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Abstract

The present thesis work comprises of the investigations of upper atmosphere using
narrow-band airglow photometers, sodium (Na) lidar, radars and satellite-borne
instruments. Coordinated observations using Na airglow photometers and Na lidar
were obtained from Gadanki (13.5°N, 79.2°E) during March, 2007 which were
supplemented by altitude profiles of ozone concentration and temperature obtained
from SABER instrument on board TIMED satellite. A case study shows that
the measured average airglow intensity on one night (20 March, 2007) is less as
compared to the next night despite Na atom concentration being large. Detailed
analyses reveal that collisional quenching process was responsible for the reduced
airglow intensity on 20 March as, atmospheric pressure at mesospheric height on
that night was found to be larger compared to the next night. Further, on a given
night, it was observed that Na airglow intensity variation matches fairly well with
the Na atom concentration at an altitude situated at around one scale height above
the altitude of maximum Na atom concentration. The analyses suggest that the
altitude variation of the collisional quenching needs to be considered to account
for the observed Na airglow intensity variation.

Systematic measurements using Na airglow photometers were carried out from
Mt. Abu (24.6° N, 72.7° E) and Gadanki during cloudless and moonless nights of
winter and equinoctial months during 2006-2009 in order to derive the periodicities
of gravity waves. The analyses using mesospheric temperature and horizontal
wind, obtained from TIMED and TIDI onboard TIMED satellite, nearly over both
the places reveal the occurrence of convective and dynamical instabilities within
Na airglow layer on a few occasions. The power spectra of Na airglow intensity
variations indicate that the dominant periods, on those observational nights are
significantly less in comparison with the cases where the instabilities occurred much
beyond the Na airglow layer suggesting the possibility of breaking of gravity waves
into smaller-scale sizes in the former cases.

Some of these of gravity wave modes penetrate through the mesopause layer
and reach thermosphere-ionosphere system. These gravity waves may act as a seed

perturbation to generate plasma bubbles during post sunset hours which evolve in
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space and time. During post mid-night hours, these plasma bubbles become non-
evolutionary and drift with the background wind and are known as fossil bubbles.
However, on a few occasions, these may be observed to be reactivated by the neu-
tral winds and can be captured by coordinated VHF radar and 630.0 nm airglow
photometric measurements. One such case in support of this proposition is re-

ported in the present thesis.

Keywords

Sodium Atom, Sodium Airglow, Mesosphere, Collisional Quenching, Mesopause,
Gravity Waves, Convective and Dynamical Instabilities, Equatorial Spread F, Ac-
tive Fossil Bubble
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Chapter 1

Introduction to Earth’s Upper
Atmosphere

1.1 Earth’s Atmosphere

The Earth’s atmosphere is the gaseous envelope surrounding the globe, which pro-
tects life on Earth by absorbing high energy radiation from space. Based on the
composition and distribution of different gases in the Earth’s atmosphere, it can be
divided into two regions as homosphere and heterosphere. Homosphere is the part
of the atmosphere that is dominated by turbulence and as a consequence, all the
species are homogeneously mixed up. The major gaseous components within ho-
mosphere is molecular nitrogen (N3) (78% by volume) and molecular oxygen (O,)
(21% by volume). The overall scale height of the homosphere is mainly governed
by Ny and the mean molecular mass more or less remains constant. Homosphere
extends up to turbopause (~100 km) beyond which turbulence ceases and molecu-
lar diffusion takes over. This region of atmosphere is known as heterosphere where
the vertical distribution of different species depends on their own masses and hence
the scale height of individual species is different.

The density and pressure of the atmosphere decrease exponentially with the
altitude. However, the variation of temperature is dissimilar at different altitude

regions of atmosphere depending upon the thermal processes.
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1.2 Thermal Structure of the Atmosphere

Based on the temperature variation of neutral species with altitude, the Earth’s

atmosphere is classified into several layers.
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Figure 1.1: The altitude variation of temperature and concentration of neutral species in Earth’s
atmosphere. The inset figure shows the altitude distribution of ionized species (Compiled from

different sources, courtesy: Pallamraju, 1996).

The lowest layer is called Troposphere, which is denser than any other layer
of the atmosphere. This region of the atmosphere mostly controls weather and
it ends at tropopause at a height of ~8 km at pole and ~16 km at equator.
The troposphere contains more than 75% of the total atmospheric gases. The
temperature decreases at the rate of ~6.5 K/km and the temperature at tropopause

is ~220 K at pole and ~190 K at equator.
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The temperature, beyond tropopause, increases with altitude up to stratopause
(~55 km) where temperature may reach ~270 K. This region of atmosphere is
known as Stratosphere. The presence of ozone molecules is the primary cause
for this increase in temperature as it absorbs solar ultraviolet radiation and plays
a vital role in preventing the harmful solar ultraviolet radiation from reaching the
surface of the Earth.

In the region beyond stratopause, temperature again decreases and this layer is
known as Mesosphere. The temperature in mesosphere is less due to lack of heat-
ing mechanism and radiative cooling mainly by hydroxyl molecules. Mesopause
(~85-95 km) is the coldest region in the Earth’s atmosphere where temperature
can be as low as ~160 K. It is the layer where most meteors ablate upon entering
the atmosphere.

Beyond mesopause, temperature again increases with altitude and may reach
800-1500 K depending on day, night, season and solar epoch. This part of upper at-
mosphere is known as Thermosphere which extends up to ~600 km. The increase
in temperature occurs due to absorption of solar extreme ultraviolet radiation by
ambient molecules. Ionization of molecules by energetic solar radiation produces
a layer of plasma consisting of free electrons and ions. These plasma layers inter-
act differently with the Earths magnetic fields. This region of the atmosphere is
strongly influenced by the variations in solar activity.

Exosphere is the region beyond thermosphere where temperature remains
nearly constant with altitude. As the ambient density is significantly low, the
mean free path of each molecule drastically increases. The exosphere is mainly

composed of Hydrogen (H) and Helium (He).

1.3 Mesosphere and Lower Thermosphere

Mesosphere and Lower Thermosphere (MLT) is one of the least explored regions in
the Earth’s atmosphere. This region is substantially altered by the dynamical phe-
nomena like atmospheric gravity waves, tides, planetary waves, etc [e.g. Krishna
Murthy et al., 1992; Rajaram and Gurubaran, 1998; Gurubaran and Rajaram, 1999;
Sridharan et al., 2002; Vineeth et al., 2005; Pant et al., 2007; Kumar et al., 2008|.
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The atmospheric gravity waves [Hines, 1960] are mostly generated in the lower
atmosphere and propagate to the upper atmosphere. The propagation and dissi-
pation of these waves modulate the neutral density and temperature in the MLT
region. These atmospheric gravity waves are generated by processes like thermal
forcing, lightning, wind flow over a mountain etc. and Earth’s gravity acts as a
restoring force in the propagation of these waves. In course of its upward prop-
agation, these waves carry energy and momentum. In order to conserve energy,
its amplitude grows exponentially with the altitude and reaches a stage where it
cannot grow further and breaks into smaller scales. In the process of breaking
they deposit energy and momentum to the ambient medium. It is recognized that
these waves make significant contributions to the thermal and momentum budgets
of the upper mesospheric region [Lindzen, 1981]. Considerable amount of total
heat budget of mesosphere is contributed by gravity waves [Killeen and Johnson,
1995]. Thus, the dynamical condition of MLT region is strongly controlled and
modified by these waves. Mesopause, being the interface between mesosphere and
thermosphere, acts as a filter for various gravity wave modes. Mesopause can be
found at the altitude of around 100 km [e.g. Venkat Ratnam et al., 2010] over low
latitudes. This has important consequences in deciding the gravity wave modes
reaching thermosphere that play a significant role in the coupling between middle
and upper atmosphere [Guharay, 2009].

Systematic investigation on gravity waves can be carried out using tracers such
as metallic atoms concentration, airglow emission intensities, etc in the MLT re-
gion. The passage of gravity waves modulates the metallic atoms and airglow layer
and hence the quasi-periodic fluctuation in the physical parameters associated with
the medium caused by the waves can be investigated to derive the gravity wave
modes. Thus, systematic measurements of metallic atoms and airglow emissions in
MLT region is necessary to characterize gravity waves that have significant impacts

on the dynamics and energetics of MLT region.
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1.3.1 Metal Layers in the MLT Region

The occurrences of thin layers of metals have been observed in the altitude region
of 80 to 105 km and meteoric ablation is known to contribute to the generation of
these metallic layers. The major metallic constituents [Mason, 1971] of meteorites
are:Magnesium (Mg) 12.5 %, Iron (Fe) 11.5%, Aluminum (Al) 1.7%, Nickel (Ni)
1.5 %, Calcium (Ca) 1.0% and Sodium (Na) 0.6 %. Several metal atoms such
as Sodium (Na), Potassium (K), Iron (Fe) and Calcium (Ca) have been observed
by the ground based remote sensing technique like LIDAR (LIght Detection And
Ranging). Typical altitude profiles of these metallic atoms are given in Figure 1.2.
These metals exist as free atoms within the altitude region of 80 to 100 km. The
ozone (Oz) molecules oxidize metal atoms to metal oxides and form a variety of
compounds such as hydroxides, carbonates, and bicarbonates. The atomic oxygen
(O) and associated with atomic hydrogen (H) reduce these compounds back to
metal atoms [Plane, 2003a].

Above 100 km, the metals become ionized by charge transfer with the increas-
ing levels of E region ions such as NO* and OF. Metallic ions are also formed
directly in the lower thermosphere via hyperthermal collisions during meteoroid
ablation below 100 km. The presence of metallic ions in the form of layers have
been reported in the altitude region of 85 to 130 km using mass spectrometric
measurements over different latitudes [e.g. Narcisi and Bailey, 1965; Goldberg et
al., 1974; Sridharan, 1983]. Figure 1.3 shows a typical nighttime profiles of metallic
ion layers in MLT region over Thumba, India measured using mass spectrometer

onboard a sounding rockets.
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Figure 1.2: Vertical profiles of the annual mean concentrations of Fe, Na, K, and Ca measured

by lidar at a number of mid-latitude locations (After Plane [2003a]).

Neutralization of these metallic ions can occur through radiative recombination
with electrons. In addition, the ions can recombine with molecules like HyO, CO,,
Ng, Oy, etc to form complex ions and can undergo dissociative recombination with

electron to form neutral atoms.
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Figure 1.3: Observed distribution of positive metallic ions over Thumba (After Goldberg et al.,

[1974]).
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The relative abundances of the metal atoms in MLT region are quite different
from their relative abundances in meteorites. For example, the atomic calcium is
depleted more in comparison with atomic sodium [Williams, 2002]. These met-
als also exhibit different seasonal behavior. The integrated column densities of
all the metals peak in early winter. Sodium and iron have a mid-summer min-
imum, whereas calcium and potassium have a secondary mid-summer maximum
and hence little seasonal variation [Plane, 2003b]. These differences in the relative
concentrations in the atmosphere to their parent sources (meteors) are due to the
combination of differential ablation (for example, the least volatile metal, calcium,
is ablated around 10 km lower in the atmosphere than sodium) and differences in

the gas-phase chemistries controlling the layers [Plane, 2003b].

1.3.2 Sources of Metals in the MLT region

The sources of mesospheric metals in MLT region were initially believed to be
due to the release during the day by thermal evaporation and photo-sputtering
of chloride. The postulated origin of metals includes sea-salt aerosols, volcanic
debris, and particles formed from the condensation of refractory species produced
during meteoric ablation. However, in recent times, strong evidences of direct ab-
lation of incoming meteoroids have been obtained and believed to be the major
source of the mesospheric metals. As discussed in Plane [2003a], these evidences
include sporadic enhancements in the total column abundance of sodium during
meteor showers, and the direct observation of metal deposition in short-lived me-
teor trails using high-resolution lidar [Kane and Gardner, 1993; von Zahn et al.,
1999; Pfrommer et al., 2009].

The ablation of interplanetary dust particles deposits several tonnes of a variety
of metals into the Earth’s upper atmosphere. The daily input of meteoric material
into the atmosphere had been estimated to be around 44 tonnes using observations
by meteor radar. As discussed in Plane [2003a], most of the incoming meteoric
mass is in the form of interplanetary dust particles in the mass range of 1-1000
pug (median mass 10 pg), with a radius range of 50-500 pum (median radius 100

pum). It should be noted that particles which originate within the solar system
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must have entry velocities that range from 11.5 km/s to 72 km/s. The lower limit
is the escape velocity for a particle leaving Earth and is the lowest velocity that
a particle falling towards the Earth can have. The uppermost limit is the sum of
two components, a 30 km/s associated with the velocity of Earth itself around the
sun and a 42 km/s associated with the maximum velocity of a meteor (the escape
velocity of a particle leaving solar system is 42 km/s) [Sridharan, 1983]. Due to
their very high entry velocities, meteoroids undergo rapid frictional heating by
collision with air molecules, and their constituent minerals subsequently vaporize.
The frictional heating produces temperature around 2000 K that causes about half
of the meteoric material entering the atmosphere to ablate in the altitude region

of 80 to 100 km, providing a direct source of metal atoms and ions [Plane, 2003a).

1.3.3 Measurements of Meteoric Metals

Systematic measurements of metallic layer are carried out using lidar technique
with excellent altitude and temporal resolutions. The first quantitative measure-
ments of metal atoms were made using ground-based photometers. The photome-
ters measure the intensity of the resonance lines from the spectroscopic transitions
of metal atoms such as Na, K, Fe and Ca™ ions excited by solar radiation [e.g.
Blamont et al., 1958; Hunten, 1967]. A large scattering cross-section is needed
in order to detect their existence as their concentrations are extremely less as
compared to the ambient atmospheric neutral concentration. Photometers were
generally pointed towards zenith during twilight, when the geometrical shadow
height of the Earth (the terminator) was close to mesospheric altitudes. Using
radiative transfer theory, the vertical concentration profiles were derived from the
variation of the emission signal as the terminator passes through the metal layer.

During early 1970s, the photometry technique was superseded as the discov-
ery of tuneable laser sources allowed the development of the resonance lidar (laser
radar) technique that enabled the metallic layers to be observed with better accu-
racy and excellent altitude and temporal resolution [Sandford and Gibson, 1970].
In this technique, a pulsed laser beam is tuned to a strongly allowed spectroscopic

transition of the metallic atom of interest and transmitted into atmosphere. The
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laser pulses transmitted to atmosphere undergo Mie and Rayleigh scattering pro-
cesses respectively due to atmospheric aerosols and molecules particularly in the
lower atmosphere. In the mesosphere, the pulse is resonantly scattered by the metal
atoms and a small fraction of the scattered signal is detected by a ground-based
receiver. The absolute metal concentration at each altitude level in the mesosphere
can be derived based on the returned laser signal with the knowledge of resonant
scattering cross-section of that metal, Rayleigh-scattering cross-section at an alti-
tude where Rayleigh scattering dominates over any other scattering processes.

The lidar studies substantially contributed in understanding of mesospheric
metal chemistry. In order to understand the geophysical significance of these layers,
several model based calculations were carried out [e.g. Plane, 2004] with the
knowledge of the fundamental physio-chemical parameters like rate coefficients
and photolysis cross-sections. These mesospheric metal chemistry was simulated
in the laboratory under suitable mesospheric condition in order to understand
the different phases of the reaction of mesospheric metals with the atmospheric
constituents such as Oz, O, O, H, Hy, HyO and COs in mesosphere [e.g. Plane,
2002].

1.3.4 Observations of Sodium in the MLT Region

The atmospheric sodium was discovered with the measurements of nighttime spec-
tral emissions at wavelength corresponding to sodium D, emission resonance line
[Slipher, 1929]. During late 1930s, it was determined that this emission was related
to the atmospheric neutral sodium atoms and speculation had begun to find out the
source and altitude distribution of sodium [Bernard, 1938a; Cabannes et al., 1938].
Bernard, [1938b] identified the neutral atoms are responsible for 589.0 nm emis-
sion. Dejardin [1938] discussed the origin of sodium atoms in upper mesosphere.

Cabannes et al. [1938] supported the origin to be extraterrestrial.
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Figure 1.4: The principal processes involved in the formation of the mesospheric sodium layer

(After Voelz, [1987]).

Sodium atoms can be found within the altitude region of 80 to 105 km as free
atoms. Meteors ablate sodium into mesosphere and the ablate products get ox-
idized by O3 to form variety of compounds such as hydroxides, carbonates, and
bicarbonates (Figure 1.4). These reactions are, in general, favored below 100 km.
The investigation on the production of these complex molecules have been carried
out and simulated in laboratory under mesospheric conditions [Plane et al., 1999b;
Plane, 2004]. These oxides compounds are further reduced by O and H to pro-
duce back the metal atoms. This gas phase chemistry of sodium atom has been
extensively investigated [Plane [2003a] and references therein].

Above 100 km altitude, the sodium atoms are ionized by charge transfer with
NO* and OF ions to form Nat. These Na' ions can recombine with electrons
below 100 km to form neutral sodium atoms as, the lifetime of Na™ is less [Daire,
2002]. The Na™ ions are also believed to be responsible for the sudden or sporadic
sodium layers [e.g. Clemesha et al., 1996; Vishnu Prasanth et al., 2007].

The first lidar measurements of the sodium layer were presented by Bowman
et al. [1969]. The sodium density and column abundance have been measured by

several researchers using broadband resonance fluorescence lidars where the spec-
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tral width of the laser pulse was much larger compared to the absorption resonance
line width. Figure 1.5 represents a typical altitude profile of neutral sodium atom

measured using sodium resonance lidar over Gadanki, India.
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Figure 1.5: A typical nighttime profile of neutral sodium atom measured over Gadanki, India

(After Bhavani Kumar et al. 2007a).

Long-term observations of the sodium layer provided more details of seasonal,
latitudinal and diurnal variations [Sandford and Gibson, 1970; Gibson and Sand-
ford, 1971,1972; Blamont et al., 1972; Kirchhoff and Clemesha, 1973; Rowlett et
al., 1978; Clemesha et al., 1979; Kirchhoff and Clemesha, 1983a; Gardner et al.,
1988; Plane et al., 1999a; She et al., 2000; Clemesha et al., 2004]. In addition, sev-
eral measurements of mesospheric sodium were carried out over Indian low latitude
stations, Gadanki [Bhavani Kumar et al. 2007b, Vishnu Prasanth, 2007; Sarkhel
et al., 2009, 2010]. The lidar measurements can provide the altitude distribution of
neutral sodium atoms in mesosphere with good temporal and altitude resolution.
These meteoric origin of sodium atoms produce sodium airglow and are widely

used as tracer to understand the dynamics in the MLT region.
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1.3.5 Sodium Airglow

As discussed earlier, Slipher [1929] discovered the spectral resonance line of sodium
atom. Measurements of sodium twilight glow (resonantly scattered sunlight at
twilight) began in the 1950s [Chamberlain et al., 1958; Bullock and Hunten, 1961;
Sullivan, 1971]. The first atmospheric sodium chemistry theory was proposed
by Chapman [1939] in an effort to explain the nighttime airglow emissions. The
Chapman mechanism describes the conversion of neutral sodium to excited sodium
atoms. The proposed mechanism suggested that mesospheric ozone plays an im-

portant role for this emission.

Na+ O3 25 NaO + 0, (1.1)
NaO + 0 222 Na*(2P) + O, (1.2)
=98 Na(S) + 0,
Na*(*P) — Na(*S) + hv(589.0,589.6 nm) (1.3)

In the above scheme, ki, ko are the temperature dependent reaction rate con-
stants for reactions given in equations 1.1 and 1.2 respectively and « is the branch-
ing ratio for the reaction in equation 1.2.

Chapman mechanism explains the origin of sodium airglow emission from sodium
atoms. The neutral sodium atoms are first oxidized by Oz to produce NaO. It fur-
ther reacts with mesospheric atomic oxygen (O) to produce the mixer of excited
and ground state of Na atoms. The abundance of these excited atoms can be deter-
mined by the branching ratio of this reaction. Chapman mechanism provided first
systematic explanation for generation of sodium airglow emission. This mechanism
suggests one-to-one relation between sodium atoms and sodium airglow intensity
provided O3 concentration remains same.

Substantial measurements of sodium airglow have been carried out from low lat-
itude station using ground-based photometers [e.g. Clemesha et al., 1979; Kirchhoff
et al., 1981]. These ground based photometers measures the altitude-integrated
airglow (expressed in terms of Rayleigh; 1 Rayleigh = 10° photons. cm™2.s71.sr™1)

with excellent temporal resolution.
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Figure 1.6: Typical nocturnal variations of airglow and sodium density. (a) OI 557.7 nm and
sodium density at 92 km, (b) NaD and sodium density at 88 km, (c) OH (8,3) and sodium density
at 86 km, and (d) variation of the OH (8,3) band rotational temperature (After Clemesha et al.

1979).

The solid curve in Figure 1.6b represents a typical nocturnal sodium airglow
intensity variation over low latitude. Gravity wave induced perturbation can be
observed in the intensity variation. These photometric observations of sodium air-

glow are useful in deriving the period of atmospheric gravity waves.
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Figure 1.7: Typical nighttime profiles of sodium airglow (After Takahashi et al. 1996a).

Using rocket borne photometers, several in-situ measurements of sodium air-
glow have also been carried out [e.g. Clemesha et al., 1993; Takahashi et al. 1996a;
Hecht et al., 2000]. Figure 1.7 shows a typical nighttime altitude profile of sodium
airglow over low latitude measured using sodium airglow photometer onboard a
sounding rocket. It is to be noted that the sodium airglow layer is situated within
85-97 km. The altitude profiles of sodium airglow have importance in deriving the
vertical parameters of gravity waves.

Several simultaneous measurements of sodium atoms and sodium airglow inten-
sity have been carried out to evaluate the relationship between them [e.g. Clemesha

et al., 1978, 1979; Clemesha et al., 1993; Takahashi et al., 1996a, 1996b)].
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Figure 1.8: A typical nighttime profile of sodium airglow (NaD) and sodium atom concentration

[Na| (After Takahashi et al. 1996b).

Figure 1.8 represents a typical sodium airglow profile measured using a onboard
photometer overlaid on an altitude variation of neutral sodium atom concentration
measured using a collocated sodium lidar. The branching ratio («) pertaining to
the reaction given in equation 1.2 is crucial in this aspect as it effectively determines
the fraction of the sodium atoms that ends up emitting sodium airglow. More the
value of «, greater is the amount of excited sodium atoms and hence sodium airglow
intensity. Therefore, several attempts were made to estimate the value of a based
on theoretical and experimental techniques.

By considering the symmetry properties of the correlated electronic states,
Bates and Ojha [1980] estimated a value of 1/3 for ar. Subsequent investigations
were carried out based on laboratory measurements under mesospheric conditions

that reported « to be as low as 0.01 [Plane and Husain, 1986]. On the contrary,
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a was estimated to be 0.67 based on theoretical calculations [Herschbach et al.,
1992]. Based on rocket-borne photometry and lidar measurements, Clemesha et al.
[1995] calculated the range of « to lie between 0.05 to 0.2 with the best fit value
to be ~0.1. Using the measurements by on-board photometers and ground-based
Na lidar as well as airglow imager, Hecht et al. [2000] found that the value of «
lies between 0.02 and 0.04 whereas recent laboratory based experiments [ Griffin et
al., 2001] provided an estimation of v to be 0.14 %+ 0.04.

The investigations reported above reveal that a has enormous variability and
this aspect cannot be explained by the Chapman mechanism. In addition, a few
recent observations indicate that the Chapman mechanism cannot explain sodium
airglow variations comprehensively. Recently, Slanger et al. [2005] and Plane et
al. [2007] carried out spectroscopic measurements of Na Dy (589.0 nm) and Na
D; (589.6 nm) lines and the intensity ratio (Rp) of Na Dy and Na D; line was
observed to be variable.

Figure 1.9 shows the temporal variation of Rp with an average value of around
1.8 with the minimum and maximum value of 1.3 and 2.4 respectively. It can
clearly noted that Rp is variant with time. In addition, a seasonal variation of
Rp was determined based on observations (shown in Figure 1.10). The value of
Rp maximizes during March-April and September-October. The minimum value

of Rp can be observed during July-August.
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Figure 1.9: (a) Temporal variations of sodium airglow (NaD) and sodium Ds/D; intensity ratio

(Rp) (After Slanger et al. 2005). (b) Temporal variations of NaD (gray thick line), OI (black

thick line) and OH* (black thin line) emission intensities, and the Rp measured from the NASA

DC-8 between 40°N and 50°N during 17th November 2002 (After Plane et al., 2007).

The Na Dy and Na D; emissions respectively arise due to the electronic tran-

sitions between the Na(*P3/,) and Na(*Py)5) states to ground state Na(*S). The

intensity ratio Rp must be 2.0 if Na(*P3/5) and Na(*Py2) are produced according

to their spin orbit statistical weights. It is to be noted that the frequency of col-

lisions with the ambient molecules, at the pressure below 1075 bar in the upper
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atmosphere, is too low to equilibrate the Na(*P) spin orbit states before emission
occurs as, the lifetime of Na(?P) state is only 16 ns [Slanger et al., 2005]. Based
on several investigations during 1935-1960, Chamberlain [1995] estimated Rp to
be 2. The latter measurements also showed the value of Rp to be ~2 [Sipler and

Biondi, 1978].
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Figure 1.10: Seasonal dependence of sodium Dy/D; intensity ratios. Open circles, HIRES,
19931997; solid circles, HIRES, 1999; open triangles, ESI, 2000; open squares, ESI, 2001; open

diamonds, ESI, 2001/2002 (After Slanger et al. 2005).

As Rp is a spectroscopic parameter, it is not expected to change under any
atmospheric condition. However, the measurements by Slanger et al. [2005] and
Plane et al. [2007] indicate that Rp is quite variable. In order to accommodate
these aspects, the original Chapman mechanism is modified by Slanger et al. [2005]

recently.
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Na + O3 — NaO*(A*SH) + O, (1.4)
NaO*(A*S7) + O(*P) — Na*(*Py) + O, (1.5)
NaO*(A*ST) + M — NaO(X?1I) + M (1.6)
NaO(X?) + O(P) — Na*(*Py) + O, (1.7)

In this chemical scheme, an intermediate channel is introduced to explain vari-
ous observations. It was shown that the oxidation of Na with O3 mostly produces
NaO in excited state (NaO*). The values of both branching ratio (a) and Rp are
higher when NaO* directly reacts with O. However, the values will be less, if NaO*
is quenched by ambient molecules at mesospheric altitudes, to produce NaO be-
fore it reacts with O. Therefore, the ambient atmospheric molecules at mesospheric
altitude have an important role to play in deciding sodium airglow intensity.

The measurements of both neutral sodium atoms and sodium airglow intensity
are crucial as they can be used as tracers to investigate dynamical processes in
mesosphere such as gravity waves and tides. Narrow line-width lidar observations
of the hyperfine structure of the Na D lines have also been used to measure the
temperature and wind with excellent precision [e.g. Gibson et al., 1979]. The
temperature and wind in mesosphere are modulated by atmospheric gravity waves

and, therefore, these parameters can be measured to investigate gravity waves.

1.4 Atmospheric Gravity Waves

The recent investigations have yielded a more detailed understanding of gravity
waves in mesospheric region on many fronts. Ground-based observational studies
using VHF, MF and meteor radars in the low latitudes over Indian longitudi-
nal sector have contributed substantially to the knowledge of wavelength range,
amplitudes, momentum fluxes and spectra of gravity waves [e.g. Gurubaran and
Ragjaram, 2001; Ramkumar et.al., 2006; Antonita et al., 2008]. These investigations
have thrown light on the instabilities, dynamics, vertical propagation, variations

with altitude, as well as seasonal and geographic variabilities. Recent theoretical
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and numerical studies have addressed source characteristics, scales, spectral char-
acter, evolution, energy transfers, instability dynamics, wave—wave and wave—mean
flow interactions, and the implications these effects for atmospheric circulation and
structure [Fritts and Alezander, 2003]. The wave-wave and wave-mean flow inter-
actions in MLT region can create several interesting phenomena like mesospheric
bore events [Narayanan et al., 2009, 2010].

The basic equations that govern the motion of gravity waves are as follows

poégx _ _gi (1.8)
podgz =—pg - gﬁ (1.9)

Where, U, and U, are wave velocity components in the x (horizontal) and z (ver-
tical) directions respectively.
p and p => Atmospheric pressure and density respectively.
po and py => Unperturbed atmospheric pressure and density respectively.
¢ (speed of sound) = %, v is ratio of specific heat.
After solving the these equations, the dispersion relation for gravity waves turns

out to be as follows

wh — WP (k2 kD) 4 (v — 1)g*k2 + w?y?g? 4> = 0 (1.12)

where, w is the angular frequency, k, and k, are the wave numbers of gravity waves
in the horizontal and vertical direction respectively and g is the acceleration due
to gravity.

Rearranging the equation 1.12, we get

2

2 2
k2 — (1—”“)“—/{;3(1—%) (1.13)

w?) c2 w?
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where,

Wwe = vg9/2¢

wa = (v = 1)2g/c

The waves can propagate if k, and k, are real and positive. This requires ei-
ther w > w, or w < w, and these are called acoustic and gravity wave regimes
respectively. Figure 1.11 represents a typical propagation of a gravity waves in
atmosphere. The air particles move perpendicular to the direction of phase prop-
agation. Thus, the phase velocity of the upward propagating gravity wave will be
always directed downward. If viscous effects are neglected, the energy travels at
the right angles to the phase velocity. The wave amplitude increases with altitude

which varies as the square root of the air density in order to maintain the energy

flux at a constant value.
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Figure 1.11: Propagation of gravity wave (Based on the work of Hines, 1963. Reproduced from

Hargreaves, 2002).

The parameters w, and wy, are known as the acoustic resonance frequency and

Brunt-Vaisala resonance frequency respectively. The first is the resonant frequency
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of the atmosphere in the acoustic mode, when the restoring frequency is due to
compression. The Brunt-Vaisala resonance is the natural resonance of a displaced
parcel of air within the atmosphere when buoyancy is the restoring force. Figure
1.12 represents a synoptic view of the gravity waves in different modes. As dis-
cussed above, the waves can propagate if either w > w, or w < w, and known
as ‘acoustic waves’ and ‘internal gravity waves’ respectively. The waves are called
‘evanescent’ if w, > w > wy and under this condition, the waves cannot propagate

through atmosphere.
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Figure 1.12: The acoustic, evanescent and gravity regimes of acoustic-gravity waves (Based on

A

the work of Hines, 1963. Reproduced from Hargreaves, 2002).

As discussed earlier, variations in the neutral sodium atom concentration and
sodium airglow layer can be used as tracer to investigate the propagation and
characteristics of gravity waves in the MLT region. Rowlett et al. [1978] carried
out lidar observation which showed wave-like structures in the sodium layer which
moved downward with time. The waves have typical wavelengths of 4-11 km and
phase velocities of less than 1 m/s. Hickey and Plane [1995] investigated gravity
wave driven fluctuations in sodium layer using a linear chemical-dynamical model.
Their calculations indicate that the sodium layer can be treated as a tracer of grav-

ity wave motions above 85 km. Since gravity wave perturbations have a timescale
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extending to around 3 hours, this implies that the lifetime of sodium in mesosphere
is more than the typical timescale of gravity waves. Recently, Xu and Smith [2003]
calculated the chemical lifetime of mesospheric sodium layer. The lifetime is more
than a day in the vicinity of the mesospheric sodium layer and is much longer than
the traditionally defined chemical lifetime for sodium of a few minutes. There-
fore, the passage of gravity waves can redistribute the neutral sodium layer. The
gravity waves have substantial influences on the structure of neutral sodium layer
and are mostly responsible for the night-to-night variability [Plane et al., 1999a].
Using the perturbation in sodium layer, several parameters can be derived. As
discussed earlier, the phase velocity of a upward propagating gravity waves will be
always directed downward (shown in Figure 1.11). Figure 1.13 reveal the stacked
time series profiles of neutral sodium atoms measured over Gadanki that show the
presence of downward phase progression (showed by inclined lines in Figure 1.13)
clearly indicating the signature of gravity waves perturbation in neutral sodium

layer.
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Figure 1.13: Time series of sodium density profiles measured over Gadanki during 10-11 January,
2005. The bold slant lines indicate the downward phase propagation (After Bhavani Kumar et

al., 2007b).

Similar to neutral sodium atom layer, sodium airglow emission is also used

as a tracer to investigate gravity waves in mesosphere. The reaction time con-



1.4. Atmospheric Gravity Waves 24

stant of sodium airglow in the Chapman mechanism being around a few seconds
[Plane et al., 1993|, the perturbation caused by the gravity waves having peri-
ods greater than the reaction time constant can, in principle, be captured. Using
ground-based observations of the mesospheric sodium nightglow emissions, several
investigators have reported wave-like structures in the spatial and temporal vari-
ations of the sodium airglow emission [e.g. Molina, 1983; Fagundes et al., 1995].
The wave-like structures observed in the mesospheric nightglow intensity variations
were attributed to the passage of gravity waves, which are generated in the lower
atmospheric regions. Several investigators have presented theoretical considera-
tions related to the interaction between gravity waves and mesospheric nightglow
emissions [e.g. Hines and Tarasick, 1993]. Gravity waves propagating through the
upper atmosphere in the low-latitude regions with periods of around 60 min were
reported by Fagundes et al., [1995].

The gravity waves interact with the atmosphere in several ways. As the wave
propagate upward, the negative density gradient causes their amplitudes to grow.
At some point of amplitude of the wave will force local temperature gradient to
exceed the adiabatic lapse rate. This is the condition where the wave become
unstable and is expected to break [Lindzen, 1981] and causes turbulence to prevent
further growth. This process is also referred to as saturation. The dissipation of
these waves cause turbulent mixing and deposition of heat to the medium. Vertical
mixing transfers momentum between layers of atmosphere. If the wave has a phase
speed that differs from the mean flow, the breaking of wave can provide energy and
momentum source that accelerate or retard the background motion [Fritts, 1984;
Fuller-Rowell, 1995]. If the wave phase speed matches with the background wind
field, strong absorption occurs that leads to the energy and momentum deposition
to the ambient and consequently play a significant role in the wind and temperature
variability in upper mesosphere [Krishna Murthy, 1998].

Instability processes cause the gravity waves to break into smaller scale sizes. It
is considered that there are two ways for instabilities to occur in the MLT region.
One is dynamical instability mechanism, and the other is convective instability
mechanism. The dynamical instability occur due to wind shear in the background

horizontal wind field whereas, the convective instability appears when the tem-
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perature gradient exceeds the adiabatic lapse rate. Figure 1.14 shows an event of
breaking of gravity waves in OH airglow images. The time sequence of the OH
images reveals that a large scale gravity wave break into ripples in the MLT region

due to those instabilities.
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Figure 1.14: Breaking of gravity waves observed in OH airglow images during the period of 1619-
1725 UT on December 23, 1995. The last four digits at top of each image give universal time of

image acquisition. (After Yamada et al., 2001).

The breaking of these waves near mesopause region can produce secondary
waves [Vadas et al., 2003] and propagate upward that reach Thermosphere ITono-
sphere System (TIS). In recent times, significant evidences have been obtained that
indicate strong influence of Atmospheric Gravity Waves [e.g. Meriwether, 1996] in
the dynamics of TIS. Mesopause being the interface between the middle and upper

atmosphere, it plays crucial role in deciding the gravity wave modes propagating
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to TIS and generating plasma irregularities that have enormous implications in

satellite communication and navigation purposes.

1.5 Thermosphere Ionosphere System

Thermosphere-Ionosphere is a mutually coupled system. Neutral processes affect
the ionospheric phenomena and vice versa. Ionosphere has several layers depending
on its physical properties. It is classified into three distinct layers D, E and F. In
D layer the ion-neutral (v;,) and electron-neutral (v,,) collision frequencies are
greater than their respective gyro frequencies (w;,w.). So both ions and electrons
are governed by neutral wind. In the E region v, > w; but, v., < w.. This
means that the movement of electrons is controlled by the Earth’s magnetic field,
while ions are still controlled by collision. In F region both ions and electrons
movements are governed by Earth’s magnetic field. Molecular and atomic ions are

the dominant ionic species in the E and F region respectively.

1.5.1 Thermospheric Airglow Emission

As discussed above, molecular ions below 160 km and atomic ions above 200 km
are dominant. These ions recombine with the ambient electrons and on many occa-
sions, metastable atomic excited states are produced during recombination process.
The role of these metastable species has been comprehensively discussed in Torr
and Torr [1982]. The metastable states have lifetimes much longer than typical
lifetime for the spectroscopically allowed transitions observed in the laboratory.
These are referred to the forbidden transitions as they violet the selection rules
for the electric dipole transition. However, these are allowed transitions if higher
order electric moments and magnetic dipole moments are considered. The atoms
in metastable states can only exist under low ambient density where the probabil-
ity of collisional de-excitation is significantly less. Thus, the atoms in metastable
states are preferred to occur in thermosphere where neutral collisional frequency
is less due to low ambient density (referred to Figure 1.1).

OI 630.0 nm and 777.4 nm are the two thermospheric airglow emissions that
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occur in the altitude region of 250 and F region peak respectively during night-
time. The emission 777.4 nm occurs mainly due to radiative recombination of O"
ions with electrons in the peak F region altitude (~300 km). On the other hand,
the dominant process for the OI 630.0 nm airglow emission during nighttime is
dissociative recombination of O3 ions with electrons. These thermospheric air-
glow emissions are extensively used as tracers to investigate the dynamics of F
region plasma irregularities. In the present thesis work, the results based on the

observations of OI 630.0 nm airglow emission are also discussed.

1.5.2 Equatorial Spread F

In the F region over low and equatorial latitudes, several complex geophysical phe-
nomena occur. One of them is Equatorial Spread F (ESF), which is a nighttime
phenomenon. The name ‘ESF’ was derived based on observation during the ini-
tial years, wherein the plasma irregularities generated in the post sunset F region
ionosphere manifested as spread in the return echo obtained on ionograms. The
spatial scale sizes of these plasma irregularities structures span from a few hundred
of kilometers to a few centimeters. The investigations of ESF events over low lati-
tudes have been carried out extensively based on theoretical [e.g. Ossakow, 1981;
Sekar and Kelley, 1998; Sekar, 2003] and experimental works [e.g. Raghavarao
et al., 1984, 1987; Sridharan et al., 1997; Prakash et al., 1991; Iyer et al., 2003;
Sekar and Chakrabarty, 2007; Kelley, 2009]. These plasma irregularities associated
with ESF occur due to plasma instability processes assisted by the steep vertical
gradient in electron density during post sunset hours. Due to recombination of
ions in the E region during post sunset hours, the density of electron decreases.
On the other hand, electron density is maintained in F region by the dynamical

processes thus causing a steep gradient.
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Figure 1.15: (Left) Plasma density profiles during day and night. (Right) Rayleigh Taylor insta-
bility (After Kelley, 2009).

Figure 1.15 represents typical profiles of plasma density during day and night-
time. It can be observed that the E region electron density during nighttime is
significantly less than that in the F region. This steep gradient in the electron den-
sity is favorable for Rayleigh-Taylor (RT) [Kelley, 2009] instability to take place,
which gives rise to F region irregularities during nighttime. it is well known that
RT instability is the prime causative mechanism of ESF. This instability occurs
when heavier fluid is supported by lighter fluid. As shown in Figure 1.15, a small
perturbation in the fluid can generate instability in the medium that grows in
space and time. Similar to the fluid, the nighttime ionosphere is unstable as the F
region electron density is much larger in comparison with the E region. Thus, any
perturbation can grow to generate irregularities in F region ionosphere.

The gravity waves which penetrate mesosphere may act as a seed perturbation
to cause F region ionospheric irregularities. Nicolls and Kelley [2005] presented
the evidence for gravity wave seeding of ionospheric plasma instabilities. Medium
and shorter scale sizes gravity waves with downward phase velocity were identified
to be causative agent to trigger ESF. Recently, a few simultaneous measurements
of thermospheric OI 630.0 nm airglow and mesospheric OI 557.7 nm, NaD, O,
and OH band emissions [e.g. Takahashi et al., 2009; Sreeja et al., 2009] over low
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latitude stations reveal the possible relation between the ESF activities in the iono-

sphere and gravity wave activity in the mesosphere.

Range-Time-Intensity (RTI) Plot Gadanki
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Figure 1.16: Composite plots of temporal variations of (A) Range and Intensity (RTT), (B) Range
and Velocity (RTV), (C) 630.0-nm airglow intensity (solid line) along with hF (+) and (D) 777.4

nm airglow intensity on an equatorial Spread F night, 25 March 2003 (After Sekar et al., 2004).

These atmospheric gravity waves play a crucial role in the generation of ESF.

Chakrabarty et al. [2004] made an attempt to identify the preferred gravity wave
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modes over low and equatorial latitudes during geomagnetically quiet and dis-
turbed periods. Several possibilities regarding the source region of these modes
were qualitatively explored and identified to be the lower atmospheric origin. In
addition, Pallamraju et al. [2010] identified the existence of short, medium and
large periodicities in thermosphere based on OI 630.0 dayglow emission over low
latitude. These gravity waves may act as seed perturbation during the post sunset
hours and trigger the plasma instabilities that generate ESF.

Figure 1.16 represents optical observations obtained on an ESF night that ex-
hibit macro and micro intensity variations in OI 630.0 nm airglow emission. As
expected from the Barbier relation [Barbier, 1959], the macro variations in the
airglow intensities are found to be anti-correlated with the variation of the base
height of F region. However, the smaller scale structures are controlled by the
F-region electron density to the OI 630.0 nm emission intensities. The bottom
envelope of the F region show wave-like structures on the RTT map. As discussed
in Sekar et al. [2004], seed perturbation with more than one wavelength is required

to give rise to a plasma enhancements structure known as blob.

1.5.3 Fossil Bubbles

Plasma plume structures, generated during post sunset hours, evolve in space and
time. During post mid-night hours, these plasma bubbles become non-evolutionary
and drift with the back ground wind. These bubbles in this phase are known as
‘fossil bubbles’. The fossil bubbles lack 3 meter scale size irregularities and are
transparent to VHF radar beam. As discussed in Basu et al. [1978], the me-
ter scale structures detectable by VHF radars disappear during this non-evolving
phase leaving larger scale structures in place. However, on occasions, these plasma
bubbles with meter scale irregularities can be detected during post midnight hours.
The origin of these meter scale size irregularities in the fossil bubble is due to neu-
tral wind driven instability [Kelley et al., 1981; Sekar, 1993]. The eastward wind
can drive the instability when background electron density gradient is directed
westward and vice versa. This instability make the fossil bubble active reappear-

ance of 3 meter scale size irregularities that can be detected using VHF radar.
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1.6 Scope of the Present Thesis

The radio and optical techniques used for this thesis work are described in Chapter
2. The author is involved in the development of some of the optical instruments
such as photometers and imager. The radio techniques include the VHF radar and
HF (ionosonde) observations. On the other hand, optical techniques describe the
observations using airglow photometers, sodium resonance lidar and satellite borne
measurements.

Simultaneous measurements of sodium atom concentration and sodium airglow
over Gadanki, a low latitude station in Indian longitudinal sector are described in
Chapter 3. The measurements reveal the importance of collisional quenching with
the ambient atmospheric molecules on sodium airglow mechanism. In addition, the
measurements suggest that the effect of collisional quenching on sodium airglow
intensity is altitude dependent.

Results obtained due to passage of atmospheric gravity waves through neutral
sodium atom and sodium airglow layer are described in Chapter 4. The temporal
variations sodium airglow intensity enable to derive periodicities of gravity waves
over Mt. Abu and Gadanki, India. Moreover, the temperature and wind pro-
files, obtained from SABER and TIDI instruments onboard TIMED satellite, over
both the places showed the occurrence of convective and dynamical instabilities in
sodium airglow layer on a few nights. An indication for the breaking of gravity
waves is obtained.

The identification of fossil bubbles in F region ionosphere using VHF radar and
OI 630.0 photometric measurements during post midnight hours is presented in
Chapter 5. The neutral winds were suggested to destabilize the bubbles and made
them active.

The important results from the present thesis work are summarized in Chapter

6. Future directions are also indicated.



Chapter 2

Experimental Techniques: Radio

and Optical

2.1 Introduction

Systematic investigation of terrestrial upper atmosphere can be carried out using
remote sensing techniques. Remote sensing is the technique where the properties
of medium are deduced without placing any instrument in the medium. Active and
passive remote sensing techniques are the two types which are widely used to ex-
plore upper atmosphere. In active remote sensing technique, a probing wave (elec-
tromagnetic or acoustic) is transmitted into the medium and scattered/reflected
signals are detected. RADAR (RAdio Detection And Ranging) and LIDAR (LIght
Detection And Ranging) are a few examples of the active remote sensing tech-
niques. In passive remote sensing technique, emissions occurring naturally within
the medium are recorded. Monitoring the natural emissions from the atmospheric
species such as airglow is an example of passive remote sensing. The faint emis-
sions by the atmospheric constituents in different wavelengths originated due to
photochemical and/or chemical reactions, which is of global nature, non thermal
and with the exceptions of the radiations associated with events like lightning and
meteor trails, etc is known as airglow. Airglow photometry, spectrometry and
imaging are passive remote sensing techniques.

In order to fulfil the scientific objectives of the present work, airglow pho-

32
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tometers and imager were developed and fabricated in-house at Physical Research
Laboratory, Ahmedabad. These optical instruments were operated from Mt. Abu
(24.6° N, 72.7° E) and also at Gadanki (13.5° N, 79.2° E) in conjunction with
the facilities like Very High Frequency (VHF) radar and sodium lidar at National
Atmospheric Research Laboratory (NARL). Simultaneous observations using the
above mentioned radio and optical techniques were carried out from 2006 to 2009
during moonless period in cloudless season. These coordinated observations were
occasionally supplemented by the High Frequency (HF) radar (ionosonde) obser-
vations at Thumba (8.5° N; 77.0° E) a dip equatorial station.

2.2 Radio Techniques

The scattering of radio waves depends on the changes in the radio refractive index
of the medium. A radar is able to resolve the changes in the scattering medium
when the Inter Pulse Period (IPP) (inverse of the Pulse Repetition Frequency
(PRF)) of the radar beam is less than the characteristic time scales of the medium.
The propagation of radio wave in the upper atmosphere is affected by the plasma

density and the fluctuations in it.

2.2.1 VHF Radar

The Indian MST (Mesosphere Stratosphere Troposphere) radar at Gadanki is ba-
sically a VHF radar that operates at 53 MHz frequency whose peak power aperture
product can go up to 3x 10 W.m?. The MST radar system includes 1024 (32x32),
three element, cross-polarized Yagi antennas with 32 high power trans-receiver du-
plexers and phase coherent receivers. The detailed specifications of this radar are
available in literature [Rao et al., 1995]. The MST radar can also be operated at
coherent pulsed mode to receive echoes from ionospheric irregularities.

In the coherent backscatter radar mode, it is assumed that the transmitted
beam is not significantly affected by the individual plasma fluctuations. Therefore,
Born approximation is valid. Moreover, the characteristic length of scattering vol-

ume is considered to be much larger than the probing wavelength but not small for
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the medium so that the medium can be treated as the homogeneous. Under these
conditions, if the radio wave travels through a medium with changing refractive
index, it will be scattered due to the changes in the plasma refractive index obeying

Bragg’s condition.

K =T —k (2.1)

where E, E are respectively the wave vectors for the incident, scattered waves
and & is the corresponding wave vector in the medium. This is known as Bragg’s
condition.

Now, in the case of backscattering,

ko =~k (2.2)
Therefore,
— —
%] =2/ (2.3)
In wavelength domain,
Ai
= 2.4
A=2 (2.4)

This suggests that the radar beam will be able to probe plasma density fluc-
tuations with spatial scale sizes half of the radar wavelength. Therefore, the MST
radar operated in ionospheric mode can probe nearly 3 meter scale size plasma ir-
regularities. These plasma irregularities are aligned to the geomagnetic field lines.
As a consequence, the return echo is highly aspect sensitive. Aspect sensitivity
refers to the dependence of the backscattered echo power with the angle of in-
cidence of the radio wave. The echo power decreases when the incident angle
increases. Therefore, the beam of radar is oriented orthogonal to geomagnetic field
lines in order to receive the maximum backscatter echo power. In the present case,
the beam of MST radar in ionospheric mode is oriented 14.8° N from the zenith to
make the beam orthogonal to the field aligned F region plasma irregularities also
nearly orthogonal to the E region plasma irregularities. It is apparent that this

perpendicularity condition holds for an extremely narrow radar beam at both E
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and F regions. Since, the radar beam divergence is only 2.8° it satisfies the orthog-
onality condition over a broad altitude range from E to F region. The other radar
parameters for investigating Equatorial Spread F (ESF) irregularities and the op-
erations of MST radar in ionospheric mode are available in literature [Chakabarty,
2007].

Based on the average power spectrum, the following low order spectral moments
are derived [Chakabarty, 2007; Venkateswara Rao, 2008].

The Zeroth moment represents the total power of the backscatter echo and can

be expressed as,

My=3"P, (25)
i=l

Therefore, the Signal-to-Noise-Ratio (SNR) in dB is

SNR = 10log (%}L) (2.6)

where N represents the total number of Doppler bins and L is the mean noise
level. Hence, the product of N and L gives the total noise level over the whole
bandwidth.

The First moment is the weighted mean Doppler shifts (line-of-sight phase

velocity).

1 u
M, = — P.f 2.
1 MO ; zfz ( 7)

The Second moment represents the variance which is a measure of dispersion

from the mean frequency

1 u
M, = szi(fi_le (2.8)

0 =
In the above expressions of the moments, P, and f; are the powers and fre-
quencies corresponding to the Doppler bins within the spectral window. [ and
u are the lower and upper limits of the Doppler bin of the spectral window. In
the present work, all the three moments My, M; and M, are used respectively to
construct Range-Time-Intensity (RTI), Range-Time-Velocity (RTV) and Range-

Time-Width (RTW) maps of F region plasma irregularities.
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2.2.2 HF Radar (Ionosonde)

In addition to the VHF radar, HF radar (ionosonde) is also used to investigate F
region ionosphere. However, the working principle of ionosonde is different from
the VHF radar mentioned earlier. The principle of ionosonde relies on the total
reflection of HF radio waves (~2-30 MHz) from different parts of the ionosphere.
The propagation of HF radio waves is affected when the plasma refractive index
changes due to variation in plasma density (/NV.). The simplified expression for the
plasma refractive index can be obtained from the Appleton-Hartree equation if the

effects due to collisions and Earth’s magnetic field are neglected.

nt=1- X (2.9)

where w is the angular frequency of the incident HF radio wave and wy is the

angular frequency of plasma which is given by

Wy = (Neegf (2.10)

€gm

It is clear from equation 2.9 that the HF radio waves are totally reflected from
the ionosphere, when the incident radio wave frequency is equal to the plasma
frequency at each altitude region. The transmitted HF wave is swept in frequency
and the echo time is recorded as a function of frequency. Using these information,
the altitude profile of electron density can be constructed. As the electron density
increases till the F region peak height, the plasma refractive index gets smaller
and becomes zero at F region peak height at a particular HF radio wave frequency
(equation 2.9). Hence, ionosonde can provide information up to F region peak
altitude. The electron density (N.) in the ionosphere can be derived using the

following expression

[N

fv = (80.5N,) (2.11)

where N, is in cm ™3

fn is in kHz
Based on the frequency (fy) versus height curve, several other ionospheric

parameters like base height and peak height of F region can be derived.
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2.3 Optical Techniques

As indicated earlier, airglow emissions can be used as a tracer to investigate upper
atmosphere. In view of this, instruments like airglow photometer and imager have
been developed and used extensively as passive remote sensing techniques. Air-
glow photometry is the technique where the temporal variation of the integrated
intensity is recorded at particular wavelength of airglow emission. On the other
hand, airglow imager can provide the spatial information in the horizontal plane of
the emission region for a particular duration at a particular wavelength of interest.
Sequences of image can provide temporal information.

Sodium lidar is an active remote sensing technique and vastly used to study
upper atmosphere especially mesosphere and lower-thermosphere region. Sodium
lidar can provide the concentration profile of neutral Na atoms at mesospheric
heights and is extremely important to deduce the perturbation caused by atmo-

spheric wave activities.

2.3.1 Multi-Wavelength Airglow Photometer

In order to measure the intensities of thermosphere and mesosphere airglow emis-
sions, a multi-wavelength airglow photometer (shown in Figure 2.1) was designed
and developed at Physical Research Laboratory, Ahmedabad. This photmeter has
g optics maintained throughout the optical path. It comprises of front-end optics,
filter section and a detector. In order to observe from various spatial directions,
a mirror arrangement was fitted on the top of the photometer. The elevation-
azimuth movements of mirror and the movement of the filter wheel are controlled

through a computer.
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Figure 2.1: The set up of the multi-wavelength photometer at the Indian MST radar site, Gadanki

(After Chakrabarty, 2007).
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Figure 2.2: Optical schematic diagram of the multi-wavelength photometer (After Chakrabarty,

2007).
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The front-end optics of this photometer consists of several optical elements like
field lens, collimating lens and imaging lens (shown in Figure 2.2). In addition, a
field stop is introduced at the focal plane of the field lens to restrict the field-of-
view (FOV) to 3° in order to match with the VHF radar beam width. The field
lens with an aperture is used to make the desired FOV and the rays are further
collimated using collimating lens. The collimating lens is kept before the filter
wheel arrangement portion to make the beam parallel that gets incident on the
interference filter. Narrow band-width (0.3 nm) filters tuned to 23 °C are chosen in
the present investigation in order to minimize the unwanted sky background noise.
The four-position filter wheel, attached to the system, is programmed to align the
desired filter in the optical path. All the filter slots are temperature tuned with
an accuracy of +£0.2 °C. The filtered beam is now focussed on the photomultiplier
tube (Type S-20; EMI 9863A) which has an in-house temperature controller unit
(FACT 50; EMI). The detailed description of each components of multi-wavelength
photometer and the coordinated VHF radar observations of ESF irregularities are

available in literature [Sekar et al., 2004, 2008; Chakrabarty, 2007].

2.3.2 Single-Wavelength Portable Airglow Photometer

The multi-wavelength photometer is not easily transportable. As part of the thesis
work, the necessity to make observations from several vantage points simultane-
ously with other measurement techniques was realized. Therefore, two suitable
miniaturized, single wavelength photometers were developed. These portable pho-
tometers capable of measuring mesospheric Na airglow emission intensity, were
designed and fabricated at Physical Research Laboratory (PRL), India with field
of view of 3°. A temperature-controlled narrow band (0.3 nm) interference filter
with the central wavelength around 589.1 nm was used in one of the photometer.
Another mini-photometer with similar configuration was also made that contained
interference filter of band-width 0.6 nm with central wavelength 589.0 nm. These
photometers were operated in campaign modes from Mt. Abu (24.6° N, 72.7°
E) and Gadanki (13.5°N, 79.2°E) during 2006-2009. The observations made by
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these portable photometers were inter-compared with the observations by multi-

wavelength photometer for the same airglow emission line.
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Figure 2.3: The set up of the portable mini-photometer during laboratory testing phase.
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Figure 2.4: Optical schematic of the mini-photometer.
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Figure 2.5: The set up of the mini-photometer at the Na lidar site, Gadanki.

The mini-photometer comprises of front-end optics, temperature stabilized filter
chamber, rear-end optics and photomultiplier tube (Figures 2.3 and 2.4). The
field lens and the aperture in the front-end optics decide the FOV (3°) of the
photometer. The collimating lens converts incoming rays into parallel beam before
they are incident on the interference filter.

Interference filters are multi-layer thin film devices. An interference filter is
basically a lower order Fabry-Perot interferometer. A Fabry-Perot interferometer
[Thorne et al., 1999] normally consists of two glass or fused silica plates with the
front surfaces flat and parallel. The front surfaces of the plates are coated with
materials of high reflectivity. The incident rays undergo multiple reflections and
interference. The spectral rejection of undesired wavelengths is carried out us-
ing destructive interference principle. On the other hand, the desired wavelength
undergoes constructive interference. A narrow-band interference filter consists of
several cavities separated by absentee layers. FEach cavity consists of multiple

layers of alternate high (e.g. Zinc Sulphide) and low refractive index (e.g. Cryo-



2.3. Optical Techniques 42

lite) each with % thickness, that drastically reduces the transmission of un-desired
wavelengths by destructive interference.

The central wavelength of the pass-band shifts towards the lower wavelength if
the angle of incidence deviates from zero. The wavelength of the peak transmit-

tance at small angles (¢) is given by

A(@) = )\0\/1 . ("“)2 sin? ¢ (2.12)

Ne
where ng and n, are the refractive indices of external medium (1,=1.0003 for air)
and for the spacer material.

The temperature has important role to play in altering the central wavelength
of the filtered signal as, the deviation in temperature affects the thickness and
refractive index of the material. Therefore, it is necessary to maintain the temper-
ature of filter chamber. The interference filters, used in the present case, are tuned
to 35 °C. As the ambient temperatures during nighttime at the observational sites
(Mt. Abu and Gadanki) are always less than 35 °C, heating-type filter chamber is
used to maintain the temperature.

The filtered rays are focussed on the cathode of a photomultiplier tube
(PMT) by the imaging lens housed in the rear end optics section. A PMT consists
of photocathode, series of dynodes and anode. Photoelectrons are generated when
photons strike photocathode due to photoelectric effect. These primary electrons
are attracted to the additional electrodes known as dynodes and are maintained
at a potential in such a way so that the potential difference between the (n + 1)
and n'" dynode is always positive. Each dynode generates 10° to 107 secondary
electrons for each incident electron. Thus the series of dynodes create the cascade of
secondary photoelectrons that are finally accumulated on the anode to form a pulse.
The pre-amplifier attached to the last dynode enhances the signal strength. The
discriminator discards the noise in order to increase the signal-to-noise ratio. The
photocathode of the PMT (Hamamatsu H7421-50) used in the mini-photometer
is Gallium Arsenide (GaAs). The quantum efficiency of this PMT at 589.1 nm is
around 10%.
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The PMT has a built-in thermoelectric cooling unit (cools up to -20 °C) in
order to minimize the thermal noise level. The PMT in the mini-photometer is
operated in counting mode as the airglow signal strength is weak. As the statistic
of the photon counts for a given input (I) follows Poisson distribution, the noise
associated with it is v/I. The data acquisition system attached to the counting
unit records the temporal variation of airglow intensity in terms of the photon
counts/s.

It may be noted here that due to a technical problem only one mini-photometer
was calibrated against a standard source [Labsphere INC., USS-1200 V] which is
generally used for calibration of satellite borne imaging payloads at the Space Ap-
plication Centre (SAC), Indian Space Research Organisation (ISRO), Ahmedabad.
The results obtained, using this calibrated photometer at Na Dy airglow emission
line (589.0 nm) in conjunction with Na lidar for a few nights during March, 2007
from Gadanki, are discussed in Chapter 3. As the airglow intensity variations are
modulated by the passage of gravity waves, the relative intensity fluctuations from
both the photometers are used in order to derive the periodicities of gravity waves.

This aspect is discussed in detail in Chapter 4.

2.3.3 Sodium Resonance Lidar

The sodium lidar system at NARL, Gadanki is a tunable dye laser pumped by a
pulsed Nd:YAG laser (shown Figure 4.6). It is useful to characterize atmospheric
gravity waves by measuring mesospheric neutral Na atom concentration at differ-

ent times. The sodium lidar consists of a transmitter and a receiver.

sodium Atomic
Resonant Line

Existing Layer unit
ND:YAG

pump Laser Unit

589 nm

Figure 2.6: Sodium lidar system at Gadanki (Courtesy: NARL, Gadanki).
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The laser transmitter consists of a tunable dye laser pumped by a Nd:YAG
laser at second harmonic of Nd:YAG (532 nm). The output pulse energy is typically
~800 mJ at 50 Hz repetition rate with a beam size approximately 8 mm. The
Nd:YAG laser is used to pump the dye laser which is a Continuum, Jaguar model
D90DMA with dual grating system. The dye laser, with a narrow line-width (<0.05
cm~! or about 2 pm), is equipped with two 90 mm holographic gratings. The dual
grating system (2400 lines/mm) used in the first order diffraction regime and has
a theoretical resolving power of 432000 that implies a wavelength resolution of
about 2 pm at 589.16 nm wavelength. The final beam with energy per pulse (E,)
of around 12 mJ and beam divergence of 100 urad is sent vertically into the sky
using a mirror with high reflectivity.

The receiver system comprises of a telescope, interference filter, PMT and
data acquisition system. The laser backscattered light is collected by a verti-
cally fixed 750 mm diameter Newtonian telescope (F/3). An interference filter
with center-wavelength of 589 nm and bandwidth 1.0 nm is positioned in front
of the photon detector. A high gain PMT (Hamamatsu R3234) is used as the
photon detector. The PMT is operated in counting mode in order to detect weak
backscattered signals. The pulse signals from PMT are passed through a discrim-
inator (Phillips model 6908) and then fed to a PC based multichannel analyzer
(EG&G Ortec model MCS-PCI). The instrumental bin width is normally set at 2
us, corresponding to a height resolution of 300 m. The photon count profiles are
generated for each 6000 laser shots, corresponding to a time resolution of 120 sec.

A data acquisition system is used to store the generated photon count profiles.
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Figure 2.7: A typical photon count profile from the sodium lidar system at Gadanki [After Bha-

vani Kumar et al., 2007a; Vishnu Prashanth, 2007].

Figure 2.7 shows a typical photon count profile from the sodium lidar. The
resonant scattering from the Na layer can be clearly observed at altitudes above
80 to 105 km. The signal returns from above 35 and below 60 km and are due to
Rayleigh scattering from atmospheric ambient molecules. The abrupt change in
the returned signal below 12 km is due to electronic gating of the PMT. The details
of the Na lidar system, operations and first observation of Na atom concentration
over India are available in literature [Bhavani Kumar et al., 2007a, 2007b; Vishnu
Prashanth, 2007].

A sodium lidar transmits the 589.16 nm laser beam into the atmosphere and
receives the laser backscattered signal from atmospheric molecules and neutral Na
atoms due to Rayleigh and resonance scattering processes respectively. Following
Gardner [1989], the total number of photons received by the telescope scattered
from the neutral Na atoms at an altitude z and within the altitude range of Az is

expressed as
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Where,

Npa(2) = Number of photons detected in the range interval (z-Az/2, z+Az/2)
P, = Laser power

At = Integration time

h = Planck’s constant

¢ = Speed of light

A = Lidar operating wavelength

ns(z) = Concentration of Na atoms in the range interval (z-Az/2, z+Az/2) due
to Na atoms

Np = Photon counts due to background noise and dark counts of detector
o.rr = Effective back scattering cross-section of Na atoms

Agr = Area of Receiving telescope

T.(z) = One way transmittance of atmosphere

n = Efficiency of lidar system

Similarly, the total number of photons received due to Rayleigh scattering of at-

mospheric ambient molecules is given by

PrAt

Ng(z) = {hc/)\

} [crnA(2)AZ]

Where,

zr = Reference height

Ng(zr) = Number of photons due to Rayleigh scattering at height zg
or = Rayleigh scattering cross-section

na(z) = Atmospheric neutral density
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Thus, Na atom concentration is derived from photon counts using equations 2.13

and 2.14 (all parameters are in CGS units).

ZQO'RH(ZR) [NNQ(Z) — NB]
2k0esfINR(2R) — NB]

ns(z) = (2.15)

In order to derive the Na concentration, zp is taken to be 40 km where Rayleigh
scattering significantly dominates over other scattering processes. The product of
orn(zr) can be calculated using the formula ogn(zg) = 3.539x107°P(2g) /T (2g)m ™
|Gardner, 1989], where, P(zr) and T'(zg) are the atmospheric pressure and temper-
ature at height zz and can be obtained from SABER instrument onboard TIMED
satellite. The effective back scattering cross-section of Na atoms (o.fy) is taken to
be 5.17 x 10~*2¢m? [Bhavani Kumar et al., 2007a).

The maximum error involved in deriving Na atom concentration is around
10%. The measurements of Na atom concentration using lidar were carried out
over Gadanki with time and height resolutions of 120 s and 300 m respectively for
a few nights during March, 2007 along with the Na airglow photometer. Due to

technical problem in the Na lidar, simultaneous observations could not be obtained

during the remaining campaign periods.

2.3.4 Multi-Wavelength Airglow Imager

In order to derive the horizontal parameters of atmospheric gravity waves, a multi-
wavelength airglow imager was designed and fabricated at Physical Research Labo-
ratory, Ahmedabad. The imager consists of several optical elements, programmable
motorized five-position filter wheel and cooled Charge Coupled Device (CCD)
(shown in Figures 2.8 and 2.9).
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Figure 2.9: The schematic diagram of the multi-wavelength imager.

The optical elements consist of image quality fisheye lens, field lens and camera
lens. The fish-eye lens (F/2.8) being an essential part of the lens system decides the
field-of-view (FOV) of the system. In general, a fisheye lens has FOV of 180° and
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reduces the divergence of the optical rays. However, in the present optical system
the FOV is brought down to 100° using an external field stop in order to avoid
stray light contamination from low elevation. An additional lens (f/1) is attached
to the fisheye lens to reduce the image size from 30 mm to 17 mm. This reduced
image is now channelled through an achromatic field lens (f/1) and incident on a
collimating lens. A field lens positioned at the focal plane channels the beam to get
incident on a collimating lens without any loss of flux. A collimating lens further
reduces the divergence of the rays before the rays pass through the interference
filter. As discussed in Sekar et al. [1993], the maximum shift of the pass band
(AMnae) of an interference filter is related to the angle between normal and the
farthest ray (6,4.) as,

A ppaz = N2,/ 2107 (2.16)

max

Where, p is the refractive index of the coating material on the interference filter.
Therefore, it is necessary to reduce the divergence so that A\, is minimal. The
angle of divergence () is decreased if the focal length of the collimating lens is
increased. However, the increase in the focal length of a lens reduces the flux of
the rays. Thus, there is a competition between the choice of angle of divergence
and focal length of collimating lens. In order to make a faster optics, the F number
is kept as 4 and hence focal length of collimating lens is limited to 180 mm. As a
result, 6,,,, turns to be around 2.7°. Therefore, the bandwidth of the interference
filters is chosen to be 1 nm in order to minimize the intensity modulation due to
different transmittance at different angles.

The interference filter selects the desired wavelength of emission and the filtered
signals are further focussed on the high sensitive CCD pixels using camera lens.
The CCD (PIXIS 1024BR-DD) containing 1024 x 1024 pixels is kept at -80 °C using
a in-house multi-stage thermoelectric cooling unit in order to minimize thermal
noise. This back-illuminated deep-depleted CCD chip has quantum efficiency that
peaks at around 800 nm (>90%). This CCD chip is used to minimize the etaloning
effect at near infrared region and suitable to record OH Meinel band [Meinel, 1950]

emission. This can help in deriving the horizontal parameters of gravity waves with
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reasonable accuracy.

The whole imaging system is completely automatic and the interfacing between
the motorized filter wheel and the CCD camera was carried out in the laboratory.
A Graphical User Interface (GUI) is used to synchronize CCD operations with
the movement of the filter wheel. The customized program developed in-house is
equipped with the capability of handling the movement of the five filter wheel slots
at desired time interval. Therefore, suitable exposure times can be set for different
airglow emissions depending upon the intensity level.

The imaging system was calibrated against a uniform standard source at SAC,
Ahmedabad (Figure 2.10). The response of the each pixel will be useful for flat
field correction of the CCD output image.

Figure 2.10: The calibration of imager at SAC, Ahmedabad (Courtesy: SAC, Ahmedabad).

This imager was built during the last phase of the thesis work and the field trials
of this imager were carried out recently. Field trials suggest further improvement
is needed in optics. Thus the present work does not include any investigation using

the observations from this imager.
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2.3.5 Satellite Measurements

In order to assess the contribution of mesospheric ozone to the observed Na air-
glow, the retrieved altitude profiles of ozone obtained from SABER (Sounding of
Atmosphere using Broadband Emission Radiometry) instrument on board TIMED
(Thermosphere Tonosphere Mesosphere Energetics and Dynamics) satellite are also
used in the present investigation. SABER uses the emission at 9.6 pym from ozone
to derive its concentration with an uncertainty around 20% [Martin G. Mlynczak,
private communication, 2008]. In order to use the retrieved ozone concentration
by SABER (Data source: http://saber.gats-inc.com; v1.07) in the present inves-
tigation, the ozone profiles available for the nearest location are chosen for the
post mid-night hours when simultaneous measurements of Na airglow and lidar

are available over Gadanki.

Figure 2.11: TIMED satellite (Courtesy: TIMED website).

SABER also provides pressure and kinetic temperature in the altitude range
of 80-105 km. Pressure is retrieved from 15 pum COs terrestrial emissions and
temperature is derived using those pressure values. The maximum uncertainty in
temperature in the above altitude range is around 10 K [Mertens et al., 2001].
The SABER retrieved temperature is used to derive temperature dependent rate

constant for Chapman reaction [Chapman, 1939] k; (to be discussed in Chapter
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3). The uncertainty in pressure is only 3% in the altitude range of 84 to 96 km
[Tom Marshall, private communication, 2009].

In order to investigate the neutral instability processes in the mesosphere,
zonal and meridional wind profiles nearly over Mt Abu and Gadanki were ob-
tained from the TIMED Doppler Interferometer (TIDI) measurements of the wind
field (version: R01). Using limb scans of airglow emissions through four orthogo-
nally oriented telescopes, TIDI simultaneously measures the neutral winds with a
vertical resolution of 2.5 km and with an accuracy of ~3 m/s [TIDI Home page:
http://tidi.engin.umich.edu/html/go?Overview/tidi_overview.html&menu_home —
new.html].

The profiles of mesospheric ozone, temperature, zonal and meridional wind
obtained from TIMED satellite are used in the present thesis work and discussed

in Chapters 3 and 4.



Chapter 3

Investigation on Na Airglow

Mechanism

3.1 Background

The source of metallic sodium (Na) in mesosphere is believed to be meteoric origin
(discussed in Chapter 1). There are two principal sources of meteoroids in the
Earth’s atmosphere. The dust trails produced by sublimating comets as they
orbit the sun are the origin of periodic meteor showers such as the Perseids and
Leonids. Fragments from the asteroid belt and dust particles from long-decayed
cometary trails give rise to the continuous input of sporadic meteoroids. The
meteoric ablation is the main source of metallic atoms in atmosphere.

It is well established that the neutral Na atoms in mesosphere produce Na air-
glow emission. Several simultaneous measurements were carried out [e.g. Clemesha
et al., 1978; 1979; 1993; Takahashi et al., 1996] in order to understand the Na air-
glow mechanism. However, there has been considerable debate on the degree of
coupling between Na atoms and Na airglow intensity. As introduced in Chapter 1,
it is generally believed that the chemical scheme, formulated by Chapman, [1939]

is responsible for Na airglow.

23
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Na+ O3 25 NaO + 0, (3.1)
NaO + 0 222 Na*(2P;) + O, (3.2)
0292 Na(29) + 0,
Na*(*P) — Na(2S) + hv(589.0,589.6 nm) (3.3)

where k1, ko are the temperature dependent reaction rate coefficients and « is the
branching ratio for the reaction given in equation (3.2).

Chapman mechanism suggested that neutral Na atoms are oxidized by meso-
spheric ozone and produce NaO. NaO further reacts with mesospheric atomic oxy-
gen (O) to produce the mixer of excited and ground state of Na atoms. The abun-
dance of these excited atoms (Na*) can be determined by the branching ratio («)
of this reaction. Chapman mechanism provided the first systematic explanation
for generation of Na airglow emission. This mechanism suggests one-to-one rela-
tionship between Na atoms and Na airglow intensity provided ozone concentration
remains same.

The Na airglow intensity exhibits considerable variability from one night to
another [e.g. Kirchhoff et al., 1979]. The chemical scheme mentioned above sug-
gests that simultaneous measurements of the parameters like number density of
neutral Na atoms, mesospheric ozone and temperature are needed to understand
the observed night-to-night variation of Na airglow intensity. Several simultaneous
measurements of Na airglow intensity and Na concentration were carried out over
low latitude stations [e.g. Clemesha et al., 1978; 1979]. However, the simultane-
ous measurements of most of the parameters involved in the Chapman mechanism
were sparse until recently making it difficult to address the variation in Na airglow
intensity comprehensively.

Although the importance of the chemical channel proposed in the above scheme
in producing Na airglow over mesospheric region is realized over the years, there
has been considerable debate regarding the value of the branching ratio a which
effectively determines the fraction of the Na atoms that ends up emitting Na air-
glow. Based on rocket-borne photometry, airglow imager and lidar measurements,

the range of a is found to lie between 0.02 to 0.2 [e.g. Clemesha et al., 1995;
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Hecht et al., 2000a). In addition, the recent spectroscopic measurements [Slanger

et al., 2005; 2006] showed that intensity ratio of the Na doublet [ﬁéﬁi:::zi = RD]

is not invariant and has significant temporal variability. As the reaction (3.1) is
rate determining [Plane, 2003b], the measurement of mesospheric ozone in the Na
airglow study is crucial. With the availability of altitude profiles of mesospheric
ozone by satellite borne measurements, it is now possible to examine the impact
of ozone variation on the Na airglow intensity. Two case studies are performed to
explain the anomalous relationship between Na atom concentration and Na airglow
intensity using a set of coordinated measurements of Na atom concentration, Na
airglow intensity and satellite borne measurements of mesospheric ozone, pressure
and temperature. In this Chapter, the results obtained from these case studies
are discussed and the importance of the quenching processes in determining Na

airglow emission is brought out.

3.2 Data Set

A single-channel, portable, narrow band (0.3 nm) Na airglow photometer was
operated in conjunction with the collocated Na resonance lidar during March,
2007 at Gadanki (13.5° N, 79.2° E). The detailed descriptions of this photometer
and Na lidar are discussed in Chapter 2. Na airglow intensities with temporal
resolution of 2 minutes were obtained using this photometer. In addition, the
profiles of Na atom concentrations are obtained with an altitude resolution of 0.3
km and temporal resolution of 2 minutes based on reliable signal-to-noise ratio in
the altitude range of 80-105 km. Due to technical problem, the Na lidar could only
be operated for a few nights during March, 2007.

Mesospheric ozone profile, obtained from SABER instrument on board TIMED
satellite, are used in the present investigation to assess the contribution of meso-
spheric ozone to the observed Na airglow. These profiles over a location nearest to
Gadanki are chosen during post mid-night hours [at around 20:30 UT or 2:00 IST;
Indian Standard Time, IST = Universal Time, UT + 5.5 hrs|] when simultaneous
measurements of Na airglow and lidar are available.

The profiles of mesospheric pressure and kinetic temperature in the altitude
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range of 80-105 km are also used in the present work. The details of SABER

instrument are available in Chapter 2.

3.3 Data Analyses

In order to evaluate relationship between Na atoms and Na airglow, the volume
emission rate (Vy,) of the Na airglow is calculated for the two nights under con-

sideration. This is carried out using the following equation.

Ve = ak1[Na][O3] (3.4)

It is to be noted here that V y,, consists of contributions from both Dy and D,

emission lines. The ratio of Dy and D; emission line intensities, Rp <RD = g?)
1

is shown [Slanger et al., 2005] to be variable. As the high resolution photometer is

tuned to measure the Dy line only, the volume emission rate corresponding to Do

line obtained from Vy, needs to be scaled down by a factor <1 f}gD).

Therefore,

OéRD
1+ Rp

The maximum uncertainty involved in computing volume emission rate is around

VNaDg = k‘l [NCL] [03} (35)

25%. The upper and lower levels of Vy,p, are calculated using the maximum and
minimum values of a and Rp for both the case studies. Mesospheric ozone profiles
and rate coefficient (k1) based on SABER measurements as well as average Na
concentration profiles obtained from the lidar are also used in these calculations.
One of the case studies involves the comparison of average Na concentrations
with the average Na airglow intensities between the two consecutive nights. In
order to investigate the variation in the relative intensity levels corresponding to
the two nights, the following procedure is adopted. The area under the altitude
profiles of the volume emission rate for particular o and Rp are evaluated for both
the nights (denoted by 1 and 2). Thus, the ratio of volume emission rates for two

nights is equal to the ratio of the observed time-averaged airglow intensities <<I 1)

(1), respectively). Mathematically,
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[f;?f VNaDth:|1 ),
rvvnat] 0 o

As the altitude profiles of Na atoms and ozone are available, the factor <1‘i‘£§3 )
was changed by trial and error method to match the observed variation in the
average levels of Na airglow intensity. It is to be noted here that the values of «
and Rp are varied within the respective extrema values available in the literature.
The implications of this exercise is discussed later.

As the intensity variation on one of the nights (18-19 March, 2007) was entirely
different, the relation between the temporal variabilities of Na concentrations at
different altitudes and the temporal variation in Na airglow intensity was examined
as another case study. Cross-correlation analyses were performed between the tem-
poral variation of Na airglow intensity obtained during 23:12-01:42 IST (this time
window was closer to the SABER measurement time of ozone) on 18-19 March,
2007 with the temporal variations of Na concentration at multiple altitudes. Al-
titude profile of correlation coefficients was constructed subsequently. Correlation
coefficients are calculated between 85-100 km as the variances of Na atom con-
centration are not significant except this altitude region. Correlation coefficients
below 95% confidence level are not considered. Further, to compare the spectral
modes in Na atom concentration variations at two altitude levels with the spectral
modes of Na airglow intensity variation, power spectral analyses were carried out.
Spectral peaks below 95% confidence level are not considered.

The altitude integrated volume emission rate of Na airglow corresponding to Do
line (Vivup,) is calculated using equation 5 on 19 March, 2007 at 01:30 IST when the
TIMED satellite pass was over a location closer to Gadanki. This is, in principle,
equivalent to the observed airglow intensity. Therefore, Vy.p, is calculated by
suitably varying both o and Rp within their extrema and is compared with the

measured airglow intensity.
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3.4 Results

Figure 3.1 depicts a compilation of simultaneous observations of Na airglow inten-
sity and Na atom concentration from Gadanki. The left panel depicts the Height-
Time-Concentration (HTC) maps of neutral Na atoms constructed from the lidar
observations on each night with the color code denoting the concentration level.
The right panel shows the temporal variations of Na airglow intensity in Rayleigh

(R) for the same intervals.

50

18-19 March, 2007 f 18-19 March, 2007
il - . 40+ I
e s BT | 30 ] I

20

20 2 2 23 0 1
50

20 March, 2007

B
o

w
o

Na Airglow Intensity (R)
» (4]
o o

8000
6000
4000
2000

0
Na Atoms / cc

95

Height (km)
0
(3]

h 21 March, 2007

w
o

2 3 4 5
i 22 March, 2007

20 W Jb
2 3 a4 5
i

-
o
(3]
[
o

©
(3]

-]
o

25

23 March, 2007
20 g g T g T
2.5 3 4
Time (IST) Time (IST)

5

Figure 3.1: The left panel depicts the Height-Time-Concentration maps of Na atoms at various
times obtained from Na lidar over Gadanki for five nights during March, 2007. The right panel

shows the temporal variation of Na airglow intensity (in Rayleigh) on those respective nights.

The above simultaneous observations suggest that the Na atom concentration
and Na airglow intensity have large night-to-night variability. Further, these si-
multaneous observations suggest that the one-to-one relation between Na atoms
and Na airglow intensity is not always maintained. The average Na airglow in-

tensity level on 20 March 2007 is found to be less compared to that on the next
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night despite average Na concentration being significantly large. In addition, the
Na airglow intensity on 22 March, 2007 beyond 03:30 IST decreases. However,
the Na atom concentration during that interval is nearly invariant. Similarly, the
airglow intensity during 03:30-4:15 IST on 23 March shows a valley region despite
Na atom concentration being nearly constant. Therefore, in the subsequent fig-
ures, attempts will be made to highlight certain aspects of these variabilities and to
investigate the relationship between Na atoms and Na airglow intensity on a night-

to-night basis (20 & 21 March 2007) as well as on a given night (18-19 March, 2007).
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Figure 3.2: (a & b) Height-Time-Concentration (HTC) maps of Na atoms at various times ob-
tained from Na lidar over Gadanki during 20 and 21 March, 2007. The vertical color bar shows
the concentration level of Na atoms. (¢ & d) The temporal variation of Na airglow intensity
(in Rayleigh) on those nights. The black horizontal lines in figures correspond to the average

intensity level during the observational window.

Figure 3.2 represents the Na lidar and Na airglow measurements during 20 and
21 March, 2007. The black horizontal dashed line in each subplot in the right
panel corresponds to the average intensity level during the observational period.
The abscissas on both the left and right panels correspond to time in IST. The HTC
maps in the left panel reveal that the concentration of neutral Na atoms (shown
in Figures 3.2a and 3.2b) on 20 March, 2007 is, in general, large compared to the
concentration of Na atom on 21 March, 2007. For example, the peak concentration

on 20 March, 2007 is around 9500 atoms/cc at around 04:30 IST, whereas, it is
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only around 2200 atoms/cc at the same time on the very next night. However, the
Na airglow intensity at 04:30 IST is less on 20 March, 2007 (~33 R) compared to
the next night (~40 R). The Na concentration decreases quite sharply on both the
nights below 82 km and beyond 98 km altitudes. It is of interest to note that the
enhancement in Na concentration is observed during early morning hours on both
the nights around 94 km. This aspect will not be discussed further.

Average values of Na concentration were evaluated for both the nights by time
averaging the corresponding lidar profiles during the observational period. Figure
3.3 depicts the altitude profiles of the average Na concentration (black line) for the
given duration along with the altitude profiles of the mesospheric ozone concen-
tration (gray line). It is noted that the variations (and not the amplitudes) in the
altitude distributions of average ozone and Na concentrations in the altitude range
of 85-98 km nearly match within the uncertainty of the measurements. Figure 3.3
reveals that the peak value in the average Na concentration profile on 21 March,
2007 is around a factor of five smaller while, the concentration of mesospheric ozone

is only 1.5 times larger compared to the previous night.
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Figure 3.3: (a & b) The altitude profiles of mesospheric ozone concentration (gray curves) re-
trieved by the SABER instrument onboard TIMED satellite on the two consecutive nights (20
and 21 March, 2007). The altitude variations of the average Na concentration (black curves) on
each night are overlaid. The location and time of SABER measurements on 20 and 21 March,

2007 are 12.04°N, 79.09°E; 01:45 IST and 14.08°N, 72.80°E; 02:02 IST respectively.
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Figure 3.4: (a & b) The altitude profiles of the volume emission rate of the Na airglow on 20
and 21 March, 2007. The upper and lower levels of volume emission rate (gray curves) at Do
line (Vyap,) are calculated using extrema values of a and Rp (refer to text). The black curve
in each subplot represents the volume emission rates that satisfy the relative variation of average

Na airglow intensity level.

The upper and lower limits of altitude profiles of volume emission rate corre-
sponding to the Dy line (Vy,p,) on each night are shown in Figure 3.4 by gray
curves respectively. As discussed earlier, both @ and Rp are variable. Therefore,
the extrema values of o and Rp are used in the calculation of Vy,p,. The mini-
mum volume emission rate profile is constructed using minimum value of a as 0.02
[Hecht et al., 2000a] and Rp as 1.3 [Slanger et al., 2005, 2006; Plane et al., 2007]
using equation 3.5. Similarly, the maximum Vy,p, profile is derived using the

uppermost value of « as 0.2 [Clemesha et al., 1995] and Rp as 2.4 [Slanger et al.,
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2005, 2006; Plane et al., 2007]. It is to be noted that the variation in the average
intensity level observed on the two nights cannot be reproduced using the pairs of
extrema values. However, the black curves, the volume emission rate profiles on
the two nights, calculated by suitably varying both a and Rp, are consistent with

the observed relative variation in average Na airglow intensity levels. The values

of (ﬁ}zDD) satisfying equation 3.6 are 0.036 and 0.135 on 20 and 21 March, 2007

corresponding to the respective black curves in Figure 3.4.
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Figure 3.5: The altitude profiles of pressure retrieved by SABER on 20 and 21 March, 2007 in
the altitude range of 84-96 km. The uncertainty in retrieving pressure from 15 ym COs emission

is represented by the horizontal error bars.

Figure 3.5 depicts altitude profiles of pressure on 20 and 21 March, 2007 in the
range of 84-96 km altitude. Interestingly, the pressure on 20 March, 2007 is more
compared to its counterpart on 21 March, 2007 throughout the altitude range.

As mentioned earlier, another case study was performed in order to investigate
the relationship between the Na atoms and Na airglow intensity on a given night
(18-19 March, 2007). The results pertaining to this study are described in the
following figures. The measurements obtained from Na lidar, Na airglow photome-
ter and satellite borne instrument (SABER) on this night are plotted in Figure
3.6. Figure 3.6a depicts the HTC map of neutral Na atoms. The vertical color
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bar denotes the concentration levels. It is noted that Na atom distribution is rel-
atively higher in a narrow, localized altitude region between 85-95 km throughout
the period of observation. Figure 3.6b shows the Na airglow intensity variation
(black curve) in Rayleigh (R) overlaid on the average airglow intensity variation
constructed from 10 nights of observations (excluding 18-19 March) during the
month of March (gray curve). This figure highlights the significant difference in
the Na airglow intensity variation on 18-19 March from the average Na airglow in-
tensity variation during the interval for that month. Figure 3.6¢ represents altitude
profiles of mesospheric ozone concentration (gray curve) along with Na concentra-
tion (black curve) obtained at 01:30 IST on 19 March, 2007. It is of interest to
note that the altitude profile of mesospheric ozone has a valley region at the peak
altitude of Na concentration located at ~88.5 km. Further, there is a third peak
of both ozone and Na concentration at around 94 km closer to the altitude (93.6
km) where the correlation coefficient is maximum (to be discussed later in Figure
3.8a).

Figures 3.6d and 3.6e depict the results of the power spectral analyses of the
observed Na concentration at two specific altitudes (93.6 km and 88.5 km) and
altitude-integrated Na airglow intensity variation on 18-19 March respectively. The
rationale behind the choice of 93.6 km and 88.5 km altitudes will be clear subse-
quently from Figures 3.7a and 3.7b. Figure 3.6d reveals the dominance of 128 min,
85 min, 64 min periodicities at 93.6 km altitude with decreasing power and domi-
nance of 103 min, 57 min periodic components at 88.5 km altitude with decreasing
power. Figure 3.6e, on the other hand, reveals the dominance of periodicities of
123 min, 77 min, 56 min with decreasing power. Comparison of the spectral peaks
in Figures 3.6d and 3.6e also suggests that the correlation between Na concentra-
tion and Na airglow intensity is better at 93.6 km altitude. It must be noted here
that it is not possible to find out the correlation between Na concentration and Na
airglow unless other parameters like ozone concentration remains invariant with
time. Based on several years (2003-2007) of SABER data, the average temporal
variation of ozone over Gadanki for the altitude region of 80-105 km for the month
of March is analyzed. Barring the daytime passes of TIMED satellite, the data set
is available only between 23:00 to 2:00 IST during nighttime nearly over Gadanki.
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The analysis revealed that the temporal variation of ozone concentration during
23:0 to 2:00 IST is well within uncertainty of measurement at both 88.5 km and
93.6 km (Figure 3.6f). Therefore, this time zone is chosen for the correlation anal-

ysis depicted subsequently in Figures 3.6 and 3.7a.
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Figure 3.6: (a) Height-Time-Concentration (HTC) maps of Na atoms obtained from Na lidar
over Gadanki during nighttime on 18-19 March, 2007. (b) The temporal variation of Na airglow
intensity (in Rayleigh) corresponding to Do line on 18-19 March, 2007 (black curve) along with
the average variation of Na airglow during March (gray curve). (¢) The gray curve corresponds
to SABER retrieved mesospheric ozone profile measured over the nearest location of Gadanki at
01:30 IST on 19 March, 2007 overlaid on the Na atom concentration profile at that time (black
curve). (d & e) The power spectral components of the observed Na concentration at two specific
altitudes (93.6 km and 88.5 km) and altitude-integrated Na airglow intensity variation on 18-19
March respectively. The dotted horizontal lines in the both figures represent the 95% confidence
level above which the spectral components are considered. (f) Monthly (for the month of March)
averaged temporal variation of ozone during 23:00-02:00 IST over Gadanki at 88.5 km and 93.6

km for several years (2003-2007). These variations are well within uncertainty of measurement.
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Figure 3.7: (a-c) The gray curves represent the Na airglow intensity variation whereas, the black
curves correspond to the Na atom concentration (in atoms/cm?) variation at 93.6 km, 88.5 km
and altitude integrated concentration (in atoms/cm?) respectively. (d-f) Coefficient of determi-
nation (r?) obtained from the variations in Na airglow intensity and Na atom concentration at
respective altitude region during the time window shown in the shaded region of left panel of

figure.

Figures 3.7a and 3.7b depict the comparisons of temporal variations in Na
airglow intensity (gray curve) and the Na atom concentration (black curve) at
two representative altitudes (93.6 and 88.5 km respectively) respectively whereas,
Figure 3.7c brings out a comparison between the temporal variation of altitude-

integrated Na atoms with the Na airglow intensity. Figures 3.7a, 3.7b and 3.7c
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(left panel of Figure 3.7) reveal that Na airglow intensity variations during 23:12-
01:42 IST (shaded region) match fairly well with the temporal variation in Na
atoms only at 93.6 km (Figure 3.7a) and do not corroborate with the temporal
variations in Na atoms at the peak altitude of Na concentrations. The left panel
of Figure 3.7 is also supplemented by the corresponding cross-correlation analyses
in the right panel. It is found that the value of coefficient of determination (r?) is
significant at 93.6 km (Figure 3.7d) and negligible corresponding to the other two
cases (Figures 3.7e and 3.7f respectively). It can be additionally noted here that
if a finite time lag (~10 minutes in Figure 3.7b) is given to the temporal variation
of Na concentration at 88.5 km altitude, the correlation coefficient may improve.
However, the time constant for the reaction of Na airglow is only a few seconds
[Plane et al., 1993]. Therefore, correlation analysis with such a large time lag is
not considered.

It is also to be noted here that even if one chooses the full observational period
(19:30-01:42 IST), the correlation coefficient (shown in Figure 3.8a) reduces from
0.86 to 0.55 at 93.6 km altitude and 0.3 to 0.1 at 88.5 km altitude possibly due
to the random variation in the time lags required at different time intervals. Thus
the choice of specific time window (23:12-01:42 IST) does not alter the conclusion

of the present work.
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Figure 3.8: (a) The altitude profiles of correlation coefficient (black curve) along with the ambient
pressure obtained from SABER (gray curve). (b) The gray curves correspond to the uppermost

and lowermost level of volume emission rate profile of Na airglow corresponding to Dy (Vyap,)

line whereas, the black curve represents the Vy,p, by suitably varying (1?5% ) within their
respective maxima in order to match the observed Na airglow intensity level at SABER measure-

ment time.

Figure 3.8a depicts the altitude profiles of the correlation coefficients and pres-
sure between 80 to 105 km. The correlation profile reveals that the correlation
peak lies at ~93.6 km. The ambient pressure, plotted in Figure 3.8a, reduces by
a factor of ~2.5 as altitude changes from 88.5 to 93.6 km. It is interesting to
note that correlation peak altitude differs from the peak altitude (88.5 km) of Na

atom concentration profile (Figure 3.6¢) by around one scale height. The two gray



3.5. Discussion 69

curves in Figure 3.8b depict the altitude profiles of volume emission rate (Vy.p,)

for the maximum and minimum values of the factor (ﬁ%DD ) However, in both the

cases, the area under the Vy,p, curve does not match with the observed airglow

intensity. Therefore, using trial and error method, the factor <1?‘£%D ) is varied
D
suitably in between the extrema so as to match the altitude-integrated value of

Vnap, With the observed airglow intensity level measured using ground based Na

aRp

1+RD> are chosen to be

airglow photometer. It may be noted that the values for <
altitude independent for all the three curves in Figure 3.8b. Nevertheless, the peak
altitude in the volume emission rate differs significantly from the peak altitude in

the correlation curve (Figure 3.8a).

3.5 Discussion

3.5.1 The Effects of Collisions on Na Airglow

Na airglow intensity observations reported in the present investigation exhibit sig-
nificant variation on the two nights. Interestingly, the average intensities are larger
on 21 March 2007 despite the fact that the average Na atom concentration is less
by at least a factor of three (Figures 3.3a and 3.3b) on this night in comparison
with 20 March 2007. The fact that Na atom concentrations and the Na airglow
intensity are not proportional on those two nights during the observational period
clearly indicates that there exist other parameters in addition to Na atoms that
decide Na airglow intensity variations. The Chapman mechanism suggests that
Na airlgow emission intensity depends not only on the concentration of Na atoms
but also on the ambient mesospheric ozone concentration. As reaction (3.1) deter-
mines the rate of the Chapman reaction, it is expected that the variability in ozone
concentrations will significantly contribute to the overall variation of Na airglow
emission intensity. It is to be noted here that the SABER retrieved ozone profiles
can represent the ozone concentration at the Na airglow emission altitude fairly
well despite minor differences in the observation periods. This is owing to the
fact that chemical lifetime of ozone at mesospheric altitude beyond 80 km during

nighttime is more than 12 hours [Brasseur and Solomon, 1986]. Post-midnight
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enhancement [Zommerfelds et al., 1989] of mesospheric ozone is possible due to
vertical downward transport of atomic oxygen. However, as suggested by Connor
et al. [1994] and Huang et al. [2008], this mechanism is operative at around 70
km in the equatorial region. Therefore, the assumption of temporal invariance of
profiles at an altitude region of 80-105 km after midnight is believed to be realis-
tic for the present investigation. Thus, the snapshot measurement of mesospheric
ozone during post-midnight hours can represent average ozone concentration. Ap-
parently, a relatively enhanced peak ozone concentration may seem to cause the
enhanced Na airglow intensity despite lesser Na atom concentration on 21 March
2007. However, even after incorporating measured ozone concentrations in the
volume emission rate calculation and keeping o and Rp constant (not shown), the
variations in the Na airglow intensity on the two nights could not be reproduced.

The observed Na airglow intensity variations during observational period may
also get altered if mesospheric temperatures vary substantially in time and alti-
tude. This is because rate coefficient (k1) pertaining to reaction (3.1) is dependent
on ambient temperature [Plane, 2004]. Based on a morphological investigation,
Kishore Kumar et al. [2008] brought out that the maximum variation in the noc-
turnal temperature in the altitude range of 80-105 km over Gadanki during the
month of March is ~20K. Following Plane, [2004], the temperature dependent rate
constant ki, for a temperature change of 20 K, was found to be insignificant to al-
ter the volume emission rate significantly. The nocturnal mesospheric temperature
during 20 and 21 March, 2007 was also found to vary from a minimum of 160 K to
a maximum of 210 K. Even after using ky, the variability of Na airglow brightness
levels on those two nights could not be reproduced. In other words, variability of
Na airglow brightness levels could not also be obtained by varying k; from 5.33x
10719 to 6.33x 10719 em3s™! (considering the above mentioned temperature ex-
trema) keeping both « and Rp constant. Therefore, it is implied that the only
way to reproduce the observed relative variation in the Na airglow intensity levels
on the two nights is through the possible variation of both a and Rp. The range
of the values of volume emission rate in Figure 3.4 indicate that the variability of
Na airglow intensity cannot be explained by keeping the same o and Rp on both

nights. Therefore, both o and Rp are taken to be significantly different on the two
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nights.

Slanger et al. [2005] suggested that night-to-night variations of o and Rp are
possible. The original Chapman mechanism is modified by Slanger et al., [2005]
to accommodate this aspect. As discussed in Chapter 1, the proposed chemical

scheme is as follows.

Na + O3 — NaO*(A*YT) 4 O, (3.7)
NaO*(A?S1) + O(CP) — Na*(*Py) + O, (3.8)
NaO*(A*S1) + M — NaO(X?M) + M (3.9)
NaO(X?TD) + O(*P) — Na*(*Py) + O, (3.10)

In this scheme, the variations in « and Rp are suggested to depend on whether
NaO*(A?X") or NaO(X?II) is predominantly available in the emission altitude
region. It is shown that NaO is mostly produced in excited state NaO*(A2XT)
rather than in ground state NaO(X?I) [Shi et al., 1993; Wright et al., 1993].
Based on theoretical analysis, Herschbach et al. [1992] showed that a would be
on the higher side (0.67), if NaO*(A?X7") entirely reacts with O. This was also
supported by Grifin et al. [2001] wherein it was shown that the value of o will
be higher if the abundance of NaO*(A?X7") is large. On the other hand, the
value of o was suggested [Herschbach et al., 1992; Joo et al., 1999] to be less if
NaO*(A?XT) gets quenched and converted to NaO(X?IT) before its reaction with O.
The quenching of NaO*(A?X ") to NaO(X?II) also affects Rp [Slanger et al., 2005,
2006]. The reactions (3.8) and (3.10) are likely to produce Na(*P;5) and Na(*P32)
with different D-line ratios. Hence, Rp will have different values depending on the
quenching of NaO*(A2?X") with ambient gas. Slanger et al., [2005] postulated that
Rp will be on the higher side (~2.4) if NaO*(A?X") reacts with O. However, it
may be as low as 1.3 if NaO(X?II) comes into the picture. Therefore, both o and
Rp are dependent on ambient background condition.

The present investigation indicates the need of variable @ and Rp on the two
nights under consideration to explain the observed variability in Na airglow inten-
sity level. As discussed above, this is due to the variability of the quenching of

NaO*(A%XT). Figure 3.5 reveals that the pressure level on 20 March, 2007 is higher
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compared to that on the next night throughout the emitting altitude range. High
pressure implies enhanced quenching of NaO*(A?X") with ambient atmospheric
neutral species on 20 March, 2007 that might lead to less sodium airglow inten-
sity on this night. It is difficult to quantify the required enhanced pressure level
on 20 March, 2007 to match observed airglow intensity as there is no established

relationship available in the literature. It is interesting to note that the factor

(ﬁ%DD > is also dependent on the quenching process. It is well established [Her-
schbach et al., 1992; Joo et al., 1999] that the dependence of branching ratio « is
less when quenching of NaO*(A?XT) is more. However, the dependence of Rp on
the quenching process is not known. Slanger et al., [2005] postulated that Rp will

be on the higher side (~2.4) if NaO*(A%%") reacts with O. However, it may be

as low as 1.3 if NaO(X?II) comes into the picture. The factor (10_‘:%]’3 ) being less
on 20 March, 2007 (described in the results section) is possible only when both «
and Rp are on the lower side. Thus, the present measurements along with with
volume emission rate calculations augment the previous postulation of Slanger et
al., [2005] and indicate that both « and Rp have possible roles to play in deciding
the observed Na airglow intensity level on the two nights which provide an evidence
[Sarkhel et al., 2009; Sekar et al., 2010] to collisional quenching process that was
suggested by Slanger et al. [2005]. Although collisional quenching is expected to
vary with altitude, earlier investigations did not explicitly consider this aspect to
explain the observed variations in Na airglow. The simultaneous observation of Na

airglow and Na lidar on 18-19 March, 2007 over Gadanki substantiates this aspect

of collisional quenching effects on Na airglow.

3.5.2 Possible Altitude Variation of Collisional Quenching

on Na Airglow

Na airglow intensity variation on 18-19 March, 2007 during 19:30-01:42 IST is
significantly different (Figure 3.8b) from the average nocturnal variation of March,
2007. It is further noticed that variations in Na airglow intensity nearly follow
the variations in the Na atom concentration at ~93.6 km at around midnight. At

this time, Na concentration increases approximately from 1800 atoms/cc to 3500
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atoms/cc that corresponds to ~94% increase whereas Na airglow intensity changes
approximately from 25 R to 45 R that amounts to ~80% increase. Since the volume
emission rate of the Na airglow is proportional to the Na concentration, the above-
mentioned observation indicates that the observed Na airglow intensity variation
is primarily due to variation in Na concentration at 93.6 km at around midnight
when variation in ozone concentration at that altitude is nominal. Interestingly,
as revealed by Figure 3.8a, this correspondence between Na atoms and airglow is
observed at an altitude (~93.6 km) where Na atom concentration is relatively less
in comparison with the maximum Na atom concentration observed at 88.5 km.
Therefore, the peak altitude of correlation lies at ~93.6 km which is almost one
scale height above than the peak altitude of Na atom concentration at that time.
In addition, the integrated Na concentration does not corroborate with the Na
airglow intensity variation during 23:12-01:42 IST. These considerations indicate
that more Na concentration does not necessarily warrant more Na airglow and
more importantly, there is possibly a critical dependence of Na airglow on the
altitude—specific mesospheric conditions that include distribution of mesospheric
ozone, temperature-dependent rate constant (k), branching ratio (o) and Dy/Dy
intensity ratio (Rp).

The dependence of Na airglow emission on mesospheric ozone is evident from
the Chapman mechanism. As mentioned earlier, it is expected that the variability
in ozone concentration will significantly contribute to the variability of Na airglow
emission intensity. As already stated in the results section, temporal variation
of ozone concentration during 23:00 to 02:00 IST is not significant. This is also
supported by the recent model calculation by Schmidt et al. [2006]. Therefore, it
is unlikely that the Na airglow variation during 23:12-01:42 IST is caused by the
temporal variations in the mesospheric ozone concentration.

The observed Na airglow intensity variations during 23:12-01:42 IST may also
get altered if mesospheric temperatures vary substantially in time and altitude.
As already shown earlier that the maximum variation in nocturnal mesospheric
temperature during March over Gadanki is not sufficient to change k; and conse-
quently, the volume emission rate significantly. Therefore, it can be safely taken

that variation in mesospheric temperature is not responsible for the variation in
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Na airglow intensity during 23:12-01:42 IST.

Figures 3.6b and 3.6e suggest that the airglow layer is modulated by the pas-
sage of gravity waves. In this context it is important to note here that the passage
of atmospheric gravity waves can introduce dynamical and subsequently, chemical
changes as it passes through atmospheric medium especially mesosphere [e.g. Wal-
terscheid et al., 1987]. Dynamical changes cause redistribution of atmospheric con-
stituents and as a consequence, the abundance of atmospheric species participating
in chemical reactions involving airglow emission can change with time. Therefore,
changes in the chemistry of Na airglow emission process capture the dynamical
changes introduced by the passage of gravity waves. As the volume emission rate
profiles are calculated based on measured variations of Na atom, mesospheric ozone
and reaction rate constant k; using the SABER-measured temperature profile, the
effect of gravity waves is believed to be already included implicitly in the present
investigation.

The temporal or altitudinal variations in Rp and/or a may also be responsible
for the observed Na airglow intensity variation during 23:12-01:42 IST. The Na air-
glow intensity changes approximately from 25 R to 45 R at around local midnight.
This amounts to ~80% increase. The observed Na airglow intensity variation from
~25 R to ~45 R at ~24:06 IST could not be reproduced by considering the ex-
treme variations in Rp and the variation in Rp with pressure is postulated to be
a step like function [Slanger et al., 2005]. On the other hand, a can be variable
depending upon ambient pressure [Slanger et al., 2005] and the value of a can
range from 0.02 to 0.2 [Clemesha et al., 1995; Hecht et al., 2000a]. As drastic
changes in pressure in short time scale is generally not expected at that altitude, it
is assumed that « is temporally nearly invariant in this case. Further, it can also
be noted from Figure 3.8b that the peak altitudes of V,p, do not change for three
different altitude-independent values of (fﬁ%). In other words, the peak altitude

of Vaup, profiles cannot get closer to the peak altitude revealed by the correlation

analysis (Figure 3.8a) without the altitude variation of (fﬁ% ) Therefore, any

aRp
1+Rp

variation other than the altitude variation in ( ) does not satisfactorily ex-

plain the observations reported here. It is to be noted that the individual value of
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«a and Rp cannot be obtained particularly in the absence of Na D; line intensity.

The above salient points suggest that the factor (111?53 ) may be altitude-

dependent. Following Slanger et al. [2005], it is discussed in Sarkhel et al. [2009]

that the factor <ﬁ’%}’3 > is more when quenching of NaO*(A2X ™) is less with the

ambient gas. Based on simultaneous Na concentration and Na airglow observations
on two nights in conjunction with SABER data, Sarkhel et al. [2009] showed that
altitude-independent values of <f_‘£f;> needed to be variable (0.036 and 0.135 on
the two nights respectively) to explain anomalous Na airglow intensity variations.

As the values of both a and Rp depend on the ambient pressure, possible variation

in the values of altitude-dependent <1‘i‘£§3 ) was attributed to ambient collisions.

In the present case, however, the altitude-independent value of (ﬁi’i ) turns out
to be ~0.0295 when the altitude independent value of volume emission rate match
with the observed airglow intensity level. However, this does not match with the
correlation curve as the peak in the correlation curve (93.6 km) lies about a scale
height above than the peak altitude of Na atom concentration (88.5 km) (Figures
3.6¢c and 3.8a). Atmospheric pressure at 93.6 km, as shown in Figure 3.8a, is ~2.5

times less in comparison with that at 88.5 km. This will result in more collisional

quenching of NaO*(A?XT) at 88.5 km than at 93.6 km. Therefore, enhanced Na

airglow emission is expected at ~93-94 km, where the factor (ﬁ%’;) has larger

value. Earlier in-situ measurements [Clemesha et al., 1993, 1995; Hecht et al.,

2000a] of volume emission rate profiles were found to maximize at ~95 km. Thus,

aRp
1+Rp

the relatively larger value of the factor ( ) at correlation peak altitude rather
than the altitude of maximum Na atom concentration may be responsible for the
enhancement in volume emission rate at the altitude other than peak altitude of

Na atom concentration in the present case. The investigation implicitly suggests

that the factor (l(ﬁfDD ) varies with altitude. Therefore, the altitude variation of
the collisional quenching needs to be considered, on this occasion, to account for
the observed Na airglow intensity variation [Sarkhel et al., 2010; Sekar et al., 2010].

Thus, the collision with the ambient molecules plays a significant role in de-

ciding Na airglow intensity. Based on a few nights of simultaneous measurements

of neutral Na atom concentration and Na airglow intensity over Gadanki, it was
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observed that one-to-one relationship between Na atom and Na airglow intensity
do not need to be maintained at all the time. The present investigations indicate
that the effect of the collisional parameters like a and Rp are significant in Na
airglow reaction. Further systematic observations are needed in order to establish

the effects of collision.



Chapter 4

Mesospheric Gravity Waves over

Indian Low Latitude Stations

4.1 Background

The terrestrial mesopause region (~85-95 km) acts as an interface zone between the
lower atmosphere and thermosphere. In recent times, significant evidences have
been obtained that indicate strong influence of lower atmospheric processes like
Atmospheric Gravity Waves (AGWs) [e.g. Meriwether, 1996; Walterscheid and
Hickey, 2005], tides [e.g. Immel et al., 2006] etc in the dynamics of Thermosphere-
Ionosphere System (TIS). Therefore, Mesosphere-Lower Thermosphere (MLT) cou-
pling is one of the important issues that needs to be addressed to understand the

coupling of lower and upper atmosphere comprehensively.

4.1.1 Atmospheric Gravity Waves

As stated, AGWs [Hines, 1960] act as a dynamical coupling agent between meso-
sphere and Thermosphere-Tonosphere System (TIS). The perturbations in atmo-
sphere, generated thermal forcing, lightning, wind flow over a mountain, etc prop-
agate upward and Earth’s gravity acts as a restoring force in the propagation of
these waves. These are commonly known as AGWs. The periods of these waves
range from as low as 5 min to 3 hours. The horizontal wavelengths of the AGWs

can be ~50-500 km whereas, the vertical wavelengths can range from 5 to 10 km

7
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in mesosphere. AGWs, generated at lower altitude regions, generally propagate
upward as atmospheric density decreases with altitude. In order to conserve en-
ergy, its amplitude grows exponentially with the altitude. These waves eventually
break [Hecht et al., 1997; Fritts et al., 1997] and dump their energy into meso-
sphere. AGWs play very crucial role in the mesospheric heat budget [Killeen and
Johnson, 1995] as they transport energy and momentum to mesosphere, generate
turbulence, and interact with the background mean flow [Fritts, 1984; Fritts and

Alexander, 2003].

4.1.2 Characterization of AGWs

In order to understand upper atmospheric energetics and dynamics, characteriza-
tion of AGWs becomes extremely important. The parameters of AGWs can be
derived using ground based remote-sensing techniques like lidar, VHF, MF and
meteor radars. These are very useful techniques in deriving atmospheric parame-
ters such as temperature and neutral wind. Some of the important results obtained
by these techniques over Indian longitude sectors are already discussed in Chapter
1. Observations using lidar and radar can be carried out with extremely good
temporal and height resolution and the backscattered signals can be used to derive
the parameters of AGWs.

As discussed in the Chapter 1, the AGWSs can be characterized using Na reso-
nance lidar. The downward phase propagation of AGWs can be clearly observed
in neutral Na atom layer [e.g. Rowlett et al., 1978; Taylor et al., 1995a; Bha-
vani Kumar et al., 2007a]. In the present thesis work, one such event consisting
of the passage of AGWs through neutral Na atom layer is identified from the
observations made by the author. Figure 4.1 depicts the temporal development
of the altitude profiles of Na concentration on 18-19 March, 2007 over Gadanki.
Around 200 profiles of Na atom concentration with 2 minutes temporal resolution
are stacked together in Figure 4.1. Wave-like signature can clearly be seen in the
stacked plot. The peaks in the Na concentration at a given altitude are descending
down with time indicating clearly the downward phase propagation (inclined ar-

rows) characteristic of gravity waves. The wave activities are observed throughout
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the altitude range of 82-95 km with largest downward phase propagation within
86-89 km during ~00:00-01:40 IST. The downward phase progressions at different
altitudes during the same time (22:30-00:00 IST) indicate the presence of multiple
modes of gravity waves. The downward phase velocity on that night is observed
to be less than 1 m/s. The uncertainty of measurements of the phase velocity is

less than 0.1 m/s.

18-19 March, 2007
05 \

00

T

90

85

19 20 21 22 23 00 01 02
Time (IST)
Figure 4.1: Time series of Na concentration profiles on 18-19 March, 2007. Inclined arrows rep-

resent phase propagation of gravity waves.

Airglow emissions can also be used as tracers to understand the dynamical pro-
cesses of upper atmosphere. Different airglow emissions originate due to various
chemical reactions and these reactions are favored at certain altitudes. There-
fore, to understand the physical phenomena at different altitudes, different airglow
emissions can be studied. In order to probe mesosphere and lower thermosphere
regions, OH band emission (720-910 nm), NaD (589.0/589.6 nm) and OI (557.7
nm) emission lines are generally used. 557.7 nm emission comes from around 9742

km and it occurs due to three body recombination of atomic oxygen (O). OH band
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emission occurs due to transition between rotational energy levels in a vibrational
band of hydroxyl radical (OH) and this emission comes from around 8545 km. Na
airglow emission produced at ~90+5 km altitude also serves as tracer for AGWs.
Thus, using airglow photometer and imager, this modulation in the airglow in-
tensity can be recorded and the periodicities as well as horizontal wavelengths of
gravity waves can be determined.

Investigations of mesospheric gravity waves have been carried out over different
latitudes using airglow photometry and imaging techniques. A considerable num-
ber of observations were carried out over high-latitude stations using mesospheric
airglow emission lines along with radio techniques [e.g. Suzuki et al., 2009a; Nielsen
et al., 2009]. These measurements reveal the occurrence of short period (5-15 and
6-12 minutes) and long period (30-80 minutes) gravity waves. In addition, Bageston
et al. [2009] observed, based on OH airglow images, that the periods were mainly
distributed between 5 and 20 minutes over Comandante Ferraz, an Antarctica
Station (62.1° S, 58.4° W). Similar to high latitude stations, airglow observations
were also carried out at mid-latitudes. The dominant modes were found to be less
than 30 minutes [e.g. Swenson et al., 1999; Higashikawa et al., 1999; Reid and
Woithe, 2005; Wrasse et al., 2006a]. However, Won et al. [2003] observed longer
periods (>2 hours) in OH airglow images from another mid-latitude station like
Chungirvon (36.6° N, 127.3° E), Korea.

Substantial measurements were also carried out from equatorial and low lati-
tude stations. Taylor et al. [1995b, 1997] observed the occurrence of short periods
(< 20 min) from Alcantara, Brazil (2.3° S, 44.5° W) and Haleakala Crater, Maui
(20.8° N, 156.2° W in images of near-infrared OH and O, airglow as well as in
visible OI (557.7 nm) and NaD (589.2 nm) airglow. Mukherjee [2003] investigated
the short period of gravity waves of around 8 min over Panhala (17.0°N, 74.2°E), a
Indian low latitude station. Recently, Suzuki et al. [2009b] estimated the periods
of gravity waves that lie between 5 and 25 min using OH airglow imaging and
meteor radar over Kototabang (0.2° S ,100.3° E).

Fagundes et al. [1995] carried out measurements of O, (0,1) and OH (9,4) band
as well as OI (557.7 nm) and NaD line emissions obtained from Cachoeira Paulista

(23° S, 45° W), Brazil. The investigation revealed the presence of gravity waves
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with periodicities more than 60 minutes. However, short period gravity waves (less
than 16 min) were also observed from several low-latitude stations [e.g. Nakamura
et al., 2003; Medeiros et al., 2003; Pautet et al., 2005; Wrasse et al., 2006b].
Recently, Taylor et al. [2009] derived periods of gravity waves over Brasilia (14.8°
S, 47.6° W) and Cariri (7.4° S, 36.5° W) using airglow imaging technique. The
observations brought out the occurrence gravity waves with short scale (5-8 min)

and medium scale (20-40 and 40-60 min) periods over both Cariri and Brasilia.

4.1.3 Breaking of Gravity Waves in Mesosphere

Breaking of gravity waves plays an important role in mesospheric energetics. Insta-
bility processes are believed to be responsible for the breaking of gravity waves near
mesopause region. Hodges [1967] and Lindzen [1981] suggested that the breaking
of gravity waves arises from convective instability. This can be quantified using the
square of Brunt-Vaisala frequency (N?). This is the frequency at which a displaced
air parcel oscillates when displaced vertically within a stable environment under

the influence of buoyancy as a restoring force. The expression for N? is as follows

dT(z)}

g g
N2(Z> - {C * dz
P

T(z)
Where, T'(z) = Temperature at height z (in meter).

(4.1)

g = Acceleration due to gravity (in m/s?)
C, = Molecular specific heat at constant pressure (29.1 J.mol~'.K~! for diatomic

molecules like Ny and O)

Convective instability occurs in the region of atmosphere where negative tem-
perature gradient exists and N?(z) becomes negative. Therefore, equation 4.1
suggests that the atmosphere will be convectively unstable and favorable for the
generation of turbulence whenever d1'/dz + g/C,, is negative.

In addition to convective instability, dynamical instability is also responsible
for breaking of AGWs. The dynamical instability can be gauged by the Richardson
number (R;) [Richardson, 1920].
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N?(2)
(du/dz)* + (dv/dz)?

where, u(z) and v(z) are the zonal and meridional winds (in m/s) at an altitude z.

Ri(z) = (4.2)

The numerator in the expression of R; is the square of Brunt-Vaisala frequency
(N). This is a measure of the stability of atmosphere. The denominator of equation
(4.2) represents the destabilizing effects due to wind shear in the atmosphere. The
dynamical instability may be excited to cause turbulence, if the wind shear effect
overwhelms the buoyancy effect so that the Richardson number is less than 0.25
[Chu et al., 2007].

As discussed in Hecht et al. [2004], convective and dynamical instabilities occur
in mesosphere depending on critical values of N%(z) and R;. Whenever R; is less
than 0.25, dynamical instability occurs which leads to the formation of Kelvin-
Helmholtz billows [Gossard and Hooke, 1975]. On the other hand, convective
instability occurs if N? is negative when the atmospheric lapse rate exceeds the
adiabatic lapse rate.

Gravity wave breaking has been extensively investigated with theoretical anal-
yses and numerical simulations [e.g., Lindzen, 1981; Fritts et al., 1994; Liu et al.,
1999]. Several critical factors control the process of the wave breaking. This in-
cludes the growth of the wave amplitude with height, the thermal structure and
wind velocity profile of the background environment. The wave breaking process
can be roughly described when the temperature and wind velocity perturbations
of the upward propagating gravity wave grow with height. If the overturning in
the temperature field occurs at the height where the wave-induced temperature
gradient exceeds the background temperature gradient, the convective instability
is likely to occur and the turbulence is generated to cause wave breaking. The
dynamical instability may also occur due to large velocity shears in the ambient
wind. As discussed in Chu et al. [2007], the dynamic instability will occur sub-
sequently on the upper and lower sides of the accelerated mean flow when the
wind shears become sufficiently large. The later stage of wave breaking will there-
fore have a complicated distribution of turbulence because of the combination of

Kelvin-Helmholtz turbulence [Hecht et al., 2005; Li et al., 2005] and convective
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instability-generated turbulence in the wave breaking zone.

4.1.4 Breaking of Gravity Waves Observed in Airglow

Apart from the characterization of gravity waves, the signature of breaking of
gravity waves in mesospheric airglow have been observed by several researchers.
Swenson and Mende [1994] observed the evidence of breaking of gravity waves at
upper mesosphere in OH airglow images over Utah State University Observatory
at Bear Lake, Utah. Based on airglow and lidar observations in Urbana, Illinois
(40°N), Hecht et al. [1997, 2000b] observed a few small-scale wave-like structures
in OH and O, airglow images that could be associated with the breaking of gravity
waves due to convective instability. In addition, using an OH airglow imager and a
meteor radar over Japan, Yamada et al. [2001] observed a few cases where breaking
of small-scale gravity waves occurred in the mesopause region that propagated
against background wind. One such example provided by Yamada et al. [2001] is
illustrated in Chapter 1.

In the present thesis, indirect indication for the breaking of gravity waves in
Na airglow layer was obtained using observations from a ground-based Na airglow
photometer along with the different instruments onboard TIMED (Thermosphere

lonosphere Mesosphere Energetics and Dynamics) satellite.

4.2 Data Set

In order to measure the temporal variation of Na airglow intensity, portable narrow-
band photometers were designed and fabricated. The detailed specifications of
these photometers are already discussed in Chapter 2. Na airglow intensity with
temporal resolution of 10 s was obtained using those photometers from Mt. Abu
and Gadanki during moonless nights in cloudless season.

In order to assess the effect of mesopause height on the observed Na airglow
variation, the altitude profiles of mesospheric kinetic temperature are obtained
from SABER instrument onboard TIMED satellite nearly over both Mt. Abu and

Gadanki on observational nights.
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Mesospheric zonal and meridional wind profiles nearly over Mt. Abu and
Gadanki were obtained from the TIMED Doppler Interferometer (TIDI) measure-
ments in the mesosphere and lower thermosphere region. The brief specifications

pertaining to the SABER and TIDI instruments are discussed in Chapter 2.

4.3 Data Analyses

In order to identify the modes of mesospheric gravity waves, Na airglow measure-
ments, carried out in campaign modes during November, 2006 - February, 2009
from Mt. Abu (24.6° N, 72.7° E) and Gadanki, were used. A total of 80 nights
over Mt. Abu and 30 nights of data over Gadanki were collected during the course
of the thesis work. Moonless and cloudless conditions required for the airglow mea-
surements limit the number of observations. Spectral components are obtained for
all these cases. In addition, based on a few distinct cases, investigation is also
carried out to understand the relation between the propagation of gravity waves
and mesopause altitudes.

Na airglow photometer measures time series of terrestrial Na airglow emission
intensity in terms of photon counts/s. A few sharp peaks, observed in the temporal
variation, are identified as extra-terrestrial origin as each peak systematically shifts
around 4 minutes on a given night as compared to the previous night. These
are removed from the original data set in each night to avoid extra-terrestrial
contribution in Na airglow intensity. Data points during passage of thin clouds,
haze are also rejected. As a consequence, the time series of Na airglow intensity
becomes unevenly-spaced in time domain.

The gravity wave-induced small scale intensity fluctuations (less than 3 hrs)
are embedded in the large scale variation of the unevenly-spaced time series data.
In order to extract the small scale fluctuations, filtering technique is used by de-
trending the large scale variation in Na airglow intensity. The mean of the resid-
uals is then subtracted from each datum point of residual time series to minimize
the probable bias [Koopmans, 1974]. Spectral analysis is thus performed on the
unevenly-spaced normalized residual time series using Lomb-Scargle method which

is capable of handling unevenly-spaced time series data. The spectral peaks above
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the critical level (gy) determined by Fisher’s test [Schulz and Stattegger, 1997 are
considered to be “significant”. In addition, the frequency components satisfying
“Nyquist Criteria” are only considered. Further, the periods, below the “Brunt-
Vaisala” period, which is around 5 minutes at Na airglow emission altitude, are
not considered. The periods obtained from the spectral analysis satisfying all the
above conditions, for all the nights of observations in each month, are binned for
every 15 minutes time interval. Thus, the percentage of occurrence and occurrence
of maximum power of gravity wave modes are evaluated.

Figure 4.2 depicts a typical nocturnal Na airglow intensity variation and the
power spectrum analysis technique applied for a given Na airglow intensity time
series. As mentioned earlier, the time series data of Na airglow is unevenly-spaced
due to extra-terrestrial contribution and/or passage of thin clouds and contains
small and large scale fluctuations. The black curve in Figure 4.2a represents the
temporal variation of Na airglow intensity in terms of counts/s. The gray curve in
Figure 4.2a represents the time series after suitable low pass filtering. It must be
noted that the appropriate low pass filtering is carried out using running average
in time domain so that gravity wave fluctuations with periods ranging from 5 min
to 3 hours are smoothed out. Now, this smoothed time series is used to extract
the fluctuations due to gravity waves. The residual time series, thus obtained, is
normalized with respect to the maximum count for that night. The normalized
residual time series is shown in Figure 4.2b. Figure 4.2c shows the Lomb-Scargle
periodogram of the unevenly-spaced normalized residual (black curve). The gray
curve in the same subplot represents the Fisher (g¢) level above which the spectral
peaks are considered ‘significant’. As the average ambient wind speed within the
Na airglow layer is less, the Doppler shift of the observed frequency is extremely
small. Therefore, the significant spectral peaks calculated from Lomb-Scargle pe-
riodogram analysis can be considered to be the representative frequency due to

passage the gravity waves through Na airglow layer.
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Figure 4.2: (a) Na airglow intensity variation in terms of Counts/s (black curve) overlaid on
the smoothed time series (gray curve). (b) Normalized residual time series after detrending the
Na airglow intensity variation. (¢) Normalized power spectrum using Lomb-Scargle periodogram
of the unevenly-spaced normalized residual (black curve) overlaid on the fisher fisher (gy) level

above which the spectral peaks are considered.

In order to investigate the occurrence of convective and dynamical instabilities
within Na airglow layer, the square of the Brunt-Vaisala frequency (N?) and the
Richardson number (R;) profiles on those nights were calculated using SABER
derived mesospheric temperature profile and TIDI derived zonal (u) and meridional

(v) wind profiles nearly over the observational sites during nighttime.
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4.4 Results

Figures 4.3 and 4.4 depict the normalized nocturnal variations during 19.5-05.5 IST
of Na airglow intensity over Mt. Abu and Gadanki respectively. The normalization
procedure were carried out by dividing each datum point of Na airglow intensity by
the maximum value of Na airglow intensity on a given night. Significant difference

is observed in the Na airglow intensity levels from one night to another.

November, 2006 November, 2007 November, 2008

0 0 0
195 215 235 15 35 55 195 215 235 15 35 55 195 215 235 15 35 55

December, 2007 December, 2008
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195 215 235 15 35 55 195 215 235 15 35 55 195 215 235 15 35 55
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Figure 4.3: Normalized Na airglow intensity variation measured from Mt. Abu during different

months.
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Figure 4.4: Normalized Na airglow intensity variation measured from Gadanki during January

and March of 2007 & 2008.

Significant night-to-night variabilities on a given month are observed over both
Mt. Abu and Gadanki. In addition, the nocturnal Na airglow intensity variations

differ from year to year. The salient observational features are listed below.

e The nocturnal Na airglow intensity variations over Mt. Abu during Decem-
ber, 2006 and 2008 are significantly different as compared to the variations
during December, 2007. The peaks in the airglow intensity occurred during
midnight during 2006 and 2008. However, the airglow intensities maximize
well after midnight during December, 2007. On the contrary, the nocturnal
variations during November for the years 2006, 2007 and 2008 do not reveal

any systematic occurrence of intensity peaks.

e The airglow intensity variations over Mt. Abu on each night during Oc-
tober, 2008 reveal the occurrence of peak intensity during pre-dawn hours
(around 4:30 IST). On the other hand, the intensity variations do not show

any systematic intensity peak during February, 2009.
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e Nocturnal airglow intensity variations over Mt. Abu show a hump like struc-

ture between 21:30 to 01:30 IST during January, 2009.

e The variation on a particular night during March, 2007, where intensity shows
quasi-periodic oscillation, is noticed. The Na airglow intensity variation on
this night is entirely different from other nights during this month and is
addressed in detail in Chapter 3.

e The intensity during March, 2008 decreases consistently during post-midnight

hours.

The wave induced fluctuations can be observed in the temporal variation dur-
ing all nights. In order to derive the periodicities associated with the gravity
waves embedded in the Na airglow intensity variations, spectral analyses were

carried out as discussed in the data analyses section.
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Figure 4.5: The upper subplot depicts the occurrence of maximum power derived from Na airglow
intensity variation over Mt. Abu. The variations in temperature profile obtained from SABER
during all the observational nights over Mt. Abu are shown in the lower subplot along with the

average temperature profile (bold black curve).
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Figure 4.6: The upper subplot depicts the occurrence of maximum power derived from Na airglow
intensity variation over Gadanki. The variations in temperature profile obtained from SABER
during all the observational nights over Gadanki are shown in the lower subplot along with the

average temperature profile (bold black curve).

Figures 4.5 depicts the histogram obtained with the percentage of occurrence
associated with the gravity wave modes over Mt. Abu along with the altitude
profiles of temperatures during the observational period. Similar analyses over
Gadanki are plotted in Figure 4.6. It is interesting to note that the percentages
of occurrence of periods of atmospheric gravity waves in the nocturnal Na airglow
variation both over Mt. Abu and Gadanki maximize for the period between 15 to

30 minutes. In addition, the average altitude profile of mesospheric temperature
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during the observational period obtained from SABER over both Mt. Abu and
Gadanki, reveals that the mesopause altitude is around 98 km. It is interesting to
note that the deviations of temperature for those nights both over Mt. Abu and
Gadanki are observed to increase beyond 90 km.

In addition to the occurrence of gravity wave periods described above, percent-
age of occurrence of periodicities with maximum spectral power of gravity waves is
also calculated to investigate the impact of a particular gravity wave mode in the
energetics of mesosphere. Figure 4.7 represents the percentage of occurrences of
maximum power over Mt. Abu and Gadanki. There are three spectral components
containing large powers (marked by arrows) having the periodicities that lie within
45-60, 75-90 & 90-105 minutes over Mt. Abu and 30-45, 75-90 & 105-120 minutes
over Gadanki.
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Figure 4.7: The upper and lower subplots depict the occurrence of maximum power derived from

Na airglow intensity variations over Mt. Abu and Gadanki respectively.
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Figure 4.8: The left panel shows the mesospheric temperature profile obtained from SABER, over
Mt. Abu on a few distinct nights. The subplots in the right panel depict the power spectra

derived from the temporal variations of Na airglow intensity on those respective nights.

The left panel of Figure 4.8 depicts mesospheric temperature profiles obtained
from SABER on a few distinct nights over Mt. Abu. The right panel shows the
power spectra derived from Na airglow intensity variation recorded from Mt. Abu
on those nights. It is to be noted from the first two subplots (28 February, 2009
and 21-22 November, 2008) that the mesopause altitude is below 93 km and the
corresponding dominant period is around 90 min. Interestingly, steep negative
gradients in temperature (< —10 K/km) within the altitude range of 85-97 km are
observed on those two nights. In contrast, the dominant period of gravity waves
observed on 22-23 December, 2008 and 26-27 November, 2008 is more than 120 min.
The mesopause heights on those cases lie well above 100 km. It is also observed
that negative temperature gradients are relatively less steep (> —5 K/km) within
85-97 km during those nights. It is to noted that the altitude region between 85
to 97 km is the Na airglow emission region and the importance of this aspect will

be discussed later.
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Figure 4.9: The left panel shows the mesospheric temperature profile obtained from SABER
over Gadanki on a few distinct nights. The subplots in the right panel depict the power spectra

derived from the temporal variations of Na airglow intensity on those respective nights.

Similar features are also be observed over Gadanki (Figure 4.9) wherein the pe-
riods of gravity waves on a few distinct occasions are found to be different depend-
ing on the levels of mesopause height and gradient in temperature. The dominant
periodicities derived from Na airglow intensity variation on 05-06 January, 2008
and 07-08 March, 2008 are less than 90 min and in these cases, the mesopause
altitude lies around 90 km and the steep negative gradient in temperature (< —10
K/km) exists within 85-97 km. In addition to that, periodicities of around 120 min
are observed to be dominant on 21-22 March, 2007 and 06-07 April, 2008 when
the mesopause altitude lies beyond 97 km with relatively less negative temperature

gradient (> —6 K/km).
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Figure 4.10: The left panel shows zonal wind profiles over Mt. Abu on those nights considered
in Figure 4.8. Positive and negative signs in zonal wind respectively indicate the direction to
be eastward and westward. The subplots in the right panel depict meridional wind profiles on
those respective nights. Positive and negative signs in meridional wind respectively indicate the

direction to be northward and southward.

Figures 4.10 and 4.11 depict the profiles of zonal and meridional winds obtained
from TIDI in the altitude range of 80-105 km nearly over Mt. Abu and Gadanki
respectively. A large night-to-night variations in the magnitude of both zonal and
meridional winds are noted. In addition to that, significant velocity shears are
present in both zonal and meridional winds in the altitude region of 85-97 km.
TIDI derived wind profiles during nighttime are used to derive the altitude profiles

of Richardson number on those nights.
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Figure 4.11: The left panel shows zonal wind profiles over Gadanki on those nights considered
in Figure 4.9. Positive and negative signs in zonal wind respectively indicate the direction to
be eastward and westward. The subplots in the right panel depict meridional wind profiles on
those respective nights. Positive and negative signs in meridional wind respectively indicate the

direction to be northward and southward.
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Figure 4.12: The left panel shows N2 (N = Brunt-Vaisala frequency) profiles over Mt. Abu on
those nights considered in Figure 4.8. The subplots in the right panel depict R; (Richardson

Number) profiles on those respective nights.

The left panel of figure 4.12 depicts altitude profiles of N? over Mt. Abu in
the altitude range of 80-105 km obtained using the SABER derived temperature
profiles in equation 4.1. The altitude profile of Richardson number (R;), calculated
from N? using equation 4.2 on those nights, are plotted in the right panel of this
figure. Several interesting aspects can be noted based on the N? and R; values.
Figure 4.12 reveals that N? becomes negative and R; is less than 0.25 within the
altitude range of 85-97 km on 28 February, 2009 and 21-22 November, 2008. Inter-
estingly, the dominant period of gravity waves, present over Mt. Abu for these two
nights, is around 90 min (Figure 4.8). However, N? becomes negative and R; is
less than 0.25 beyond 95 km on 22-23 December, 2008 and 26-27 November, 2008
and the dominant period derived from Na airglow intensity variation is more than

120 min on those two nights over Mt. Abu. (Figure 4.8).
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Figure 4.13: The left panel shows N2 (N = Brunt-Vaisala frequency) profile over Gadanki on
those nights considered in Figure 4.9. The subplots in the right panel depict R; (Richardson

Number) profiles on those respective nights.

Similarly, observations obtained on 05-06 January, 2008 and 07-08 March, 2008
from Gadanki suggest that the dominant period present in Na airglow intensity is
less than 90 min (Figure 4.9) whenever N2 becomes negative and R; is less than
0.25 within the altitude of 85-97 km (Figure 4.13). However, N? and R; were
respectively not observed to be negative and below 0.25 within 85-97 km (21-22
March, 2007 and 06-07 April, 2008). The dominant period is found to be more
than 120 min (Figure 4.9). Comparison of Figures 4.8, 4.9, 4.12 and 4.13 clearly
reveal that the dominant periods, associated with the gravity wave activities, are
less (~90 min) whenever the value of N? is negative and R; is less than 0.25 within
altitude region of 85-97 km. In other cases, the dominant period is significantly
greater (~120 min) whenever N? and R; were respectively not observed to be

negative and below 0.25 within 85-97 km.
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4.5 Discussion

It is well known that neutral Na layer will be modulated by the passage of gravity
waves as, the lifetime of neutral Na atoms during nighttime is long compared to
the typical gravity wave periods [Xu and Smith, 2003]. These waves, propagate
upward and carries energy and momentum from lower to upper atmosphere. The
downward phase propagation of these waves (Figure 4.1) suggest that these are
gravity waves. Therefore, the modulations in the Na concentration reported here
are due to the propagation of gravity waves through Na atom layer.

It is to be noted that the identification of the Na airglow layer height region was
reported earlier based on several in-situ and ground based measurements [ Clemesha
et al., 1993, 1995; Hecht et al., 2000; Sarkhel et al., 2010] and it was found to lie in
between 88 to 97 km. Moreover, the reaction time constant of Na airglow emission
in the Chapman mechanism [Chapman, 1939] is around a few seconds |[Plane et al.,
1993], the gravity waves having periods greater than the reaction time constant
can, in principle, be recorded.

The modulation in Na airglow intensity due to the passage of gravity waves
through Na airglow layer are indicated by the percentage of occurrence. It is in-
teresting to note that the night-to-night variation in temperature near mesopause
region is substantially large over Mt. Abu and Gadanki. The variations in tem-
perature can be interpreted due to the passage of gravity waves as it modulate
temperature. This large amount of variation in temperature near mesopause re-
gion is owing to the fact that the gravity waves play a crucial role in the energetics
near mesopause region. The energetics in upper mesosphere are described by the
occurrence of gravity waves with maximum power in which the larger power indi-
cates the gravity wave periods that are mainly responsible for altering mesospheric
temperature. These waves transport energy and momentum from lower atmosphere
and dump at the altitude region where they break. As a consequence, energy and
momentum are transferred to the ambient medium.

The convective and dynamical instability processes are responsible for the
breaking of gravity waves near the mesopause region. The steep negative tem-

perature gradient makes the ambient atmosphere convectively unstable whereas,
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the shear in the horizontal velocity can trigger dynamical instability. The square
of Brunt-Vaisala frequency (N?) and the Richardson number (R;) respectively are
the measures of convective and dynamical instabilities. These processes occur at
the altitude regions where N? is negative and R; goes below 0.25. In the present
investigation, both convective and dynamical instabilities are observed to occur
within the Na airglow layer on a few nights. The power spectra on those nights
reveal that the dominant periods are 90 min. On other occasions, the dominant
periodicites are observed to be larger (>120 min) when the instabilities occurred
above the Na airglow altitude region. From Figure 4.7, it is clear that in case of
more than 10% of the total nights of observation, both the periodicities of gravity
waves are found to be dominant. As discussed in Hines [1960, 1964], if the pe-
riodicity is much greater than the Brunt-Vaisala period (~5 min in mesosphere),
the horizontal wavelength associated with gravity waves are proportional to the
periodicity assuming the vertical wavelength to be nearly constant. Thus, in the
present investigation, smaller horizontal scale sizes appeared whenever instabilities
occurred within Na airglow layer. On the other hand, larger horizontal scale scales
are observed whenever instabilities occurred beyond Na airglow layer. As reported
by other researchers [Hodges, 1967; Orlanski and Bryan, 1969; Geller et al., 1975;
Hecht et al., 1997; Nakamura et al., 2005], the breaking of gravity waves, triggered
by those instabilities near mesopause region, lead to the production of turbulence
and as a consequences, smaller scale gravity waves possibly got generated. In the
present investigation, the smaller horizontal scale sizes waves are observed that
might have generated from the breaking of gravity waves due to occurrence of
convective and dynamical instabilities within Na airglow layer identified on a few
nights using SABER and TIDI instruments onboard TIMED satellite. The ground
based observations by the Na airglow photometer, on those occasions, possibly
indicate the breaking of gravity waves due to those instabilities. The three in-
dependent measurements bring out the occurrence of convective and dynamical
instabilities within Na airglow layer that leads to the breaking of gravity waves

into smaller scale sizes.
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The breaking of these gravity waves near mesopause can induce the generation
of secondary waves | Vadas et al., 2003]. These waves propagate upward and reach
thermosphere-ionosphere system. Under appropriate background ionospheric con-

ditions, these may act as seed perturbation to generate ionospheric irregularities.



Chapter 5

Identification of Active Fossil
Bubbles based on Coordinated
VHF Radar and Airglow

Measurements

5.1 Background

As discussed in Chapter 4, the gravity waves that are created in the lower at-
mosphere, break near mesopause region due to instability processes that generate
secondary waves. These waves eventually penetrate through mesopause region and
reach into reach Thermosphere-lonosphere System (TIS). These are suggested to
act as seed perturbations to generate plasma irregularities in the F region of iono-
sphere [Rottger, 1982; Kelley et al., 1981]. These seed perturbations become the
sources for the development of plasma bubbles associated with Equatorial Spread F
(ESF) events. In order to understand different aspects of ESF, several coordinated
measurements were carried out [e.g. Kelley et al., 1986; Raghavarao et al., 1984,
1987; Sridharan et al., 1997]. The generation of plasma bubbles and its evolution
were investigated by several techniques [Kelley, 1985] and simulated theoretically
by nonlinear numerical models [Ossakow, 1981; Raghavarao et al., 1992; Sekar et

al., 1994]. For example, Sekar et al. [1995] investigated the evolution of such
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plasma bubbles in the equatorial F region with different seeding conditions using
nonlinear numerical simulation model. Seed perturbations in the ambient electron
density with appropriate background ionospheric conditions evolve nonlinearly un-
der the action of generalized Rayleigh-Taylor instability mechanism to form plasma
bubbles. The background ionospheric conditions such as the F-region peak height,
eastward electric field and steep plasma density gradients are, in general, suitable
during post sunset time for the generation of such plasma bubbles.

The ESF structures and dynamics have been investigated using VHF radars at
different parts of the globe [Woodman and LaHoz 1976; Tsunoda 1980; Patra et
al., 1995; Fukao et al., 2004]. VHF backscatter radar is a powerful technique to
probe the plasma irregularities in the entire region of ionosphere. Plasma irregu-
larities associated with ESF show various interesting features in radar maps. The
evolution of plasma plumes from the bottom side of ionosphere to the topside of
the ionosphere can be unambiguously observed in the radar maps using backscat-
ter signals. Irregularities of few meter-scale sizes are in general responsible for
the VHF backscattered echo. Despite the vast usage of VHF radar to probe iono-
spheric irregularities, the differentiation between plasma bubbles and blobs could
not be done unambiguously as the backscattered echo strength is proportional to
the square of electron density fluctuations.

The plasma bubbles and blobs can be distinguished with the help of OI 630.0
nm airglow emission. This redline emission comes from around 250 km in the ther-
mosphere during nighttime and the intensity variation is directly proportional to
electron density fluctuations. In addition, the intensity variation is also controlled
by ionospheric layer height variation. Thus, the simultaneous measurements of
plasma irregularities using VHF radar and OI 630.0 nm airglow emission have the
potential to identify plasma bubbles and blobs. Several coordinated measurements
have been carried out over Indian low latitude station, Gadanki (13.5°N, 79.2°E,
dip 12.5°N) using Indian VHF radar and OI 630.0 nm airglow photometer to ad-
dress several aspects of ESF [Sekar et al., 2004; 2008] and space weather effects
[Chakrabarty et al., 2005; 2006].

These plasma bubbles drift due to background eastward plasma flow and remain

active till midnight in general. However, the background ionospheric conditions
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near midnight are not conducive for further growth. Krall et al. [2010] suggested
that bubbles stop rising when either the local electron density inside the bubble is
equal to that of the ambient plasma medium or the fluxtube-integrated electron
density inside the bubble is equal to that of the nearby background. As a result,
these plasma bubbles drift zonally into the field of view of measuring instruments
causing spread F like signatures. These kind of non-evolving remnant plasma
bubbles are generally termed as “fossil bubbles”. On most of the occasions, the
meter-scale size structures detectable by VHF radars disappear during this non-
evolving phase leaving larger scale structures in place [Basu et al., 1978].

These fossil type bubbles also drift towards east with ambient plasma motion.
Though, the electron density is depleted inside such bubbles, they tend to move
downward similar to the ambient plasma during non-evolutionary phase. In gen-
eral, they detach from the original plasma structure and may appear as detached
patches after midnight. Several indications of the presence of fossil bubbles were
obtained using earlier studies. In addition to Basu et al. [1978], Argo and Kel-
ley [1986], using digital ionosonde with the capability to identify echo location,
tentatively identified a “fossil plume” which was observed as isolated scattering
patches moving with ambient plasma. The implications of the “fossil bubble” in
the development of post-midnight onset of ESF during June solstice of the solar
minimum period where the ionosphere background condition was not conducive for
plasma instability mechanism, were discussed in detail by Sastri [1999]. Recently,
Fukao et al. [2005] discussed the implication of moving structures from the west of
Equatorial Atmosphere Radar (EAR) (a VHF radar) site using beam steering tech-
nique. None of these techniques were capable of identifying whether the structures
were depleted plasma region or enhanced region which normally moves downward.
This is essentially due to the fact that the return echo strength of a VHF radar is
proportional to square of the electron density fluctuations while it is well known
that the bubbles cannot be detected by ground based ionosondes. In this chapter,
examples are provided for “fossil bubbles” which have 3 m scale size irregularities
and a plasma blob event. A possible physical scenario is also suggested wherein
the “fossil bubbles” can still be “active” enough to allow generation of meter-scale

irregularities.
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5.2 Data Set

In order to address various aspects of ESF, coordinated radar backscatter and
thermospheric airglow intensity measurements had been carried out from 2001 to
2007 over the VHF radar site at Gadanki (13.5° N, 79.2° E; dip lat 6.3° N) [Sekar
et al., 2004, 2008]. The author had participated in the later part of the campaign
during 2006 and 2007. Coordinated observations from Gadanki were carried out
in a campaign mode using VHF radar and OI 630.0 nm airglow photmeter in
conjunction with the ionosonde observation at Thumba (8.5° N; 77.0° E; dip lat
0.5° N). The details of the photometer and the VHF radar are described in Chapter
2. The radar was operated in ionospheric mode wherein the beam was oriented

(14.8° N from zenith) orthogonal to the geomagnetic field lines.

5.3 Results

Figure 5.1 depicts coordinated measurements of ESF events using Indian VHF
radar and OI 630.0 nm airglow photometer over Gadanki on 21-22 March, 2007 dur-
ing geomagnetically quiet period (A,=1). Figures 5.1a, 5.1b and 5.1c respectively
show the Range-Time-Intensity (RTI), Range-Time-Velocity (RTV), Range-Time-
Width (RTW) maps of ionospheric irregularities over Gadanki measured using
VHF radar. The horizontal axis corresponds to time in IST (Indian standard time
= Universal time, UT+5.5 h) which is common to all subplots. The color codes
in RTT represents the strength (in dB) of the backscatter radar echo from plasma
irregularities and the line of sight Doppler velocity (in m/s) for RTV map. The
RTW map is a measure of spectral width of the irregularities expressed in m/s.
The measurement of OI 630.0 nm airglow intensity variation using the collo-
cated multi-wavelength photometer during same time interval is represented in
Figure 5.1d. The measurement OI 630.0 nm airglow after the local F region moon
set (~21:00 IST) is shown in Figure 5.1d. The base of F layer height observed over
dip equator, Thumba, is shown in Figure 5.1e that varies from 285 km at 20:00
IST to 200 km at mid-night. It is of interest to note that the bottom envelope of
ESF plumes descends from 280 km at 20:00 IST to around 200 km at around 23:30
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IST. Multiple plume structures are observed in RTT maps. The spectral widths of
plumes observed during 20:00-21:00 IST are predominantly large (>90 m/s) indi-
cating the plumes are in evolutionary phase. During 22:30 IST, plumes at higher
altitude region are found to move predominantly upward (see Figure 5.1b) while
the bottom side structures observed around 200 km move downward. The optical
signatures corresponding to the bottom side structures observed at 22:35-22:45 IST
(marked by blue window) reveal clearly that the structure is plasma blob. This is
unambiguous as the layer height remains steady during this time and Doppler ve-
locities inside the structure are predominantly downward. Similarly, the structure
in the region around 250 km during 23:25-23:35 IST (marked by red window) is
identified as plasma bubble. Since the downward movement of F layer cannot ac-
count for depleted OI 630.0 nm airglow intensity, the region is identified as plasma
depletion. The spectral width corresponding to this structure is large (>90 m/s)
indicating evolutionary phase of this structure. This could probably be due to a
structure that got generated west of Gadanki at an earlier time and moved into

the radar field-of-view.
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Figure 5.1: (a), (b) & (¢) Range-Time-Intensity (RTT), Range-Time-Velocity (RTV) and Range-

Time-Width (RTW) maps of ESF obtained using Indian VHF radar at Gadanki on 21-22 March,

2007. (d) The intensity variation of OI 630.0 nm airglow (in Photon Counts/s) measured using

the multi-wavelength airglow photometer. (e) The base of the F layer height (h’F) variation over

dip equator, Thumba. The blue and red rectangular boxes respectively represent the temporal

window when plasma blob and bubble can be observed.
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Figure 5.2: (a), (b) & (¢) Range-Time-Intensity (RTT), Range-Time-Velocity (RTV) and Range-

Time-Width (RTW) maps of ESF obtained using Indian VHF radar at Gadanki on 22-23 March,

2007. (d) The intensity variation of OI 630.0 nm airglow (in Photon Counts/s) measured using

the multi-wavelength airglow photometer. (e) The base of the F layer height (h’F) variation over

dip equator, Thumba.

Figure 5.2 depicts another simultaneous measurements of ESF events using

VHF radar and OI 630.0 nm airglow photometer over Gadanki on 22-23 March,

2007 during geomagnetically quiet period (A,=3). Figures 5.2a, 5.2b and 5.2¢

depict the RTI, RTV and RTW maps of plasma irregularities constructed from
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VHF radar backscatter echo. The measurement OI 630.0 nm airglow emission
intensities after the local F region moon set (~22:10 IST) is shown in Figure
5.2d. The base height variation of ionospheric F layer over dip equator, Thumba,
is plotted in Figure 5.2e. It is of interest to note that the radar structures are
seen at ~100, 140-150 and 220-300 km altitude regions between 20:30 to 22:00
IST. The structures at ~100 km correspond to the usual E-region irregularities
predominantly moving downward on most of the occasions except from 21:40 to
22:30 IST. The structures at 140-150 km are found only between 20:50 to 21:40
IST. Plasma irregularity channels which connect this region with E and F region
irregularities are seen at around 21:15 IST (shown in Figure 5.2). The F region
(220-300 km) irregular structures are found at unusually (even below the base
height) lower altitude. The reasons for the generation of these unusual structures
remain to be investigated further. ESF structures are not observed between 21:30
to around 22:30 IST. The depletion recorded at around 22:30 IST in OI 630.0
nm airglow cannot be conclusively associated with plasma depletion. This is also
augmented by the fact that the base of the F layer moved upward during that time
interval. Moreover, the Doppler velocities inside the structures reveal downward
movement. Thus that depletion in OI 630.0 nm intensity is not associated with
plasma bubble.

Figure 5.3 depicts the combined results of ESF events obtained on 26-27 April,
2006 by the three independent techniques during geomagnetically quiet period
(A,=3). The RTI, RTV and RTW maps obtained from VHF radar echoes are
given in panels (a), (b) and (c¢). The color codes in them correspond to strength of
return echoes in Figure 5.3a, line of sight Doppler velocities in Figure 5.3b and the
spectral width in the unit of velocity in Figure 5.3c. A number of isolated plumes
without having bottom side structures are observed on this night. The spectral
width on this night is around 25 m/s which is significantly low as compared to
those ESF observations on 21-22 March and 22-23 March, 2007 (shown in Figures
5.1 and 5.2). The vertical columnar intensity variations of OI 630.0 nm airglow
emission corresponding to the same time interval are depicted in Figure 5.3d. Cor-
responding to isolated plume structures in Figure 5.3a, reductions or depletions in

the OI 630.0 nm airglow intensities are noted. Depletions in airglow intensities are
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observed at ~23:30, ~24:00, ~00:30, ~01:00 and ~01:30 IST. In addition to these,
some other variations in OI 630.0 nm airglow emission are also observed before
23:30 IST and after 02:00 IST in Figure 5.3c which are not directly associated with
ESF structures and will not be discussed further. The layer height variations over
the dip equator (Thumba) which correspond to zonal electric field during nighttime
are depicted in Figure 5.3e. The importance of these isolated structures obtained

~23:30, ~21:00, ~01:00 and ~01:30 IST will be discussed in the following section.
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Figure 5.3: Equatorial Spread F (ESF) structures observed over Gadanki on 26-27 April 2006
as revealed by (a) Range-Time-Intensity (RTI) plot, (b) Range-Time- Velocity (RTV) plot, (c)
Range-Time-Width (RTW) along with corresponding temporal variations in OI 630.0 nm airglow

measurements and the base of the F layer over dip equator are shown in (d) and (e).
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5.4 Discussion

It is well known that the production mechanism of OI 630.0 nm airglow during
nighttime is due to dissociative recombination of O3 ions with ambient electron
(e7). The O3 ion react with e~ and produce O('D) atom, an excited state of
atomic oxygen. The excited O(*D) atom comes to ground state (O°P) by radiat-
ing 630.0 nm airglow line. This reaction is favored at an altitude where sufficient
O7F ions and e~ are present. The peak altitude of this emission is around 250 km
during nighttime. Therefore, the OI 630.0 nm intensity depends on the concentra-
tions of both OF and e~ and the variation in the intensity is proportional to the
fluctuation in the e~ density. As the both OF and e~ concentration are driven by
the ionospheric conditions, the intensity of this redline emission is dependent on
the ionospheric parameters.

Barbier [1959] established an empirical relation between the instantaneous in-
tensity of OI 630.0 nightglow intensity to the ionospheric parameters h,Fy and f,F
as

hp Fay —200

Q630.0nm = A + B(foF‘2>2€_T (51)

Where, A and B are constants, h,Fs and f,F are peak height of the ionospheric
F layer and critical frequency of the Fy layer respectively. The above expression
reveal that the airglow intensity and h,F, are anti-correlated. The empirical re-
lation given in equation 5.1 suggests that OI 630.0 airglow intensity increases or
decreases depending on movement of the F layer downward or upward respectively.
The movement of F layer can be determined by the temporal variation of either
h,F5 or the base height of the F layer (h'F) as the altitude variation of the veloc-
ity is not significant during nighttime. As the variations of airglow intensity are
investigated during ESF events in the present work, the height variations of h’F
are used.

The effects of ESF plasma plumes and h’F variation on OI 630.0 nm airglow
intensity have been investigated over Indian low latitude stations, Gadanki [Sekar
et al., 2004, 2008; Chakrabarty, 2007] extensively. These investigations report that

the large scale temporal variations in OI 630.0 nm airglow intensity are governed by
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the F layer base height variation whereas, the smaller scale temporal variations in
the intensity during magnetically quiet periods are due to ESF structures present
within the airglow emission layer. The coordinated optical and radar measurement
brought out the clear evidences of plasma blobs and bubbles where the airglow
intensity shows enhancements and depletions respectively.

Similar to the earlier work, the OI 630.0 nm airglow intensity in present case
shows smaller and larger scale variation (Figures 5.1). A hump like structure in OI
630.0 airglow intensity can be observed on 21-22 March, 2007 in between 21:15-
22:15 IST when the base of the layer height (h’F) shows a valley type variation.
In addition to that there is a steady decrease in base layer height after 23:00 IST
and as a consequence the average level of airglow intensity increases monotonically.
However, on many occasions, smaller scale variations are observed in airglow in-
tensity whenever the plumes of irregularities enter in the airglow emission region.
These depletions and enhancements in airglow intensity are due to plasma bub-
bles or blobs. The identification of plasma bubbles (marked by red window) and
blobs (marked by blue window) are only substantiated by the optical measure-
ments wherein the clear depletions and enhancements in OI 630.0 nm intensity are
recorded whenever the ESF structures enter in the airglow region.

The numerical simulations by earlier workers [Ossakow, 1981; Sekar, 2003] sug-
gest that depletion in seed perturbation in electron densities can grow into plasma
bubble due to Rayleigh-Taylor instability mechanism whereas, the enhancement
in the seed perturbation can form a plasma blob at lower altitude region [Sekar et
al., 1994]. Since these blobs are moving downward, plasma blobs at higher altitude
cannot be easily formed. However, it was shown [Sekar et al., 2001] by employing
more than one mode as seed perturbation, the plasma blobs could be generated
even beyond 350 km altitude region. Such blobs were also experimentally iden-
tified by the earlier research workers [Sekar et al., 2004, 2008]. The generation
of F region irregular structure below the base height observed on 22-23 March is
somewhat intriguing. The echoes at 140-150 km altitude could not be classified as
the well-known 150 km echoes [Kudeki and Fawcett, 1993; Patra et al., 2008] as
the characteristics (like necklace shape) are not observed in the present case. The

fringe field associated with ESF [Zalesak and Ossakow, 1980; Sekar et al., 1997;
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Kherani et al., 2002] for the development of very large scale irregularities (a few
hundred kms) in the F region can, in principle, connect the irregularities in F to
E region. This process could probably explain the initial phase of the observation
on 22-23 March, 2007.

The coordinated observations of the ESF events reveal that the plasma bub-
bles are highly turbulent in nature that indicates the evolutionary phase of these
irregularities. These are generated during post-sunset hours and evolve in spatio-
temporal domain depending on the ionospheric background conditions. As men-
tioned earlier, during mid-night hours, the plasma bubbles do not generally evolve.
This non-evolutionary phase of plasma bubbles is known as “fossil bubble”. These
are the dead plumes and move with the background plasma drift. These can be
mostly observed during post-midnight hours with larger scale sizes. The motion
of these bubbles are predominantly downward and are less turbulent. The identi-
fication of these plasma bubbles is not easy with VHF radar as the radar can only
probe 3 meter-scale sizes irregularities. However, on a few occasions, theses can be
identified using coordinated radio and optical techniques. The simultaneous ob-
servations of VHF radar and optical airglow photmeter from Gadanki along with
the ionosonde observation from dip equator, Thumba on 26-27 April, 2006 bring
out the identification and characterization of fossil type plasma bubbles.

The strength of the radar backscattered echoes corresponding to the ESF struc-
tures till 00:30 IST on 27 April, 2006 can be observed to be relatively intense (shown
in Figure 5.3a) and they remained either stationary or moved downward (shown in
Figure 5.3b). The ESF structures began to weaken after 00:30 IST although the
movements continued to be downward. The downward movement of these struc-
tures are evidenced both by Doppler velocities and from the location of the lower
boundary of the structure compared to other structures. The variation of the base
height of F region in the lowest panel also confirms the slow downward motion.
The spectral widths corresponding to all the five structures are less than 25 m/s.
These spectral widths are less compared to the corresponding width (>60 m/s) for
well developed ESF structure (shown in Figures 5.1 and 5.2) indicating that the
structures were less turbulent. This supports that these structures are mostly in

the non—evolutionary stages.
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The airglow intensity decreased corresponding to all these five structures. As
mentioned earlier, this airglow intensity is directly proportional to electron density.
Further, as these structures are isolated patches, depleted airglow intensities can
be taken to be due to the presence of plasma depletion structures with respect to
background. As mentioned earlier, that the variations in 630.0 nm airglow intensity
not only depends on the electron density variations but also depends inversely
on the F layer height variation. In order to ensure that the airglow intensity
variations recorded corresponding to these ESF structures are essentially due to
plasma depletions, the F-layer layer height variations (Figure 5.3e) are examined.
The F-region height remained nearly stationary or was moving downward during
these intervals. Downward motion of the F layer generally increases the 630.0
nm airglow intensity. Therefore, based on the airglow intensity variations, radar
plots corresponding to these ESF structures and ionosonde observations, it can be
inferred that these structures are “fossil bubbles” which were not moving upward
as that of the conventional plasma bubble in developing phase.

It is important to understand how such fossil bubbles can maintain 3 meter-
scale irregularities and remain “active”. A close scrutiny of Figure 5.3 reveals that
the irregularities are located mostly on the rising edge of the airglow depletions.
As pointed out by Woodman and La Hoz [1976], a narrow field of view detector
acts like a slit camera and and for a frozen-in structure moving east, the viewpoint
is that of looking south along the earth’s magnetic field lines. Thus, the active
region is on the western edge of the fossil bubble. Such a region has a density
gradient pointing westward. Therefore, the growth of 3 meter irregularities are
favored only on the western edge of plasma bubbles. Under this condition, the
plasma is susceptible to the neutral wind driven instability [Kelley, 1989] if the
eastward wind exceeds the plasma drift, as it must be the case to sustain the F
region dynamo. Thus the neutral wind driven instability is suggested to destabilize

the fossil bubbles and make them active [Sekar et al., 2007].



Chapter 6

Summary and Future Plan

e The variation in the average Na D5 emission airglow intensity level from one
night to another could not be explained based on measured Na atom and
ozone concentrations. It is suggested that the quenching process due to the
ambient gas affects the variations in branching ratio («) and Dy /Dy intensity
ratio (Rp) leading to the observed differences in the Na airglow intensity

level.

e Another simultaneous observation by Na lidar and Na airglow photometer
brings out the critical role of ambient collisions in the Na airglow inten-
sity. Correlation analysis between Na atom concentration and Na airglow
intensity corresponding to Dy emission line reveals that the correlation coef-
ficient is maximum at an altitude that is about one scale height higher than
the altitude of maximum Na concentration. Further, volume emission rate
(Vnap,) calculations were carried out to account for the contribution from
mesospheric ozone and temperature to the Na airglow emission process. This
estimation of V,p, reveals that the peak emission altitude does not match
with altitude of maximum correlation coefficient. It is suggested that the
altitude variation of the collisional quenching needs to be considered, on this
occasion, to account for the observed Na airglow intensity variation. The

measured mesospheric pressure supports this view.

Systematic simultaneous measurements of neutral Na atoms and Na airglow

intensity using Na resonance lidar and Na airglow photometer along with the
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satellite borne measurements of mesospheric ozone, temperature and pressure
are planned in order to establish an empirical relationship between the Na

airglow intensity and ambient mesospheric pressure.

The profiles of Na Dy /Dy intensity ratio need to be measured by the photome-
ters onboard sounding rockets to address the need for the altitude variation

of collisional quenching.

In order to identify the dominant modes of mesospheric gravity waves, Na
airglow measurements were carried out in campaign modes during 2006-2009
over Mt. Abu and Gadanki using a narrow-band and narrow field-of-view
Na airglow photometer. The power spectra indicate that 15-30 min periods,
associated with the mesospheric gravity wave activities, are present in the Na
airglow intensity variation over both Mt. Abu and Gadanki. The mesospheric
temperatures and horizontal winds nearly over both the places reveal the
occurrence of convective and dynamical instabilities within the Na airglow
layer on a few occasions. The dominant periods, on those observational
nights, associated with the gravity waves derived from Na airglow intensity
variation, are found to be significantly small in comparison with the cases
where those instabilities occurred much beyond Na airglow layer suggesting

the breaking of gravity waves into smaller-scale sizes waves.

The multi-wavelength airglow imager is being modified and will be used to
derive the horizontal parameters (in two dimension) of atmospheric gravity
waves. The vertical parameter of gravity waves can be estimated from profiles
of neutral Na atoms measured using Na resonance lidar. Thus, the coordi-
nated observations of Na lidar and airglow imager is useful to parameterize

gravity waves in three dimensions.

The secondary waves generated from the breaking of primary waves near
mesopause region can reach thermosphere ionosphere system (TIS) and may
act as seed perturbations to trigger equatorial spread F (ESF) irregularities.
The coordinated observations of ESF events using thermospheric airglow
photmeter and VHF radar can reveal several aspects of ESF. The differ-

entiation between the plasma bubbles and blobs are carried out using OI
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630.0 nm airglow intensity variations. The depletions and enhancements are
recorded in the airglow intensity whenever the plasma bubbles and blobs are
found within the airglow emitting layer. These post-sunset plasma irreg-
ularities are in evolutionary phase and are extremely turbulent. However,
during mid-night hours these plasma irregularities no longer evolve and be-
come less turbulent. An example of identifying “fossil bubbles” associated
with ESF using coordinated measurements of VHF radar and airglow is ob-
tained. Downward moving plume structures and corresponding depletions in
OI 630.0 nm airglow intensity reveal that these structures are “fossil bub-
bles”. The layer height variations support the conclusion that the recorded
airglow intensity variations are only due to plasma density depletions. Anal-
ysis of the location of the 3 meter irregularity structures strongly suggests

that these are due to neutral wind driven instability.

Attempts will be made to find out the favorable conditions under which grav-
ity waves penetrate mesospause and reach TIS. Thus, systematic coordinated
measurements are planned using mesospheric-thermospheric airglow imager
and Na resonance lidar will lead to the understanding of vertical coupling

between mesosphere and thermosphere-ionosphere.
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