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Abstract

The upper atmosphere of the Earth is influenced by incoming solar radiation
(UV, EUV, and X-rays) and by secondary effects like waves from the lower at-
mosphere. The EUV radiation is absorbed above about 100 km altitude of the
Earth’s surface by atomic and molecular constituents resulting in their excitation
to higher energy states. These excited species while returning to their respec-
tive ground states give rise to radiations, which are called dayglow (or daytime
airglow). Chemically excited atmospheric species can also contribute to dayglow
emissions. The intensity of these dayglow emissions depends on the number den-
sities of the reactants and on the temperature. The distribution in densities of
the reactants can be affected by the waves, thereby leading to the variations in
the intensities of the dayglow emissions. Thus, the dayglow measurements pro-
vide an effective means to investigate the upper atmospheric dynamics, which are
influenced by both solar flux variations and lower atmospheric processes.

Solar activity changes due to its internal dynamics giving rise to variations
of different periods ranging from hours to years. The lower atmospheric waves
are excited by topography, convection, etc., and in the presence of stable atmo-
sphere they can propagate to the upper atmospheric altitudes. In this study
we characterize various types of coupling processes in the atmosphere and their
variations with waves and solar activity. The main data set that has been used
in this work has been retrieved using Multiwavelength Imaging Spectrograph us-
ing Echelle-grating (MISE). MISE is a unique instrument capable of obtaining
daytime sky spectra at high-spectral resolutions over a large field-of-view. From
such spectra of MISE oxygen dayglow emission intensities at 557.7 nm, 630.0 nm,
and 777.4 nm wavelengths have been obtained. In addition to oxygen dayglow
emission intensities, data sets of ionospheric total electron content (TEC), zonal
mean winds and temperatures from the stratosphere to the lower thermosphere,
and the equatorial electrojet (EEJ) strengths have been used.

In this thesis, it has been shown that the lower atmospheric influence on the
upper atmosphere through waves is affected by solar activity. This is because

the latter is responsible for the alteration of the atmospheric background condi-
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tions on which wave propagation and dissipation depend. From an investigation
of the oscillations of planetary wave regime in dayglow and other atmospheric
parameters at three different levels of solar activity, it has been shown that the
vertical coupling of atmospheres through these waves is solar activity dependent.
It is proposed that: (i) the effect on upper atmospheric dynamics due to lower
atmosphere exists at least until the average sunspot number (SSN) is < 35, (ii)
there is a transition from the lower atmospheric forcing to mixed behavior be-
tween average SSNs of 35 to 52, and (iii) another transition from mixed effects to
those of purely solar origin occurs between SSN values of 52 to 123. Further, in
this thesis it has also been shown that even during high solar activity period if a
sudden stratospheric warming (SSW) event occurs then the vertical coupling is
enhanced, as the SSW related processes provide additional energy to enable this
coupling.

A statistical study of gravity waves present in the thermospheric altitudes
is made using the three dayglow emissions and the EEJ strength data obtained
during the years 2011 to 2013. The gravity waves are found to be present in higher
numbers in the thermosphere during higher solar activity of 2013 compared to
2011, which is attributed to a reduction in dissipation in the lower thermosphere
during higher solar activity epoch.

Investigations using long-term data sets of EEJ and TEC revealed that the
vertical coupling during SSW events depends on the strength of the SSW. Also,
the interaction between quasi-16-day planetary waves and semi-diurnal tides has
been found to be very strong for the strong major SSW events. In an another re-
sult, using both ground- and satellite-based optical remote sensing measurements,
a new circulation cell in the mesosphere-thermosphere system has been shown to

exist during SSW events, which has been alluded to in previous modeling studies.

Keywords: Atmospheric coupling, Dayglow, Ionosphere, Upper atmosphere,
Sudden stratospheric warming, Sun-Earth interaction, Gravity waves, Planetary

waves.



Contents

[Acknowledgements|

[Abstractl

Contents

[List of Figures|

[List of Tables|

(I__Introduction|

(1.1 Background| . . . . . ... ... ... oo

(1.2 Atmospheric Structure and Nomenclature, . . . . . .. . ... ..

(1.3 Atmospheric Waves| . . . . . . . . ... ... ... ...

[1.3.1  Gravity Waves| . . . . . . . ... ... ... ... ...,

[1.3.2  Planetary Waves| . . . . . . ... ... ... ... .....

(1.4 Sudden Stratospheric Warmingl . . . . . . . ... ... ... ...

[1.5 Atmospheric Coupling| . . . . . . ... .. .. ... ... .....

[1.5.1  Vertical Coupling| . . . . . . ... ... ... ... .....

[1.5.2  lTonospheric E- and F-Region Couplingf . . . . . ... ...

(1.5.3  Thermosphere Ionosphere Couplingf . . . . . . ... .. ..

[1.5.4  Latitudinal Couplingl . . . . . . .. ... ... ... ....

(1.6 Solar Influence on the Upper Atmosphere/. . . . . . . . . . . ...
(1.7 Summary| . . . ... ..

vii

Tt W N



viii CONTENTS
(.9 Overview of the Thesisl . . . . . . .. .. ... ... ... .. ... 33

2 Experimental Techniques and Datal 35
2.1 Introductionl . . . . . . . . . ... 35
[2.2  Briet Background on Dayglow Measurements/ . . . . . . . ... .. 36
[2.3  Production Mechanisms ot Dayglow| . . . . . . ... ... ... .. 39
[2.3.1 Ol 557.7 nm or Oxygen Green Line| . . . . . . .. ... .. 40

[2.3.2 Ol 630.0 nm or Oxygen Red Linef . . . . . . ... .. ... 43

33 OI7TMA4nmLind . . . . . . .. ..o 45

[2.4  Multiwavelengh Imaging Spectrograph using Echelle grating (MISE)| 46
[2.4.1 Components of MISE{. . . . . ... ... ... ... .... 46

[2.4.2  Commissioning of MISE at Field Station| . . . . . . . . .. 53

243 Calibration of MISEl . . . . .. ... ... ... ... ... 54

[2.4.4  Dayglow Emission Intensity Extraction| . . . . . . . . . .. 58

[2.4.5  Error Estimation in Dayglow Signals| . . . . . . .. .. .. 62

[2.4.6  Validation of Emission Intensities Obtained by MISE|[ . . . 64

2.5 Other Datasets] . . . . . ... ... ... ... ... 66
[2.5.1 Equatorial Electrojet (EEJ) . . . . . ... ... ... ... 66

[2.5.2  Total Electron Content (TEC)[. . . . ... ... ... ... 67

[2.5.3 TIDI Wind and SABER Temperaturef. . . . . . . . .. .. 71

[2.6  Summary| . . ... 73

[3 Time Series Analysis Methods| 75
(3.1 Introductionl. . . . . . . . . ... 75
[3.2  Time Series Analysis| . . . . . .. ... oL 76
[3.2.1  Fourier Analysis[. . . . . . . ... ... oL 76

[3.2.2  Lomb-Scargle Analysis| . . . . .. ... ... .. ... ... 78

[3.2.3  Wavelet Analysig . . . ... ... ... ... 83

(3.3  General Discussionl . . . . . . .. ... Lo 91
[3.4 Summary| . .. ... 93

4 Dependence of Vertical Coupling on Solar Activity| 95
[4.1  Backeground . . . ... .. ..o o 95




CONTENTS ix

4.2 Longer Period Waves (Planetary-Scale)| . . . . . . ... ... ... 96
[4.2.1 Introductionl. . . . . . .. . .. ... 96

422 DatadSetl. . ... ... oo 98

4.2.3  Results and Discussion| . . . . . .. ... ... ... ... 100

[4.2.4  Conclusion: Longer Period Waves| . . . . . . .. ... ... 111

4.3 Shorter Period Waves (Gravity Waves)| . . . . .. ... ... ... 112
4.3.1 Introductionl. . . . . ... ... .o 112

[4.3.2  Data Description| . . . . . . ... ... ... ... ... 115

4.3.3  Results and Discussion| . . . . . .. .. ... .. ... ... 117

[4.3.4  Conclusion: Shorter Period Wavesf. . . . . . .. ... ... 124

4.4 Summary| . . ... .. 125

[> Dependence of Vertical Coupling on Strength of SSW| 127
[>.1 Background| . . . .. ... ... 127
B2 DataSetl . . . . . . . . 132
[>.3  Analysis Methodology| . . . . . ... ... ... ... ... ..., 133
b.4 Results and Discussionl . . . . . . .. .. ... oo 135
[5.5 Summary| . . ... 141

[6 Mesosphere-Thermosphere Circulation During SSW]| 143
[6.1 Background . . . . .. ... ..o o 143
(6.2 SSW Events in 2010, 2011, 2012, and 2013] . . . . . . . . .. . .. 145
6.3  Measurements and Observations . . . . . . . ... ... ... ... 146
6.4 Results and Discussionl . . . . . . .. .. ... .. 0oL 150
(6.5 Summary| . .. ... 158

[7 Summary and Future Scope| 159
[7.1  Summary| . . . .. ... 159
[7.2  Future Scopel . . . . . . ... 162
(Bibliography| 165

[List of Publications| 189



CONTENTS

193



List of Figures

[1.1 Classifications of the atmosphere] . . . . . . . ... ... ... ..

(1.2 Types of waves in the atmosphere| . . . . . . . . ... . ... ...

[1.3  Dispersion diagram of gravity waves|. . . . . . . . . .. ... ...

[1.4  Stability conditions in terms of temperature distribution.| . . . . .

[1.5 The non-linear wave breaking scheme| . . . . . . . . ... ... ..

[1.6 Perturbation vorticity field and induced velocity field . . . . . ..

[1.7  Laboratory simulation of Rossby waves| . . . . . . ... ... ...

[L.8 Schematic of the atmospheric/oceanic lunar-tide| . . . . . . . . ..

[1.9  Barometric variation at equatorial- and mid-latitudes| . . . . . . .

[1.10 Hough functions for semi-diurnal and diurnal tides|. . . . . . . . .

(I.11 NCEP/NCAR reanalysis arctic temperature & wind at 10 hPal . .

[1.12 Seasonal variation of arctic stratospheric temperatures at 10 hPaf.

[1.14 Schematic of wave dynamics in the atmosphere] . . . . . . . . ..

[1.15 Zonally averaged temperature anomalies| . . . . . . .. ... ...

[1.16 Schematic of coupling between E and F regions| . . .. ... ...

[1.17 Simulated electron density contours| . . . . . . ... ... ... ..

[1.18 lonogram with spread-F| . . . . . .. .. ... ... ... ... .

[1.19 Sunspot number variation during solar cycle 23 and 24 . . . . . .

[1.20 Tonospheric and thermospheric parameters w.r.t. solar activity| . .

2.1  Oxygen energy level diagram|. . . . . . .. ... ... ... ....

[2.2 Ol 557.7 nm volume emission rate observed by WINDII . . . . . .

X1



LIST OF FIGURES

2.4 Chromatic aberration in lenses|. . . . . . . ... .. ... ... .. 49
[2.5  Description of echelle gratingl . . . . . ... ... ... ... ... 49
[2.6  Simulation of diffraction orders w.r.t. wavelength| . . . . . . . .. 51

[2.7  Ray-trace simulation of relative positions of different wavelengths| 52

[2.8  Observational locations over Indian longitudes| . . . . . . . . . .. 53
[2.9  Viewing arrangement for MISE at JNTUH| . . . . .. ... .. .. 54
[2.10 Sample spectral image formed by MISE(. . . . . ... ... . ... 55
.11 Flat field correctionl . . . . . . .. ..o 56
[2.12 Spatial/view angle calibration| . . . . . . .. ... ... ... ... 57
[2.13 Viewing geometry of MISEl . . . . .. ... .. ... ... ... .. 57
[2.14 Details of dayglow emission extraction method|. . . . . . . . . .. 60
[2.15 The scattered sky background from MISEf . . . . .. ... . ... 63

[2.16 Comparison of measured dayglow emission intensity with empirical [

and GLOW model estimates . . . . . . .. ... ... ... .... 65
[3.1  Fourier spectrum of hourly valuesot EEJ| . . . . . . .. .. .. .. 7
[3.2  Lomb-Scargle periodogram ot EEJ with data gaps| . . . . . . . .. 82
[3.3  Box representation of time and frequency resolution of STF'T|. . . 84
[3.4 Description ot Morlet wavelet| . . . .. . ... ... ... ..... 86
[3.5  Morlet daughter wavelets with different scales and translations . . 86

[3.6 Box representation of time and frequency resolutions for Fourier |

STFE'T, and wavelet transtorms . . . . . . . ... .. ... .. ... 87
[3.7  An example of wavelet power spectrum| . . . . .. ... ... 91
[3.8  An example of frequency aliasing| . . . . . . ... ... ... ... 92
A1 Standard score of TEC from southern and northern crestl . . . . . 100
[4.2  The daily dayglow emission intensities at three wavelengths/. . . . 101
[4.3  Daily values ot dayglow, peak-EEJ, TEC, SSN. and SZA|[ . . . . . 102

[4.4  Daily-averaged OI 630.0 nm dayglow emissions obtained from Chile|103

[4.5 Periodograms of atmospheric parameters obtained at different al- [

titudes and of SSNI . . . . ... 105

[4.6  Wavelet spectra of the parameters seen in Figured.5 . . . . . .. 108




LIST OF FIGURES xiii

[4.7  Dayglow emission intensities during the winters of 2011 to 2013[ . 116

[4.8  SSN and DST index during the winters of 2011 to 2013| . . . . . . 116
[4.9  An example of data analysis methods used . . . . . . . ... ... 118
[4.10 Statistics of periodicities obtained for all wavelengths| . . . . . . . 119
[4.11 Modeled gravity wave drag| . . . . . . . . . . ... ... ... ... 120
[4.12 Statistics of periodicities in EEJ| . . . ..o 000000000 121
.1 AH variations over Trivandruml . . . . . .. ... ... ... ... 129
[5.2  Daytime vertical ExB drifts measured over Jicamarca] . . . . . . 130
(5.3 Hourly-binned daily values ot EEJ & its periodograms| . . . . . . 134
[5.4  Contour plot of Lomb-Scargle periodograms of EEJ & TEC, . . . 136

[5.5 Inter-relationship ot Al", SSN, and power of quasi-16-day periods

[6.2  Oxygen dayglow emission intensity variations during SSW events| 147

(6.3 Enhancements in low-latitude Ol dayglow during SSW events . . 148

[6.4 Variations in daily averaged dayglow and lower thermospheric tem-

| perature & wind| . . . ... 150
6.5 Zonal mean T1DI measured meridional windl . . . . . . ... . .. 154
6.6 Model simulation showing enhancement in oxygen density over

| low-latitudes during SSW| . . . . ... ..o 156

(6.7 Schematic of the proposed meridional circulation in mesosphere-

| thermosphere during SSW| . . . . .. .. ... ... 157




List of Tables

[1.1 Some of the important waves present in the atmosphere of the Barth.| 5

[4.1 The total number of occurrences ot gravity waves with frequencies |

(or periods) greater than 0.33 hr™" (less than 3 hrs.) and less than |

that of Brunt-Vaisala frequency at that altitude,. . . . . . . . .. 122

[4.2  Percentage occurrences per bin in the given frequency ranges| . . . 123

[>.1 Some of the atmospheric and solar parameters during the years |

2000-20100 . . ..o 132

XV



	Acknowledgements
	Abstract
	Contents
	List of Figures
	List of Tables

