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ARTICLE INFO ABSTRACT

Keywords: Present study investigates the role of gravity waves in the generation of equatorial plasma bubbles (EPBs) during
Equatorial plasma bubbles geomagnetic quiet conditions using co-located observations from Gadanki (13.5°N, 79.2° E) an all sky airglow
R-T instability imager, Gadanki Ionospheric Radar Interferometer (GIRI) and Ionosonde observations from Tirunelveli (8.7° N,

Gravity waves

R ; 77.8° E). To avoid any changes occurring in the background ionosphere, four consecutive nights of observation
ay tracing

during 03-06 February 2014 is used. Out of these four nights, three nights (i.e., 03, 05 and 06 February 2014)
exhibit occurrence of EPBs in the OI 630 nm airglow emission and radar plumes and there is no bubble oc-
currence during one night, though the ionospheric peak altitude (h’F) value is more than 350 km in all these
nights. During these four nights the structures observed in the E-region drifts and gravity waves noted in the
mesospheric OH emissions are analyzed. It is found that there are common periodic oscillations in the OH peak
emission altitude and E-region in three nights (03, 04 and 05 February 2014). The mesospheric gravity wave
structures are ray traced to their potential sources in the lower atmosphere and also for the possibility of their
propagation to the E-region. Our results suggest that apart from horizontal wavelength and amplitudes, the
propagation angle of gravity wave may also be important for seeding of the Rayleigh-Taylor (R-T) instability.
Thus, it gives an insight about the role of lower — middle and upper atmospheric coupling on the occurrence of
the noted EPBs.

1. Introduction g 1Vn

=, &)
Even after the last few decades of investigation on the causative
mechanisms of the equatorial plasma bubbles (EPBs)/Spread-F, it re-
mains an enigma in the equatorial ionospheric dynamics.
Understanding and predicting the occurrence of EPB is not limited to
academic interest, but also of practical relevance with regards to sa-
tellite based communication/navigation applications. EPB is primarily
governed by the Rayleigh-Taylor (R-T) instability initiated at the
bottom side of the F-region. The R-T instability was first proposed by
Dungey (1956). The growth rate of R-T instability in collision domi-
nated plasma is,

where, g is the acceleration due to gravity, v;, is the ion-neutral colli-
sion frequency, n is the background electron density and Vn = 3—2 is the
vertical electron density gradient.

Equation (1) suggests that a high growth rate is expected when v;, is
small and Vn is high. This implies that the height of the F-layer base
should be high and the bottom side should provide sharp density gra-
dient. Both conditions are often satisfied after the sunset when the re-
combination eats away the bottom side F-layer and large eastward
electric field which an equatorial phenomena known as Pre-Reversal
Enhancement (PRE) whereby the F-layer is pushed to the higher
heights.
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A quasi-sinusoidal perturbation is also required for the R-T in-
stability to grow (e.g., Kelley et al.,, 1981). To investigate the EPB
characteristics, ground based [e.g., radar, airglow photometer, airglow
imager, Ionosonde (e.g., Kelley et al., 1981; McClure et al., 1977;
Mendillo et al., 1992; Taori et al., 2010; Taori and Sindhya, 2014;
Weber et al., 1978)], space borne (Costa and Kelley, 1978) measure-
ments have been extensively carried out. Tsunoda (1985) showed that
when the sunset is simultaneous at the conjugate E-—regions, the
eastward polarization electric field contributes to the enhancement of
irregularity production via the generalized gradient drift instability.
Further, Mendillo et al. (1992) pointed out that post sunset F-region rise
and the availability of a seed perturbation are the pre-requisites for R-T
instability growth. In addition to the above, the investigations using the
Jicamarca radar suggested the R-T instability seeding by gravity waves
(e.g., Kelley et al., 1981; Hysell et al., 1990). Since then there are
several studies which have supported the gravity wave seeding theory
(e.g., Prakash and Pandey, 1985; Taori et al., 2011a,b). For example,
Singh et al. (1997) suggested that gravity waves in the environment
probably caused the wave like ion-density structures and hence pro-
vided the initial seed ion density perturbations. By using lidar, MST
radar and ionosonde data Taori et al. (2012) reported the linkage be-
tween the gravity waves and EPB occurrences during low solar activity
over the Indian sector.

Further, using multiple instruments in SpreadFEx campaign, it is
reported that there is a direct link between deep tropical convection
and large gravity wave perturbations at large spatial scales (at the
bottom side F layer). Reports also show their likely contributions to the
excitation of R-T instability and plasma bubbles extending to much
higher altitudes over the Brazilian sector (Fritts et al., 2009; Vadas
et al., 2009, and reference therein). Takahashi et al. (2009) showed a
linear relationship between the gravity wave wavelengths and the
distances between plasma bubble structures using airglow measure-
ments over the Northeast of Brazil. Later, Paulino et al. (2011) found
similar result using the airglow observations in the northern part of
Brazil.

Over the Indian sector, using simultaneous airglow and radar ob-
servations, it was shown that there is a linkage between mesospheric
gravity wave and EPB structures (Taori et al., 2012) and that there is a
quasi-sinusoidal feature in the F-region before the occurrence of EPBs
(Patra et al., 2013). The present study extends Taori et al. (2012) study
using different dataset along with ray-tracing techniques to fill the gap
between the wave sources and E-region (based on the mesospheric
wave signatures noted in mesospheric altitudes). We collected si-
multaneous data (using airglow imager, 30 MHz radar and ionosonde)
during 03-06 February 2014 (quiet geomagnetic conditions) when a
variety of EPBs and mesospheric waves were noted. Therefore, we se-
parated the data in three categories: 1) Occurrence of EPBs with me-
sospheric gravity waves, 2) Identifiable mesospheric gravity waves with
no EPB occurrence, and 3) Occurrence of EPBs without mesospheric
gravity waves. Together with these data, we also used ray tracing
technique to complement our results. In this paper, instrumentation and
data analysis are presented in section 2, results and discussion are given
in section 3 and 4, and summary and conclusions are presented in
section 5.

2. Instrumentation and data analysis

To understand the seeding of EPBs/ESF and atmospheric coupling
processes, we used multiple instruments such as All sky airglow imager
Gadanki Ionospheric Radar Interferometer (GIRI) over Gadanki and
ionosonde at Tirunelveli. Details of these instruments are given below.

2.1. All sky airglow imager

An all sky airglow imager is installed and being operational in
moonless ( = 6 days from the new moon) and cloud free (clear sky)
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nights at National Atmospheric Research Laboratory (NARL), Gadanki
(13.5°N, 79.2°E, 6.51 dip lat.,) since 16 March 2012. NARL airglow
imager (NAI) consists of a fish eye lens, filter chamber, paralleling lens,
filter chamber temperature controlling unit, charge coupled device
(CCD-ActionPixis1024B) of size 13.3 um with 100% fill factor and 16-
bit depth, and an imager controlling system. At operational condition
the CCD is maintained at —70 °C temperature by thermoelectric tem-
perature controller (in order to reduce the thermal noise). To increase
the signal-to-noise ratio (SNR) (i.e., to decrease the readout noise), the
images are binned for 2 x 2 pixel on the chip making an effective
512 x 512 super pixel image. To monitor the various airglow emission
intensities, the filter chamber contains three different filters viz., a wide
band filter for OH (720-900 nm and notched at 865 nm; peak altitude
~85km) measurements, and two narrow band filters with full width
half maximum (FWHM) of 2nm for Ol 557.7nm (peaks altitude
~96 km) and for OI 630 nm (peak altitude ~250km) measurements
(Khomich et al., 2008). The full field of view (FOV) of the imager is
180° degrees, however due to the walls of the observational dome, at
present the effective FOV is ~117°. With the present FOV (~117°), the
images cover an area of ~600 X 600 km [corresponding latitude and
longitude ~10.5-16.5° N; 76-82°E; ~3.3-10° magnetic latitude) at the
OI 630 nm peak emission altitude of 250 km. Further description about
NAI its data analysis and first results are available in Taori et al.
(2013). In the present study, OH and OI 630 nm images are used to
understand the mesosphere-thermosphere coupling processes.

The acquired raw images are unwrapped and projected onto an
equidistant grid, prior to extraction of the wave parameters from the
OH images and plasma parameters from the OI 630 nm images. Median
filter method is used to remove the stars in the images. The atomic
oxygen red line emission is generated by the transitions from the O (*D)
metastable state. The mechanism of the excitation of metastable oxygen
atoms at night in geomagnetic quiet conditions is related to the dis-
sociative recombination processes (Khomich et al., 2008)
(O*+ 0, » 03+ 0 O} + e~ O+ O'D)). The emission rate is de-
pending on the electron concertation and molecular oxygen. Thus, it
represents the electron density variation in the bottom side ionosphere.
The radiative life time of oxygen red line emission is ~110s (Brasseur
and Solomon, 2005).

Fig. 1 shows samples of OI 630 nm raw image (Fig. 1a) and pro-
cessed image (Fig. 1b) respectively. In Fig. 1b, X-and Y-axis indicates
image covering area in zonal (East-West) and meridional (North-South)
direction around OI 630 nm emission altitude (i.e. ~250 km). Centre of
these images denote the observational location (i.e. Gadanki). The
centre is located at the intersection of vertical and horizontal dashed
yellow lines that is marked at 0 km (location of Gadanki). Northward
and eastward directions are considered positive in the image. Red
dotted arrow represents the plasma bubbles drift towards east direction.
The image data obtained from Gadanki are further analyzed to con-
struct East-West (EW) keograms (fixed latitude with varying longitudes)
and North-South (NS) keograms (fixed longitude with varying lati-
tudes). The part of the image enclosed by the red dashed lines (Fig. 1b)
is used to construct the keograms (averaged over 3 pixels).

2.2. Gadanki Ionospheric Radar Interferometer (GIRI)

The operating frequency of GIRI is 30 MHz and it consists of a
rectangular antenna array of 160 (20 X 8) two-element Yagi antenna,
20 transmitter units providing a maximum peak power of 160 kW, six
digital receivers including data processing systems, a radar controller,
and a host computer. The antennas are separated by 0.56A (5.6 m) in
east-west and 0.7\ (7 m) in north-south directions, where A. (= 10 m) is
the radar wavelength. The antenna elements are physically oriented at
an angle of 14° from horizontal to make them nearly parallel to Earth's
magnetic field. While forming the radar beam transverse to the mag-
netic field, which is required for detecting the backscatter from field
aligned irregularities (FAI), this arrangement maintains the antenna
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Fig. 1. Sample images of OI63nm emission: a) raw image and, b) processed image (22:30 IST) on 03 February 2014, centre of these images implies the observational
location (i.e. Gadanki). In Fig. 1a and b, X-and Y-axis denotes image covering area (in pixels and in km) in zonal (East-West) and meridional (North-South) direction
around OI630nm emission altitude (i.e. ~250km). The centre is located at the intersection of vertical and horizontal dashed yellow lines that are marked at 0 km,
and red dashed rectangle region implies the portion that is taken for east west and north south keogram. In these figures, red dashed arrow implies the north-south

aligned eastward moving EPB signature.

gain at its peak at 14° off-zenith direction. The half-power full width of
GIRI is 4.5° in the east-west and 9° in the north-south planes. Each
transmitter receiver (TR) module feeds a north-south-aligned linear
array of eight antennas through a fixed phase-shifting network. The
antenna array is phased in the east-west direction, and beam can be
formed in any direction up to + 50° (azimuth angles 310°-50°) with
respect to the direction perpendicular to the Earth's magnetic field.
Similarly, the beam can be changed on a pulse-to-pulse basis to perform
fast beam scanning. Further, detailed descriptions of GIRI and its first
results are available in Patra et al. (2014).

2.3. Ionosonde

In the present study, we use Canadian Advanced Digital Ionosonde
(CADI) which is located at Tirunelveli (8.7° N, 77.8° E, dip 0.15° N). The
CADI consists of a transmitter which is capable of operating in the
frequency range of 1-20 MHz, four receivers, and two sets of antenna
system. The transmitter peak power is 600 W. The transmitter antenna
is a delta antenna, and the receiver antenna array consists of four di-
poles arranged in the form of a square. The Pulse Repetition Frequency
(PRF) of 20 Hz and pulse width of 40 ps is used to get ionograms with a
sampling interval of 100 kHz providing a height resolution of 3 km. It
uses 13-bit barker code to get better signal to noise ratio with good
height resolution (~ 3 km) (Huang and MacDougall, 2005).

2.4. Ray tracing method
If a gravity wave packet is propagating in a fluid, with background

wind l_/)(? ) = (u, v, w), its temporal and spatial evolution can be de-
scribed by Lighthill (1978):

dx,- 6w1,

—r=Vi+ =Vt

dt ok; K @
and

dki _ Vi _ day

dt Tox; o 3)

- = . . . . .
where wy, = wo, — k. V is the intrinsic frequency of the gravity waves,

woy is the observed frequency, k is the wave vector in a given time, X is
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the position of the wave at a given time, cyis the group
velocity, i,j = 1,2,3 and repeated indices imply a summation.

By solving this equation system, it is possible to follow the path of
the gravity waves into the atmosphere. The main challenge for ray-
tracing of gravity waves is to know the wind and temperature, i.e., the
thermodynamics in the whole atmosphere.

The initial conditions used to solve the set of equations assume the
position of the observatory and the airglow layer height, i.e.,
;(t =0) =(x,y,2) = (79. 2°E, 13. 5°N, 85km) and the initial wave

. g 2 2w
vector is calculated by k (t=0)=(k, [, m)= (— =

Pl m), where

KH=

27\? 2w\ . .
(/1_) + (/1_) is the horizontal wave number.
x y

The horizontal wave number is calculated using the horizontal
wavelength of the gravity wave estimated from the OH airglow images
and the vertical wave number is derived using the Marks and
Eckermann (1995) dispersion relation

o U+ PN?

2
@iy

1

— 2+ 12 - —
( )~

C)

where N is the buoyancy frequency and H is the scale height.

The wind and temperature inputs to the ray tracing model are based
on the Horizontal Wind Model (HWM-07; Drob et al., 2008) and Naval
Research Laboratory Mass Spectrometer and Incoherent Scatter Radar
model (NRLMSISE-00; Picone et al., 2002), respectively (Vadas and
Fritts, 2009). In order to estimate the effect of the wind in the ray path
of the gravity waves, comparison between HWM background wind and
zero wind are carried out.

Moreover, the thermal diffusivity and molecular viscosity (in the
thermosphere) which dissipates the gravity waves, must be considered
into the ray tracing equations. The dispersion relation, (used in this
study the dissipative effects) becomes complex. Its real part, which is
presented in Equation (26) of Vadas and Fritts (2005), gives the pro-
pagation condition into the thermosphere and its imaginary part
(Equation 25 of Vadas and Fritts, 2005) gives the inverse decay rate
along the time. Since the imaginary part of the dispersion relation
changes in time and space, the spectral momentum flux per unit of mass
are estimated based on Equation (50) of Vadas and Fritts (2009). In the
context of effect of winds on gravity wave upward propagation, please
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note the work by Yigit et al. (2008), which considered in detail the
effect of windless atmosphere versus an atmosphere with wind. This
work outlines how the winds can affect the upward propagation of
gravity waves, taking into account various physics-based dissipation
processes suitable for the thermosphere, including nonlinear interac-
tions between individual waves. Also, note that ion drag dissipation of
gravity waves is an additional physical processes that should be kept in
mind (Medvedev et al., 2017) at ionospheric altitudes.

The ray tracing path for a given gravity wave starts from the OH
layer at 87 km height and goes downward to the ground (reverse ray
tracing). Then, the path goes in a direct way up to the complete dis-
sipation of the gravity wave into the thermosphere (forward tracing),
which is assumed to be one billion part of the initial amplitude of the
gravity waves measured at the OH layer. There are other three stop
conditions: (1) if the group speed of the gravity waves becomes 90% of
the sound speed; (2) whenever the kinematic viscosity changes quickly
or (3) the gravity wave reaches a critical level. Further details about the
ray tracing simulation used in this work can be found in Paulino et al.
(2012).

3. Results
3.1. F-region plasma depletions/plumes

In present study, multi-instruments (all sky airglow imager, 30 MHz
radar and ionosonde) data sets are used for four consecutive quiet
geomagnetic nights (Ap index less than 18 - Ap values are given in
Table 1) from 03 February 2014 to 06 February 2014, to address the
role of gravity waves in generation of equatorial plasma bubbles (EPBs).
Out of these four nights, on three nights (03, 05 and 06 February 2014)
EPB occurrence is noted while on one night (04 February 2014) no
depletion occurred (very weak echoes in 30 MHz). In order to derive the
plasma zonal drift and inter-depletion distances, east west (EW) and
north-south (NS) keogram is constructed (Fig. 2). In Fig. 2, the right
side figures denote the NS keograms and the left side figures denoted
the EW keograms where the X-axis represents time (in Indian Standard
Time-IST) and Y-axis represents zonal (EW keogram) and meridional
(NS keogram) distances. The plasma bubbles are the blue color (low
intensity) structure which appears first in the western side and later it
drifted towards the eastern side of the EW keograms as indicated by the
red arrows and the inter-depletion period can be observed from the NS
keograms (indicated by black arrows).

The EPB characteristics such as zonal drift velocity and inter-de-
pletion distance are estimated from the airglow images using the
method by Taori and Sindhya (2014). Some of the key points from their
method is as follows, the spatial displacement and time difference be-
tween successive images provide the equatorial plasma drift (EPD)
velocity. The error in estimating the maximum gradient is less than 2
pixels which results in an error of + 7 m/s. The distance between two
successive depletions is referred as inter-depletion distance. Overall, the
EPB characteristics and geomagnetic condition during these nights are
given in Table 1. On 03 Feb 2014, there is a deep plasma depletion
which moves eastward with a drift velocity 163.7 + 13 m/s and the
inter-depletion distance varies from ~110 to 210 km. On 05 Feb 2014,
depletion occurrence is weak which also moves to the east direction
with a drift velocity of 122.6 = 11.3m/s. Two predominant size of
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inter depletion distances are noted on this night, one is ~55.8 *+ 5km
and another one is 376 + 33 km. Further, on 06 February 2014, a
strong EPB event is monitored and depleted structures are found to
move in the east direction with drift velocity of 70 = 9.7 m/s. Strength
of the plasma depletion is described by the 30 MHz radar SNR values
(shown in Fig. 3) as described in following section.

In order to confirm whether the noted airglow depletions are EPB or
only the airglow intensity depletion, a co-located simultaneous back
scattered 30 MHz radar range-time- intensity (RTI) maps for above
mentioned nights are checked (Fig. 3). It is observed that on all the
three nights the depletions started at around 20:00 IST [14:30 Universal
Time Coordinate (UTC)]. However, on 05 February 2014 the depletion
is getting strengthened around ~21:30 IST (16:00 UTC). In order to
calculate the inter depletion period from radar data, the SNR values at
around 350 km is taken and using the empirical mode decomposition
(EMD) and Lomb Scargle Periodogram (LSP) analysis inter depletion
periods are derived that will be discussed in section 3.2.3.

In order to understand the background ionospheric condition i.e., F-
layer height variation, vertical drift and zonal electric fields are checked
using the Tirunelveli Ionosonde data (it is an equatorial station, located
600 km south of the Gadanki). Fig. 4 show the variations of virtual
height of the F-layer, h’F over Tirunelveli. From Fig. 4 it is clear that h’F
values exhibit a sudden rise during the post sunset hours (i.e.,
18:30-19:30 IST (13:00-14:00 UTC)). On 03 February before the oc-
currence of spread-F, h’F is raised up to ~400 km, while on 05 February
the h’F values reach ~ 375 km and about 475 km on 06 February before
the occurrence of spread-F. The h’F values on 04 February 2014, when
no spread-F was observed, is about 410 km. Further, the vertical drift
and zonal electric field variations are derived using ionosonde h’F va-
lues. The vertical drift goes as high as 65 m/s on 03 February 2014 and
remaining nights it goes up to 40 m/s. Earlier reports suggest that when
the seed perturbations is omnipresent the threshold height and vertical
drift for spread F to occur is 305 km and 23-30 m/s respectively, during
the equinoxial months over the Indian sector (Fejer et al., 1999;
Jayachandran et al., 1993; Manju et al., 2007). The present h’F value
and vertical drifts are above the normal threshold values for spread-F to
occur; however, there is no bubble on 04 February 2014.

The results presented above poses more curious questions that what
is more important even when the background ionospheric conditions
(h’F values exceeds more than 350 km and vertical drift reaches up to
40 m/s) are favorable? It leads us to look for the variability in trigger
mechanism, i.e., the seed or a quasi-sinusoidal perturbation under an
unstable ionosphere. In order to understand the R-T instability growth
from the lower atmospheric forcing, we looked into the role of gravity
waves in the mesosphere lower thermosphere (MLT) dynamics using
the 30 MHz radar E—region drift velocity and OH airglow emission
intensity variations. This will be discussed in the following sections.

3.2. Identification of gravity waves in the MLT region

To identify the common wave period oscillations in the mesosphere,
E-region and F-region; the following data processing techniques such
as: 1) Empirical mode decomposition (EMD), and Lomb-Scargle
Periodogram (LSP) and 2) Keogram analysis are used. A brief descrip-
tion of these techniques are given below.

Table 1
Plasma parameters and Ap index during four consecutive nights.
SL. No. Date Zonal drift velocity (m/s) Interception Distance (km) Ap index
1 03-02-2014 163.7 = 13 110-210 6
2 04-02-2014 NIL NIL 4
3 05-02-2014 122.6 = 11 55.8 + 5; 376 *+ 33 3
4 06-02-2014 70 = 10 - 8
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Fig. 2. EW (left side) and NS (right side) Keogram of OI630nm night time airglow emissions for 03—06 February 2014. In these figures, X-axis denotes the time and Y-
axis denotes the zonal (EW keogram) and meridional distance (NS keogram). The west to eastward EPB drifts are highlighted by red dotted arrows (see EW keogram)
and the inter-depletion periods are indicated by a black dotted arrows (see NS keogram). EW keogram show the signature of EPB during 03, 05 and 06 February 2014,

and no EPB on 04 February 2014.

3.2.1. Empirical mode
Periodogram (LSP)

To investigate the common wave period in the E (drift velocity) and
F (signal to noise ratio-SNR) region, EMD technique is performed for
the E-region drift velocity and F-region SNR data. It is an efficient
method to analyses the nonlinear and non-stationary data. Using the
EMD method, any complicated data set can be decomposed into a finite
and often small number of intrinsic mode functions (IMFs) and which
leads to a clean representation of the signal by a few well behaved
signal components. In this technique, any signal consisting of different

decomposition (EMD) and Lomb Scargle

69

IMFs should satisfy the following two assumptions: (1) in the whole
data set, the number of extrema and number of zero crossings are either
equal or differ at the most by one. (2) At any point, the mean value of
the envelope defined by local maxima and the envelope defined by the
local minima approach is zero (Huang et al., 1998; Kishore et al., 2012).

The decomposition method can simply use the envelopes defined by
the local maxima and minima separately. Once the extrema are iden-
tified, all the local maxima are connected by a cubic spline line as the
upper envelope. The procedure is repeated for the local minima to
produce the lower envelope. These envelopes should cover all the data
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extension of the EPB started at 21:30 IST during 05 February 2014 and its vertical development is small in comparison to the other two nights.

lonosonde data from Tirunelveli
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Fig. 4. F-region virtual height (h’F) over Tirunelveli using ionosonde from 03 February 2014 to 06 February 2014. It is evident that during all these nights, h’F value
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exceeds more than 350 km which is the threshold level for the generation of EPB over the Indian sector.
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a) EMD and LSP for OH emission zenith intensity

- Emperical mode decomposition (EMD) 03-02-20:3 Lomb Scargle periodogram
o [T T v 7Y 1A 7Y S ————
Y I AT
-100 0
100 200 300 400 100 200 300 400
500 20
N 3 mmem. 0 maogme kA gl ————— e ]
I'El‘ 0 --—~\/\/\[\/\/~—’\/\/V\/\/\/\/‘ E 10 i
= -500 . D
100 200 300 400 2 100 200 300 400
e 200 5 40
E 0 /\M\/\/\ g 20 4,”\\ L
200 T g T z —rr—r—
100 200 300 400 100 200 300 400
= 200 - 5 . 40 . . .
W T ATIET LY I A -
-200 0
100 200 300 400 100 200 300 400
Periods (minute) Periods (minute)
b) EMD and LSP for E region drift velocity
- Emperical mode decomposition (EMD) 03-02-2013 Lomb Scargle periodogram
R || .
L o WAV Van 5 l
-10 . . . . . 0 - : - . -
- 100 200 300 400 500 - 1 90 2(?0 3(?0 4(?0 5(?0
o~ o o e s s e s
[ } .
L 0 /\/\/\/\/\/\/\/\/\/ ® 5 ”
-10 g 0
20 100 200 300 400 500 N
- ®
= o0 /\//\/\/\/ £
= [
-20 =
100 200 300 400 500 100 200 300 400 500
20 40
il
E 0 ‘\—/\/
20 . . . - . : " : . "
10 200 ‘30 40 300 100 200 300 400 500

Periods (minute)

¢) EMD and LSP for 350 km SNR.
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Fig. 5. Left side indicate the Empirical mode decomposition-intrinsic mode frequencies (EMD-IMFs) of OH zenith intensity, 30 MHz radar E-region drift velocity and
F-region SNR (at 350 km) on 03 February 2016, and right side shows their respective Lomb-Scargle Periodogram (LSP) with 95% confidence level.
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Fig. 6. The keogram analysis of OH airglow emission images on 03 February 2014. Left panels are for the zonal (east-west) keogram and right panels are for
meridional (north-south) keogram. The first row shows the zoomed area of the keograms used in the estimation of the gravity wave. Second row show the spectrum
(amplitude versus frequency) of the dominant periodicities. Third row display the phase of the periodicity shown in the second row. All periodicities are estimated

considering 95% of confidence level.

between them. Their mean is subtracted from the residual data which is
called the first component. This processes will be repeated many times
whereby the first component treated as data for the second component,
similarly the second component act as data for third component, like-
wise this process will continue till the IMFs exist (i.e. earlier mentioned
assumptions will not be satisfied). This is called shifting processes. It
has two effects 1) it eliminates the riding waves and 2) smoothing the
uneven amplitudes. The detailed description, advantages and dis-
advantages of this method is detailed by Huang et al. (1998).

To identify the predominant wave periods from the IMFs the LSP
analysis is also used in the present study. EMD with LSP analysis of OH
zenith intensity, E-region drift velocity and F-region SNR at 350 km is
shown in Fig. 5 and the detailed description of this figure is given in
later section.

3.2.2. Keogram analysis

To estimate medium frequency gravity wave period in the OH peak
emission altitude (~85km), keogram analysis is used for the OH
emission zenith intensity data, because using the Keogram analysis
wave period, phase speed, wavelength and horizontal propagation
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angle can be derived. These parameters are essential for identifying the
source of the wave using reverse ray tracing techniques. Thus, in ad-
dition to the LSP, Keogram analysis is also used. Fig. 6 shows the
keogram of OH airglow emission images on 03 February 2014 (re-
maining night keograms are not shown here). Left panels are for the
zonal (EW) keogram and right panels are for meridional (NS) keogram.
The first row shows the zoomed area of the keograms used in the es-
timation of the gravity wave parameters. Second row displays the
spectrum (amplitude versus frequency) of the dominant periodicities.
Third row indicates the phase of the periodicity shown in the second
row. All periodicities are estimated considering 95% of confidence
level. All the derived wave parameters from the keograms are shown in
Table 2. Estimation of the medium scale gravity waves is made using
the keogram technique, which consist of slices of the airglow images
taken in the NS and EW direction (in a temporal sequence). Further
details can be found in Paulino et al. (2011) and Figueiredo et al.
(2018).

3.2.3. Waves in the MLT region and F-region
To investigate the signatures of gravity waves in the MLT region
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Table 2
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Medium scale gravity wave (MSGW) parameters deduced from OH keogram analysis.

SL. No. Date Wavelength (km) Period (min) Azimuth propagation angle (from north to clockwise direction) Phase speed (m/s) Amplitude (%)
1 03-02-2014 50.8 = 15.9 25.7 98.9 32.9 0.97
80.3 + 8.3 58 170.6 23.1 4.22
2 04-02-2014 142.5 + 38.8 27.7 73.4 85.7 1.28
165.6 + 10.6 80 147.8 34.5 6.27
3 05-02-2014 333.2 = 449 41.6 65.2 133.49 7.93
245.1 + 20.3 38.7 105.6 37.2 6.17
4 06-02-2014 236.2 = 24.3 51.5 155.9 76.44 3.62
505.9 * 50.5 57.3 128.8 147.1 11.46
Table 3

Predominant wave period from Keogram, EMD and LSP analysis.

Sl. No. Date OH Image data wave period (min) 30 MHz radar wave period (min) from LSP

(peak emission altitude ~ 85 km)

keogram LSP E region (~110km) F region (350 km)
1 03-02-2014 25.7, 58 29, 47.3, 57.5, 100 28.5, 51.5, 200 37, 50.78, 77.86
2 04-02-2014 27.7, 80 36, 42, 49, 89, 130 86, 106, 334.3 NIL
3 05-02-2014 41.6, 38.7 56, 70 61, 122, 193 57, 118, 148,
4 06-02-2014 51.5, 57.3 42 79, 94 84, 110, 210

[present case OH emission altitude (~ 85 km) and E-region (~110 km)]
and F-region (350 km); EMD, LSP and Keogram analysis on the E-region
drift velocity, F-region SNR, and mesospheric OH airglow emission
zenith intensity over Gadanki is performed. Fig. 5 show the various
IMFs (left side) and their respective LSP (right side) analysis on 03
February 2014. LSP analysis shows the predominant wave periods with
95% confidence level. Similar kind of analysis is carried out for re-
maining nights (04, 05, and 06 February 2014) as well (figures are not
shown here). In addition, keogram analysis is also performed for the OH
images because from which various waves parameters such as period,
wavelength, phase propagation angle and phase speed can be extracted
(essential for ray tracing technique as detailed in the previous section).
Wave parameters derived from the above mentioned methods are pre-
sented in Tables 2 and 3. Furthermore, common periodicities observed
in the OH emission altitude and E-region are highlighted in red color
(see Table 3). Form Tables 2 and 3, one can clearly understand that the
wave characteristics are have large day-to-day variations. On 03 Feb-
ruary 2014, there are four predominant wave periods in the OH emis-
sion altitude with periodicities of 29, 47.5, 57.5 and 100 min, and three
predominant waves with period 28.5, 51.5 and 200 min are noted in the
E-region drift. Among these, two of them (28.5, 51.5) have almost si-
milar periodicity in both the regions, that are noted in the keogram
analysis (25.7 and 58 min) as well. Consequently, it is assumed that
these are the same waves which propagate vertically from mesosphere
to E-region. Please note here that, based on the background wind
condition (Doppler shift) one can expect variation in the intrinsic fre-
quency. Thus, this might be a possible reason for the small differences
observed in the wave periods between the OH emission altitude and E-
region.

Out of these four nights, common wave periods are noted in the
MLT region (i.e. OH emission altitude and E-region) on three nights (03,
04, and 05 February 2014) out of which two nights (03, and 05
February 2014) EPBs are observed in the F-region (OI 630 nm airglow
imager data and the 30 MHz radar RTI maps) and there is no depletion
on 04 February 2014. Simultaneously, on 06 February 2014 a strong
plasma bubble signature is observed in both OI630nm airglow images
as well as 30 MHz radar RTI maps, however there was no common wave
period in the OH emission altitude and E region during this night. At the
same time, E-and F-region show a common wave period on this night.
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4. Discussion

Present study shows that there are common wave oscillations pre-
sent in the mesosphere as well as in the E-region drift velocity data for
three nights (03, 04, and 05 February 2014) and no common period
waves in the OH emission altitude and E-region during one night (06
February 2014). Based on these, the core problem is organized into
three parts as follows.

1) Occurrence of EPBs with mesospheric gravity waves
2) Identifiable mesospheric gravity waves with no EPB occurrence
3) Occurrence of EPBs without mesospheric gravity waves

Here, please note that, though the time series (starting time) of the E
region drift and OH imager data are not same but during the data avail
duration both data looks almost similar. Therefore, it is presumed that
any wave feature present in the pre-midnight E-region might be present
in the OH emission altitude as well. Further, all these nights’ back-
ground ionospheric conditions are comparable (except wind condition)
as well as favorable for the generation of EPB because all these nights
h’F rises above 350 km and the vertical drift reaches 40 m/s and above.
Therefore, the present discussion only focuses on the day-to-day vari-
abilities in the seed perturbation.

4.1. Occurrence of EPBs with mesospheric gravity waves

On 03 February 2014, two waves are noted in OH images keogram
analysis, and four wave periods in the OH emission zenith intensity LSP
analysis. From Table 2, it can be clear seen that similar kind of wave
periods are present in the E-region as well (hereafter we will only
discuss about the waves which are noted commonly in the keogram and
LSP analysis).

Observed characteristics of these two waves are different, for ex-
ample, one is propagating in the zonal direction (towards east ~98.7°)
with horizontal wavelength and observed period of 50.8 + 15.9km
and, 25.7 min respectively, and another one is propagating in the
meridional direction (towards south ~170°) with horizontal wave-
length and observed period of 80.3 = 8km and, 58 min respectively.
On this night, E-region drift also shows similar periods (28.5 and 51.5,
see Table 2). Earlier, using the Rayleigh lidar temperature (70-75 km)
data, VHF radar E region drifts Taori et al. (2011) attributed that the
common periods could be taken as an evidence for the vertical
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Fig. 7. Ray-tracing results for four of the noted wave events during 03-06 February 2018. Solid blue lines are for the HWMO07-model and solid red lines are for zero
wind condition. The triangle indicates the location of Gadanki. Filled circles indicate the position/time of the gravity waves on the ground. Plus and filled square
symbols indicate where/when the gravity waves have the maximum amplitude into the thermosphere. Star and open square show where/when the gravity waves
have less than 1% of their initial amplitude. Horizontal wavelength and phase period are given in right side top and bottom corner respectively. Phase speed and
propagation angle of the wave events are given in left side top and bottom corner respectively.

propagation of the waves. To trigger the EPB, wave propagation di-
rection must be perpendicular or nearly perpendicular to the magnetic
meridian (Tsunoda, 2010a). Therefore, it is presumed that the wave
that is propagate in the zonal direction can be a potential source for
triggering the EPB. However, on this night zonally propagating wave
amplitude is smaller than the meridionally propagating wave. To un-
derstand the link, we have to find whether the observed small ampli-
tude gravity wave is capable enough to trigger the EPB or not? If yes, at
which circumstance it might be acted as a potential seed perturbation?
To address this questions, evening time E-region condition is checked
using the 30 MHz radar RTI map that shows a strong E-region irregu-
larity signature (figure not shown here). Given this situation, the up-
ward propagating gravity wave (even with small amplitude) can gen-
erate the polarization electric field effectively that can be mapped into
the F-region and seed the EPB.

Previously, Aveiro and Hysell (2010) and Varney et al. (2009)
suggested that on top of gravity wave amplitudes and horizontal wa-
velengths, direction of propagation is also important to generate

74

suitable polarization electric fields. For example, when the wave vector
is nearly perpendicular to the magnetic meridian and the vertical wa-
velength is large, detectable electric field can be created by gravity
waves because at this direction the fields are not sorted out by con-
duction along the magnetic field lines (Varney et al., 2009). Present
result show that the observed wave propagates in the zonal direction
with an angle of ~98.9° respect to north (clockwise direction from the
north as shown in Table 2). In addition, strong evening time E-region
irregularities are also noted in the radar backscatter. Therefore, it is
presumed that zonally propagating even small amplitude gravity waves
also can trigger the EPB when there is a strong irregularity in the
evening time E region.

On 05 February 2014, there are two waves in the keogram as well as
LSP analysis, conversely, the observed periodicity of these waves are
different (see Table 3). E-region drift velocity show three predominant
wave periods, among them one of the wave period matches with the
LSP wave period. However, the periodicity which are estimated from
the keogram analysis and LSP is slightly different from each other.
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Fig. 8. Daily mean NOAA outgoing long wave radiation (OLR) from 03 February 2014 to 06 February 2014. In these figures, black dot indicates the airglow
observation location (i.e. Gadanki). The region with OLR less than 220 W/m? indicator of deep convection are considered.

During this night there are weak depletions with inter-depletion dis-
tance of ~55.8 = 5km and ~376 * 33km respectively. The large
spatial scale depletion is strikingly nearly same as that of the horizontal
wavelength (333.2 = 44.9km) of one of the medium scale gravity
wave derived from the OH images keogram.

Using three-dimensional time-dependent general circulation model
[Coupled Middle Atmosphere-Thermosphere-2 (CMAT2) with their re-
cently developed (Yigit et al., 2008) spectral nonlinear gravity wave
scheme suitable for thermosphere general circulation models (GCMs)]
Yigit and Medvedev (2010) showed direct gravity wave propagation up
to thermospheric heights (more than 300 km). Our observation is in
basically in agreement with what has been proposed by three-dimen-
sional general circulation models. Because it has been at least about ten
years since it was shown "globally" that primary gravity waves from the
lower atmosphere penetrate into the thermosphere and reach different
heights (Yigit et al., 2009; Yigit and Medvedev, 2017). In addition, they
also showed that the typical horizontal wavelengths of internal gravity
waves observed in the thermosphere usually range between 100 and
500 km. Furthermore, earlier observational studies show that waves
with horizontal wavelength more than 100 km are suitable candidate
for directly propagating to the bottom of the F-layer (Kelley et al., 1981;
Takahashi et al., 2009; Taori et al., 2011a,b; Paulino et al., 2011). Using
multiple ground based observations Narayanan et al. (2012) reported
that coexistence of large scale wave like structure (LSWS) with small
scale wave structures (SSWS) are potential candidates for triggering the
EPB. The present case, two different size inter depletion distances show
the possibility of presence of LSWS and SSWS in the bottom of the F
layer, furthermore the LSWS wavelength is comparable to the meso-
spheric gravity wave. Therefore, it is presumed that during this night
the wave that is noted in the mesospheric OH emission altitude may be
directly penetrating into the bottom of the F-layer that triggered the
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EPB.

4.2. Identifiable mesospheric gravity waves with no EPB occurrence

Two wave periods with different parameters in keogram analysis
(see Table 2) and five waves from the LSP analysis are noted on 04
February 2014. There is a common period wave in both the OH emis-
sion altitude (80 and 89 min) and E-region (86 min). From the keogram
analysis, it is identified that one propagates towards northeast and
another one towards southeast. On this day h’F rises up to 410 km after
sunset. However, there is no EPB occurrence observed conversely only
very weak back scattered signals are noted in 30 MHz radar at around
22:30 IST (17:00UTC). Period of the wave is about 80/89 min which is
higher than the earlier night (03 February, 26 min). Furthermore,
propagation angle and horizontal wavelength are 147.8° and
165.6 = 10.6 km compared to about 98.9° and ~51km on 03 Feb-
ruary 2014 respectively. These differences can be seen in Table 2.
Though the background conditions (h’F value is ~410km, during
sunset period vertical drift goes up to 40 m/s and wave amplitude also
greater than previous day) on this night is favorable for the occurrence
of EBP. This discrepancy might happen due to the variation in gravity
wave phase front alignment with magnetic field lines. As discussed by
Tsunoda (2010b) that if plane wave phase front is not aligned with the
magnetic field, then the net polarization electric field which are gen-
erated by these waves will disappear. However, for circular gravity
waves, modulation in the polarization electric field is effective up to
~40° from the zonal direction (Krall et al., 2013). Therefore, there is
possibility that the noted wave might be a plane wave rather than
circular wave. In addition, there is another possibility that during this
night transequatorial thermospheric wind might enhanced which might
be inhibit/suppress the growth of the EPB as described by Abdu et al.
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Fig. 9. Six-hour mean ECMWF interim reanalysis (ERA) zonal wind shear for 03-06 February 2014 where the wind shear maximum at ray termination region. In
these figures black dot denotes the airglow observation location (i.e., Gadanki) and the red star indicates the ray termination region with wind condition.

(2009). Additionally, there appears to be present a connection between
the intensity of the PRE vertical drift and the amplitude and phase of
the precursor oscillations, with implications on a possible tidal gravity
wave interaction modifying the winds in evening E-layer, and thereby,
modifying also the PRE development. Further, the PRE vertical drift,
when weakly developed, can be suppressed or even reversed to
downward by upward propagating gravity waves of large enough in-
tensity. In this way, the gravity waves activity may even lead to sup-
pression of the post-sunset ESF/EPB development (e.g., Abdu, 2019).
However, on this night the vertical drift reaches up to 40 m/s. There-
fore, at this point we are not sure which factor inhibited the generation
of EPB during this night. Thus, it need to be studied further with
background wind information. Please note that, during this night there
is no irregularities observed in the E-region.

4.3. Occurrence of EPBs without mesospheric gravity waves

On 06 February 2014 the plasma depletion is very strong compared
to the 05 February 2014. However, OH emission altitude and E-region
does not show any common wave period oscillations (though there are
four wave events). Conversely, during this night base of the F-layer is
rises about 475km [the highest among the cases considered (see
Fig. 4)]. There can be two possibilities that might triggered the EPB on
this day 1) collisional shear instability that occurs in the bottom of the
F-layer (Hysell and Kudeki, 2004) or 2) post sunset equatorial eastward
thermospheric wind may also initiate the observed EPB (Kudeki et al.,
2007). In addition, irrespective of the MLT region gravity wave,
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thermospheric origin gravity wave also can play possible role in the
generation mechanism. However, with existing data set drawing a solid
conclusion is difficult for this night as it should be studied with ther-
mospheric wind measurements.

4.4. Identification of gravity wave sources and dissipation region

Some of the earlier model simulation studies show the vertical
propagation of gravity waves from the troposphere to thermosphere
(Horinouchi et al., 2002; Miyoshi et al., 2014; Vadas and Fritts, 2005,
2004; Miyoshi and Fujiwara, 2008; Yigit et al., 2008; Yigit and
Medvedev, 2010). For example, to study the vertical propagation of the
sub-grid (small) scale gravity waves from the troposphere to the iono-
sphere Yigit et al. (2008) have implemented the extended para-
meterization into the Coupled Middle Atmosphere and Thermosphere-2
GCM (CMAT2) model, and simulated to have a global view of the small-
scale gravity wave propagation into the thermosphere. Recent review
articles by Yigit et al. (2016) and Yigit and Medvedev (2015 and re-
ference therein) provides an extensive overview of vertical coupling by
gravity waves from the lower atmosphere into thermosphere during
sudden stratospheric warming (SSW) condition and non SSW condition.
Over all, these studies are primarily confined on the vertical propaga-
tion characteristics of the gravity waves, their various dissipation me-
chanism and their impact in the thermosphere (i.e. heating/cooling of
the thermosphere).

In this section, using reverse and forward ray tracing technique we
provide a detailed discussion about the waves noted in the OH airglow
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emission altitude (i.e. mesosphere), where they are coming from (i.e.
sources for the observed gravity waves)? and how far they can propa-
gate in the vertical direction? Earlier reports suggest that these waves
are generated/originated due to lower atmospheric phenomena such as
deep convection, jet streams, orography and geostropic adjustments
etc., (Pfister et al., 1993; Nishioka et al., 2013; Plougonven and Zhang,
2013; Sivakandan et al., 2016). Therefore, to identify the sources of the
observed gravity waves, reverse ray tracing analysis is carried out and
forward ray tracing analysis also performed to ascertain whether the
waves could reach the ionospheric/thermospheric altitudes.

During these four nights (from 03 February 2014 to 06 February
2014), over all, eight gravity wave events are noted in the OH image
keograms. For these waves reverse and forward ray tracing analysis is
carried out andthe results are shown in Fig. 7 (only 4 wave events ray
tracing results are shown here). In these figures solid blue lines corre-
sponds to the wind inputs using HWMO07-model and solid red lines re-
present zero wind condition. The triangles indicate the observation
location (i.e. Gadanki). Filled circles indicate the position/time of the
gravity waves on the ground. Plus and filled square symbols indicate
where/when the gravity waves have the maximum amplitude into the
mesosphere and thermosphere. Star and open squares show where/
when the gravity waves have less than 1% of their initial amplitude.
Horizontal wavelength and phase period are given in right side top and
bottom corner, respectively. Phase speed and propagation angle of
these wave events are given in left side top and bottom corner, re-
spectively. Note that whether it is with or without wind condition, most
of the times the ray path is somewhat similar but the terminating points
differ indicating that the background wind affects the gravity wave
propagation. Forward ray tracing results show that out of eight wave
events, two waves dissipated below the turbopause (~110km) and
remaining six waves propagate up to the altitude of about 130-200 km
(figures not shown here). Furthermore, reverse ray tracing results show
that all these wave events are of tropospheric origin (though there may
be uncertainty in the model wind). Gravity wave generation occurs in
the lower atmosphere by wide range of sources such as mountains, hills
(orographic sources), convection, jet streams, wind shear, geostrophic
adjustment (non-orographic sources), etc. It is presumed that among all
the above mentioned sources, deep convection is a plausible source of
generation of gravity waves in the equatorial and low latitude region
(Nakamura, 2003). Recently, using three years of spring equinox
months (March and April) airglow imager data and NOAA outgoing
longwave radiation (OLR) data Sivakandan et al. (2016) reported that
over the Indian low latitudes ~66% gravity waves are generated by
tropospheric deep convection.

In this aspect to identify the source mechanism, the ray terminating
points are compared with daily mean NOAA OLR data. The region
where the OLR value less than 220 W/m? are considered as an indicator
of deep convection. Fig. 8, shows the daily mean NOAA OLR from 03
February 2014 to 06 February 2014. In these, figures X-axis denotes the
longitude, Y-axis denotes the latitude, black dot indicates the airglow
observation location (i.e. Gadanki) and the yellow star indicates the
source region with wind condition. While comparing with the source
region (reverse ray tracing terminating point) and the OLR values, it is
observed that out of these eight events, seven events are not termi-
nating to the convection regions. However, on 03 February a wave
event terminates nearby the convective region. As the spatial
(2.5° x 2.5° latitude and longitude) and temporal resolution (daily
mean) of the NOAA OLR is very poor, thus it can be said that this wave
may be triggered by the tropospheric deep convection. This result
shows that during these days’ majority of the waves are not generated
by the convective activity. Recently, Pramitha et al. (2015) reported
that wind shears also could be a possible source for generation of
gravity waves in the low latitude region.

An attempt is made to understand the source of observed wave
features by wind shear using ECMWF interim reanalysis (ERA) data.
Vertical shears of the horizontal (zonal and meridional) wind is
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calculated in the height range of 1-21 km. Fig. 9 show the six-hourly
mean ECMWEF interim reanalysis (ERA) zonal wind shear for 03-06
February 2014 where the wind shear is maximum at source region (ray
terminating region) (actually the wind shear is calculated for all the
height from 1km to 22 km, however, the figure in display here only
shows where the shear is more in the ray path). In these figures, black
dot denotes the airglow observation location (i.e., Gadanki) and the red
star indicates the source region with wind condition. Prior to the
gravity wave generation by wind shear, the atmosphere should be un-
stable and the wind shear must exceed 2N (N is the buoyancy fre-
quency) (Biihler and McIntyre, 1999; Fritts and Rastogi, 1985, Scinocca
and Ford, 2000). However, the wind shear noted on these days are
weak so it could not make the atmosphere unstable at the ray path.
However, except 03 February 2014 remaining all days where the ray
terminates around that region, wind shear shows the directional
changes. This kind of situation can make the background atmosphere
become unstable (though the shear is comparatively less) Thus, it is
assumed that for those wave events, wind shear might be a plausible
source. Therefore, from the present results, it is presumed that the
observed mesospheric gravity waves (noted in the OH airglow images)
are generated in the troposphere by wind shear (mostly) and convec-
tion. Furthermore, some of the upward propagating waves are get
dissipated around or below the turbopause and the remaining waves
propagate up to about 130-200 km.

5. Summary and conclusions

Using four consecutive nights (03-06 February 2014) of multi in-
struments (all sky airglow imager, 30 MHz radar, and ionosonde) data
set, the generation mechanism of EPBs and the role of gravity waves in
seeding of the R-T instability during quiet geomagnetic conditions is
studied. Together with the observations; reverse and forward ray tra-
cing techniques are also used to investigate the origin and dissipation
region of the gravity wave events. Furthermore, to identify the source of
the observed wave events NOAA-OLR and vertical shear of the hor-
izontal wind around the reverse ray termination points are checked.
The results obtained from the present investigations are summarized as
follows:

1. Out of four days, during three days the F-region plasma depletion in
01630 nm airglow emission as well as the 30 MHz radar SNR signal
is noted that are supported by the ionosonde h’F values.

2. Keogram as well as the EMD-LSP analysis exhibit the presence of
medium scale gravity waves in all these four nights with day to day
varying wave parameters. Most of these noted waves are found to
propagating toward east (except in one case).

3. On 3 February 2014 it is noted that zonally propagating gravity
wave with small amplitude also can trigger the EPB when there is a
strong irregularity existing in the Eregion.

4. On 04 February 2014, the F layer height, wave amplitude and the
wave propagation angle are suitable for EPB seeding. However,
there was no plasma bubble on this night. It indicates that together
with sinusoidal perturbations; vertical shear, thermospheric east-
ward wind and transequatorial wind also may play a role on the
plasma bubbles generation. It needs to be studied further for better
understanding.

5. Reverse ray tracing results suggest that these waves are generated in
the lower atmosphere and forward ray tracing results show that they
can propagate vertically up to ~130-200 km.

6. NOAA daily mean OLR and the ECMWF vertical shear of the hor-
izontal wind suggest that out of these eight wave events one might
be generated by the tropospheric convection, wind shear might be a
possible source for other six waves and for remaining one wave, the
source is neither convection nor wind shear. However, it need to be
verified with observational wind data.
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