions also show different behavior on the days with symmetric and asymmetric
diurnal dayglow emission intensity pattern. The high spatiotemporal resolution measurements at three
optical dayglow emissions emanating from different altitudes revealed, for the first time, that there exist
longitudinal differences of the equatorial electrodynamic processes in as small a separation as 3°in longitude.
Such longitudinal differences observed over such short separations in the neutral wave features and electro-
dynamic processes over low-latitude thermosphere provides new insights into the understanding of the intri-
cacies of the upper atmospheric dynamical processes regionally as well as globally.
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