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Abstract

The ionosphere-thermosphere regions of the upper atmosphere consist of plasma and

neutrals, which are intercoupled with each other, often referred to as the ionosphere-

thermosphere system (ITS). Different electrodynamic processes, such as equatorial elec-

trojet (EEJ), equatorial ionization anomaly (EIA), pre-reversal enhancement (PRE) in

zonal electric field, and neutral dynamics play important roles in the distribution of plasma

and neutrals over the equatorial and low-latitudinal regions. As a consequence, the mag-

nitudes of the plasma and neutral densities, electric fields, and neutral winds get altered.

Further, on occasions, plasma irregularities get generated over the magnetic equator due

to the onset of Rayleigh-Taylor (R-T) instability which can span scale sizes of around

seven orders of magnitudes and extend to the low-latitudes and beyond. These plasma

irregularities adversely affect the radio wave communications at different frequencies. A

comprehensive understanding is required on all these variations in plasma-neutral dynam-

ics, in order to gain not only fundamental understanding of ITS science, but also aspects

related to applications.

Therefore, systematic observations and accurate measurements of different parame-

ters are needed for a critical understanding of the upper atmospheric processes. Optical,

radio, and magnetic techniques have been used in this work to infer the intricate behaviour

of the ITS. In this thesis, the OI 630.0 nm nightglow emissions (red line), which serve

as tracers to the behaviour in the ITS, are used as the primary data. High Throughput

Imaging Echelle Spectrograph (HiTIES) is used to measure the red line emissions at Mt.

Abu, a low-latitudinal location over Indian longitude, typically situated under the crest of

the EIA during high-solar activity periods. Data from digisonde and the magnetometer

are also used to carry out a comprehensive study of the various dynamical processes which

occur in the upper atmosphere.

The peak emissions of OI 630.0 nm nightglow emanate from around 250 km and

i



provide information of the upper atmospheric dynamics prevalent, essentially in the bot-

tomside of F-region. Dissociative recombination of molecular oxygen with the thermal

electrons is responsible for the nighttime red line emissions. A photo-chemical model has

been generated to estimate the OI 630.0 nm nightglow emissions wherein the digisonde

measured electron densities are used as an input. The red line emissions primarily depend

on the densities of electron, O+, and O+
2 present at these altitudinal regions. Therefore,

the variabilities in the OI 630.0 nm emissions provide information on the subtle changes

occurring at those altitudes. Different kinds of variabilities have been observed in the

OI 630.0 nm nightglow emissions from this location which fall in four broad types. The

causes of such variabilities have been addressed rigorously and the new understanding of

the systemic behaviour that has emerged is reported in this thesis.

Investigation into the effect of equatorial electrodynamics on the latitudinal move-

ment of the EIA crest has shown that, on several occasions, airglow emissions are larger

along the northern direction after sunset compared to the southern direction. This is due

to the movement of the EIA crest in response to the PRE. As the night progresses, the

plasma motion changes towards the magnetic equator, which is known as reversal of the

EIA. The speeds of this reversal range from 10 to 55 ms−1 and are caused by the nocturnal

equatorial westward electric fields. In the absence of information on the nighttime electric

fields over the Indian longitudes, we use the simultaneous variations in the daytime EEJ

data from an opposite longitude sector and compared them with the measured nighttime

reversal speeds. We show that these two are consistent, as the global equatorial electric

fields follow the curl-free condition (∇×E= 0). An experimental evidence has been shown

of the variation in the nighttime reversal speeds of the EIA in relation with the nighttime

equatorial electric field. As a result of this information, it is proposed that the observed

reversal speeds (equatorward movement) of the EIA crest can serve as a viable proxy

to determine the behaviour of the nightly westward electric fields which are otherwise

extremely difficult to obtain.

The OI 630.0 nm nightglow emission decreases monotonically with a decrease in the

ionization after sunset. But, on several occasions, a bell-shaped enhancement in the OI

630.0 nm nightglow emissions were observed over Mt. Abu during post-sunset hours.

The role of equatorial electrodynamics and meridional winds have been investigated to

understand the plausible cause for such enhancements and found that the presence of
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poleward meridional winds or the cessation of equatorward winds over the low-latitudes

can effectively account for the observed post-sunset emission enhancements. This effect of

meridional winds on the thermospheric airglow emissions during the post-sunset time is a

new finding, as it shows a consistent decrease in magnitude during Jan-Mar as predicted

by climatological model winds in HWM-14. The OI 630.0 nm emission data considered

was for the years 2013, 2014, and 2016 with varying solar activity, which asserts that the

results arrived at are independent of the solar flux variation.

Multiple excursions in OI 630.0 nm nightglow emissions are seen over Mt. Abu.

The presence of equatorial plasma bubbles simultaneously, as seen in the ionosonde data

over Ahmedabad and the depletion in OI 630.0 nm emissions over Kolhapur, is further

evidence of their influence. The strength of the PRE was found to be larger on the nights

when the depletions in emissions were observed in the OI 630.0 nm emission over Mt.

Abu. The zonal speeds of the plasma bubbles were found to vary from around 190 to 90

ms−1 over the night. The wave number spectral analyses for the emissions in the zonal

direction using data from around 1300 images show that the scale sizes in the range of

250-300 km are omnipresent, whereas shorter scale sizes (50-250 km) are observed only

during the presence of EPBs. It is inferred that these shorter scale size gravity waves

played a significant role as the seed perturbations to trigger the R-T instability which is

an interesting and important result in terms of understanding the generation of EPBs.
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Chapter 1

Introduction

1.1 The structure of Atmosphere

The atmosphere of the Earth can be divided into three different regions, namely, lower

atmosphere (up to 12-15 km from the surface), middle atmosphere (15-90 km), and upper

atmosphere (above 90 km). The variation in temperature with altitude is not uniform.

Depending on the gradient of temperature, the atmosphere of the Earth is divided into tro-

posphere (0-15 km), stratosphere (15-50 km), mesosphere (50-90 km), and thermosphere

(90-600 km) which is shown in figure 1.1a. The solar radiation in the range of around

visible to near-infrared range falls on the surface and radiates the larger wavelength in the

range of infrared radiation which keeps the region near the Earth’s surface warm. The

temperature drops at the rate of around 6.5 K km−1 with the increase in altitude. This

negative temperature gradient continues up to tropopause heights which vary from 8-17

km from polar to equatorial latitudes. Due to the absorption of solar UV-B radiation

(around 200-360 nm), the temperature increases with altitudes in the stratosphere region.

This increase in temperature is majorly caused by the absorption of solar UV radiation

by ozone, with small contribution from the photo-dissociation of molecular oxygen. This

region of atmosphere is very stable due to the positive temperature gradient. Such kind

of positive temperature gradient is seen up to around 50 km which is called stratopause.

Above stratopause, the temperature gradient again becomes negative. Radiative cooling

by CO2 is responsible for the decrease in temperature. The sources of small amount of

heating are the absorption of solar UV radiation by ozone, molecular oxygen, and down-

1
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Figure 1.1: (a) Structure of atmosphere based on the neutral temperature which varies

with altitudes. (b) Distribution of various neutral species in the atmosphere of Earth

(based on NRLMSISE-00 outputs).

ward eddy transport from the thermosphere to the mesosphere. The mesopause region

exists at an altitude of around 90 km which is the coldest region of the Earth’s atmosphere.

Above that altitude, due to the absorption of energetic solar photons of mostly EUV and

X-rays with the neutral species that are present at that altitude, the temperature in-

creases with altitudes sharply from 200K to around 1000K as shown in figure 1.1a. This

region is called thermosphere (Hargreaves , 1992). The vertical propagation of atmospheric

waves that deposits energy in the thermosphere through wave braking and precipitation

of energetic charge particles in the high latitudes during geomagnetic disturbed events are

some other sources which contribute to the total energy budget of the thermosphere. The

region above the thermosphere (beyond 600 km) is called the exosphere. The density of

this region is so low that the mean free path of the constituents like H and O exceeds the

scale heights.

The mixing ratios of the major constituents are same in the atmosphere below 100
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km. Therefore, this region is called homosphere. The homosphere consists of 78.1%

Nitrogen, 20.9% Oxygen, 0.9% Argon, and some other trace gases, such as, CO2, Ne, He,

H20, etc. (figure 1.1b). The region above 100 km is known as the heterosphere, where

the constituents are distributed under gravity. Therefore, the composition varies with

altitudes according to their molecular/atomic mass. The boundary between homosphere

and heterosphere is called turbopause. Above the turbopause, the gaseous diffusion is

more dominant than the mixing due to turbulence. We can see from figure 1.1b that the

density of atomic oxygen becomes equal to the density of the Oxygen molecules around

110 km altitude. Above 200 km, the atomic oxygen dominates as compared to O2 and

N2. The exosphere is dominated by helium and hydrogen.

The incoming solar radiations of different wavelengths, such as UV, EUV, and X-

rays are absorbed in different altitudes of the upper atmosphere, which ionize the neutrals

and form the ionosphere. The ionosphere can be extended from 60 km to 1000 km. The

electron density varies from day to night, as well as, with the changes in the solar activity

as shown in figure 1.2. The solar activity is defined by sunspot number which shows

good correlation with the variation in the F10.7 cm solar flux. The whole ionosphere is

divided into three regions: D region (60 km- 90 km), E region (90 km- 150 km), and F

region (>150 km). During daytime, a ledge can be seen in the F-region and forms two

layers, named F1 and F2 layers. It is predominantly observed in summer at low solar

activity period. It has not been reported during winters at high solar activity periods.

Depending upon the location, time, season, solar activity, etc., the electron density varies

in the ionosphere. Although ions and electrons are present in the ionosphere, the neutral

densities are always larger by three orders more than the plasma density.

The presence of electric and magnetic fields affects the motion of the charged particles

in the ionosphere. Due to large neutral density present in the lower ionosphere, the

ions and electrons are collision dependent in the D-region, i.e., collision frequencies with

neutrals (νin, νen) are larger than their respective gyro-frequencies (ωi, ωe) for both ions

and electrons (νin >>ωi, νen >>ωe). Whereas, in the F-region, gyro-frequencies dominate

as compared to the collision frequencies of ions and electrons with the neutrals (νin < ωi,

νen << ωe). However, ions and electrons show different behaviour in the ionospheric

E-region (νin > ωi, νen < ωe). Being larger in dimension and, thereby larger collision

cross-section, the motion of the ions is controlled by the neutral winds in the E-region.
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Electron density (cm"
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Sunspot minimum

Fig. 6.1 Typical vertical profiles of electron density in the mid-latitude ionosphere. (After W.
Swider, Wallchart Aerospace Environment, US Air Force Geophysics Laboratory)

The behaviour of the terrestrial ionosphere indicates that it can be considered in two
parts, corresponding to the two principal regimes of magnetospheric circulation
(Section 5.5). The present chapter discusses the principles governing the ionosphere at
middle and low latitudes, in effect latitudes less than about 60° geomagnetic, though
many apply to the high latitudes as well. Further considerations affecting particularly
the high-latitude ionosphere will be introduced in Chapter 8.

6.2 Physical aeronomy

6.2.1 Principles
The ionosphere is formed by the ionization of atmospheric gases such as N2, O2 and
O. At middle and low latitude the energy required comes from solar radiation in the
extreme ultra-violet (EUV) and X-ray parts of the spectrum. Once formed, the ions
and electrons tend to recombine and to react with other gaseous species to produce
other ions. Thus there is a dynamic equilibrium in which the net concentration of free
electrons (which, following standard practice, we shall call the electron density )
depends on the relative speed of the production and loss processes. In general terms
the rate of change of electron density is expressed by a continuity equation:

8N
— = q — L — div (Nv), (6.1)

where q is the production rate, L the loss rate by recombination, and div (Nv) expresses
the loss of electrons by movement, v being their mean drift velocity. Plainly, one has

Figure 1.2: The variation of electron density with altitudes and different ionospheric layers

during day and night time at high and low solar flux condition. (After Hargreaves , 1992)

The opposite behaviour is seen for the electrons, and they follow the electromagnetic

forces.

The lower most part of the ionosphere is the D-region which extends from 60 to 90

km with electron density around 102-102 cm−3. The major ions are NO+, O2
+, N2

+ in

this region (Nicolet , 1965; Barth, 1966; Sechrist Jr , 1967; Narcisi and Bailey , 1965). The

main ionizing sources of this region are the Lyman-α , EUV, X-rays, and cosmic rays.

The Lyman-α line of wavelength 121.5 nm ionizes the trace element NO, whereas, the

EUV (102.7-111.8 nm) dissociates O2 and N2. Hard X-rays (0.2-0.8 nm) can ionize all

the elements, mostly O2 and N2, as these are major constituents. The galactic cosmic

rays are another important source of ionization of the ionospheric D-region. Ionization

by the cosmic rays is efficient at this lower ionosphere as there are larger amount of

neutral densities are present. During nighttime, as the ionization is absent and large

neutral density is present, the charged particles recombine very quickly and the D-layer

disappears.

The ionospheric E-region peaks around 105-110 km. After the discovery of radio
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wave transmission, several scientists, such as Edward Appleton, Arthur Kennelly, Oliver

Heaviside etc. proved the existence of a reflecting layer, ‘Kennelly-Heaviside layer’, which

is later known as E-layer. The E-layer contains N2
+, O2

+, NO+, O+, etc. EUV in the

range of 80-102.7 nm ionizes O2 and the X-rays in the shorter wavelength range (1-10 nm)

can ionize all the neutral species in the E-region. The molecular ions undergo dissociative

recombination process and produce atoms of higher energy states. Metallic ions such as

Fe+, Mg+, Ca+, Si+ are also present in the E-region which mostly follow the radiative

recombination. The daytime to nighttime electron density in the E-region is of the order

around 105 to 103 cm−3.

The primary reactions produce N2
+, O2

+, O+, He+, N+ in the F-layer, whereas, the

subsequent reactions produce an ample number of O+, O2
+, NO+. The molecular and

atomic ions dominate in the lower and upper F-layer, respectively. The electromagnetic

radiation which provides the ionization potentials for various species, such as, N2 (79.6

nm), O (91.1 nm), O2 (102.7 nm), H (91.2 nm), HeI (58.4 nm), HeII (30.4 nm) are

available in the F-layer as the solar spectrum between 17-91.1 nm is heavily absorbed in

this region. The maximum ionization should be observed up to 180 km altitude as there is

no radiation band that can further ionize any species. But, the F2-layer peaks at 200-400

km altitude depending on day or nighttime due to the transportation of plasma. The

peak electron density at F2 layer is of the order 106 cm−3 during the daytime and reduce

by one order of magnitude in the nighttime (figure 1.2).

So far, we have discussed the production mechanism for different altitudes in the

ionosphere. The charged particles are also lost in different ways, such as dissociative re-

combination, radiative recombination, three-body recombination, etc. (Bates and Massey ,

1946, 1947; Biondi , 1963). Depending upon different molecular species present at a given

altitude, different loss mechanism takes place. At equilibrium conditions,

1
q
=

1
αN2 +

1
βN

(1.1)

where, q is the production rate and α , β are the loss rate.

The equation 1.1 satisfies the charge neutrality condition, which is, N = N+
A +N+

M ; where,

N, NA+ , and NM+ are the density of electrons, atomic ions, and molecular ions, respectively.

Now, when N+
M >> N+

A , q = αN2, which occurs at the lower F-region, where molecular
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ions are larger in numbers than the atomic ions, and,

When, N+
M << N+

A , q = βN, which occurs at higher altitudes of the F-region where atomic

number densities are dominant.

Solving the equation 1.1 for N, we get,

N =
q

2β
[1+

√
1+

4β 2

αq
]

N =
q

2β
[1+

√
1+4G]

where, G = β 2

αq , which decides the shape of the electron density distribution.

Now, for 4β 2 >> αq, G >> 1
4 : N =

√
q
α
, therefore, q = αN2.

4β 2 << αq, G << 1
4 : N = q

β
, therefore, q = βN.

The splitting of F-layer takes place around 160-200 km altitude. The loss mecha-

nism, such that, αN2 and βN, determines the occurrence and transition of F1 and F2

layers (Ratcliffe, 1956; Setty , 1960). If the transition height between α-type and β -type

recombination is ht , F1 layer appears when ht > hm, where, hm is the height of maximum

ionization. In another way, value of G can decide the splitting of F-layer. A value of

G greater than 1
4 is required for the formation of F1 layer. In the summer time, due to

larger recombination at upper F-layer (β -type), F1 layer forms, whereas, the decrease in

production is responsible for the generation of F1 layer in the solar minimum.

1.2 Equatorial/low-latitude processes

The neutrals and charged particles co-exist in the ionosphere-thermosphere system. As

we discussed earlier, the production and loss mechanisms control the plasma density in

the ionospheric system. The plasma transport also plays an essential role in the varying

plasma densities observed over different latitudes. The electric field, magnetic field, and

neutral winds affect the dynamics of the plasma and neutrals, and as a consequence,

several processes get generated over the equatorial and low-latitude upper atmosphere.

The magnetic field of Earth is generated by various sources. The geodynamo at the

core of Earth is the primary source of the geomagnetic field which is called the main
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results are representative of the zonal mean while the ground‐
based magnetometers are restricted to the African/European
longitude sector. A seasonal variation can clearly be observed
in the values of the current function at 1200 LT presented in
Figure 2. A predominantly annual variation is observed in
the Northern Hemisphere with the peak value occurring
near the June solstice. The seasonal variation in the Southern
Hemisphere is different and exhibits a primarily semiannual
oscillation with maxima near the equinoxes. The seasonal var-
iations observed in Figure 2 are generally consistent with prior
studies. Campbell and Matsushita [1982] presented results for
the seasonal variation in the Northern Hemisphere for solar
maximum and solar minimum. They observed a primarily
annual variation during solar minimum conditions and a semi-
annual variation during solar maximum. Takeda [2002] simi-
larly observed a dominant semiannual variation during solar
maximum. However, during solar minimum, Takeda [2002]
observed an annual variation in the Northern Hemisphere
and a semiannual variation in the Southern Hemisphere. This
is consistent with our results which are representative of solar
minimum conditions and provides further validation that the
CHAMP vector magnetometer observations can reliably deter-
mine the global Sq current system.
[19] The results presented in Figure 2 also reveal the

expected hemispheric asymmetry in the current function at
1200 LT. The hemispheric asymmetry is most apparent
during Northern Hemisphere summer when considerably
stronger currents are observed in the Northern Hemisphere.
The latitude of the Northern Hemisphere focus also moves
poleward during this time period. The observed hemi-

spheric asymmetry during Northern Hemisphere summer is
as expected based on theoretical considerations. Owing to
increased insolation, the conductivities in the dynamo region
are greater in the summer hemisphere and this results in the
observed greater equivalent current functions in the summer
hemisphere. Tidal winds can also contribute to the asym-
metry in the Sq current function around solstice, specifically
with regards to shifting of the focal latitude [Stening, 1969].
Around December solstice, the hemispheric asymmetry is
small and is significantly less pronounced relative to the
asymmetry that is observed around June solstice. This dif-
ference may be related to the semiannual variation in the
Southern Hemisphere that was previously discussed. The
semiannual variation in the Southern Hemisphere results in
a hemispheric asymmetry near the equinoxes with greater
peak daytime current function values in the Southern Hemi-
sphere at these times. Lastly, we note that the observed
hemispheric asymmetry is considerably less than the asym-
metry observed in previous studies [e.g., Chapman and
Bartels, 1940; Matsushita and Maeda, 1965; Takeda, 2002].
This discrepancy is thought to stem from the use of a ±40 day
data window. Such a large data window is necessary due
to the local time sampling of the CHAMP satellite; however,
it has the potential to result in smoothing of the seasonal
variations making them less pronounced.

3.2. Longitudinal Variations

[20] We now turn our attention to the variations in lon-
gitude of the Sq current system based on the CHAMP vector
magnetometer observations. Figure 3 presents the Sq current

Figure 1. Sq current functions during June solstice for (a) CHAMP zonal mean and (b) ground‐based
magnetometers. (c and d) The Same as Figures 1a and 1b except for December solstice.

PEDATELLA ET AL.: CHAMP SQ CURRENTS A04317A04317

6 of 13

Figure 1.3: Sq current pattern during June solstice in the years of 2006 to 2008 obtained

from (a) CHAMP satellite and (b) ground-based measurements. The same is shown in

(c) and (d) for the December solstice. (After Pedatella et al., 2011)

field. Other sources of geomagnetic field contribute up to a few percent of the main

field. Solar quiet (Sq) current (an ionospheric current system) is one such source which

induces magnetic field on the surface of Earth (Matsushita, 1968; Rishbeth and Garriott ,

1969; Campbell , 1989). The differential heating by the Sun at different parts of the globe

causes temperature and pressure gradient forces which generate neutral wind, and as a

consequence, electric current forms. The existence of this global Sq current has been

confirmed through rocket experiments (Yabuzaki and Ogawa, 1974; Pfaff Jr et al., 1997)

and satellite measurements (Jadhav et al., 2002; Vichare and Rajaram, 2011; Pedatella

et al., 2011; Alken et al., 2015). The magnitude of Sq current is of the order of several

µA
m2 flow in the dayside of the ionospheric E-layer, in the altitude range of 90-150 km.

This region is also referred to as the dynamo region. The direction of the Sq current

is opposite in two different hemispheres (counter-clockwise in northern hemisphere and

clockwise in southern hemisphere). The ground-based and satellite measurement of Sq

current is shown in figure 1.3 which shows the Sq current peaks at local noon time centered

in the mid-latitude location.
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The flow of charged particles in the ionosphere (ionospheric current) depends on the

electrical conductivity of that medium. The ionosphere is anisotropic in nature. The

current density equation: j = σ ·E, where, σ is the electrical conductivity tensor (figure

1.4), which has a form like:

σ =




σP −σH 0

σH σP 0

0 0 σ∥




where, σ∥ = σ0 = ( nee2

meνe
) is the direct or parallel conductivity, which governs current along

the electric field direction when the electric field is along the magnetic field.

σP = (
ν2

e
ν2

e +ω2
e
)σ0 is the Pedersen conductivity, which governs Pedersen current along the

direction parallel to the electric field but perpendicular to the magnetic field.

σH = −( ωeνe
ν2

e +ω2
e
)σ0 is the Hall conductivity, which determines the Hall current in the di-

rection perpendicular to both the electric field and magnetic field.

310 Y. Yamazaki, A. Maute

σP = σ‖
(1 + κ)ν2

e

(1 + κ)2ν2
e + Ω2

e

, (6)

σH = σ‖
Ωeνe

(1 + κ)2ν2
e + Ω2

e

(7)

with

Ωe = e|B|
me

, Ωi = e|B|
mi

,

νe = νen + νei, κ = ΩiΩe

νeνin

,

(8)

where ne is electron density; νen is electron-neutral collision frequency; νei is electron-
ion collision frequency; νin is ion-neutral collision frequency; Ωe is electron cyclotron
frequency; Ωi is ion cyclotron frequency; e is the elementary charge; me is the electron
mass. Figure 7 shows typical midlatitude daytime ionospheric conductivities as a function
of height. These results are obtained from the ionospheric conductivity model of the World
Data Center for Geomagnetism, Kyoto, which is based on (5)–(8). Since the parallel conduc-
tivity is very large throughout the ionosphere, the parallel electric field is almost completely
shorted out. It is, therefore, reasonable to assume that geomagnetic field lines are equipoten-
tial. This means that the electric potential is constant along geomagnetic field lines all the
way from the bottom of the ionosphere in one hemisphere to the bottom of the ionosphere in
the opposite hemisphere, so that electric fields can be mapped between any pair of conjugate
points.

For given neutral winds, ionospheric conductivity and geomagnetic field, one can solve
(2)–(4) to calculate electric fields and currents. Review articles by Richmond (1989) and
Richmond and Maute (2014) discuss various techniques of the ionospheric wind dynamo
modeling. Figure 8 shows neutral winds, height-integrated Pedersen conductivity, electro-
static potential, and equivalent current function, derived from the National Center for At-
mospheric Research thermosphere ionosphere electrodynamics general circulation model
(NCAR TIE-GCM) (Richmond et al. 1992; Qian et al. 2014). The results are shown for ge-
omagnetically quiet conditions for the September equinox of 2009 and 2002, representing
solar minimum and solar maximum, respectively. Each panel of Fig. 8 represents a snap
shot at 1200 UT, so that the Greenwich longitude (0° E) is in the midday. Neutral winds at
110 km (Figs. 8a and 8b) are dominated by upward-propagating tides from the lower atmo-
sphere. It can be seen that the semidiurnal tide is the major component of the wind field at

Fig. 7 Height profiles of
parallel, Pedersen and Hall
conductivities calculated for a
mid-latitude location
(35° N, 135° E) under the
noon-time March equinox
condition for low solar activity,
using the ionospheric
conductivity model of the World
Data Center for Geomagnetism,
Kyoto

Figure 1.4: The variation of parallel, Pedersen, and Hall conductivities is shown with alti-

tude over a mid-latitude location under noon-time March equinox time. (After Yamazaki

and Maute, 2017).
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1.2.1 Equatorial electrojet (EEJ)

The Sq current flows in the eastward direction over the geomagnetic equator which en-

hances the magnitude of Sq current density. Due to the geometry and the large conduc-

tivities in the ionospheric E-region over the dip-equator, the eastward current enhances

in addition to the Sq current, which is known as equatorial electrojet (EEJ) (Chapman,

1951; Forbes , 1981; Anandarao and Raghavarao, 1987). To understand the generation

mechanism of such current jet, the ionospheric E-region has been considered as a slab

with thickness of 10 km from 100 to 110 km (figure 1.5). As discussed earlier, the elec-

trons follow the electromagnetic forces in the ionospheric E-region, whereas, the ions are

controlled by the neutral winds. During daytime, the zonal wind is in the westward di-

rection over the equatorial E-region which carries the ions through ion-neutral collisions.

This leads to the charge separation, which generates the primary electric field Epy directed

in the eastward direction. Therefore, the current density due to this Epy is σPEpy in the

eastward direction. Due to the horizontal nature of geomagnetic field over the dip-equator

and the presence of the eastward electric field, the electrons experience E×B drift over

this region which is directed vertically upward. Although the E×B drift is charge and

mass independent, the electrons move to higher altitudes in the E-region, but not the ions

as their movement is controlled by the ion-neutral collisions. The polarization electric

field drives a Hall current in the downward direction (negative sign indicates that the

direction of current flow is opposite to the drift of the electrons).

−Epy ×B =−EpyB(ŷ× x̂) =−EpyB(−ẑ) = EpyBẑ (1.2)

This causes a charge separation with negative charges accumulating on the top of the

E-region boundary and positive charges (ions) at the bottom of highly conducting layer.

This space charge distribution creates a secondary electric field (Esz) in the vertically

upward (−z direction). This secondary electric field (Esz) drives a vertical Pedersen current

opposing to the Hall current until this Pedersen current compensates the Hall current. In
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Figure 1.5: Equatorial electrojet model using slab geometry of the ionospheric E-region.

the equilibrium condition, there is no vertical current flow, therefore,

σHEpy = σPEsz

Esz =
σH

σP
Epy (1.3)

The secondary polarization electric field (Anandarao, 1976; Pandey et al., 2016) generates

a secondary Hall current flowing in the y-direction,

−Esz ×B =−EszB(−ẑ× x̂) = EszB(ŷ)

Jsy = σHEsz =
σ2

H
σP

Epy (1.4)

Therefore, the total eastward current (ŷ direction) consists sum of primary Pedersen

current and secondary Hall current.

Jy = σPEpy +σHEsz

= (σP +
σ2

H
σP

)Esz

= σP(1+
σ2

H

σ2
P
)Esz

= σcEsz (1.5)

where, σc =σP(1+
σ2

H
σ2

P
) is the Cowling conductivity which is enhanced by a large factor (1+

σ2
H

σ2
P
) and thereby, it can support the large current jet which is generated in the equatorial

E-region.
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The in-situ measurement of magnetic field through rocket experiments observed peak

of E-region current at 105 km altitude (Davis et al., 1967; Sampath and Sastry , 1979;

Pfaff Jr et al., 1997; Chandra and RG , 2000). Figures 1.6a and 1.6b show the measured

eastward current density profile obtained through rocket flights over Thumba and Peru,

at two dip-equatorial latitudes over different longitudinal sectors. Even the magnetic

field induced due to the strong current jet at the ground can be measured through mag-

netometers. The estimation of the strength of EEJ using ground-based magnetometers

has been discussed in section 2.5 of chapter 2. During nighttime, the electron density

over the E-region becomes very less, conductivity also decreases. Even the electric field

(a) (b)

Figure 1.6: The current density at the equatorial E-region over South-American and In-

dian longitudes are shown in panels (a) and (b), respectively which are measured through

rocket-borne instrument. The larger current around the 105 km altitude suggests the elec-

trojet phenomena over the equator. (After Richmond , 1973; Sampath and Sastry , 1979).

also becomes westward, therefore, EEJ disappears at that time. However, on some occa-

sions, the induced magnetic field during daytime decreases below the nighttime base value

which is known as counter-electrojet (CEJ) (Gouin, 1962; Rastogi , 1975; Raghavarao and

Anandarao, 1980; Vichare and Rajaram, 2011; Singh et al., 2018). Figures 1.7a and 1.7b

show the examples of electrojet and counter-electrojet for two given days which have been

estimated using ground-based magnetometer data in the Indian sector.
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(a) (b)

Figure 1.7: The variation of electrojet strength over Indian sector using the ground-based

magnetometer data (hourly) for two sample days. The magnetometer data of Tirunelveli

and Alibag are used in the estimation of EEJ strength over Indian sector. (a) shows

typical electrojet variation, whereas, (b) shows the existence of counter-electrojet.

1.2.2 Equatorial ionization anomaly (EIA)

Equatorial ionization anomaly (EIA) plays an important role in the coupling between the

equatorial and low-latitudinal regions. Due to this process, a double-humped structure in

electron density is formed on either side of the dip-equator. The structure and behaviour

of EIA have been investigated through various modes of measurement, such as, ionosonde

(Appleton, 1946; Croom et al., 1959), TEC measurement (Rastogi and Klobuchar , 1990;

Rodrigues et al., 2015), airglow emissions (Sridharan et al., 1993b; Pallamraju and Srid-

haran, 1998b; Immel et al., 2006; Eastes et al., 2019) in the F-region, etc. The magnetic

field lines of the off-equatorial E-region pass through the equatorial F-region. The east-

ward electric field generated in the E-region through the dynamo action gets mapped to

the F-region through the equipotential magnetic field lines.

Theoretical works have been carried out to understand the processes behind such

electron distribution over the equatorial and the low-latitudinal regions (e.g., Mitra, 1946;

Martyn, 1955; Rishbeth et al., 1963). The electrons and ions are lifted in the higher

altitudes following the E×B drift in the F-region. This upward drifted plasma comes

down to the off-equatorial and low-latitudinal regions along the magnetic field lines due to

the ambipolar diffusion, which resembles a plasma fountain. A schematic of such plasma

fountain is shown in figure 1.8a. In this way, plasma transported to the low-latitudes
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(a) (b)

Figure 1.8: (a) Schematic of the plasma fountain process associated with EIA (adapted

from Rishbeth, 1977). (b) The 135.6 nm atomic oxygen emissions show the structure of the

EIA on either side of the dip-equator as observed from GOLD ultra-violet spectrograph

(After Eastes et al., 2019). Day-night transition can be seen over the American sector.

from dip-equator, forms crests in electron densities over ±15◦ to ±20◦ dip latitudes. A

trough of the electron density is formed over the equator. Earlier, the trough over the

magnetic equator and two crests on either side seemed to be anomalous as it was expected

that the ionospheric plasma density should be larger at the equator as compared to low-

latitudes at least during equinoxes when the solar EUV is expected to be greater over the

equator side. That is the reason why this phenomenon was mentioned as the equatorial

ionization anomaly (EIA). Later the process was explained and understood to be due to

daytime electrodynamics which transport the plasma to the low-latitudes from the equator

(Hanson and Moffett , 1966; Rishbeth et al., 1963; Anderson, 1973). During nighttime,

the electric field becomes westward, and the strength of EIA decreases. The daytime

EIA process becomes reverse, known as reverse fountain effect (Sridharan et al., 1993b;

Narayanan et al., 2013; Saha and Pallamraju, 2022). The importance of the strength of

EIA over low-latitude plasma density variations has been investigated in this thesis work

which has been shown in chapters 4, 5, and 6.

Apart from day-to-day variability, EIA exhibits variations depending on time, winds,

seasons, solar flux, seasons, etc. (e.g., Sastri , 1990; Rao et al., 2006; Lin et al., 2007;

Luan et al., 2015; Khadka et al., 2018). The strength of EIA also varies longitudinally

depending upon the strength of magnetic field and the geometry of field lines (Sharma
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(a) (b)

Figure 1.9: (a) and (b) show N2 density measured on board OGO-6 satellite at morning

and afternoon time, respectively. In the morning time, the EIA did not develop, whereas,

it is already formed in the afternoon time which is reflected in the latitudinal variation of

N2 density. (After Hedin and Mayr , 1973)

and Raghavarao, 1989; Immel et al., 2006; Basu et al., 2009; Eastes et al., 2021). The

strength of the EIA is well correlated with the strength of EEJ showed that the strength of

EIA follows one-to-one correlation with the integrated EEJ strength of the pre-noon time

(8-12 LT) (Rush and Richmond , 1973; Raghavarao et al., 1978, 1988b; Sridharan et al.,

1999; England et al., 2006; Pallamraju et al., 2010). The vertical uplift of the plasma

depends upon the strength of the electric and magnetic fields over the equator. The rise

of plasma fountain can be as high as 1000 km and is mapped to around ±30◦ latitudes

during high solar active periods (Balan et al., 1997). In this way, EIA plays a crucial role

in the plasma distribution over the low-latitudinal regions.

1.2.3 Equatorial temperature and wind anomaly (ETWA)

Interestingly, the double-humped structure of the electron density caused by the plasma

fountain process also affects the latitudinal distribution of neutral density, temperature,

and wind. Neutral densities have been measured from OGO-6 satellite between 400 and

500 km altitudes during daytime (Hedin and Mayr , 1973). The N2 and O density showed
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latitude and longitude. The data are shown in Figure 1 for 
19.00 hr LST, November 20, 1981; in Figure 2, for 18.90 
LST, November 20, 1982; and in Figure 3 for 11.20 LST, 
March 12, 1982. 

Electron Density: In the top panels of Figures 1 to 3, we 
see the signatures of the well known Equatorial Ionization 
Anomaly (EIA): the observed electron density (P) trough near 
the dip equator and the peaks (crests) that straddle it on either 
side. The depth of the trough is greatly enhanced in Figures 1 
and 2 (compared to Figure 3), because the F 2 peak rises to 
higher altitudes near the equator. This causes the satellite to 
pass through the low density region below the F 2 maximum. 
The altitude variations in the electron density along the satellite 
trajectory would also shift the latitudes of the EIA crests or 
trough. A number of factors contribute to produce the 
observed asymmetries, such as the one seen in Figure 2 which 
shows a sharp density peak in the northern winter hemisphere 
in contrast to the broad maximum in the southern summer 

hemisphere. In this case, perigee was located at mid latitudes 
in the southern hemisphere, and the density was sampled below 
the F 2 peak, thus broadening the latitudinal maximum. The 
height of the F 2 peak is also higher in the summer hemisphere, 
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Fig. 2. Same as in Figure 1 except the day is November 20, 
1982 at 18.9 hrs LST. 

the ionization layer is broader in height and latitude extent and it 
is further away from the dip equator than in the winter 
hemisphere. 

Zonal Winds: Each of the zonal wind (z) profiles shown in 
the middle panels of Figures 1 to 3 clearly reveals a maximum 
near the dip equator. The winds are directed eastward in the 
late afternoon (Figures 1 and 2) and westward in the morning 
(Figure 3). Irrespective of the direction, the observations show 
an inverse relationship between the magnitudes of the wind 
velocities and those of the electron density; wherever the 
electron density increases, the zonal winds decrease. For 
comparison, we show also the zonal winds from the empirical 
HWM87 model [Hedin et al., 1988]. Unlike the measured 
winds (z), the model winds do not reveal the signature of the 
EIA modulation. An exception is Figure 3 during forenoon 
hours, where there is a resemblance of the effect; the 
magnitudes of the model winds, however, are only about one 
third of those measured. In Figures 1 and 2, during evening 
hours, there is no resemblance between the measured and 
model zonal winds. The measurements present clear evidence 
that the zonal winds are significantly impeded or damped, 
probably by at least 50-60 m/s at the locations of the ionization 
crests that make up the EIA. The magnitude of the zonal wind 
damping at the crest is more than 100 m/s with respect to the 

Figure 1.10: The measurement of electron density, zonal wind, and neutral temperature is

shown from top to bottom panel observed from DE-2 satellite on 20 Nov 1982 at 18.9 LT.

The values obtained from the empirical models HWM87 and MSIS have been compared

with the measured value. (After Raghavarao et al., 1991)

a decrease by about 20% and 10% over the equator, respectively, and a crest-like feature

is observed at the ±20◦ latitude. This is known as neutral anomaly (Heelis and Maute,

2020). Figures 1.9a and 1.9b show the N2 density variation during two different local times.

The EIA structure is not formed at 6 LT (figure 1.9a), and so, the neutral density can be
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observed to be larger over the equator, whereas when the EIA is usually well developed at

17 LT (figure 1.9b), the double humped structure can be seen in the latitudinal distribution

of neutral density. The ion drag associated with the EIA structure is understood to be

responsible for the similar structure to the plasma density observed in neutral density

distribution.

As a consequence of the double-humped structure in the neutral and plasma densi-

ties along latitudes, the neutral temperature and wind also show latitudinal structure in

the daytime. The variations in neutral wind and temperature have been obtained from

the Wind and Temperature spectrometer (WATS), and the electron densities measured

from Langmuir probe (LP) onboard Dynamic Explorer-2 satellite are shown in figure 1.10

(Raghavarao et al., 1991). The zonal neutral winds are decreased and the temperature is

larger at a region collocated with the crest in electron density over the low-latitudes. The

opposite behaviour in the distribution of the neutral temperature and zonal winds is seen

over the equator. This kind of anomalous structure in neutral temperature and wind is

known as equatorial temperature and wind anomaly (ETWA) (Raghavarao et al., 1991,

1998; Balan et al., 1997). The larger plasma density causes an increase in ion-neutral

collision. Therefore, a reduction in wind speed and enhancement in temperature occurs

due to the presence of a crest-like structure of neutral density over the low-latitudes. The

differences in the wind and temperature between their crests and trough are about 100

ms−1 and 50 K, respectively. Vertically upward wind gets generated due to the tempera-

ture gradient at the equatorial and low-latitudes, which is downward at the equator and

upward over the low-latitudes (Raghavarao et al., 1993). The magnitude of the vertical

winds had been observed in the range of 10-40 ms−1.

1.2.4 Pre-reversal enhancement (PRE)

As we discussed earlier, the plasma gets drifted vertically upward over the dip-equator

in the ionospheric F-region during daytime due to the E×B force and is transported

over the low-latitudinal regions. While the E-region dynamo is active in the daytime,

the F-region dynamo takes over at sunset. The neutral winds in the F-region change

from west to east at the end of the day. The eastward wind creates downward electric

field at the equatorial F-region in the presence of horizontal northward magnetic field
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Ez = −U×B. This downward electric field is mapped to the off-equatorial E-region and

the direction becomes equatorward (Eθ ) (figure 1.11). Now, this equatorward electric field

along with magnetic field drives E×B drift at the off-equatorial E-region which allows the

electrons to move in the eastward direction, and a westward current is generated (Jθφ ).

As the conductivity of the medium decreases during the sunset time, the electrons will

accumulate in the dayside wall of the day-night terminator. Therefore, an electric field

will be generated in the eastward direction ((Eφ ) to maintain the curl-free condition of

the ionospheric electric field (∇×E = 0). Thus, an enhancement in the eastward electric

field is generated before the F-region electric field reverses its direction to the west and is

called the Pre-reversal Enhancement (PRE) (e.g., Rishbeth, 1972; Heelis et al., 1974; Fejer ,

1981; Fejer et al., 1991, 2008; Fejer and Scherliess , 1997; Farley et al., 1986; Scherliess

and Fejer , 1999).102 The Earth’s Ionosphere: Plasma Physics and Electrodynamics

NightDay

Wind

E�J��

E region E�

J��

U

EZ~2(U 3 B)Z

E�

West East

E�

F region

B

J ~0

E�

Figure 3.20 Simplified model of the F-region prereversal enhancement driven by a uni-
form F-region wind, U. Near the sunset terminator the F-region dynamo Ez is no longer
shorted out and approaches −U×B. This field maps to an equatorward Eθ in the E layer
and drives a westward Hall current, Jθφ. But if no current flows in the nightside E region,
a negative polarization charge must develop at the terminator, with Eφ as shown and Jφφ

canceling Jθφ. This Eφ maps back to the F region and causes first an upward (day) and
then a downward (night) E×B plasma drift. [After Farley et al. (1986). Reproduced with
permission of the American Geophysical Union.]

below the F peak (R. Heelis, personal communication, 2002). On the other hand,
Eccles (1998a, b) pointed out that simply setting ∇×E = 0 will generate a zonal
electric field pulse due to the spatial variation of the vertical component. A third
mechanism by Haerendel and Eccles (1992) suggests that the electrojet partially
closes after sunset through a poorly conducting F-region valley, creating electric
fields. After studying a counterelectrojet event that produced a reversed sign of
the PRE, Kelley et al. (2009a) concluded that the Haerendel/Eccles mechanism
must dominate.

As we shall see, this vertical drift enhancement has many interesting conse-
quences. It can produce conditions that are favorable to plasma instabilities,
and an extremely structured ionosphere often results (see Chapter 4). Significant
effects on neutral atmospheric dynamics also occur.

3.4.2 High-Latitude Effects on the Equatorial Electric Field

The equatorial plasma is not always as well behaved as indicated thus far.
A number of interesting processes can affect equatorial electrodynamics, in addi-
tion to the neutral wind-generated electric fields already discussed, which are
driven by the solar heat input carried by photons. Energy also comes from the
sun via particles in the solar wind and via the electromagnetic (Poynting) flux
in the solar wind. These energy sources affect primarily the high-latitude polar

Figure 1.11: Schematic which describes the mechanism of pre-reversal enhancement

(PRE). (After Farley et al., 1986).

The off-equatorial E-region is coupled with the equatorial F-region through the

equipotential geomagnetic field lines. The coupling factor between the E and F regions

can be written as,

f =
ΣFN

P

ΣEN
P +ΣES

P +ΣFN
P

where, ΣP is the Pedersen conductivity, the superscript E and F refer to E and F regions,

and N and S refer to northern and southern hemisphere, respectively. During equinox
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(a)

(b)

Figure 1.12: Vertical drift of the F-layer plasma measured by using incoherent scatter

radar at Jicamarca (a) and ion-drift meter on board AE-E satellite (b) at different seasons

and solar flux conditions (After Scherliess and Fejer , 1999)

time, sunset happens simultaneously in both the hemispheres. Therefore, ΣE
P decreases

to zero in both hemispheres at simultaneous time. The E and F region coupling factor

approaches the value 1. Therefore, the F-region dynamo becomes stronger during the

equinox time and shows larger vertical drift during PRE as compared to other seasons.

Figure 1.12a shows the F-region plasma vertical drift as measured from Jicamarca,

a dip-equatorial station during various solar activity conditions and seasons (Scherliess

and Fejer , 1999). The plasma drift shows sharp increase at the time of local sunset

following the upward vertical drift during the daytime. The sunset time vertical drift in

PRE shows large day-to-day variation depending on the speed of the zonal winds, the field
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line conductivity, zonal electric field during daytime, etc. During high solar active period,

the plasma density becomes larger in amount which generates larger polarization electric

field at sunset time in the E-region. Therefore, the zonal electric field at sunset time

exhibits larger enhancement during the high solar active period as compared to the low

solar active period. During equinox time, the vertical drift in PRE shows larger magnitude

as compared to other seasons because of the simultaneous E and F-region coupling from

both the hemisphere as discussed in the previous paragraph.

The measurement of plasma vertical drift through AE-E satellite is shown in figure

1.12b during both high and low solar active periods (Scherliess and Fejer , 1999). The

phenomena of PRE have also been modelled theoretically (Fesen et al., 2000; Sousasantos

et al., 2020). As the conductivity is low at sunset time, this electric field will be mapped to

the equatorial F-region and enhance the eastward electric field as well as vertical drift of

the plasma. The vertical drift due to the PRE in zonal electric field can cause resurgence

of plasma following the fountain process over the low-latitudes, and the effect can be seen

in the post-sunset time nightglow emissions. In this thesis work, we have investigated and

characterized such various kinds of effects in greater detail in the subsequent chapters.

1.2.5 Equatorial plasma irregularities

Equatorial ionospheric irregularities give rise to plasma density distribution at a wide va-

riety of scale sizes which impose significant impact in the radio wave propagation through

the ionospheric medium. The GPS and HF receiver show scintillation in the signals dur-

ing this period of the presence of these irregularities. This brings practical difficulties in

navigation and satellite-based communications.

The instability in the nighttime ionosphere was observed for the first time as diffuse

echoes in the reflected radio signals in the ionogram by Booker and Wells (1938) which

was defined as spread-F (figure 1.13a). After that, several experiments and theoretical

studies have been carried out to understand the mechanism and dynamics of the insta-

bility processes which are documented in various review articles (e.g., Basu and Kelley ,

1977; Fejer and Kelley , 1980; Ossakow , 1981; Makela, 2006; Kelley et al., 2011; Sekar

et al., 2008; Yokoyama, 2017). Linear perturbation theory based upon Rayleigh-Taylor

instability (RTI) had been developed which was understood to be the cause of irregu-
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(a) (b)

Figure 1.13: (a) Spread in reflected echoes of radio signal observed in ionogram. (After

Booker and Wells , 1938). (b) The backscatter signal from 3-meter ionospheric irregularity

observed over Jicamarca. (After Kelley et al., 1981). The plume structures are the

characteristic features of the ionospheric irregularities.

larities generated in the bottomside of the ionosphere as introduced by Dungey (1956)

for the first time. After initial observations using the ionosonde, experiments have been

carried out with the advent of radar, rocket, satellite platforms. The spread-F in the

reflected radio echoes has also been investigated with the topside ionospheric observations

by scintillations of radio stars, satellite signals as well as from the ground-based forward

and backscatter signals by HF, VHF radar, for example, a backscatter signal from a radar

operating at 50 MHz from a dip-equatorial station, Jicamarca. Such multi-instrument

observations revealed many important information about this geomagnetic field-aligned

ionospheric instability (Farley et al., 1970; Kelley and McClure, 1981; Kelley et al., 1981).

figure 1.13b shows the backscatter signal obtained from 50 MHz radar operated over Ji-

camarca which provides information of the 3-m scale size irregularities. The growth rate,

vertical movement of the irregularities, apex altitudes, strength of the backscatter signal,

etc. can be estimated using such radar techniques.

The linear RTI theory as proposed by Dungey (1956) could not explain all of the

features observed in the 50 MHz Jicamarca radar (Farley et al., 1970). The rise of plasma

plumes above the F-layer peak could not be explained by the bottomside instability.

Later, the generation of the instability and growth have been understood in greater detail
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which has been described with the schematic in figure 1.14. During sunset time, a vertical

plasma gradients are created. A larger plasma density (n1) is found in the topside of

the ionosphere as compared with the bottomside ionosphere (n2). This is analogous to

a heavier fluid being supported by the lighter fluid against gravity, which creates the

hydrodynamic Rayleigh-Taylor instability. The gravitational force acts in the downward

direction opposite to the density gradient (∇n). The net current flows in the eastward

direction due to the gravity force is J = nMg
B , where, n is the number density, M is the

mass of ions, g is the gravitational acceleration, and B is the geomagnetic field. If, a

small perturbation is imparted in the medium, the charges pile up on the edges (as shown

in figure 1.14). As a consequence, perturbation electric field (δE) will be generated and

the low-density region will be lifted up in the higher altitudes due to the δE×B force.

The growth rate of the irregularities was considered to be an important factor in the

development of plasma bubble apart from the seeding factor and has been investigated

for several decades (e.g., Scannapieco and Ossakow , 1976; Ossakow and Chaturvedi , 1978;

Sultan, 1996; Shinagawa et al., 2018;Das et al., 2021). Vertical drift during PRE in electric

field has been observed as precursor of the RTI in many studies (e.g., Fagundes et al.,

1999; Fejer et al., 1999; Anderson et al., 2004; Tulasi Ram et al., 2006; Whalen, 2002;

Lee et al., 2005; Kudeki et al., 2007; Kil et al., 2009b; Abadi et al., 2015; Tsunoda et al.,

2018). Electric field, configuration of the geomagnetic field (horizontal in nature over

the dip-equator), ion-neutral collisions, neutral winds have been observed as important

factors in the growth rate (γ) of the irregularities which has been estimated to be γ =

( g
νin

+Wx
νin
Ωi

−Wz) · 1
n(

∂n
∂h), (Sekar and Raghavarao, 1987; Sultan, 1996) where, Wx is the

eastward wind, Wz is the upward wind, g is the gravitational acceleration, νin is ion-neutral

collision frequency, ∂n
∂h is the density gradient.

Optical observations, using both ground and satellite-based instruments, have been

carried out for the investigation of equatorial plasma bubbles (EPBs) which is an another

manifestation of equatorial plasma irregularities. OI 630.0 nm nightglow emissions which

emanate from around 250 km altitudes are used as tracer to observe the plasma deple-

tions over the low-latitudinal regions (Sobral et al., 1980; Mendillo and Baumgardner ,

1982; Mendillo and Tyler , 1983; Mendillo et al., 1992). Apart from the OI 630.0 nm emis-

sions, 557.7 and 777.4 nm emissions are also used in the study of EPBs (Takahashi et al.,

2001; Sinha et al., 2001; Kelley et al., 2002; Makela and Kelley , 2003; Rajesh et al., 2010).
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Figure 1.14: Schematic of generation of plasma bubbles. (Adapted from Kelley , 2009)

Nevertheless, it is not very convenient to study the EPBs by OI 557.7 nm emissions as

it originates from lower F-region altitudes where the recombination rate is much higher.

OI 630.0 nm emissions give the bottomside structure of plasma irregularities, whereas, OI

777.4 nm emissions which originate at the peak F-layer height can provide information

(c)

Figure 1.15: (a) Plasma depletions observed over two geomagnetic conjugate locations,

Sata and Darwin in OI 630.0 nm nightglow emissions. (After Otsuka et al., 2002). (b) A

similar observation was carried out at two different wavelengths of nightglow emissions,

OI 630.0 and 777.4 nm.(After Shiokawa et al., 2004).

on the irregularities at altitudes higher above that of OI 630.0 nm (Tinsley , 1982; Abalde

et al., 2001, 2004; Makela and Kelley , 2003). The plasma bubbles generated over the dip-

equator are lifted upwards and subsequently follow the geomagnetic field lines and get

mapped over the low-latitudes. Simultaneous observations from two conjugate locations
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show the fascinating mirror image of the plasma depletion structure. OI 630.0 nm emis-

sions observed using the all-sky imager from Sata (31◦N, 130.7◦E, 24◦N mag) and Darwin

(12.4◦S, 131.0◦E, 22◦S mag) showed the evidence of geomagnetic field line mapping of

the plasma bubbles as shown in figure 1.15 (Otsuka et al., 2002; Shiokawa et al., 2004).

Even the small-scale structures of around 40-100 km in the zonal direction are observed

to be mapped simultaneously at these two locations. This confirms that the polarization

electric fields generated by the RTI process are mapped through the geomagnetic field

lines. The zonal movement and the bifurcated structures also remained the same at both

locations.

17 http://janss.kr 

Hyosub Kil    Plasma Bubble Morphology

indicates the magnetic equator, and the white vertical 

dotted lines are the geomagnetic field lines. The enhanced 

nightglow intensity centered near ±15° magnetic latitude 

is produced by the equatorial ionization anomaly (EIA). 

As indicated with black horizontal arrows, bubbles appear 

as dark bands in the swaths. An arch-shape (or backward 

“C” shape) bubble appears between 240° E and 260° E 

longitudes. The bubble is elongated in the north-south 

direction, but its shape is not parallel to the geomagnetic 

field lines. As we will soon show, the backward-C shape 

in optical observations, and the tilt of plumes in radar 

observations (see Fig. 2) illustrate the same property of 

bubbles. In optical observations, the bubble image is 

dominated by the morphology at a certain height, where 

the contrast between the emissions in the background and 

plasma depleted region is significant. For this reason, the 

bubble structure at high altitudes is not visible from optical 

observations.

To explain various aspects of bubbles observed by 

different techniques, Kil et al. (2009a) suggested the 

concept of a plasma depletion shell. In Fig. 7a, a plasma 

depletion shell is constructed at magnetic longitude, 

magnetic latitude, and altitude coordinates, based on the 

arch-shape bubble in Fig. 6 (shown on the top of the shell 

structure). The black lines in the magnetic latitude-altitude 

plane represent dipole field lines. When a bubble develops, 

plasma depletion occurs in all the magnetic flux tubes in 

the F-region. The magnetic field lines that form the shell, 

indicate the plasma-depleted magnetic flux tubes. The 

backward-C shape image in the TIMED/GUVI observation 

represents the bottom part of the shell (indicated with an 

orange line), where the plasma depletion relative to the 

background is most significant. Simultaneous radar, all-sky 

imager, and in situ satellite observations were not available 

at the location and time of the TIMED/GUVI observation of 

the backward-C shape depletion. Here we use observations 

at different times and different locations to explain how 

the shell structure appears in those observations. Fig. 

7b presents the OI 630.0 nm nightglow images observed 

simultaneously by the all-sky imagers in Japan and Australia 

(Shiokawa et al. 2004). The dark bands indicated with 

arrows are produced by bubbles and correspond to the 

pole-ward edges of the shell, as marked with blue bands. If 

a satellite samples the ionosphere by crossing the shell at 

Fig. 7. Various aspects of bubbles observed using different techniques: (a) Plasma depletion shell produced on the basis of the arch-shaped bubble in Figure 6 
(shown on the top of the shell structure). The black arrow indicates the eastward drift of the shell structure (Kil et al. 2009a). (b) OI 630.0 nightglow images observed 
simultaneously in Japan and Australia on 4 April 2002 (Shiokawa et al. 2004). (c) In situ measurements of the ion density by the first satellite of the Republic of China 
on 22 September 2002. (d) Backscatter power map observed by the incoherent scatter radar at JRO on 8 October 1984 (Kelley et al. 2003).

Figure 1.16: Structure of plasma shell where plasma depletion is observed at different

parts of the shell from different locations using different modes of observation. (a)

TIMED/GUVI satellite image shows the backward C-shaped structure, (b) image ob-

tained from all-sky imager from two geomagnetically conjugate locations, (c) fluctuation

of electron density as measured from in-situ satellite, and (d) plasma plume structures

detected from radar experiment. (After Kil , 2015).

The irregularities are seen in different shapes and scale sizes spanning from few cen-

timetres to several thousand of kilometres as seen through different observational tech-

niques. These include a spread in reflected echoes as seen in the ionosonde, plasma bubbles

with depleted plasma density as seen in optical imager, depletion in plasma density as
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seen from the satellite measurement, plasma plumes as observed over radar, etc. (Abdu

et al., 1983; Takahashi et al., 2001; Huang et al., 2013; Huang and Roddy , 2016). The

shell structure shown in figure 1.16 provides a comprehensive picture of the plasma irreg-

ularities (Kil , 2015) and describes the different manifestations of the plasma irregularities

by looking at different scale sizes. The black arrow suggests the movement of the plasma

shell. The image obtained from the TIMED/GUVI observed the backward C-shaped

plasma depletion at 350 km altitude (figure 1.16a) which is extended throughout the

magnetic flux tubes. The orange band is the bottom part of the shell where the depletion

is most significant as compared to background. The ground-based optical images obtained

from two conjugate geomagnetic locations in Japan and Australia observed the poleward

part of the shell as marked by blue bands (figure 1.16b). An In-situ measurement from

space-based instrument measured the fluctuations in the electron density variation while

passing through the plasma irregularities (figure 1.16c). The radar observation from equa-

torial station (figure 1.16d) observed the bottomside as well as topside plasma irregularity

structures.

1.3 Modes of investigating the upper atmospheric variabil-

ities

Various upper atmospheric parameters are measured to understand the variabilities of the

ionosphere-thermosphere system caused by various processes as mentioned in the earlier

section. Winds, Electric and magnetic fields, and temperature are some of the parameters

associated with the atmospheric dynamics. Optical, radio, and magnetic measurements

from both ground and space-based platforms are the means to investigate the ionosphere-

thermosphere system.
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1.3.1 Optical Measurements

Airglow emissions:

Various chemiluminescence processes emit photons of various wavelengths depending upon

the excitation of energy levels of the neutral molecules and atoms. These are called as

airglow. The atoms/molecules are excited to higher energy states by the energetic solar

photons/ external sources and after the de-excitation, photons are emitted. The pres-

ence of sufficient neutral densities of the reactants and available ambient energies both

contribute to the airglow emissions which are originated at a given altitudinal region.

Depending on the daytime and nighttime emissions, these are referred to as dayglow and

nightglow, respectively. During nighttime, there is no production from solar photons, the

recombination of molecular and atomic ions is responsible for the nightglow. Airglow

emissions act as tracers to understand the upper atmospheric dynamics of those altitudes

from where the emissions originate. Observations of variation in emission brightness at

multiple wavelengths from different altitudes provide information on the vertical coupling

of the upper atmosphere. This is because, different emissions emanate from different

altitudes depending on the number density of the reactants, the energy associated with

the reactants, and the radiative lifetime of an excited species, - all are altitude depen-

dent. Similarly, airglow observation from different latitudes and longitudes presents an

opportunity to investigate the spatial (latitudes and longitudes) coupling of the upper

atmosphere.

At the beginning of 20th century, several astronomers recognized the emission of pho-

tons from the terrestrial atmosphere. Although, there are records of observation of such

emissions even in the 18th century. Such historical information was reported in the very

beginning of the 20th century by observing the nighttime airglow emissions (Burns , 1906;

Yntema, 1909; Jones and Harrison, 1955; Chamberlain, 1961). There are several earlier

reports which provided some rudimentary observations of oxygen green line, red line, and

Na emissions which originate in the terrestrial atmosphere (e.g., Rayleigh, 1922; Strutt ,

1931; Frerichs, 1930; Slipher , 1929). With the improvement in technology, these airglow

emissions are measured with greater accuracy, and various thermospheric parameters,

such as, temperature, wind, and plasma drift have been measured successfully. Ground-
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and space-based optical instruments have been operated to measure the airglow emissions

of different altitudes. The ground-based observations provides higher temporal resolu-

tion, whereas, the satellite data yield better spatial coverage. Photometry, spectrometry,

interferometry, imaging, etc., have been developed to study the nighttime mesospheric-

thermospheric emissions (e.g., Mukherjee et al., 2000; Chakrabarti et al., 2001; Makela

et al., 2009, 2011; Sharma et al., 2014).

Thermospheric winds and temperature are some important physical parameters in

the aeronomy which can be measured from airglow emissions (Meriwether et al., 1986;

Makela et al., 2011; Shiokawa et al., 2012). Fabry-Perot interferometer is used to measure

the thermospheric temperature and winds through Doppler shift and Doppler broadening

of the emission lines. Coordinated measurement of thermospheric temperature over Mt.

Abu, a low-latitudinal region in the Indian sector, using the OI 630.0 nm observation

by Fabry-Perot interferometer revealed direct relation with the ionospheric base F-layer

height (Sridharan et al., 1991). The thermospheric winds are also measured from the

same instrument over the same location (Gurubaran and Sridharan, 1993). The iono-

spheric heights and the nightglow emissions were found to vary with the variation of

such thermospheric parameters, winds, and temperature (Meriwether Jr et al., 1985; Gu-

rubaran et al., 1995; Saha et al., 2021). The rotational temperature is measured from the

mesospheric band emissions where the intensities of two rotational states are used (Meri-

wether et al., 1984; Taylor et al., 1999; Shiokawa et al., 2007). OH (840.0, 846.5, 850.5

nm) and O2 (866.0, 868.0 nm) rotational lines have been used to measure the rotational

temperature at the mesospheric altitudes of around 87 and 94 km, respectively (Singh

and Pallamraju, 2015, 2017).

Different airglow emissions originate at different altitudes depending on the con-

stituents and ambient energy present at that altitude. The nighttime atomic oxygen

emissions at 557.7, 630.0, and 777.4 nm wavelengths originate from around 150, 250 km,

and peak F-layer, respectively. Atomic oxygen of higher energy states, 1S and 1D, pro-

duced through dissociative recombination. OI 557.7 and 630.0 nm emissions are produced

due to the atomic transitions of 1S - 1D and 1D - 3P, respectively. The radiative life-

times of these two excited states (1S and 1D) are 0.74 and 110 sec, respectively. These

transitions are forbidden by electric-dipole radiation, whereas, the transitions are allowed

by the electric-quadrupole (OI 557.7 nm) and magnetic-dipole (OI 630.0 nm) radiation.
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Besides, the excited state (5P) for the OI 777.4 nm emissions is produced by the radiative

recombination of atomic oxygen ions with the ambient electrons, and the emissions oc-

cur due to the transition to the 5S state. OI 135.6 nm far-ultraviolet emissions originate

from the peak F-layer height following the atomic oxygen transition from 5S to 3P state.

Sodium emissions (NaD) of 589.0 and 589.6 nm are produced at 92 km altitude. There

are some molecular transitions at the mesospheric region which emit in band spectra.

The hydroxyl (OH) emissions (6-2), molecular O2 emissions (0-1) which emanate from 87

and 94 km altitudes, respectively, are examples of some molecular band emissions in the

mesospheric region. The mechanism of these emissions is discussed with greater detail in

chapter 3.

Observations:

The observations of OI 630.0 nm nightglow emissions have been carried out from dif-

ferent locations in the globe and several important results on thermospheric phenomena

have been reported in the literature, such as, spread-F (e.g., Otsuka et al., 2002; Makela

et al., 2004; Sekar et al., 2007), plasma depletion as observed in nightglow emissions (e.g.,

Sobral et al., 1980; Mendillo and Baumgardner , 1982; Sekar et al., 2004), enhancement

in nightglow emissions in the post-sunset hours (e.g., Rao and Kulkarni , 1973; Kumar

et al., 2021; Saha et al., 2021), atmospheric waves (e.g., Shiokawa et al., 2006; Garcia

et al., 1997; Hecht et al., 2004; Medeiros et al., 2004; Lakshmi Narayanan et al., 2010;

Ghodpage et al., 2014), neutral wind and temperature (e.g., Meriwether et al., 1986; Srid-

haran et al., 1991; Gurubaran and Sridharan, 1993), midnight temperature maximum

(e.g., Faivre et al., 2006; Makela et al., 2013), etc. Multiwavelength nightglow emissions

of the thermospheric region are observed using a large field-of-view (FOV) instrument

High Throughput Imaging Echelle Spectrograph (HiTIES) (Chakrabarti et al., 2001). The

infrared nightglow emissions from mesospheric region generated from OH and molecular

O2 band emissions are measured using Near-Infrared Imaging Spectrograph (NIRIS) over

the low-latitudinal region. From this observation, the periodicities, and the scale sizes

present at that altitudinal region from where these emissions originate, the latitudinal

variation in rotational temperature, and the effect of sudden stratospheric warming had

been investigated (Singh and Pallamraju, 2015, 2017).
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The extraction of daytime airglow is more challenging because of the presence of a

huge solar background. A dayglow photometer was fabricated using the pressure-tuned

low resolution Fabry-Perot etalon along with the narrow band interference filter and a

technique was developed to extract the dayglow emission intensities (Narayanan et al.,

1989; Sridharan et al., 1992, 1993a, 1998). Later on, using the Echelle grating, high-

resolution optical spectrographs, such as High Resolution Imaging Spectrograph using

Echelle grating (HIRIES), Multiwavelength Imaging Echelle Spectrograph (MISE) had

been developed to measure the thermospheric dayglow emissions of different wavelengths

(Pallamraju et al., 2002, 2013). OI 297.2 nm dayglow emissions were measured by a

balloon-borne large FOV optical instrument called the Ultra-Violet Imaging Spectrograph

(UVIS) (Pallamraju et al., 2014). The investigation of daytime electrodynamics associated

with the dayglow over low-latitudes (Sridharan et al., 1992, 1994, 1999; Pallam Raju et al.,

1996; Pallamraju et al., 2014; Karan et al., 2016; Karan and Pallamraju, 2017), wave

characteristics in the daytime thermosphere (Pallamraju et al., 2010, 2016; Laskar et al.,

2013, 2015), and auroral emissions in the daytime had been carried out using various

ground-based optical instruments (Pallamraju and Sridharan, 1998a; Chakrabarti , 1998;

Pallam Raju et al., 1995; Pallamraju et al., 2001).

Various upper atmospheric parameters and processes have been investigated using

the optical techniques onboard space-based platforms, such as series of Atmospheric Ex-

plorer (AE) (Hays et al., 1973), Upper Atmosphere Research Satellite (UARS) (Shep-

herd et al., 1993, 2012), Thermosphere Ionosphere Mesosphere Energetics and Dynamics

(TIMED) (Henderson et al., 2005b,a; Immel et al., 2006), Global-scale Observations of the

Limb and Disk (GOLD) (Eastes et al., 2019, 2020; Karan et al., 2020), Ionospheric Con-

nection Explorer (ICON) (Englert et al., 2017; Makela et al., 2021), etc. Measurements

of several optical emissions using instruments onboard satellites are also expected in the

future. To complement and supplement the data from the satellite, several ground-based

instruments and networks exist/ are being planned in order to characterize the ionosphere

thermosphere system for better understanding.
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1.3.2 Plasma Measurements

The propagation of radio waves is affected by the plasma present in the ionosphere. Radio

techniques, such as ionosonde, RADAR (Radio Detection and Ranging), GPS (Global Po-

sitioning System), have been used to obtain information of the ionospheric constituents.

In these radio techniques, radio waves of different ranges are transmitted into the iono-

sphere. The signals interact with the ionospheric plasma, match the frequency of the

plasma oscillation, and are reflected back to the ground. Depending on the frequencies

and power of the transmitted radio waves, backscattered signals are measured.

The oldest radio technique for ionospheric investigation is an ionosonde, and to

this day, it continues to provide very useful information for ionospheric studies. Digital

ionosonde is known as digisonde. The radio pulses of the frequencies in the range 1-30

MHz are transmitted upwards and the echo is received on the ground. The working prin-

ciple of an ionosonde has been discussed in section 2.4 of chapter 2. The ionospheric

electron density profile of the bottomside F-layer is measured using ionosonde. The typi-

cal electron density increases from morning time and peaks at noon based on the variation

in solar zenith angle for a given day, whereas, due to the absence of ionization after sunset

time, the electron density decreases monotonically. The variation in the electron density is

reflected in the values of thermospheric airglow emissions during both day and nighttime.

The nighttime plasma irregularities present in the ionosphere can also be identified as a

spread in reflected echo signals. In this way, the ground-based digisonde provides useful

information of the bottomside ionosphere, whereas, similar radio-sounding techniques car-

ried out from space-based platforms provide the topside ionospheric information. Using

such information obtained from digisonde data, the vertical propagation of gravity waves

and their characteristics at different seasons and solar flux conditions during both geomag-

netic quiet and disturbed periods have been studied (Mandal et al., 2019, 2020; Mandal

and Pallamraju, 2020). Vertical drift of the ionosphere during daytime, especially at the

time of PRE is calculated vastly using the height information of the F-layer (Murthy and

Gupta, 1972; Bittencourt and Abdu, 1981; Krishna Murthy et al., 1990; Woodman et al.,

2006; Saha et al., 2021). The thermospheric wind was also estimated using the ionosonde

data (Krishna Murthy et al., 1990; Hari and Murthy , 1995; De Medeiros et al., 1997;

Miller et al., 1986). The topside radio sounding can provide the information on the top
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side of the ionosphere as it is operated from space-based platforms (Tulasi Ram et al.,

2009; Venkatesh et al., 2011; Sibanda and McKinnell , 2011).

Radar is also a very powerful technique which uses different frequency range to

probe different scale sizes of the ionosphere. Ultra-High Frequency (UHF) (300-3000

MHz), Very High Frequency (VHF) (30-300 MHz), High Frequency (HF) (3-30 MHz),

Medium Frequency (MF) (0.3-3 MHz), and Meteor Radar (15-40 MHz) have been used

for ionospheric-thermospheric studies (Rao et al., 1995; Patra et al., 1997). Ionospheric

vertical drifts and plasma irregularities of different scale sizes are widely investigated using

radar techniques (e.g., Woodman and La Hoz , 1976; Fejer and Kelley , 1980; Kelley et al.,

1981; Rao et al., 1995; Patra et al., 1997, 2005, 2014; Tsunoda, 2005; Sekar et al., 2004,

2007, 2008). These are mostly coherent scatter radars which work on the principle of

Bragg scattering. The successive echoes of the coherent scatter have the same amplitude

and phase. Therefore, they can be added coherently, which improves the sensitivity of the

instrument. The incoherent scatter radar (ISR) works based on the principle of Thomson

scattering. This works at very high transmission power. ISR can provide information

on bottomside and top side of the ionosphere, with better spatial resolution as compared

to any other radio techniques. In addition, it provides information on neutral and ion

densities (Fejer , 1981; Fejer et al., 1991; Holt et al., 1992; Lei et al., 2005).

Global Positioning System (GPS) is a constellation of satellites which determine the

position and velocity of an object on Earth (https://urs.earthdata.nasa.gov/). It is

mostly used in the navigation system. NavIC (Navigation with Indian Constellation) is

one such navigation system which works in Indian subcontinent (https://www.isro.gov.

in/irnss-programme). The transmission is done in dual frequency range, L5 (1176.45

MHz) and S (2492.03 MHz) band, however, the future satellites are planned to transmit

in L1 band (1575.42 MHz) also. While the radio signal propagates through the medium,

it can also provide information of the plasma distribution in the ionosphere. The total

electron content (TEC) can be provided by using GPS. The TEC can be defined as,

T EC =
∫ satellite

receiver
N ·ds

where, N is the electron density present in the column of unit cross-sectional area from

the satellite to the ground receiver. GPS transmitter of L1-band (1575.42 MHz) and L2-

https://urs.earthdata.nasa.gov/
https://www.isro.gov.in/irnss-programme
https://www.isro.gov.in/irnss-programme
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band (1227.6 MHz) are widely used in the ionospheric studies. There are several reports

on the GPS system and its application, errors (e.g., Parkinson and Spilker , 1996; Jin

et al., 2014). The major contribution of TEC appears from the topside of the ionospheric

F-region. The measurement of TEC provides useful information in the understanding

of ionospheric dynamics with varying solar flux, seasons, electrodynamics under different

geophysical conditions (Rama Rao et al., 2006; Abdu et al., 2008; Chakrabarty et al., 2012;

Kumar et al., 2021, 2022a).

Different instruments which measure the density, and drift of the plasma, such as

the Ion-drift meter (IDM), Langmuir probe (LP), Retarding potential analyser (RPA), ion

Mass spectrometer have been used in various on-board satellites. They can provide in-situ

measurement of ionospheric parameters. Atmospheric explorer (AE) (Hays et al., 1978;

Solomon and Abreu, 1989; Scherliess and Fejer , 1999), Dynamic explorer (DE) (Spencer

et al., 1981; Raghavarao et al., 1991), Republic of China Satellite (ROCSAT) (Burke et al.,

2004; Kumar et al., 2016), Challenging Minisatellite Payload (CHAMP) (Lühr et al.,

2004; Stolle et al., 2006), ionosphere-thermosphere-Mesosphere-Energetics and Dynamics

(TIMED) (Paxton et al., 1999), Communication/ Navigation Outage Forecast System

(C/NOFS) (de La Beaujardiere et al., 2009; Huang et al., 2013; Kil et al., 2020), SWARM

Satellite Constellation Application and Research Facility (Friis-Christensen et al., 2006),

Ionospheric Connection Explorer (ICON) (Englert et al., 2017; Sirk et al., 2017; Immel

et al., 2018) are some of the satellite missions which provide plasma information of the

ionosphere and that had been used in the investigation of upper atmosphere.

1.3.3 Magnetic Measurements

The main source of the geomagnetic field is generated due to the geodynamo action.

Various types of currents flow in the ionosphere and magnetosphere, which induce small

amounts of magnetic field on the ground as well. Magnetometers are used to measure

the magnetic field that is induced by those currents. Equatorial and auroral electrojets

have been measured by ground-based magnetometers installed at equatorial and polar

regions. The estimation of equatorial electrojet has been described in chapter 2. Various

electrodynamics processes take place in the dynamo region which manifest as Sq current

system (e.g., Sastry , 1970; Sampath and Sastry , 1979; Davis et al., 1967; Shuman, 1970;
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Pfaff Jr et al., 1997; Rastogi , 1974; Rastogi and Iyer , 1976; Rastogi and Patil , 1986; Rastogi

and Klobuchar , 1990; Gurubaran, 2002; Anderson et al., 2004; Vichare and Rajaram,

2011). In the equatorial region, a strong jet in eastward electric current generate which

is known as EEJ, as described in section 1.2.1. Sometimes, this eastward current reverses

in direction and known as counter electrojet. The strength of the geomagnetic storm

is characterized by the value of Disturbance Storm Time (Dst) index, which is defined

based on the variation of the horizontal component of geomagnetic field. The auroral

electrojet is generated due to the precipitation of energetic particles of solar wind origin.

The magnetic fields induced due to these currents are measured by the ground-based

magnetometers deployed in the polar regions. Using the chain of magnetometer data

spread over low to high latitudes, the changes in the horizontal component of the magnetic

field (Ddyn = ∆H − SR −Dst × cosL) can be calculated during disturbed dynamo periods

(Le Huy and Amory-Mazaudier , 2005; Zaka et al., 2009; Rastogi and Chandra, 2012;

Amory-Mazaudier et al., 2017), where, ∆H is the horizontal component of the terrestrial

magnetic field, SR is the induced magnetic field due to the Sq current, and L is the

geomagnetic latitude. The magnetometer from space-based instrument was used for the

in-situ measurement of the induced magnetic field in the ionosphere (Ivers et al., 2003;

Lühr et al., 2004; Stolle et al., 2006; Singh et al., 2018).

1.4 Summary

In this chapter, we have discussed the structure of the Earth’s atmosphere, its composition,

and chemistry at different altitudes. We have focused on the region of upper atmosphere

in this thesis which consists of ionospheric-thermospheric system. The equatorial electro-

dynamics dynamics over the equatorial and low-latitudes, such as EEJ, EIA, and PRE

have been described, which affect the plasma distribution over the equatorial and low-

latitudinal region. The ionospheric-thermospheric parameters, such as electric field, neu-

tral winds, and temperature vary with these dynamics in the ionospheric-thermospheric

system. They also show variation with solar flux and seasons. The equatorial plasma

irregularities that happened in the nighttime ionosphere are also discussed. Airglow emis-

sions of different wavelengths act as tracers of those altitudinal regions from where they
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originate in the Earth’s atmosphere. Different techniques have been developed to observe

different phenomena which are occurring in the upper atmosphere. In this thesis work,

we have used optical, radio, and magnetic instruments in the investigation of upper atmo-

sphere. The OI 630.0 nm nightglow emissions are measured using the optical instrument

over the low-latitudinal regions. The ionosonde has been used to obtain the electron den-

sity profile of the bottomside of ionosphere, the height of different ionospheric layers, and

magnetometer data which provides the information about the ionospheric-magnetospheric

currents which induces the magnetic field near the earth surface. Various results reported

in many literatures using these different modes of investigation have also been discussed

in this chapter.

1.5 The objective of the thesis

The main objective of this thesis work is to understand the thermospheric-ionospheric

interactions in the low- and equatorial regions over small- and large-time scales at different

geophysical conditions. In this chapter, we have discussed the atmospheric structure of the

Earth, various species present at different altitudes, the chemical processes happening, etc.

The processes of the ionosphere-thermospheric system which affect the upper atmospheric

parameters have been discussed. Different modes of observation carried out from both

ground- and space-based platforms have also been discussed. OI 630.0 nm nightglow

emissions have been used as a tracer in this study which peaks around the altitudes of 250

km having a width of around 100 km. We have observed different kinds of variabilities

in the OI 630.0 nm nocturnal emissions, such as enhancement in post-sunset emission

intensity, reverse movement of the EIA crest during the nighttime, plasma bubbles over an

off-equatorial and low-latitudinal region. There are very few observations and discussions

reported of such post-sunset emission enhancement and reversal of EIA although clear

reason for such variations was not explored. In our study, we discussed these phenomena

with a larger number of datasets and offered explanations for the reason behind the

observed variations in the emissions. To substantiate our interpretation, measurements

from multiple stations around the globe have been used. The observations that have been

addressed in this thesis work are listed below:
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I. The latitudinal movement of the OI 630.0 nm nightglow emissions is observed in

both, poleward and equatorward directions. What are the factors/ dynamics asso-

ciated with such observations in emissions?

II. After sunset, the airglow decreases monotonically due to the absence of ionization.

But, on several occasions, we have observed enhancement in emission after sunset.

What is the reason behind such enhancement in emissions?

III. What are the characteristics of the equatorial plasma bubbles in terms of latitudinal

and longitudinal extent, the effect of gravity wave scale sizes in the generation of

equatorial plasma bubbles as seen from low-latitudes?

1.6 Overview of the thesis

As we discussed earlier, the optical instruments are used to observe the OI 630.0 nm night-

glow emissions over low-latitudes. In this thesis work, we have used High Throughput

Imaging Echelle Spectrograph (HiTIES) to measure the OI 630.0 nm nightglow emissions

over a low-latitude location, Gurushikhar, Mt. Abu in Indian longitudes. HiTIES has a

large database from high (2014) to moderately low solar activity period (2017) which is

used in this thesis work. The instrument has a field-of-view of around 54◦ and makes ob-

servations in the meridional direction. The details of the instrument and image processing

have been discussed in section 2.3 of chapter 2. Several types of OI 630.0 nm nightglow

variations have been observed which have been addressed in this thesis work.

Chapter 1 explains the background of the upper atmospheric structure, processes and

variabilities that occur in that region.

Chapter 2 describes the various instruments used in this thesis work. The data analysis

of those instruments and the related theories are discussed.

Chapter 3 discussed the variations observed in the OI 630.0 nm nightglow emissions in

relationship with the ionospheric height, electron densities under varying solar flux con-

ditions.

Chapter 4 presents the latitudinal movement of the crest of EIA as seen in the latitudinal

variation in OI 630.0 nm nightglow emissions. The effect of equatorial electrodynamics
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such as PRE and nighttime westward electric field is investigated in the context of move-

ment of EIA crest.

Chapter 5 presents the cause of post-sunset emission enhancement in OI 630.0 nm night-

glow emissions and the role of meridional wind in such emission enhancement.

Chapter 6 discusses the presence of EPBs over the low- and off-equatorial latitudes. The

dynamics of the plasma bubbles and the contrasting scale sizes of gravity waves present

between non-EPB and EPB nights are investigated.

Chapter 7 provides the summary and future plan of this thesis work.





Chapter 2

Observational techniques and data analy-

sis

2.1 Background

Upper atmosphere is a natural laboratory where different processes are associated with the

plasma and neutral interactions occur, and some of those are discussed in chapter 1. These

upper atmospheric processes can be understood by the observations and measurements

of different parameters. Airglow emissions, neutral winds, plasma dynamics in terms

of drifts, electric and magnetic fields are some of the parameters which are aimed to be

measured by the researchers in this field. In this chapter, we have discussed different kinds

of instruments those are deployed at different locations to measure various parameters.

The working principle of these instruments, data acquisition, and processing are discussed

here.

2.2 Introduction

The atmospheric processes become different at different altitudes of the upper atmosphere

and vary with the changes in latitudes and longitudes. Many direct and indirect tech-

niques are used to understand the behaviour of the thermosphere-ionosphere system. The

in-situ measurement by rocket and satellite can probe the upper atmosphere directly.

37
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The measurement using the sounding rocket provides information with good altitudinal

resolution during the flight. But it is not possible to conduct such measurements for a

whole day or day-to-day basis. The on-board satellite measurement provides data over

a wide range of spatial regions, although, it is difficult to get data with high temporal

resolution for a particular location. Another way of probing the upper atmosphere is

through remote sensing, which can be both in active and passive. For examples, radar

measurements are direct remote sensing in which radio signals are transmitted towards

the atmosphere, and the reflected echo is received after their interaction with the ambi-

ent plasma constituents of the target region. For aeronomy studies, VHF, HF, MF, and

meteor radar are used, which works at higher transmission frequencies. There are various

kinds of emissions that occur in the upper atmosphere during both day and nighttime,

which act as passive remote sensor of the medium. These emissions are generated through

different photo-chemical reactions, which produce photons of different wavelengths orig-

inating at different altitudes depending on the reaction rates and concentrations of the

reactants present at those altitudes. Both ground-and space-based optical instruments

can be designed to measure those emissions, which can provide the information corre-

sponding to the altitudes in the upper atmosphere from where these emissions emanate.

Besides this, magnetometers are used to measure the magnetic field which is induced due

to the ionospheric and magnetospheric currents.

In this thesis work, OI 630.0 nm nightglow emissions are used in the investigation of

upper atmosphere. Such measurements have been carried out using optical instruments,

such as High Throughput Imaging Echelle Spectrograph (HiTIES) and All-Sky Imager

(ASI), which are commissioned at Mt. Abu (24.6◦N, 72.7◦E, 19◦N Mag) and Kolhapur

(16.8◦N, 74.2◦E, 10.4◦N Mag), respectively. Mt. Abu is located under the northern

crest of the EIA, whereas Kolhapur is located between the trough and crest region. The

details of the image processing and extraction of nightglow emissions are described in

this chapter. In addition, ionosonde data over Ahmedabad (23.0◦N, 72.6◦E, 17.3◦N Mag),

a low-latitude location, and Trivandrum (8.5◦N, 76.9◦E, 1.1◦N Mag), a dip-equatorial

location have been used in this thesis work. The ground-based magnetometer data over

Tirunelveli (8.7◦N, 77.7◦E, 0.2◦N Mag) and Alibag (18.6◦N, 72.9◦E, 12.4◦N Mag) in the

Indian sector, and Jicamarca (11.9◦S, 283.1◦E, 0.05◦S Mag) and Piura (5.2◦S, 279.4◦E,

6.4◦N Mag) in the American sector have been used to obtain the strength of the EEJ at
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Figure 2.1: The locations of different Instruments, such as spectrograph, all-sky imager,

ionosondes, and magnetometers used in the thesis work are shown here.

two different longitudinal sectors. The details of the estimation of EEJ are described in

section 2.5 of this chapter. The different instruments located at different locations are

depicted in figure 2.1. The geographic longitudes and latitudes are mentioned in the x-

and y-axes, respectively.

2.3 Optical techniques

2.3.1 High Throughput Imaging Echelle Spectrograph (HiTIES)

HiTIES is a slit spectrograph oriented in the north-south direction with a field-of-view

(FOV) of around 54◦. HiTIES uses echelle grating as a dispersive element, field lens,

collimator lens, imaging lens, mirror, interference filter, and CCD as detector (Chakrabarti

et al., 2001). The schematic of HiTIES is given in figure 2.2. A detailed description of the

optical components and image processing techniques of the images obtained from HiTIES

are discussed below.

2.3.1.1 Components of HiTIES

Fore optics: The fore optics of HiTIES consists of an objective lens, a slit (60 mm ×
0.468 mm), and a field lens (plano-convex of 70 mm focal length). The focal length of the
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Figure 2.2: Schematic of HiTIES

objective lens decides the FOV of the instrument. The ray enters through the objective

lens and is focused onto a narrow slit. A long slit has been used to increase the through-

put. The width of the slit is calculated using the single slit interference experiment in

the laboratory. He-Ne laser has been used as a source of light. When the laser light in-

cident on the slit, yields interference pattern. Using the distance between the image and

slit, and the separation between two constructive interference patterns, the slit width has

been calculated, which has been found to be 0.468 mm. This high throughput makes the

HiTIES capable of obtaining the nighttime sky spectrum and thereby capturing the faint

nightglow emissions. As a consequence of the long slit, the spectral lines become curved

as image forms on the detector, as shown in figure 2.3a. The aberration of the off-axis

diffracted rays causes the curvature in the line spectra. Sodium and hydrogen lamps are

used as light sources as shown in figure 2.3a. The simulated line spectra obtained using

ray tracing is shown in figure 2.3b. A curved input slit is used to reduce this curvature

in the image of the HiTIES. After passing through the slit, the light becomes divergent.

A plano-convex field lens is used to reduce this divergence. The focal length used in the

field lens is 70 mm.

Collimator and imaging lens: Two collimators and two imaging lenses are used in Hi-

TIES. The main objective of the collimator is to make the light ray parallel, whereas, the

imaging lens guides the light ray to converge on the focal point. Light rays passing through

the first collimator lens fall on the dispersive element of HiTIES, the echelle grating. Two

collimator lenses and the first imaging lens are of f/3.4 optics. F-number is defined by
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(a) (b)

Figure 2.3: (a) The image formed using sodium and hydrogen lamps as light sources

obtained during the lab experiment. (b) The result obtained by using the ray tracing for

the same source wavelengths is shown.

the ratio of focal length to the aperture of the lens. The larger the f-number smaller the

aperture and vice-versa for a given focal length. In other words, f-number decides the im-

age size. The nighttime optical measurements require larger aperture (smaller f-number)

to collect larger numbers of photons as the signals are low. The size of the image which

can be optimally acceptable by the size of the CCD chip and the amount of light needed

to be collected, are the aspects decided by the f-number of the lenses used in an optical

instrument. After diffraction from the echelle grating, the light rays are focused on the

filter by the first imaging lens. Another set of collimator and imaging lenses are used

before the light is focused on the detector. The f-number used in the second imaging

lens/ camera lens is 1.2 to reduce the image size by almost one-third so that it can be fit

on the detector chip.

Echelle grating: The heart of the instrument is the echelle grating which helps in achiev-

ing high spectral resolution. Unlike normal gratings, echelle gratings are operated at

higher spectral orders. The normal gratings (use to work in first or second diffraction

order) have groove density of around thousand lines per mm, whereas the echelle grat-

ings have groove density of the orders tens to a hundred lines per mm (works in higher
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Figure 2.4: (a) Schematic structure of echelle grating and the parameters associated with

it. α and β are incident and diffraction angles, respectively. (b) The lateral angle (γ) is

depicted which creates curvature in the image.

diffraction order). HiTIES uses the echelle grating, having ruled area of around 102 mm

× 206 mm, with line spacing of 98.76 grooves/mm. The grating equation is given by,

d(sinα + sinβ )cosγ = nλ (2.1)

where, α and β are incident and diffraction angles, respectively, d is the groove spacing,

γ is the lateral angle, λ is wavelength, and n is the order of diffraction as shown in figure

2.4. The lateral angle, γ (figure 2.4b), the off-axis rays make the diffraction pattern curved

while diffracted from the grating.

Differentiating equation 2.1 with respect to λ , we get,

d cosβ
dβ

dλ
= n

dβ

dλ
=

n
d cosβ

(2.2)

Substituting n
d from equation 2.1, we get equation 2.3 after considering the normal inci-

dence (γ = 0),

dβ

dλ
=

sinα + sinβ

λ cosβ
(2.3)
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From equation 2.3, it can be noted that the angular dispersion (dβ

dλ
) depends upon the

incident and diffraction angles. Therefore, to obtain the high spectral resolution, the

light rays are designed to fall at high incident angles. The blaze angle of the grating,

θ = (α + β )/2, is 63.5◦ where the incident angle (α) is 58.5◦. The maximum angular

dispersion can be achieved in the Littrow configuration (α = β ), and so, α and β are

chosen close to θ . For greater efficiency (ratio of diffraction to incident intensity) of the

grating, the facet length, d cosθ is needed to be larger and as the blaze angle is high,

the d should be large. When high values of the incident angle (α), diffracted angle (β ),

and small values of groove spacing (d) are considered in the relation 2.2, higher spectral

resolution is possible at higher values of n. In HiTIES, the diffraction order is turns out

to be 28 for 630.0 nm. Thus, HiTIES achieves higher dispersion by operating in high

diffraction orders.

From the equation 2.1, it can be seen that different wavelengths of different orders are

satisfied for a given α and β (n1λ1 = n2λ2), which means that different orders of different

wavelengths are diffracted in the same direction. It is also seen through the ray trace

computation (figure 2.5a) that the different wavelengths of different orders appear at the

same diffraction angle. The order overlap depends on the free spectral range (FSR). The

range of wavelengths in a given spectral order for which light does not coincide with the

adjacent order is called the FSR. It can happen that the light of wavelength λ + δλ is

diffracted in a position with order m, whereas at the same location, light of wavelength

λ is diffracted with order m+1, i.e., m(λ + δλ ) = (m+1)λ . Figure 2.5b shows the FSR

for a given set of diffraction orders where the values of angle of incidence and diffraction,

and groove separation are used, as mentioned earlier. The wavelength gaps can be noted

to be increasing with the increasing wavelength and with the decreasing diffraction order.

As the objective of HiTIES is to observe multiple wavelengths, the diffraction orders fall

in the range of 20 to 40 for the observation of desired wavelengths. Therefore, there are

many possibilities for overlapping different wavelengths of different orders satisfying the

n1λ1 = n2λ2 condition.

Mosaic Filter and Folding Mirrors: As discussed earlier, the echelle grating is used as

the dispersing element in HiTIES which works in higher diffraction orders. We have also

discussed that in the high diffraction orders FSR decreases which causes the problem

of order overlapping. Due to this reason, even though the echelle grating provides the
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(a) (b)

Figure 2.5: (a) The line spectrum simulated using the ray tracing method. Several promi-

nent airglow emission lines and some test lines are used here. (b) The range of wavelengths

diffracted for a given order is shown in each of the horizontal lines. All the wavelengths

of different orders will appear simultaneously on the detector. As orders of diffraction

increase, the regions of wavelength gaps decrease.

higher resolution, this dispersive element could not be used effectively in the past. In the

past three decades, after the discovery and development of narrow bandwidth interference

filters, the high-resolution capability of echelle grating has gained the importance (e.g.,

Chakrabarti et al., 2001, 2012; Pallamraju et al., 2000, 2002, 2013; Galand et al., 2004;

Pallamraju and Chakrabarti , 2006; Marshall et al., 2011). Interference filters can have

very narrow bandwidth, and therefore, light solely from the desired wavelength ranges is

allowed to pass through it. Mosaic filters are made by joining interference filters of different

central wavelengths and are essentially used to avoid order overlap. The diffracted rays

cover multiple wavelengths corresponding to different orders in the same diffraction angle.

While they pass through the mosaic filter, the wavelengths which are out of the filter’s

bandpass are filtered out and only the wavelength corresponding to the bandwidth of the

filter is allowed to pass through in a given panel of the mosaic filter. Figure 2.6 shows a

sample of a mosaic filter where three different interference filters are glued to one another.

From left to right, 630.0, 777.4, and 557.7 nm interference filters are glued together, as

shown in this figure.

Figure 2.7 shows the ray trace plot of figure 2.5a using a five-panel mosaic filter

which had been designed during the calibration of HiTIES. Five filters having central
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wavelengths of 486.1, 630.0, 656.3, 557.7, 427.8 nm are used here. The emission lines are

made to image in a distinct location in the detector. HiTIES uses a four-panel mosaic

filter which allows the wavelengths of 486.1, 557.7, 656.3, and 630.0 nm and the full width

at half maxima (FWHM) of around 10-20 nm. Two folding mirrors are used to direct the

rays inside the instrument (figure 2.2).

Figure 2.6: Sample picture of mosaic filter where 630.0, 777.4, and 557.7 nm interference

filters (left to right) are stacked.

Figure 2.7: Using the five-panel mosaic filters, such as Hβ (486.1 nm), 630.0, Hα (656.3

nm), 557.7, 427.8 nm, the wavelengths in the line spectra shown in the figure 2.5a are

filtered.

CCD detector: Charge coupled device (CCD) is highly sensitive and effective tool for

recording a spectral image. It consists of a large number of small sensitive areas, which

are known as pixels. The major components of the CCD are silicon sensors and capaci-

tors. The silicon sensor produces electrons as the photons of the visible light (or nearby
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the visible region) fall on it. The capacitor collects these electrons, and the voltage across

the capacitor is noted, which is proportional to the charge collected. This information is

sent to the computer. This combination of silicon sensor and capacitor is miniaturized

into an integrated circuit that represents one pixel. HiTIES uses a 1024 × 1024 pixels

Andor CCD detector where a given row and column provides the spectral and spatial

information, respectively. It is binned (1×16) in the spatial direction to improve the

signal-to-noise ratio (SNR). The CCD is operated at a temperature below -35◦C to re-

duce the thermal noise. The dark signal and read noise values are around 0.05 electrons

sec−1 pixel−1 and 9 electrons RMS, respectively. The quantum efficiency of the detector

is 90% for the spectral region at which HiTIES is designed to operate. The size of each

pixel is 13 µm in the image plane of 13.3 mm × 13.3 mm which contains the 1024 ×

1024 pixels. Further, the values of these CCD parameters are used in the calculation of

intensity calibration and the uncertainty of the measurement, as mentioned in sections

2.3.1.3 and 2.3.1.5, respectively.

Data Acquisition System: HiTIES is operated in a fully automated mode. The scripts,

which contain the information of date and time, exposure time, and desired CCD tem-

perature written in visual basic language, enable the operation of CCD that is interfaced

with MaximDL software.

2.3.1.2 Image Processing and extraction of nightglow

As discussed above, HiTIES is a multiwavelength spectrograph that is used to observe the

thermospheric airglow emissions during nighttime. In this thesis work, we have studied

the OI 630.0 nm nightglow emissions which emanate from the altitudinal region of 250

km in the nighttime. The generation mechanism of OI 630.0 nm is discussed in section

3.2 of chapter 3. The typical OI 630.0 nm spectral emission line as obtained from HiTIES

is shown in figure 2.8a. The x-axis and y-axis correspond to the spectral and spatial

information, respectively. From top to bottom, there are 64 pixels in the y-direction after

the binning. The curvature seen in the image arises from the aberration due to the off-axis

diffraction of the light passing through the long slit. Dark counts have been subtracted

from every image, and the median filter is applied to remove the spurious counts (such as

those occur due to cosmic ray hits or bad pixels). The median filter (3×3) replaces the

center element with the median value of the given array. The spurious counts that appear
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(a) (b)

Figure 2.8: (a) Sample image as obtained from HiTIES. (b) The image was obtained after

processing through dark subtraction, median filter, and straightening, as discussed in the

above section.

in the image (figure 2.8a) are smoothed out after applying this correction, as shown in

figure 2.8b. Then the curved image has also been made straight by shifting the rows, as

also depicted in figure 2.8b. One can notice the two horizontal dark lines in the top and

bottom part of the image 2.8a (on the top side, it appears at 15th pixel, and in the bottom

part, it appears at 46th pixel), which occurs due to the obstruction of light by two side

rods of the structure that hold the instrument. This blockage of light intensity has been

removed through flat-fielding of the images, which is discussed next.

(a)
(b)

Figure 2.9: (a) A schematic which shows the non-uniform intensity distribution with

respect to spatial direction that is caused due to the vignetting effect. The central part

shows larger counts whereas, as one moves towards the edges the photon counts decrease.

(b) The vignetting effect has been corrected through this normalized flat-field counts

obtained from HiTIES.

The illumination per pixel decreases as the pixel number increases away from the

centre, even when the light is uniform over the whole FOV of the instrument. It is due to
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the reduction in the light allowed by the off-axis rays passing through the system. This is

called vignetting effect. Figure 2.9a shows a schematic of the non-uniform illumination of

light over the different arrays. The central portion has larger illumination, whereas, one

moves away from the centre, the intensity decreases. The normalized intensity counts of

the spatial direction are shown in figure 2.9b as obtained from HiTIES. This is obtained

during the twilight time in a month when the twilight brightness can be considered to

be uniform. This is used as a flat-field image and has been taken when the solar zenith

angle is about 90◦ and the Sun is situated in the same latitudinal plane of Mt. Abu (i.e.,

the azimuthal angle is almost zero). At such conditions, the light ray is expected to be of

uniform intensity within the whole FOV of HiTIES as it is mostly scattered light. This

reference flat-field image had been taken on 21 Apr and 22 Apr 2017 during the twilight

time (figure 2.9b). The zenith shows maximum intensity, and as one moves away from the

zenith, the intensity decreases. The vignetting effect that is present in the HiTIES images

(Iimage(x,y)) has been corrected by dividing this normalized flat-field counts as shown in

equation 2.4.

Ix,y =
Iimage(x,y)

I f lat(x,y)
(2.4)

As airglow emissions obtained from the ground are column integrated, the emission bright-

ness from the direction other than zenith is larger than those from the zenith (figure 2.10a)

under the assumption that the emissions are uniform over a given spatial distance. This is

called the Van Rhijn effect. This effect has been corrected by using the following relation

given in Roach and Gordon (1973).

Izenith = Iz

√
1− (

R
R+h

)2 sinz2 (2.5)

Here, R is the radius of the Earth, h is the altitude from where the emissions are originat-

ing, and z is the zenith angle. The emission intensity coming from zenith direction and

at a certain zenith angle, z, is noted as Izenith and Iz, respectively. The effect of Van Rhijn

effect with the variation in zenith angle and altitudes is shown in figure 2.10b. Although

the Van Rhijn effect is very small for the given FOV of HiTIES, it is corrected for the

present analysis.
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(a) (b)

Figure 2.10: (a) The difference in column intensity when it is observed over the zenith

and with some angle. This is called Van Rhijn effect which causes larger emissions as

observed in the emissions far away from zenith. (b) The effect of Van Rhijn is shown with

varying altitudes and zenith angles.

Thus, the images obtained from HiTIES have been processed following the dark count

subtraction, smoothing with median filter, and straightening the curvature formed in line

spectra. After that, the vignetting effect and the Van Rhijn effects have been corrected.

The emission region is integrated to obtain the OI 630.0 nm nightglow emission rates

as shown in figure 2.11. It can be noted that the emission intensity does not cover the

whole spatial length. It has been observed that the image has been formed up to 52 pixels

starting from pixel 01 in the spatial direction. Due to some obstacle in the south side,

light could not enter through some parts of the slit in the southern side. A non-airglow

spectral region away by 0.5 nm has been integrated and subtracted from the airglow count

to remove the contribution of background scattering of the nighttime sky, which can arise

from star light, zodiacal light etc. (figure 2.11). This background is typically around 1

Rayleigh Å−1 in the nighttime sky (Broadfoot and Hunten, 1966). In all these corrections,

the counts corresponding to the same row have been considered, thereby, all conditions

(new direction, slit width, vignetting, and Van Rhijn effects) are maintained to be equal.

2.3.1.3 Intensity Calibration

The extracted OI 630.0 nm nightglow emissions as discussed in the above subsection

2.3.1.2, are not the actual brightness of the source. The data numbers (DN) obtained



50 Chapter 2. Observational techniques and data analysis

Figure 2.11: The OI 630.0 nm emission region as detected in CCD image. The non-airglow

region is marked, which is subtracted from the airglow region to remove the contribution

of background scattering in the measured emissions.

from the CCD are converted to the actual brightness of the source emission in Rayleighs

using the known parameters of the optical instrument (Chakrabarti et al., 2001). As

explained in an earlier report for a daytime spectrograph (Pallamraju et al., 2002), the

brightness (B) of the source in Rayleighs (R) (1 Rayleigh= 106 photons cm−2 sec−1) can

be calculated as,

B =
N

Spix · t
(2.6)

where, N is the number of photons passing through the instrument, Spix is the sensitivity

of the instrument in the unit of Data numbers per Rayleigh-second for the given pixel

(pix), and t is the integration time.

Spix can be calculated using the following formula:

Spix =
106

4π
·Q(λ ) · τ ·A ·Ω · d

nrows
(2.7)

As discussed earlier, the dimension of the slit is 60 mm × 0.47 mm. But, due to some

obstacles, light does not enter through the whole length of the slit as mentioned earlier,

but from around 43 mm which is calculated as =(52×16×13×4)/1000=43.26 mm.
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wherein, the image formed on the detector is 1-52 pixels, as we have discussed earlier that

each pixel is binned by 16 pixels in the spatial direction. The f-number of the field lens is

of f/4 which means it reduces the image size by a factor of 4.

The throughput of the instrument, AΩ = (0.047× 4.326)/342 ×π × 52 = 0.0138 cm2 sr,

where, focal length and diameter of the collimator lens are 34 cm and 10 cm, respectively.

Using the known values of different parameters of HiTIES as mentioned in table 2.1, we

have calculated Spix·t value, which is 5.8 DN Rayleigh−1 nm−1, where t=300 sec. The

data numbers obtained from HiTIES is divided by this factor to yield the information on

the source brightness in Rayleigh (R).

Table 2.1: Parameters of HiTIES used for brightness of observed 630.0 nm airglow

Parameter Symbol Value

Overall efficiency of the CCD (quantum Q(λ ) (0.9/2.66=) 0.34

efficiency q(λ )/gain (g))

Optical efficiency τ 0.135

Throughput (A= Area of the slit, AΩ 0.0138 cm2 sr

Ω= solid angle formed by the slit)

Dispersion d 0.02 nm pix−1

Number of rows co-added in nrows 52

the spatial direction along the slit

Integration time t 300 sec.

2.3.1.4 Angle Calibration

As we discussed earlier, HiTIES is a slit spectrograph oriented in the geomagnetic north-

south direction. Light from different regions of the meridian direction contributes to the

image formed on the detector. The view from the top of the hood is shown in figure

2.12a. The north-south direction is depicted here. The dashed line indicates the zenith

position of HiTIES. The spatial information to which a given pixel corresponds, on-field

experimental testing was carried out to calibrate the spatial information. Light is allowed

to enter the instrument at different angular positions (θ ) which is detected in different
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pixel numbers of the CCD. We have noted the different values of θ and the corresponding

locations on the CCD. In this way, we have measured the FOV of HiTIES. A schematic

of the FOV of the HiTIES that measures the OI 630.0 nm nightglow which is having peak

emissions at around 250 km altitudes, is shown in figure 2.12b.

The calculated pixel numbers and the corresponding view angles are shown in figure

2.13. A linear fit has been carried out between the two, which resulted in the following

equation: y =−1.053x+27.13. The total FOV of HiTIES has been obtained around 54◦;

27◦ on the either side of the zenith. Now, we have segregated the whole FOV region into

five directions. The angular width and the corresponding pixel regions, taken for different

directions, are shown in table 2.2.

Table 2.2: View-angle of five directions and corresponding pixel numbers

Direction View Angle Pixel numbers

Extreme north 15◦ to 27◦ 1-10

North 5◦ to 15◦ 11-20

Zenith 5◦ to -5◦ 21-30

South -5 to -15◦ 31-40

Extreme south -15◦ to -27◦ 41-52

62 cm

20.5 cm41.5 cm

zenith NS

(b)(a)

Figure 2.12: (a) The top view over the hood and the zenith position of HiTIES is marked.

(b) The peak emission altitudes of OI 630.0 nm nightglow emissions and FOV of HiTIES.
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Figure 2.13: The lights coming from different angles are imaged at different pixel numbers.

2.3.1.5 Signal-to-noise ratio (SNR) and Uncertainty of measured nightglow

The signal-to-noise ratio (SNR) determines the strength of the signal over the noise gen-

erated by the instrument. The noise of the instrument originates due to various factors,

such as the dark noise, readout noise, quantum efficiency of the CCD, etc. The dark noise

(D) appears due to the thermal electron produced by the CCD temperature. For this

reason, the CCD temperature is kept at around -35◦C. The inhomogeneous performance

of each detector array at the time of reading process and associated electronics causes

the CCD readout noise (R). The SNR of the instrument is given by (Roesler and Sica,

1986; Baumgardner et al., 1993; Pallamraju, 2003), SNR = S√
S+B+D+R

, where, S=signal,

B=background noise, D=dark noise/ thermal noise of the detector, R=readout noise of

the detector.

The expression of these parameters depends upon several variables of the detector,

such as quantum efficiency, readout and dark noise, pixel binning, and other components

of the instrument, such as transmission coefficient of the optical components, exposure

time, etc. The quantum efficiency describes the percentage of incoming photons which

are detected by the CCD. Here, we have used the CCD with quantum efficiency (qe)

value of 0.9 which means that 90% of the photons falling on the CCD are detected. The
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Table 2.3: CCD parameters and other variables used to calculate the SNR of HiTIES

Parameter Values

detector quantum efficiency (qe) 0.9

Filter transmission (ft) 0.7

Exposure time in seconds (t) 300

Background continuum in R/Å(bg) 1

Filter area/ bandwidth in Å(fa) 10

Dark noise in e−1pix−1sec−1 (d) 0.05

Readout noise, e−1 (RMS) (ro) 9

No. of pixels binned before readout (be) 16

No. of pixels binned after readout (af) 1

Photons sec−1 R−1 incident on a pixel for a given f-number (k) 11.48 × 10−2

System efficiency (se) 0.0135

dark noise (D) is thermally generated noise, whereas the readout noise (R) arises from

the conversion of electrons detected at each pixel to the voltage in the CCD output. The

charges collected from several adjacent pixels have been binned which results in reduction

of readout noise and increase the SNR. The noises that arise in the instrument depend

on the binning size, exposure time, number of pixels co-added after readout, etc. The

transmission coefficient of the different optical components used in HiTIES determines

the efficiency of the instrument. The expression of the parameters S, B, D, and R are

shown below, and the values of various factors upon which these parameters are dependent

are given in table 2.3.

S = qe · s · f t · t ·be ·a f ·no · k · se; B = qe ·bg · f a · t ·be ·a f ·no · k · se

D = d · t ·be ·a f ·no; R = no ·a f · (ro)2

The values of signal strength (s) and number of co-adds of the pixels after readout

(no) depend upon the spatial region we are looking for. Using the values mentioned in

table 2.3, we get,

SNR =
4.69× s×no√

no× (4.69× s+387.9)
, f or no = 10 (2.8)
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Figure 2.14: The nightglow variation of OI 630.0 nm emissions for different five view

directions are shown for a sample night. It can be seen that the emission decreases

monotonically after the sunset as the ionization stops after that time.

Using the above parameter values and the formula, we obtained the error in the measure-

ment as follows:

For the signal value, s= 100 R, SNR= 50.6; s= 10 R, SNR= 7.1.

The uncertainty in the measurement is 1/ SNR. Therefore, for the SNR value 50.6, un-

certainty=2%; SNR value 7.1, uncertainty=14%.

In section 2.3 of this chapter, we have discussed the instrumentation of HiTIES, the

image processing, corrections for vignetting and Van Rhijn effects, and thereafter, the

intensity calibration and uncertainty of measurements have been discussed. The OI 630.0

nm nightglow variations have been depicted in figure 2.14 for a given night on 11 January

2015 . The HiTIES starts the observation every night in a programmed manner at 18:45

LT and till early morning. The OI 630.0 nm nightglow emissions obtained from all five

directions as discussed earlier are shown in the figure 2.14 in different colours and line

styles. The uncertainty in the measurement is around 1-3 R and is shown in vertical bar

in the emission variation over the zenith.
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Figure 2.15: The variation in OI 630.0 nm emissions of four consecutive nights are shown.

The sharp increase in emission manifests the presence of moonlight that came within the

FOV of HiTIES.

2.3.1.6 Effect of moonlight and starlight present in the FOV of HiTIES

Moonlight and starlight are the main background light sources present in the night sky.

When the moon passes through the FOV of HiTIES, a huge brightness can be detected

on the detector which also gets saturated. Figure 2.15 shows the temporal variations of

OI 630.0 nm nightglow emissions of four consecutive nights, where the large spikes in the

emissions indicates the presence of moonlight in the FOV. The emissions are shown from

three different directions and it can be noted that the intensity/ effect of moonlight is not

equal in all the directions. As the phases of the moon and its orbital path change from

night to night, the occurrence time of the spike in emissions due to the moonlight also

shifts in consecutive nights.

Sometimes, a star might appear in the FOV of the instrument. As the starlight emits

blackbody radiation, the brightness of the star is seen in all the spectral panels of HiTIES.

Therefore, a straight horizontal line can be seen in the figure 2.16 which is a signature

of starlight. Three consecutive images are shown for a particular night where the middle
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03:00:43 LT

02:55:43 LT

03:05:44 LT

Figure 2.16: Presence of star light in the HiTIES image is shown of the night 11 Jan

2015. The local time is mentioned in hh:mm:ss format for each image. Three consecutive

images are shown of which the middle shows the presence of a star in the FOV. The star

emits light in the whole spectral region of the electromagnetic spectrum, so it is seen in

all the wavelengths range in the 630.0 nm filter.

one shows the appearance of starlight. The local time information is shown above each

image. It is clear that this starlight is not seen in the previous and later images as these

two are separated by 5 minutes of the central image, and within this time duration, the

star moved away from the FOV of HiTIES.

2.3.2 All-Sky Imager (ASI)

In this thesis work, we have also used the measurements of OI 630.0 nm nightglow emis-

sions obtained from a CCD based (1024×1024 pixels) all-sky imager (ASI) operated from

Kolhapur. The ASI measures different emissions (OI 630.0 nm, 555.7 nm, 840.0 nm, 846.0

nm, OH Meinel bands) that originate at different altitudes of the upper atmosphere. ASI

operates over a large FOV of around 140◦, covering around 1200 km spatial distance for

OI 630.0 nm emissions in both zonal and meridional directions. We have used the OI

630.0 nm emissions obtained from ASI to investigate the plasma bubble features over
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Kolhapur. Kolhapur is located in between the magnetic equator and the northern crest

of EIA, almost at the same longitude of Mt. Abu and Ahmedabad, as shown in figure

2.1. The imager consists of front-end optics (fish-eye lens, field lens), collimator lens, filter

panel, camera lens, and detector (Mukherjee et al., 1998; Narayanan et al., 2009; Sharma

et al., 2014). A detailed description of the instrumentation of the imager is available in

the literature (Sharma et al., 2014). The schematic of ASI is shown in figure 2.17.

Figure 2.17: Typical schematic of the all-sky imager. (After Sharma et al., 2014)

Figure 2.18 shows the sample image of a particular night after processing it for

connection of dark subtraction and median filter. One image for OI 630.0 nm is obtained

in each 7.5 mins. We have taken 100◦ FOV region, which covers a spatial range of around

600 km in both zonal and meridional directions, to avoid the curvature effect. Around

20 cloud-free and moonless nights during the period Feb-Mar in the year 2014 have been

used to study the dynamics and scale sizes of the plasma bubble. The investigation has

been discussed in detail in chapter 5.
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NORTH

SOUTH

26 Feb 2014   

21:30 LT

Figure 2.18: A sample image obtained from ASI where the signature of plasma bubbles

observed over Kolhapur is shown. The four directions are also marked here.

2.4 Radio measurement

The information about ionospheric plasma density can be obtained using the radio sound-

ing method. We have used digital ionosonde Portable Sounder (DPS-4D) (Reinisch et al.,

2009) data in this thesis work. The ionosonde works on the principle of reflection of

radio waves from the ionospheric layer. The change in refractive index in the iono-

spheric medium when a radio wave propagates through that medium can be understood

by magneto-ionic theory. The Appleton-Hartree equation provides crucial information

about the magneto-ionic theory. After neglecting the factor of collision and magnetic

field, the Appleton-Hartree equation becomes

n2 = a− ω2
n

ω2 (2.9)
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where, ωn and ω are the frequency of ionospheric plasma and radio waves, respectively.

The angular frequency of the electrons in the ionospheric medium is given by,

ωn =

√
Nee2

mε0
(2.10)

where, Ne is the electron density, e and m are the charge and mass of an electron, respec-

tively, ε0 is the permittivity of the free space.

2.3. Measurement techniques and data sets 35

in equation 2.2, the condition for radio wave reflection from the ionosphere becomes,

fN =
√

80.5Ne & Ne = 1.24×10−2× fN
2 (2.4)

where, fN is the frequency of the transmitted radio signal in Hz, and Ne is the electron

density in m−3.

Transmitted radio waves with frequencies higher than the frequency given by equation 2.4,

will penetrate higher into the ionosphere and get lost in space. Therefore, ground-based

digisonde measurements only provide information on the bottom side of the ionosphere.

Similarly, topside profiles can be obtained from digisonde on-board satellites. The maxi-

mum value of the frequency reflected from the ionosphere is known as the critical frequency

( f oF2). In the ionosphere, these radio pulses do not travel at the speed of light in free

space but with the group velocity. The group speed of transmitted radio pulse is always

less than the speed of light in free space, and hence, the true height of the plasma is always

lower than the height of reflected echoes that appear in ionograms, which are known as

virtual heights (as marked in figure 2.2). In this thesis work, the major portion of the data

(a) (b)
(c)

(d)

Figure 2.3: Different components of digisonde of Ahmedabad, India. (a) Transmitter

antenna, (b) Receiving antenna, (c) Layout of the four antennas, (d) Electronics and

data acquisition system.

Figure 2.19: Different components of the digisonde such as transmitter, receiver, the array

diagram of the four receivers, and an electronic unit are shown in the panels a, b, c, and

d, respectively.

Digisonde consists of three major parts: transmitter, receiver, and electronics unit,

as shown in figure 2.19. The transmitter transmits radio signals vertically upward in

the frequency ranges from 1-30 MHz. The transmitted radio waves penetrate through

the ionosphere of increasing electron density. It can be noted from equation 2.10 that

the plasma frequency increases with an increase in electron density. Therefore, when the

frequency of the radio signal matches with the critical frequency of plasma oscillations

(ω = ωn), it is reflected back towards the Earth. The frequency of the radio waves (f) at
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that critical frequency can be written as,

f =

√
Nee2

4πε0m
=
√

80.5Ne (2.11)

Here, the frequency of the transmitted signal (f) and electron density (Ne) are expressed in

Hz and m−3. Transmitted frequencies greater than the critical frequency are transmitted

toward outer space. Thus, we can obtain the information on the bottom side of the

ionosphere using the technique of ground-based digisondes.

Ordinary reflection

Extra-ordinary reflection

Virtual height

Real height

Ground reflection

11 Jan 2015      19:15 LT

Ahmedabad

Figure 2.20: Snapshot of an ionogram image mentioning various features observed in the

image.

Digisonde records the transmitted frequency and the time delay between the trans-

mitted and received signals which can provide the information of altitudes from where the

signals have been reflected. By considering that the speed of the radio waves is equal to

the speed of light in free space, the virtual height at each frequency has been estimated.

After the correction of the speed of radio waves through the ionospheric medium, we can

get the real height as shown in figure 2.20. Using equation 2.11, the electron density

present at that altitude can be calculated. All the ionograms are meticulously scaled

manually and read by SAO Explorer software. A snapshot of an ionogram image is shown

in the figure 2.20. Since, the ionospheric medium is birefringent in nature, the double

reflection of the radio waves, ordinary and extra-ordinary (figure 2.20) is observed. In
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this thesis work, we have used digisonde data over Ahmedabad (a low-latitude location)

and Trivandrum (a dip-equatorial location) which provide ionograms at a cadence of 7.5

minutes. The ionospheric electron density profiles have been used in a photo-chemical

model calculations to estimate the nighttime OI 630.0 nm emission rates as discussed

in section 3.3 of chapter 3. These are also compared with the measured emission rates

obtained by the HiTIES. The vertical drift during the sunset time has been calculated

using the ionosonde data over Trivandrum which is used in the investigation as discussed

in chapters 4, 5, 6.

2.5 Magnetometer measurement

Ground-based magnetometer data have been used to calculate the strength of the EEJ

over the dip-equator. As we have discussed earlier in chapter 1 (section 1.2.1) that there is

the presence of a strong eastward current in the ionospheric E-region over the dip-equator

during daytime which is called EEJ. This strong electrojet induces a magnetic field which

is detected by the ground-based magnetometers those are installed in the equatorial re-

gion. The ground-based magnetometer data is used to calculate the strength of EEJ

over the dip-equator. The daytime magnetic field over the dip-equator is contributed

by geo-dynamo, magnetospheric currents, and the EEJ, whereas, over the off-equatorial

locations, the contribution of the magnetic field comes from geo-dynamo and magneto-

spheric current. Therefore, to calculate the induced magnetic field generated due to the

EEJ, we need horizontal component of the magnetic field (H) from dip-equator and off-

equator (Cohen and Bowles , 1963; Chandra and Rastogi , 1974; Rastogi and Iyer , 1976;

Rastogi and Patil , 1986). Here, we have calculated the strength of EEJ over Indian sector

using the geomagnetic field data of Tirunelveli (TIR) (equatorial location) and Alibag

(ABG) (off-equatorial location). Variations of corresponding night times base values of

each location are subtracted to eliminate the geodynamo contributions at those latitudes.

∆HT IR = HT IR −HT IR,night

∆HABG = HABG −HABG,night
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Then, magnetic data of ABG are subtracted from that of TIR to remove the contribution

of magnetospheric currents, if any, and thereby obtain the electrojet strength over the

equator.

EEJ = HT IR −HABG

Hourly geomagnetic data of TIR and ABG that have been used to calculate the EEJ

strength, are obtained from http://wdciig.res.in/WebUI/Home.aspx. The locations of

TIR and ABG have been depicted in figure 2.1.

The strength of EEJ over the American sector has been used in chapter 4. Magne-

tometer data of one minute resolution from Jicamarca and Piura have been obtained from

http://lisn.igp.gob.pe, which have been used to calculate the daytime EEJ strengths

in the American sector. The EEJ strength over Jicamarca is obtained by subtracting the

magnetometer data of the off-equatorial location, Piura, in the same way as described for

the estimation of the strength of EEJ over Indian longitudes.

EEJAmerican sector = HJicamarca −HPiura

2.6 Other datasets

In addition to the datasets described so far, we have also used other datasets to understand

the ionosphere-thermosphere system as a part of the thesis objective. The temperature,

plasma density of the ionosphere-thermosphere system varies depending on the strength

of solar activity, which affects the dynamics over this region. The sunspot number, solar

F10.7 cm flux are used as an indicator of the solar activity. The F10.7cm flux have been ob-

tained from https://lasp.colorado.edu/lisird/data/noaa_radio_flux/ , whereas,

the information on the sunspot numbers has been obtained from https://www.sidc.be/

silso/datafiles. The quasi-dipole geomagnetic coordinates of different locations have

been obtained from http://www.geomag.bgs.ac.uk/, which uses the quasi-dipole field

approximation based on IGRF-13 model. The ISR data over Jicamarca have been ob-

tained from http://millstonehill.haystack.mit.edu/list. Photo-chemical models,

http://wdciig.res.in/WebUI/Home.aspx
http://lisn.igp.gob.pe
https://lasp.colorado.edu/lisird/data/noaa_radio_flux/
https://www.sidc.be/silso/datafiles
https://www.sidc.be/silso/datafiles
http://www.geomag.bgs.ac.uk/
http://millstonehill.haystack.mit.edu/list
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such as NRLMSISE-00 (Picone et al., 2002) and IRI-16 (Bilitza et al., 2017) have been

used to obtain the information of number densities of neutrals and plasma, tempera-

tures of the ionosphere-thermosphere system. Outputs from the Horizontal Wind Model

(HWM-14) (Drob et al., 2015) have also been used to understand the systematic behaviour

of the zonal and meridional wind in the thermosphere. The geomagnetic disturbances

have been characterized by the Ap indices and Dst values, which have been obtained

from http://isgi.unistra.fr/indices_kp.php and https://wdc.kugi.kyoto-u.ac.

jp/dstae/index.html, respectively.

2.7 Spectral analysis

The atmosphere of Earth is affected by solar heating and gravitational forces of the Moon

and the Sun, etc. They are periodic in nature and therefore, these periodic fluctuations

can be seen in the different parameters of the atmosphere, such as temperature, wind,

and density. There are several other fluctuations of various time scales due to planetary

and gravity waves. Time series analysis is an important tool which can provide useful

information about the periodic fluctuations present in the medium. There are several time

series analyses methods, such as Fourier transform, Lomb-Scargle periodogram, wavelet

transform, curve fitting, multi-spectral analysis, Wigner distribution function, etc. which

can be used. In this chapter, we have described the procedures of the analyses which have

been used in the investigation of various scientific problems.

2.7.1 Fourier analysis

If a data series is evenly spaced in time, then Fourier transform is used to compute the

periodicities present in the dataset. The Fourier transform F(ω) of a continuous time

series f (t) is given by,

F(ω) =
∫ +∞

−∞

f (t)e− jωtdt (2.12)

http://isgi.unistra.fr/indices_kp.php
https://wdc.kugi.kyoto-u.ac.jp/dstae/index.html
https://wdc.kugi.kyoto-u.ac.jp/dstae/index.html
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where, j =
√
−1.

The above equation converts the time domain (t) of the dataset into frequency domain

(ω) which provides the periodic information present in the dataset. The inverse Fourier

transformation can bring back to the time domain of the dataset which can be expressed

as,

f (t) =
1

2π

∫ +∞

−∞

F(ω)e jωtdω (2.13)

The squared amplitude of the F(ω) represents the power spectral density (PSD) for the

given frequency ω of the time series and this represents the strength of each frequency.

PSD is given by,

P( f ) = |F(ω)|2 (2.14)

The observational data is obtained in discrete format, f (ti), i = 1,2, . . . ,N. Therefore, the

Fourier transform of such function will be given by,

F(ωk) =
1
N

N

∑
i=1

f (ti)e− jωkti (2.15)

For k = 1,2, . . . ,N. This is called discrete Fourier transform (DFT). In the similar way,

reverse DFT can also be calculated.

f (ti) =
N

∑
k=1

F(ωk)e jωkti (2.16)

It can be seen from equation 2.15, DFT takes N2 number of multiplications and additions

in the calculations. Fast Fourier transform (FFT) is such an algorithm which calculates

the DFT in much faster way. The scale length of FFT is around N logN, which generates

the output much faster.
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The power spectral density (PSD) will be,

P( f ) =
1
N
|

N

∑
i=1

f (ti)e− jωti|2 (2.17)

where, 1
N is the normalization factor of the Fourier transformation.

At many times, the data points are not equally spaced with time due to some prac-

tical considerations. The presence of moonlight, or sometimes any artifacts, and clouds

make the usable data unevenly spaced. As we know, Fourier transform can be done for

continuous function/ evenly spaced function only. Therefore, the Fourier transform can-

not be applied to estimate the oscillations present in the medium. In such cases, we use

Lomb-Scargle Fourier transform (LSFT) which has been discussed next.

2.7.2 Lomb Scargle analysis

For a given dataset which is unevenly spaced, Y (ti), i = 1,2, . . . ,N, the periodogram is

defined as (Schuster , 1898; Deeming , 1975),

PY (ω) = |F(ω)|2 = 1
N
|

N

∑
i=1

Y (ti)e− jωti|2

=
1
N
|(

N

∑
i=1

Y (ti)cosωti)2 +(
N

∑
i=1

Y (ti)sinωti)2| (2.18)

This function is called as classical periodogram. Y is periodic function having frequency

ω0. The product of Y (t) and e− jωt are in phase when ω = ω0. The summation of equa-

tion 2.18 produce large contribution at this condition. The statistical properties of the

equation 2.18 can be modified as shown in equation 2.19 (Scargle, 1982).

PY (ω) =
1
2
{ [∑iY (ti)cosω(ti − τ)]2

cos2 ω(ti − τ)2 +
[∑iY (ti)sinω(ti − τ)]2

sin2
ω(ti − τ)2

} (2.19)
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where, τ is the time offset which is defined as,

τ =
1

2ω
tan−1(

∑i sin(2ωti)
∑i cos(2ωti)

) (2.20)

The periodogram as shown in the equation 2.19 which has been normalized with the total

variance (σ) of the data (Lomb, 1976; Scargle, 1982; Press and Rybicki , 1989) is given by,

PY (ω) =
1

2σ2{
[∑i(Y (ti)− Ȳ )cosω(ti − τ)]2

cos2 ω(ti − τ)2 +
[∑i(Y (ti)− Ȳ )sinω(ti − τ)]2

sin2
ω(ti − τ)2

} (2.21)

The Scargle periodogram, as shown in equation 2.21, matches well with the frequencies

constructed by least-square fitting as proposed by Lomb (1976). Therefore, it is called

Lomb-Scargle Fourier Transform (LSFT).

The significance of the obtained frequency using this LSFT is characterized by false

alarm probability (FAP), which is defined as,

FAP = 1− (1− e−z)Ni (2.22)

where, z is the spectral power. Ni, N0 are the number of independent frequencies and

number of data points in the observation (Horne and Baliunas , 1986) as given by,

Ni =−6.362+1.193N0 +0.00098N2
0 (2.23)

Therefore, FAP is determined by the data numbers of the given dataset. Any power less

than FAP will be considered statistically insignificant. Therefore, the frequencies with

spectral power greater than z will be significant for a given FAP (Scargle, 1982; Horne

and Baliunas , 1986). From the equation 2.22, it can be derived that,

z =− ln[1− (1−FAP)
1
Ni ] (2.24)

FAP with a value of 0.1 denotes the statistical significance is around 90%.
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The uncertainty of the Lomb-Scargle periodogram is given by (Horne and Baliunas ,

1986; Bretthorst , 1988),

δω =
3πσN

2
√

N0TA
(2.25)

where, A is the amplitude of the signal, σN is the standard deviation of the noise associated

obtained after subtracting the signal, and T is the length of the data set. As an example,

we have used a periodic function plotted in the figure 2.21a having time periods of 30, 10,

and 20 units as given by,

y = 5cos(
π

15
x)+6cos(

π

5
x)+4cos(

π

10
x) (2.26)

The Fourier transform and Lomb-Scargle periodogram analysis have been carried out

which provides the exact periodicities of the input signal (figures 2.21b, 2.21c). As we

have discussed earlier in actual observations, the data sets become unevenly spaced in

time usually. We have removed some data points from the input signal as shown in

figure 2.21a to make the input data uneven as shown in figure 2.21d, and carried out the

Fourier and Lomb-Scargle periodogram of them. The output of the analysis can be seen

in figures 2.21e, 2.21f, where, Lomb-Scargle analysis shows many accurate periodicities

for the uneven data set. The horizontal solid red line shows the 99% significance level

which corresponds to the FAP value of 0.01.

2.7.3 Wavelet analysis

The temporal evolution of the periodicities cannot be obtained by the Fourier transform

and the Lomb-Scargle periodogram. Wavelet transform is used to calculate the variation

of periodicities with time. The use of wavelet transform was initiated since 1980s invented

by Jean Morlet and others (Morlet et al., 1982) and later developed by Grossmann and

Morlet (1984); Goupillaud et al. (1984); Daubechies (1988); Mallat (1989).

Suppose, an input signal, y = 5cos( π

15x)+ 6cos(π

5 x)+ 4cos( π

10x) has three different

periodicities. The variation of signal y with time and corresponding Lomb-Scargle peri-

odicities of the signal are shown in figures 2.22a and 2.22b, respectively. The periodicities
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Figure 2.21: (a) A periodic signal has been plotted. The periodicities obtained using

Fourier and Lomb-Scargle periodogram analysis are given in b and c. The horizontal solid

red line indicates the 99% significance level. Both the analyses show same periodicities

of around 10, 20, and 30 unit of time. Some data points have been removed from the

signal as shown in panel a to make the data set uneven with time. The same periodogram

analysis has been carried out which is shown in panels e and f. The Lomb-Scargle analysis

shows much more accurate result as compared with the Fourier transform.

obtained are 10, 20, and 30 units of time. As we discussed earlier, it does not provide

information about the existence of these periodicities with time. The wavelet analysis is

shown in figure 2.22c. It can be seen that these three periodicities are present throughout

the time. In the figure 2.22d, the input signals are generated in such a way that these

three periodicities are present at different times. The Lomb-Scargle periodogram analysis

provides the periodicities present in the dataset (figure 2.22e) where it cannot identify

the difference between two signals shown in figures 2.22a and 2.22d. The wavelet analysis

as shown in figure 2.22f can identify the value of the periodicities as well as the time
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Figure 2.22: (a) A sample periodic function having three different periodicities. (d) Same

as (a) but having those periodicities at different times. (b) and (e) are the Lomb-Scargle

Fourier transform of the given signals (a) and (d), respectively. The wavelet analysis of

the corresponding signals is shown in (c) and (f), respectively. The 95% significant values

and cone of influence (COI) are shown in white and red coloured solid lines, respectively.

of presence of those periodicities. In this way, wavelet analysis becomes a useful tool to

obtain the temporal evolution of the periodic variations present in a given dataset.

The time series data is finite in number. Therefore, the errors will arise at the

extreme end of the data length in the wavelet power spectrum. The Fourier transform

is used in the wavelet analysis which assumes the data as cyclic. The cone of influence

(COI) is the region where the edge effect is minimum. In the wavelet analysis shown in

Figures 2.22c and 2.22f, the COI is drawn in solid red line. The significant level decides

the confidence value of the obtained periodicities. In figures 2.22c and 2.22f, the 95%

confidence value is indicated using the white line boundary.
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2.8 Summary

In this chapter we have discussed the various observational techniques which are used in

this thesis work. HiTIES and ASI are the two optical instruments used to observe OI

630.0 nm nightglow emissions from two different locations, have been introduced. The

detailed discussion about the optical design, extraction of nightglow, angle, and intensity

calibration of HiTIES have been described. Datasets other than optical, such as digisonde,

magnetometers have also been discussed. The estimation of the strength of EEJ over the

equatorial region using the magnetometer data is described. The working principle of

ionosonde and details of ionograms have been elucidated. Apart from that, various other

datasets which are used in the study, such as solar flux, sunspot number, and model

outputs are also discussed. The time series analysis provides useful information about the

oscillations/ waves present in the upper atmosphere which can be associated with various

geophysical activities.





Chapter 3

OI 630.0 nm nightglow emission processes

and variability

3.1 Background

The upper atmosphere consists of different neutral and charged species at different altitu-

dinal regions as discussed in chapter 1. The electrodynamics as well as neutral dynamics

play important roles in driving various processes in the ionosphere-thermosphere system

that makes the whole system highly coupled in nature. Airglow emissions of different

wavelengths act as passive remote sensing sources of the altitudinal regions of the up-

per atmosphere from where they originate. A brief introduction of the airglow emissions

is presented in chapter 1. It is also important to understand the mechanism processes

of various airglow emissions. In this thesis work, we have used OI 630.0 nm nightglow

emission (red line), primarily over a tropical region over Indian longitudes. The red line

emission peaks at an altitude of around 250 km; therefore, it carries the information of the

ionosphere-thermosphere system at those altitudinal regions. This chapter discusses the

photo-chemical model developed to estimate the nighttime red line emissions, the various

dependencies of the emissions. The temporal and broad variability of this emission are

also discussed in this chapter.

73
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3.2 Introduction

The observation of airglow emissions is being used for the investigation of the upper atmo-

sphere since the beginning of the 20th century. These mesospheric-thermospheric emissions

act as tracer to the upper atmospheric regions from where they originate. The airglow

emissions are very sensitive to the dynamics occurring in the upper atmosphere. The

variations of these airglow emissions provide short-term as well as long-term behaviour of

the upper atmosphere. Several important parameters, such as the concentration and com-

position of the ambient atmosphere, temperature, winds, plasma drifts, TEC, etc. can be

elucidated using the measurement of airglow emission variability at different wavelengths.

The 630.0 nm airglow emissions originate at an altitude around 250 km with a full

width at half maxima of around 50-70 km. The variability in the OI 630.0 nm nightglow

emissions delineates the changes that happen in the thermospheric altitudes below the

peak F-layer. The OI 630.0 nm photons emit by the transition of excited atomic oxygen

O(1D) to the ground state O(3P). The radiative lifetime of this emission line is around 110

sec. and the excitation energy of the O(1D) state is 1.96 eV. Because of its large radiative

lifetime of the given state, it becomes difficult to measure in the laboratory experiments.

Further, the transition of O(1D) to O(3P) is a forbidden state and is difficult to produce in

the laboratory. This transition yields a triplet (figure 3.1). Of them, 630.0 nm and 636.4

nm are significantly intense and the third one (639.2 nm) is very weak. The emission

probability of 630.0 nm emission is around 75% out of these triplet emissions.

The O(1D) state is produced following two steps, charge exchange and dissociative

recombination, which are discussed as follows:

Charge exchange: The ambient oxygen molecules get converted to molecular oxygen ions

through the charge exchange with atomic oxygen ions.

O++O2 → O+
2 +O

Dissociative recombination of the molecular oxygen: The molecular oxygen ion produces

O(1D) state by interaction with the thermal electrons.
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Figure 3.1: Schematic of OI energy level diagram.

O+
2 (X

2
Πg)+ eth → O(1D)+O(3P) (3.1)

The transition of the O(1D) state to the O(3P) state emits the triplet red lines as men-

tioned above,

O(1D)→ O(3P2)+hνλ=630.0nm

O(1D)→ O(3P1)+hνλ=636.4nm

O(1D)→ O(3P0)+hνλ=639.2nm

In the daytime, in addition to the dissociative recombination discussed above, there are

other production mechanism, which are impact of photoelectrons on atomic oxygen and

photo-dissociation of molecular oxygen that contribute to the emission of OI 630.0 nm

photons (Solomon and Abreu, 1989). Apart from the OI 630.0 nm emissions, there are

several other emissions at different wavelengths that originate at different altitudes in the

upper atmosphere. Some of them are given below:

OH emissions:

Hydroxyl (OH) emissions originate in the mesospheric region. The OH emissions originate
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from around 87 km altitude having full width in half maxima around 8-10 km (Baker and

Stair Jr , 1988). The emitted photons fall in the infrared range having the range of

wavelengths from 700-4500 nm. The spectra observed in the rotational and vibrational

bands of OH molecules were proposed by Herzberg and Meinel proved it experimentally.

Therefore, these are called Meinel band (Meinel , 1950; Meinel et al., 1950). The radiative

lifetime of these Meinel band emission is around 6 sec. The mechanism of OH emissions

can be found by Meriwether Jr (1989) and references therein, Khomich et al. (2008),

O+O2 +M → O3 +M

H +O3 → OH∗(ν ′ ≤ 9)+O2 +3.3 eV

OH∗ → OH +hν

NaD emission:

The sodium doublet (NaD) originates around the altitude of 92 km. The emission wave-

lengths are 589.0 and 589.6 nm. The generation of excited Na atoms from the neutral Na

(Chapman, 1939) and the emission of the corresponding nightglow is given below:

Na+O3 → NaO∗+O2

NaO∗+O → Na∗+O2

NaO∗+M → NaO+M

NaO+O → Na∗(2P, 2S)+O2

Na∗(2P3
2 ,

1
2
)→ Na∗(2S 1

2
)+hν(589.0, 589.6 nm)

This is an allowed transition. Therefore, it has a very short lifetime of around 2×10−8

sec.

O2 (0-1) emission:

Molecular oxygen emits spectral band having peak emission at 864.5 nm from around 94

km altitudinal region (Chamberlain et al., 1958; Sullivan, 1971). The emission mechanism
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of O2(0-1) emissions is as follows (Chapman, 1939):

O+O+M(O2, N2)→ O2(c1
Σ
−
u )+M

O2(c1
Σ
−
u )+O2 → O2(b1

Σ
+
g )+O2

O2(b1
Σ
+
g )→ O2(X3

Σ
−
g )+hν

The lifetime of O2(b1Σ+
g ) is around 12 sec.

OI 557.7 nm emission:

The emission of OI 557.7 nm wavelength generates when the transition of atomic oxygen

takes place from O(1S) to O(1D) state which appears as a green line emission. The

mechanism of 557.7 nm airglow emission was first proposed by Chapman (1931). He

suggested one-step process for this emission as follows:

O+O+O → O2 +O(1S)

O(1S)→ O(1D)+hνλ=557.7 nm

This is known as Chapman Mechanism. Barth and Hildebrandt (1961) proposed a two-

step process as modification to the Chapman’s mechanism.

O+O+M → O∗
2 +M

O∗
2 +O → O2 +O(1S)

O(1S)→ O(1D)+hνλ=557.7 nm

This is known as Barth mechanism. M is a molecule (O2 and N2) acts as a third body

catalyst. During nighttime, on occasions, especially if the F-region ionospheric densities

are large, then dissociative recombination can also play a role in the emission of OI 557.7

nm nightglow.

O+
2 +hν → O+O(1S)

The nighttime OI 557.7 nm emission originate from the altitude around 150 km. The



78 Chapter 3. OI 630.0 nm nightglow emission processes and variability

lifetime of the atomic O(1S) state is 0.74 sec.

OI 777.4 nm emission:

The OI 777.4 nm wavelength emission occurs due to the atomic transition of O(1D) to

O(5S) state (figure 3.1). The radiative recombination of O+ and eth produce the O(5P)

state.

O++ eph → O(5P)

O(5P)→ O(5S)+hνλ=777.4 nm

The 777.4 nm airglow emission rate is proportional to n2
e (ne=number density of electron)

as the emission depends on the densities of both O+ and e. In the F region, the number

density of O+ is nearly equal to the electron density and, therefore, the emission of this

wavelength depend on n2
e , not on the height variation of the F region. The OI 777.4 nm

emission mainly comes from the F layer peak. As the collision cross-section of O+ and

e is very small, the emission magnitudes of OI 777.4 nm are very small. The radiative

lifetime of 777.4 nm emission is very small (2.7×10−8 sec).

3.3 OI 630.0 nm nightglow emission photo-chemical model

A photo-chemical model has been developed to estimate the OI 630.0 nm nightglow emis-

sions using the measured electron density as obtained by digisonde and other models,

such as NRLMSISE-00 and IRI-16. The red line oxygen emission is produced through the

de-excitation of O(1D) to the ground state as discussed in the previous section. The rate

of production of O(1D) depends on the concentration of the electrons and molecular oxy-

gen ions present in that altitude. Because of the presence of collisions with the ambient

oxygen, nitrogen molecules, electrons, etc., the quenching of the excited O(1D) cannot be

ignored. Volume emission rate (VER) is the number of photons emitted from the source

per unit volume per unit time as a function of altitude. The VER, V630.0(z) (Ph cm−3

s−1) can be written as (Abreu et al., 1982, 1986; Link et al., 1981; Link and Cogger , 1988;
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Cogger et al., 1980):

V630.0(z) = β1K1[O+][O2] ·
A630.0

A1D +K2[N2]+K3[O2]+K4[e]

V630.0(z) =
0.76β1K1[O+][O2]

1+(K2[N2]+K3[O2]+K4[e])/A1D
(3.2)

Where, K1, K2, K3, K4 are the rate coefficients of the different reactions. β1 is the

production efficiency and A630.0 is the transition coefficient and A1D=A630.0+A636.4. The

values of the coefficients that have been used to estimate the VER are shown in table 3.1.

These have been obtained from Link and Cogger (1988) and references therein.

Table 3.1: Values of the parameters which have been used in the calculation of VER

Parameter Rate coefficient (cm3 sec−1)

K1 3.23×10−12 × e
3.72×300

Ti
− 1.87×300×300

T 2
i

K2 2.0×10−11 × e
111.8

Tn

K3 2.9×10−11 × e
67.5
Tn

K4 1.6×10−12 ×T 0.91
e

Parameter Metastable yield

β1 1.1

Parameter Transition coefficient (sec−1)

A630.0 5.15×10−3

A636.4 1.66×10−3

A1D=A630.0+A636.4 6.81×10−3

NRLMSISE-00 atmospheric model (Picone et al., 2002) has been used to obtain

neutral densities of the species, such as O, O2, N2, and neutral temperature. The electron

densities are obtained by carrying out true height analysis of ionograms obtained from the

digisonde located at Ahmedabad. We obtain the ion density values using the ratios given

in IRI-16 model (Bilitza et al., 2017). The peak altitude of the OI 630.0 nm nightglow

varies typically from 240 km to 300 km, with an average full width half maximum in the

range of 50-70 km. The VER for a given night is shown in figure 3.2 for three different

times. As the night progresses, the VER decreases. The peak emission and the full width
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Figure 3.2: Volume emission rates with respect to altitudes measured over Ahmedabad

are shown for three different times. The height of peak emissions can be found around

250 km with full width at half maximum in the range of 50-70 km.

at half maxima can be seen in the estimated VER for that given night which also vary

over the course of time.

The OI 630.0 nm emissions have been estimated by integrating the VER over a height

range of 100 to 700 km and has been compared with the measured nightglow emissions

obtained from Mt. Abu. The emissions measured from different directions over Mt. Abu

(figure 2.14) along with the estimated emissions over Ahmedabad are depicted in figure

3.3. Ahmedabad is around 170 km away from Mt. Abu in the equatorward direction.

The difference in the magnitude between measured and estimated emissions are probably

due to the difference in spatial distance. As Ahmedabad is located nearer the equator

compared to Mt. Abu, the crest in EIA can be located closer to Ahmedabad which may

contribute to the increase in electron density over there. Therefore, the emissions are found

to be more over Ahmedabad at the post-sunset time, which later in the night, converge

to similar values. Thus, the similar variations can be seen between the estimated (from

Ahmedabad) and measured (over Mt. Abu) emissions and as a result, the correlation

coefficient during 19-04 LT is extremely high (0.99) (figure 3.3). Such strong correlation

is seen in many nights. Several nights of data are shown in subsequent chapters along
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Figure 3.3: The OI 630.0 nm nightglow emissions estimated by using the measured electron

density over Ahmedabad are shown along with the observed emission over Mt. Abu as

shown in figure 2.14

with detailed discussions on their variations in a given night.

The production of O(1D) through the dissociative recombination process (equation

3.1) is proportional to the electron density present at that altitude. In the figure 3.4,

the variation in OI 630.0 nm estimated emissions is shown with electron density present

at the peak emission altitude (250 km) and peak F-layer height for four given nights

of different years which can be seen varying proportionately to each other. The fall in

estimated emissions can be seen after sunset time due to decrease in electron density

in the ionosphere. More importantly, the variation in the electron density at 250 km

corresponds well with the estimated emission rates as compared to the electron densities

at peak F-layer height. The variations in emission with the small changes in time can

also be seen with those in electron density at 250 km altitude (figure 3.4), whereas those

small-scale variations with time are not clearly visible in the variation in electron density

at F-layer peak. In that way, the measurement of OI 630.0 nm nightglow emissions can

provide very sensitive information of those altitudinal regions centered at 250 km.

We have seen in the figures 3.2 and 3.4 that the peak emissions originate at around

250 km altitude. In figure 3.5, the variation of base and peak F-layer heights with time
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Figure 3.4: The OI 630.0 nm estimated emissions, electron density at the peak emissions

altitude, and electron density at the peak F-layer are shown for four given nights.

are shown as obtained from digisonde located at Ahmedabad in black dash-dot and green

coloured dashed lines, respectively. The variation in the altitudes of emissions is also

shown at the corresponding time. The thick red line shows the altitude of the peak

emissions as obtained from the estimated VER and the thin red lines show the altitudes

at the half of peak emission values. It can be seen that the contribution of OI 630.0

nm emissions varies more closely with the bottomside of the F-layer. The magnitude of

emissions varies depending on the movement of peak F-layer. For example, an increase

in emission can be seen at 24.5 LT on 21 Feb 2014 (figure 3.4) which also corroborates

with the increase in electron densities at 250 km altitudes. Although the electron density

at the peak F-layer did not show such increase in value. In fact, as the emissions start

increasing, the electron densities in the peak F-layer show a decreasing trend. This can be

understood when we observe the height variation of the F-layer. The height of the peak

F-layer show decrease at that time and it came closer to the emission altitude of OI 630.0

nm emission. Therefore, the emissions can be seen to increase in magnitude as the larger

electron density from the peak F-layer descends to altitude of OI 630.0 nm emission.



3.3. OI 630.0 nm nightglow emission photo-chemical model 83

Figure 3.5: The peak and base F-layer height are shown along with the altitudinal regions

of the OI 630.0 nm emissions. The OI red line emissions emanate from the bottomside of

the peak F-layer.

In figure 3.6, the estimated OI 630.0 nm emissions and peak F-layer height is depicted

for four given nights. It should be noted that the y-axis for top and bottom panels are

different as they correspond to two different years having different solar activity conditions.

The solar activity of the year 2016 is moderately low as compared to the year 2014, which

can be seen reflected in their emission values also. All these nights show enhancement

in emission within the period 20-22 LT. The simultaneous measurement of the peak F-

layer shows descend to lower altitudes, closer to the peak emission altitude (around 250

km), whenever the emissions got enhanced. With the descend of peak F-layer height, the

larger electron densities are brought down to the emission altitude which is around 250

km. Therefore, the variation of OI 630.0 nm nightglow emission shows better relationship

with the electron density at 250 km rather than the electron density at peak F-layer (figure

3.4). As an effect of such kind of vertical movement in the ionospheric F-layer, we have

seen significant changes in the magnitudes of OI 630.0 nm nightglow emissions that has

been discussed in detail in chapter 5.



84 Chapter 3. OI 630.0 nm nightglow emission processes and variability

Figure 3.6: The OI 630.0 nm estimated emissions are shown for four given nights with

the simultaneous variation of peak F-layer height. Whenever, the height of peak F-layer

decreases, descends closer to the emission altitude of OI 630.0 nm emission, the emission

increases.

3.4 OI 630.0 nm nightglow emission with varying solar flux

activity

As discussed in chapter 2, The investigation of ionosphere-thermosphere system has been

carried out in this thesis work using the measurement of OI 630.0 nm nocturnal emissions

primarily over Mt. Abu, a low-latitudinal region. An optical spectrograph (HiTIES) has

been used to measure the OI 630.0 nm nightglow emissions. A 5-years dataset (2013-2017)

of HiTIES has been obtained during different months. The solar flux varied from high to

moderately low during this period. The nightly averaged OI 630.0 nm emissions during

20-04 LT are compared with the corresponding daily sunspot numbers and are shown in

figure 3.7. These broadly show a similar variation. As it is known that the electron density

increases at high solar active period in the presence of larger EUV flux and so, expectedly,

the OI 630.0 nm airglow emission also increases. However, the average nightglow emissions
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follow large day-to-day variation apart from the broad variation with the solar activity.

These are essentially due to the equatorial and low-latitude electrodynamics, that show

day-to-day variation. Several of such variabilities in the emissions as observed from Mt.

Abu are discussed in this thesis.

Figure 3.7: The OI 630.0 nm average nightglow emissions measured over Mt. Abu over a

period of 2013-2017 at different solar activity period.

3.5 Variability in OI 630.0 nm nightglow emission as seen

from tropical region

The details of the measurement and extraction of the nightglow emissions have been

discussed in chapter 2. Various kinds of emission variability are seen in this red line

emission measured over the tropical region. Each of the nocturnal variations in all the

data have been carefully observed for all the geomagnetic quiet nights, in order to remove

the effects of high latitudes and prompt penetration of electric fields, if any, the focus was

to critically understand the quiet time nocturnal behaviour in the observed emissions.

The detailed scrutiny leads to a categorization of four broad types in the OI 630.0 nm

nocturnal emissions. These are depicted in figure 3.8.
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Figure 3.8: The broadly four types of variation in OI 630.0 nm emissions observed are

shown. (a) The typical OI 630.0 nm nightglow variation which decreases monotonically

after sunset. (b) Latitudinal movement of OI 630.0 nm emissions observed where the

northern-side show larger emissions. (c) The enhancement in seen in the nightglow emis-

sion during post-sunset period. (d) Several excursions in nightglow emission have been

observed.

It is found that the nocturnal variations seen in type (a) are most common and

are due to a decrease in the electron density in the emission altitude. Type (b) shows

both northward and southward gradients in emissions obtained over the FOV of the mea-

surements. This northward gradient as seen after sunset time changes to the southward

later in the night due to what is called as the reversal in the EIA. The observation in

type (c) shows enhancement in OI 630.0 nm nightglow emissions during post-sunset time.

These enhancements vary in consonance with the decrease in the ionospheric heights as

measured by the digisonde at Ahmedabad and are considered to be due to the poleward

meridional winds. It appears that the OI 630.0 nm nocturnal emissions are uniquely

placed to capture the subtle changes that seem to be occurring in the bottomside of the

ionosphere as captured in (b) and (c). The behaviour as seen in type (d) is a direct result

of the development of plasma bubbles over the equator. This study also discussed the

zonal scale sizes of gravity waves that exist when the plasma bubbles are present and or
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absent. These types of variations (b), (c), and (d) in the OI 630.0 nm nightglow emissions

are discussed in detail in the chapters 4, 5, and 6.

3.6 Summary

In this chapter, we have discussed the production mechanism of various thermospheric

airglow emissions along with the OI 630.0 nm nocturnal emissions. The OI 630.0 nm

nightglow emissions have also been estimated using a photochemical model which uses

measured electron density as input that is obtained from digisonde operating at Ahmed-

abad. The estimated emissions are compared with the measurements which are carried

out from a nearby location Mt. Abu. The altitude region of this red line emission has been

discussed using the estimated height profile of the OI 630.0 nm VER. The OI 630.0 nm

nightglow emissions originate at the bottomside of the F-layer. Therefore, this nightglow

emission shows one-to-one variation with the electron density at the emission altitudes

(around 250 km) rather than the electron density at the peak F-layer. The variabilities

seen in the emissions during geomagnetic quiet times are broadly classified into four types

which are shown in figure 3.8. These are discussed in detail in the following chapters.
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Chapter 4

Latitudinal movement of EIA crest during

nighttime

4.1 Background

The low-latitude ionosphere-thermosphere system is greatly influenced by the electrody-

namic processes that occur over the equatorial region as discussed in chapter 1. The

distribution of plasma over the low-latitude region through the electrodynamic and neu-

tral wind dynamic processes affects the airglow emission brightness. During nighttime,

plasma density decreases monotonically after the sunset due to recombination. The ef-

fects of processes at the sunset time, like PRE in zonal electric field can persist until the

midnight time over the low-latitudes. During high solar flux year 2014, the strength of

PRE is quite large and so strong vertical drifts are generated over the dip-equator. As a

consequence, the plasma can reach to latitudes as far as Mt. Abu (16◦N Mag), thereby,

poleward movement of EIA crest is obtained as a function of latitude in the OI 630.0 nm

nightglow emissions. After the sunset, the zonal electric field reverses its direction. The

nighttime motion of EIA crest, both in the poleward and equatorward direction, as seen

in OI 630.0 nm nightglow emission as observed over a large field of view from Mt. Abu

will be discussed in this chapter.

89
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4.2 Introduction

The plasma distribution takes place over the low-latitudinal region through the transport

processes governed by various electrodynamic and neutral processes as discussed in chapter

1. OI 630.0 nm emissions emanate from the altitudes centred around 250 km and with

emission width of around 100 km, which provide information of the variabilities at that

altitudinal region. During nighttime, the OI 630.0 nm emissions originate due to the

dissociative recombination of molecular oxygen, as discussed in detail in chapter 2. Various

types of emissions have been observed in the OI 630.0 nm nocturnal emission variations

as shown in figure 3.8 of chapter 3. The strength of electrodynamic processes, such as

the EIA, the PRE and the neutral winds, which govern the plasma distribution over low-

latitudinal locations, vary from day-to-day (e.g., Sridharan et al., 1993b; Pallam Raju

et al., 1996; Rishbeth, 2000; Pallamraju et al., 2010; Karan et al., 2016; Parihar et al.,

2018). It has been shown that the strength and the location of the EIA crest varies

with the strength of the equatorial electric field. As the eastward EEJ is formed due

to this primary eastward electric field (e.g., Woodman and La Hoz , 1976; Raghavarao

et al., 1988b, 1991; Hysell and Burcham, 2000), it has been considered to serve as a good

proxy for the equatorial F-region electric field. Further, it has also been shown that the

strength of the EEJ is directly proportional to the strength of the EIA (Raghavarao et al.,

1978). During sunset time, the upward vertical drift of plasma shows large increase in

magnitude before reversing its direction which is known as PRE, as discussed in chapter 1

with greater detail. The PRE in electric field can reinitiate the EIA process, thereby, the

redistribution of plasma over low-latitude regions occurs during the post-sunset time. The

strength of PRE varies with season and solar activity (Farley et al., 1986). Therefore, the

latitudinal extent and magnitude of enhancement in electron densities at the EIA crest

are also solar flux and season dependent.

During daytime, as the EEJ strength gradually build up, the E×B drift also gets

stronger and it takes around 2-4 hours for the EIA crest to be developed (Venkatesh et al.,

2015). The plasma brought down to the low-latitude region is reflected in the OI 630.0

nm airglow emissions also. The EIA crest formed by this process can be seen moving

away from the equator as the strength of the daytime electrodynamics increases towards
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noon (e.g., Farley , 1960; Rastogi and Klobuchar , 1990; Pallam Raju et al., 1996; Rishbeth,

2000). As discussed earlier, EIA process can be reinitiated due to PRE, the poleward

movement of EIA crest can be relaunched. The equatorward movement of the EIA in

the nighttime using radio measurements has not been reported so far, presumably due

to the decrease in plasma densities by an order of magnitude or greater as compared to

the daytime. However, as the ground-based OI 630.0 nm emissions measurements are

inherently integrated over a column, they capture the variations in plasma densities more

readily, as demonstrated in some of the works reported in literature (e.g., Pallamraju

et al., 2001; Saha et al., 2021) including those that reported the reversal in the movement

of the EIA crest during nighttime (e.g., Sridharan et al., 1993b; Narayanan et al., 2013).

The investigations carried out using the OI 630.0 nm emissions over Mt. Abu,

situated under the northern crest region of the EIA in the Indian longitudes are discussed.

We report the latitudinal movement of the EIA crest during the nighttime - both poleward

(in the evening) and equatorward (in the night) directions. During the high solar activity

year of 2014, we have observed that the location of the EIA crest is within the FOV of

the instrument for the three months of the observation period (Jan-Mar). Equatorward

movement of the crest has been observed later in the night on many occasions. In this

study we present the results obtained on the movement of the crest, both away from

the equator and towards the equator as a direct result of the changes in the equatorial

electrodynamics in the evening and night times. These results provide insights into the

dynamical nature of the nocturnal variation in the OI 630.0 nm airglow emissions over a

low-latitude location vis-à-vis its response to the equatorial ionospheric electrodynamics.

4.3 Data sets used

OI 630.0 nm (red line) nightglow emission over Mt. Abu obtained from a large FOV

instrument High throughput Imaging Echelle Spectrograph (HiTIES) is used in this study.

The whole spatial region has been segregated into five independent directions as discussed

in chapter 2. These are: one along zenith, two regions along the northern direction and

two along the southern direction. Data from the Digisonde Portable Sounder (DPS-

4D) at Trivandrum (a dip-equatorial location) has been used in this study to assess the
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equatorial ionospheric condition on a given day/night. F-region ionospheric vertical drifts

during the sunset time have been obtained using this data set at 7.5 minutes cadence.

We have calculated the vertical drift of the ionospheric F-layer by monitoring the heights

of the iso-electron density contours at 7 MHz. Hourly EEJ values have been obtained

over Indian sector using the geomagnetic data from a dip-equatorial location, Tirunelveli

(TIR), and an off-equatorial location, Alibag (ABG). The strength of EEJ over American

sector has been calculated using the minute resolution magnetometer data from Jicamarca

and Piura. The estimation of the strength of EEJ have been discussed in section 2.5 of

chapter 2.

4.4 Observation and results

The nocturnal variations in OI 630.0 nm emissions of two sample nights are shown in

figure 4.1 which depict the different types of variabilities observed during the nighttime

over this low-latitudinal location. As discussed in the above section, the FOV of HiTIES

is around 54◦, the five segregated regions of the whole FOV are shown in different colours

and line styles. The detailed description with regard to HiTIES and its image processing

have been discussed in the chapter 2. The data cadence of HiTIES is 5 minutes and the

uncertainty, σ , in each measurement varies typically from 1-3 R (as shown in figure 4.1a

for emissions along two different directions). The estimation in uncertainty measurement

of HiTIES has been discussed with greater detail in chapter 2. It can be noted that for

most of the duration the emission rates along these view directions, and especially those

along (i) the extreme south, (ii) extreme north, and (iii) the zenith, show magnitudes that

are independent of each other as they are away by ±1σ (uncertainty) values of each other

during most of the post-sunset hours. The larger emissions along the southern direction

as viewed from Mt. Abu can be seen in figure 4.1a, whereas, figure 4.1b shows larger

emissions along the northern direction after the sunset time. These different features,

as depicted in figure 4.1, indicate the dynamic nature of the thermospheric behaviour,

as the red line emissions readily respond to such variations. We have investigated the

variations in magnitudes of emissions between the northern and southern directions, which

is considered to be a result of the latitudinal movement of the crest in the EIA after the
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sunset. The nights when the magnitude of emissions between the two view directions

differ by at least 2σ values at a given time are considered to determine this movement.

Under this criterion, there exists a total of 122 nights of clear sky data (excluding moonlit

and cloudy nights) obtained during the months of Jan, Feb, and Mar in the year 2014 (72

nights) and Jan, Feb in 2015 (50 nights) which are used for analysis. Crests have been

found in the northern side (similar to figure 4.1b) on around 47% nights out of these 122

nights during this period.

The different types of OI 630.0 nm nocturnal emission variations across latitudes as

Figure 4.1: Panel (a, b) Emission variations over the whole field-of-view of observations

which have been segregated into five spatially independent directions as shown by different

line-styles and colours. Nocturnal variations in emissions on two sample nights are shown

with different regions of enhancements corresponding to the enhanced electron densities

due to the EIA crest.
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Figure 4.2: N-S emission ratio for the same night as shown in figure 4.1b, 23 Mar 2014,

during whole course of the night. The increasing and decreasing trend in the N-S emission

ratio indicates the poleward and equatorward motion of the EIA crest over Mt. Abu.

seen along different view directions in the given FOV of HiTIES are depicted in figure

4.1. Variations are seen during the course of the night as well. On some nights after

the sunset, the emissions in the southern direction are larger as compared to those in the

northern direction (e.g., figure 4.1a), and completely opposite on some other (e.g., figure

4.1b). This is most likely a consequence of transportation of electrons in terms of the

movement of the EIA crest across latitudes, which is different on different nights. From

the production mechanism of the OI 630.0 nm nightglow discussed above, it can be noted

that almost all the variabilities in the emissions are essentially due to the changes in the

electron densities in the regions of emissions (chapter 3). We have shown that the height

of the F-layer and the OI 630.0 nm emission magnitudes are anti-correlated (figure 3.6 in

the chapter 3). The variations in the F-layer height can bring-in/take-away the electrons

to/from the peak altitude of OI 630.0 nm nightglow emissions, and thereby affecting

the emission rates. Thus, these variabilities are essentially due to the varying strengths

of equatorial electrodynamics from one night to the other. In order to quantify such

latitudinal movement of OI 630.0 nm emission after the sunset, ratios between emissions

along the north-most (from now on represented as N) to the south-most (henceforth, S)

view directions with respect to Mt. Abu, have been considered. These two view directions

correspond to a separation of about 2.3◦ in latitude. The variation in the N-S emission
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ratio throughout the night has been depicted in figure 4.2 for a given night as shown in

figure 4.1b. The N-S emission ratio greater than 1 can be attributed to the presence of the

EIA crest in the northward of Mt. Abu. As the value of ratio increases, it is an indication

of an intensification of the strength of the EIA and of its location further away towards

north from Mt. Abu. This is because the column along N would cut across a larger

number densities of electron as compared to that towards S. We have investigated the

various possible causes which determine the motion of the EIA crest away from the dip-

equator towards the low-latitudes, such as the EEJ and PRE as discussed in the sections

below.

4.4.1 Effect of the EEJ strength on the ratio of latitudinal emission

rates

The strength of EIA corroborates with the strength of EEJ (Rush and Richmond , 1973;

Raghavarao et al., 1978). The integrated EEJ strength during the pre-noon period showed

good correlation with the strengths of EIA, which, as a consequence, determines the

latitudinal extent of plasma fountain and location of the EIA crest (Sridharan et al.,

1999). As we are investigating the movement of EIA crest during the post-sunset time,

we have considered integrated EEJ values for the whole day (7–17 LT). The nightglow

observations start in a programmed manner at 18.75 LT on every night. Therefore, these

integrated EEJ values have been compared with the N-S emission ratios for a duration

of about 15 minutes (18.75–19.00 LT) soon after the start of observations. The N-S

emission ratios during this 15-minute period has been shown with day of year in the

figure 4.3. The variation in the ratios shows increasing nature with DOY from January

to March (winter solstice to equinox). The values of the ratios corresponding to different

months are shown in different colours and different pointing symbols. As the integrated

EEJ strength serves as a proxy to the equatorial electric fields (Raghavarao et al., 1978;

Sridharan et al., 1999; Hysell and Burcham, 2000; Kumar et al., 2022b), and thereby to

the EIA strength, the variation in emission ratios has been compared with the integrated

EEJ strengths for whole day which is shown in figure 4.3b. The nightglow emission ratios

of initial period show a small increasing trend with the integrated EEJ variation showing

a correlation coefficient of 0.45. As the observations are available starting only at 18.75
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Figure 4.3: Panel a and b show the variation in ratios of emissions obtained along extreme-

north (N) and extreme-south (S) as viewed from Mt. Abu during 18.75-19.0 LT with

respect to the DOY and integrated EEJ, respectively.

LT, the ratio values can be calculated only from this time and not before. The airglow

emission ratios were calculated for a constant time duration 18.75 to 19.00 LT for all

the three months. As, the plasma diffusion time for the movement of ionization from

equatorial to low-latitudes is of the order of around three hours during the daytime, and

so, the electron densities corresponding to the EIA crest could have also been formed even

before the starting time of the OI 630.0 nm nightglow emission observations. Further, for

the sake of completeness, we have also compared the variation of these ratios with the EEJ

data integrated for the pre-noon hours as well which has been carried out in some earlier

studies (Raghavarao et al., 1978). The integrated EEJ during the pre-noon time (7-12

LT) also show similar variation as seen for the whole day integrated EEJ values discussed

here. Therefore, a clear role of the daytime integrated EEJ strength on the observed
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emission ratios might not be revealed when only a fixed time duration of 18.75–19.0 LT

nighttime airglow measurements are considered. Nevertheless, as it is known that the

plasma diffusion initiated in the day is assisted and sometimes rejuvenated by the effect

of the PRE at the sunset time, those effects are considered as described below.

4.4.2 Effect of PRE on the variation in the ratio of latitudinal emission

rates

PRE in electric field which generates larger vertical drift over the dip-equator during

the sunset time can cause a resurgence of plasma fountain, similar to that caused in the

daytime EIA by the F-region electric fields. The strength of the PRE in electric field

has been determined from the vertical drift by calculating the rate of change of height

variation in the iso-electron density at 7 MHz over Trivandrum, the echoes of which

correspond to the altitudes above 300 km, and so the effect of recombination on them is

negligible (Bittencourt and Abdu, 1981). The strength of the PRE on a given day has

been characterized by taking the average of ±15 minutes centred at the peak value of PRE

occurrence. After the observation starts at 18.75, the emission ratio can be seen increasing

and reach a peak value of around 1.45 at 19.5 LT (figure 4.2). The 30-minute average

value in emission ratio has been calculated taking the ratio value for the time duration

19.25-19.45 LT for this night. Now, depending upon the time of occurrence of PRE the

peak value in N-S emission ratio can change. The time of occurrence of peak value in PRE

is different in different months as the sunset times vary from January (18.3 LT) to March

(18.6 LT). The peaks in the N-S emissions ratios have been found to occur over times

varying from around 30-90 minutes from time of peak occurrence in the PRE. The N-S

emission ratios have been compared with the DOY as shown in figure 4.4a. As the winter

solstice progresses to equinox, the average emission ratios also show a gradual increase

which illustrates that the crest of EIA is also moving in the poleward direction within this

duration. The variation in N-S emission ratio indicates the position of EIA crest. Around

33 nights have been found wherein the EIA crest crossed the zenith, moved towards north,

and a clear peak in the N-S emission ratios has been found (as shown in figure 4.5 for

some of those nights). The data for around first seven nights in the months of January

and few nights in each of the months have been excluded either due to unavailability of
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Figure 4.4: Panel a and b show the variation in N-S emission ratios with respect to the

DOY and strength of PRE, respectively. The ratios have been calculated by taking ±15

min average centred at the peak emission ratio. The PRE values are averaged (±15 min)

around the peak PRE.

equatorial ionosonde data or due to the presence of moonlight in the FOV. The relative

effects vary from day-to-day which might explain this varying range of 30-90 minutes

between the times of occurrences in the peak PRE and the peak ratios in the emissions.

Figure 4.4b shows the integrated (for ±15 min centred at peak) PRE versus the peak ratio

(integrated for ±15 min centred at peak) as obtained over different times, which are well

correlated (correlation coefficient of 0.87). As we discussed earlier, the strength of PRE

increases from solstice to equinox period, the average emission ratios also show a linearly

increasing trend with DOY (figure 4.4). The strength of PRE rejuvenates the fountain

process during the sunset time and causes the latitudinal movement in the EIA crest.

The stronger the PRE, the further the extent of the EIA crest. So far, the northward
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movement of the crest under the influence of PRE has been described, in the following,

the reason for the reverse movement of the crest will be discussed.

4.4.3 Reversal in the EIA crest and estimation of the reversal speed

We have discussed the poleward movement of the EIA crest by considering the ratios

between the emissions from northern and southern directions. During the month of March,

the values of the N-S emission ratios are higher, which indicates that the likely position of

the EIA crest is towards the latitudes further away in the northern direction as compared

to other months (January and February). This is most likely due to the effect of a

stronger PRE in March as compared to that in January (Fejer et al., 1991). In figure

4.5, the airglow emission variations for 12 nights, four nights for each of the three months

in the year 2014, are shown. Higher emissions along N have been observed on all these

nights. Interestingly, as we move from January to March, the differences in magnitudes

of emission rates between those obtained in the north and the south increase, with larger

values towards North. In this context, it may be noted that the emission rates for February

and March are larger, the values are depicted on the right-side y-axis. This is understood

to be due to larger amount of plasma being brought over to the low-latitudes from the

equatorial locations during sunset time, displaying a clear effect of plasma transport that

is varying from month to month. After sunset, the rate of decrease in the magnitude

of emissions becomes smaller along N compared to that of S. In contrast to this, the

emission magnitudes that were larger along N decrease at a rate faster as compared to

those at S at a later time. This is inferred to be due to the process of initiation in the

reverse movement of the EIA crest as a function of time. The vertical drift measured

by incoherent scatter radar (ISR) and satellite data (Fejer et al., 1991, 2008) over the

dip-equator show an upward plasma vertical drift during daytime which corresponds to

the eastward electric field over the equatorial F-region. During nighttime, the electric

field reverses and becomes westward and so the vertical drift becomes downward (Fejer

et al., 1991). It is known from earlier studies, including our own (Saha et al., 2021),

that an F-layer movement to lower altitudes causes an increase in OI 630.0 nm emissions

by the process of dissociative recombination as a downward movement of the F-region

brings-in greater number of electron densities into the peak emission altitudes (250 km
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± 50 km) of the OI 630.0 nm. This downward movement of the ionospheric height

can be caused by the equatorial westward electric field. Thus, this reversal in the EIA

crest is inferred to be due to this nightly equatorial westward electric field. Further,

in order to explore if meridional winds can contribute to the increase in emissions as

observed in the southern direction, we have looked at their typical nightly variation. The

increase in emissions in the southern direction is observed during 21-24 LT, wherein, the

meridional winds are typically equatorward (Drob et al., 2015; Saha et al., 2021). It is

known that the equatorward meridional winds cause uplift of plasma along the field lines,

and consequently, will result in decrease of OI 630.0 nm emissions (Saha et al., 2021),

and not an increase. Therefore, it can be inferred that the meridional winds at this time

cannot contribute to the observed increase in emissions in the southern direction.

To investigate the reverse movement of the EIA crest from one night to the other, ratios

in emissions from N to S have been estimated for all the times (figure 4.6), unlike only

around peak values as shown in figure 4.4. The variation in the N-S ratios on the nights

are depicted in figure 4.6 for the nights as shown in figure 4.5. On a given night, the

maximum value in ratios suggests that the crest is located in the northern region and the

time corresponding to the maximum ratio is considered to indicate the time when the EIA

crest has reached to that location. As the crest moves in the southward direction it crosses

the value of one, which indicates that emissions over the northern and southern sides of

the view direction are almost equal. The minimum values in the ratio indicate that the

EIA crest is located in the southern-most view direction of HiTIES on a given night. To

identify the times of maximum or minimum values in the ratios, we have considered those

times only when the differences between the emissions along N and S are greater than 10

R, which is at least 3 to 4 times greater than the value of the measurement uncertainty

(σ). After the time of occurrence in the minimum value, the ratios trace back to around

a value of one with time as the poleward side of the EIA crest moves further southward

and away from the HiTIES FOV and so, the airglow emissions at both N and S decrease

to the nightly ‘background’ values. On some nights, e.g., 22 Feb and 25 Feb 2014, after

the maximum values in emission ratios were observed, there were one or more excursions

in emissions before the ratios reached to one. Such observations are possibly due to the

latitudinal structures that may be existing in the EIA on a given night. In the present

work, during the high solar activity year 2014, we have noted reverse movement of the
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Figure 4.5: Emission variations along the two directions (N and S) for 12 nights, 4 nights

for each of the months, are shown in a column. The left side y-axis corresponds to the

month of Jan and the right one corresponds to those for Feb and Mar. Uncertainty in the

measurements are small (±1.4 – ±2.4 R), shown in each of the figures.

EIA crest on many nights. On some nights there are data gaps due to the presence of

moonlight in the FOV. Also, there are other nights, wherein, equatorial spread-F had

occurred. These two effects, when present over large spatial extents in the given FOV,

prevent unambiguous determination of the reversal in the EIA all through the FOV.

Therefore, for these nights, a portion of the distance, either from north to zenith or zenith
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Figure 4.6: The N to S ratios obtained in the OI 630.0 nm emission rates are shown for

the 12 nights whose nocturnal emission rates along N and S are depicted in figure 4.5

to south is considered for the estimation of reversal speeds.

A nice pictorial sense of reverse equatorial ionization had been presented in figure 4.7

which has been reproduced from the work of Sridharan et al. (1993b). By using All-sky

Imaging Fabry-Perot Spectrometer measurements of OI 630.0 nm nocturnal emissions,

images of Fabry-Perot interferometric rings were reported in that work which serve as
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Figure 4.7: Equatorward movement of EIA crest obtained from Mt. Abu on 05 Jan 1992

using the all-sky imaging Fabry-Perot spectrometer. (After Sridharan et al., 1993b).

a clear observation of the equatorward movement of the EIA crest as observed on the

night of 05 Jan 1992 from Mt. Abu. Each image of this figure shows Fabry-Perot fringes

corresponding to data obtained for half an hour over a 140◦ FOV. The fiducial shows the

orientation of the magnetic north. From the sequence of images, it is clear that during

1916-1946 LT the emission rates are higher towards north, indicating that the crest of the

EIA is northward of Mt. Abu on that night in the duration of high solar activity period
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(the solar flux was 257.7 solar flux units on this day, 1 sfu=10−22 Wm−2Hz−1). As time

progresses, it can be seen that the brightness in emission sequentially shows a southward

movement. In the images obtained during 2051–2153 LT, the emission intensity in all the

fringes seem to be equal in all the directions. Later, this enhancement in emission rates

move further southwards and by 0137 hours of 06 January 1992, the EIA crest had moved

away from the FOV of the instrument. Based on these measurements, the speed of the

movement was reported to be 1.4◦ lat.hrs−1 or 42 ms−1.

In the present study, we have estimated the speeds of the equatorward movement

of the EIA by taking the time differences of the crests at north and south. The distance

between the centre of northern and southern directions is considered for the estimation

of the speed of the reversals. A schematic has been shown in figure 4.8 which helps in

visualizing the calculation of reversal speed. The uncertainties in the location arise due

to the spatial extent considered for each directional segment (north and south) and we

have taken centre-to-centre distance between two segments while calculating the speeds.

We have also checked the available optical data in January and February in the year 2015

and calculated the speed of the movement of the EIA crest. Total of 40 nights, 25 in 2014

and 15 in 2015, have been considered for estimation of the speeds of the EIA crest. The

speeds obtained from the present data fall in the range of 10–55 ms−1 with an uncertainty

in them of around 6-30 ms−1 as shown in figure 4.9.

15o-27o

North

Zenith
15o-27o

South

96 km 96 km

t1
t2

t3

Figure 4.8: Schematic of the reversal speed calculation. The extreme north and extreme

south correspond to the angular separation 15◦-27◦ out of whole FOV of HiTIES (54◦).

In an earlier work that was based on optical imager measurements from Kolhapur

(11.1◦N Mag), the reversal speeds in EIA were reported to be in the range of 25-90 ms−1
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for nights during January-March in the year 2008 (Narayanan et al., 2013). We have also

included those values reported in that work in figure 4.9.

4.4.4 Variation of reversal speeds with solar flux, season and PRE

As discussed so far, the upward vertical drift during sunset time causes the poleward

movement of EIA and then, in the night time, as the zonal electric field reverses its

direction towards westward, the vertical drift becomes downward. Thus, the base of the

F-layer height is pushed down, and as a consequence it gives rise to larger emissions

in the southern direction. To explore the relationships of the speeds of reversal with

the background plasma density, meridional neutral winds, and evening time equatorial

electrodynamics, if any, we have plotted them with respect to the solar flux, day of the

year (seasons), and PRE strength in figures 4.9 and 4.10.

The variation in the speeds of EIA crest movement with solar flux values is depicted

in figure 4.9a corresponding to the years 2014 and 2015. As mentioned above, the reversal

speeds reported earlier in studies in 1992 (Sridharan et al., 1993b) and 2008 (Narayanan

et al., 2013) are also included in this figure. Estimated speeds from Narayanan et al.

(2013) show large excursions within a small variation in solar flux which was calculated

during the year 2008 from another location, Kolhapur, that is located around 8◦ away in

latitude towards equator from Mt. Abu. In the year 2014 and 2015, the solar flux values

are comparatively higher than those in 2008. The average speed of the crest decreased

during the high solar activity year 2014-2015 compared to that calculated over Kolhapur

in 2008. We do recognize that there could probably be differences in the reversal speeds

with respect to magnetic latitudes as Mt. Abu and Kolhapur are far apart. Nevertheless,

a decrease is seen in the values of the reversal speeds of EIA with solar flux, although the

nature of its variation does not indicate any conclusive result in the given extent of the

data.

Figure 4.9b depicts the variation in the reversal speeds with respect to the DOY,

wherein, all the available data are plotted as shown in figure 4.9a. Even though it may

appear that the envelope of higher values in reversal speeds shows a decreasing trend with

DOY (season), however, as the data are biased with larger number of nights during the

months of January and February as compared to that during March, therefore, unambigu-
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Figure 4.9: (a) The speeds of the EIA crest movement with solar flux variation are depicted

for a total of 61 nights. Result from earlier published results from different studies is also

included. The speeds calculated for the emissions obtained from Mt. Abu for two different

years 2014 and 2015 are shown in red and blue colour, respectively. (b) Reversal speeds

of the EIA crest for the same nights have been depicted with the day of year (DOY).

ous inferences cannot be made. Although the seasonal trends of vertical drift over the

dip-equator show an increasing nature, and the poleward meridional wind a decreasing

behaviour from January to March, the variation in reversal speeds, however, do not show

any relation whatsoever with model meridional winds or solar flux.

From the previous discussions presented in this study, it is quite clear that the

latitudinal extent of the EIA crest in the poleward direction is solely dependent upon

the strength of the vertical drifts generated by PRE in electric fields. Therefore, we have
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Figure 4.10: The reversal speed of the EIA crest is shown along with the available average

vertical drifts obtained during PRE in the year of 2014.

explored if the variation in the reversal speeds observed in the EIA movement has any

relation with the strength of the PRE. On the basis of the available data on equatorial

vertical drift, reversal speeds for seventeen nights during 2014 have been obtained and are

depicted in figure 4.10. It can be readily noted that the PRE strengths do not show any

relation with the reversal speeds of the crest location EIA. Therefore, it seems that the

nighttime electrodynamics is independent of the strength of the PRE that occurs during

sunset time.

4.5 Discussion

From the measurement of vertical plasma drifts over the magnetic equator as shown in

figure 4.11, it is known that the drifts are vertically downward in the nighttime indicat-

ing a westward electric field. It can also be seen in the figure 4.11, that the magnitude

and the variability of the downward plasma drift undergo significant changes, both dur-

ing the course of a night and from night-to-night. Therefore, it can be expected that

the equatorward movement of the crest of the EIA is due to such westward electric field

over the equator. This, however, has not been demonstrated in any of the studies so
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The average fluxes for the days of observations in the first 
two flux intervals were about 80 and 125 (in units of 10-22W 
m -2 Hz -1) for all seasons. In the third range, the average 
fluxes were 194, 168, and 174 for equinox, summer, and 
winter, respectively. The average drifts for Sa<100 and 
Sa>150 shown in Figure 1 closely resemble the solar 
maximum and minimum results of Fejer et al. [ 1979] where 
data from disturbed periods were included in the averages and 
slightly different seasonal periods were considered. 
However, the equinoctial and summer prereversal velocity 
enhancements for Sa>150 shown in Figure 1 are 
considerably larger than the values reported by Fejer et al. 
[ 1979]. The daytime average drifts maximize at about 1100 
LT with largest values during the equinoxes and smallest 
during the summer solstices. The daytime drifts do not 
change much with solar flux, but the evening upward and 
nighttime downward velocities increase considerably from 
solar minimum (Sa<100) to solar maximum (Sa>150). The 
evening enhancements of the vertical velocity (eastward 
electric field) seem to result from the faster decrease of the E 
region ionospheric conductivity after sunset compared to the 
F region conductivity [Farley et al., 1986]. The increase of 
the prereversal enhancement with solar activity is due to the 
corresponding increases of the equatorial zonal wind and of 
the ratio between the magnetic field averaged Pedersen 
conductivities in the F and E regions. Goel et al. [1990] 
suggested that the increase of the E region conductivity 
gradient near dusk from solar minimum to the maximum is 
also partly responsible for the increase of the prereversal 
velocity enhancement with solar flux. 

The equatorial vertical plasma drifts (driven by zonal 
electric fields) are strongly affected by magnetic activity [e.g., 
Fejer, 1986]. However, Fejer et al. [1989] showed that 
during solar maxima the average Jicamarca vertical drifts for 
Kp > 3 and Kp < 2 + are only slightly different except near 

sunset. The velocity perturbations during disturbed times 
result from the penetration of high-latitude electric fields into 
the low-latitude ionosphere [e.g., Fejer, 1986] and/or from 
disturbance dynamo effects [Blanc and Richmond, 1980]. 
The low-latitude perturbations associated with large and 
sudden changes in high-latitude convection are usually short- 
lived (1-2 hours) and, therefore, tend to cancel out on the 
averaged data. Furthermore, there are considerable day-to- 
day variations of the vertical drifts even during magnetically 
quiet periods [Fejer et al., 1989]. Finally, the Jicamarca drift 
data set does not contain a large number of measurements 
during strongly disturbed (say, Kp>5) periods. We have 
examined the average drifts for Kp<2 + and Kp>3 for 
different seasons and periods of the solar cycle and noticed 
that for the seasonally averaged drifts, magnetic activity 
effects are most evident in the winter solar minimum period. 
The average vertical velocities during quiet and disturbed 
periods for the solar minimum months of May and June 
1974-1977 are shown in Figure 2. In this case the average 
vertical velocities during quiet and disturbed periods are 
significantly different, particularly near dawn and dusk. The 
larger upward (downward) velocities near dusk (dawn) are 
consistent with an increase in the penetration of high-latitude 
electric fields associated with an increase in convection [e.g., 
Fejer, 1986]. 
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Fig. 2. Average vertical plasma drifts for quiet and disturbed 
conditions for May and June during solar minimum. 

Figure 3 shows the variation of the peak of the prereversal 
velocity enhancement as a function of solar flux using data 
from 1968 through 1989 and also the corresponding least 
squares fitted curves. In this case we have binned the peak 
velocities for flux levels of 60-80, 80-100, 100-120, 120- 
140, 140-180, 180-220 and >220. The bars indicate the 
standard deviation of the averages and not the error bars. The 
velocity peaks increase linearly with the flux during equinox. 
The winter data show negative velocities for small values of 
the solar flux. Of course, these negative velocities do not 
correspond to velocity peaks, but to the values of the drifts at 
the (season dependent) time of the prereversal velocity 
enhancements (see Figure 1). These downward velocities 
were included for completeness. The winter data show a 
better fit to a quadratic curve, but saturating for large flux 
values. This is consistent with the solar maximum results of 

Fejer et al. [ 1989]. The summer data could be fitted equally 
well by either a linear or a quadratic curve. The average 
prereversal velocity peaks shown in Figure 1 are smaller than 
the corresponding average values obtained from Figure 3. 
This is not surprising, since the prereversal enhancement of 
the average velocities is always smaller than the average of 
the prereversal velocity enhancements. This is particularly 
the case for the solstices, when the times of occurrence of the 
prereversal velocity peaks change rapidly. 

Figure 4.11: Vertical drift of plasma over the dip-equatorial location Jicamarca. The

nighttime vertical drift shows quite variability in terms of solar flux and season. The

day-to-day variability in the vertical drift is also expected. (After Fejer et al., 1991).

far. This is because, the direct measurement of the westward equatorial electric fields

has been mainly restricted to the American longitudes where an ISR exists. Due to the

recombination between neutrals and ions, electrons in the nighttime upper atmosphere,

it is difficult to obtain unambiguous information of the nighttime electric field from the

digisonde. Besides, on several occasions, the presence of equatorial spread-F also hinders

the measurement of ionospheric electron density using digisonde. Further, satellite mea-

surements of ion-drifts or electric fields over the magnetic equator are not available over

the Indian longitudes during the night time. Few passes of C/NOFS over Indian longi-

tudes during our observational period, whenever available, were above 500 km altitude

and so, the electron densities were low. Presumably, due to these low electron densities

at these altitudes, the vertical drift measurements on-board C/NOFS, whenever present

showed large fluctuations.
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Fig.1. Time histories of the auroral electrojet indices (AU/AL/ 
AE) during the interval 04-24 UT on 20 August 1979 illus- 
trating the onset of an isolated, severe substorm around 
1630 UT. The vertical da.shed lines indicate the period 
when a conspicious perturbation in F-region height pre- 
vailed simultaneously at Koda.ikanal (dip 3øN) and Huan- 
cayo (dip 2øN) separated by 10 hrs in local time. 

the substorm activity testify to its rather isolated na.ture. The 
wide spatial extent of the substorm activity can be inferred 
from the AE index which was > 2000 nT a.t its ma•ximum. Fig- 
ure.2 shows the variations of h'F at Kodaikanal and of hpF2 at 
Huancayo for the interval 13 UT of 20 August to 01UT of 21 
August together with the monthly median patterns (dashed 
curves). Also shown are the low-time resolution (hourly av- 
erages) data of the auroral electrojet indices (AU]AL), IMF 
Bz (hourly values) in GSM coordinates and the polar cap po- 
tentiM drop (•), estimated from IMF data using the empirical 
formula of Reiff and Luhmann (1986). We ha,ve not introduced 
any specific delay between Bz and 4), because the time lag that 
prevails between the changes in Bz add ;b is usually less than 
the basic time resolution (lhr) of the published IMF data avail- 
able with us. 

On 20 August 1979, h'F at Kodaikana,1 displayed the usual 
post-sunset enhancement a.lthough the maximum in h'F is 
higher and the time of its occurrence earlier titat the corre- 
sponding median values (Figure.2). This feature implies that 
though the upward Vz is higher than the normal, its post- 
sunset enhancement is shorter in duration on 20 August (see 
Figure.3). After reaching the maximum, h'F rapidly decreased 
indicating the prevalence of la,rger than normal values of down- 
ward Vz till 2000 LT (Figures. 2 and 3). Titis sort of departure 
from the median pattern is not uncommon because Vz is well 
known to undergo considera.ble day-to-day variability even on 
quiet days in the post-sunset period. h'F and Vz recovered to 
the median values by 21LT, but beginning at 2130LT (1630UT) 
'there was a sudden and anomalous reduction in h'F kom 340 

km to 260 km at 2230 LT (i.e.80 km in 1 hr). The time va.ri- 
ation of [d(h'F)/dt] shows tha,t a. downwa. rd vertical drift of 
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Fig.2. Time variation (hourly v•ues) of the north-south (Bz) 
component of IMF, auroral electrojet indices (AU/AL} 
kom 13 UT of 20 August 1979 to 01UT of 21 August 1979 
(bottom and middle panels). The variations in the 
cap potentiM drop (•) estima,ted from IMF parameters is 
Mso shown. The top panels show the va. riation of h'F at 
KodMkan• (on the nightside), and of hpF2 at Huancay0 
(on the dayside) on 20 August 1979 with the monthly 
median patterns (dashed curves)superposed for reference. 

about 22 ms -1 prevailed for an hour while the media,n pattern 
is a much smaller drift (< 8.3 ms -•) at the time (Figure.3). 
The strong downward drift eased a bit by 2230 LT and moved 
closer to the median values. Subsequently the F- region height 
at Kodaikanal experienced another conspicious perturbation 
in the form of an increase beginning at 00LT (Figure.2). The 
increase was slow and small initia,lly but was rapid and sub- 
stantial later such that h'F rose from 260km at 01 LT (20UT) 
to 380 km by 02 LT (2!UT) i.e.a.n increase of 120kin in 1 
hour or a gross upward drift of 33.3.ms -•. Vz estimated from 
the time derivative of h'F (Figure.3) indeed shows the pres- 
ence of significant upward drift for about 90 rain starting from 
0300 LT in contrast to the median behaviour of a downward 

drift. These values of Vz represent correct ones except for the 
interval (0015- 0115 LT) when h'F was < 300 km, when they 
get overestimated due to the contribution of height increases 
due to chemical loss. A similar perturba.tion in F region peak 
height of mixed polarity prevailed at tlua,ncsyo on the dayside 
simultaaeous to the one in h'F Kodaikanal on the nightside, 

Figure 4.12: The top panels show the ionospheric height variation at Huancayo and

Kodaikanal on 20-21 Aug 1979. The bottom panels indicate the presence of strong geo-

magnetic disturbance on that day. (After Sastri et al., 1992)

Therefore, in the absence of any direct measurement(s), we ascertain the veracity

of our interpretation on the westward electric field being the cause for the equatorward

movement of the EIA by taking recourse to the fact that the equatorial electric fields are

global in nature. The ionospheric electric fields are governed by
∮

E · dl = 0, where E is

the electric field at a given location and dl is the element of length along the dip-latitude.

Therefore, it is imperative that larger eastward electric field in a longitude sector will be

compensated by a simultaneous westward electric field in the opposite sector (Fejer et al.,

1991). In this background, we consider the findings of an earlier study as a beacon to

go forward, in which Sastri et al. (1992) showed that the effects of prompt-penetration

during substorm event over two equatorial locations which are situated in the opposite

longitudes, Kodaikanal in the Indian sector and Huancayo in the South American sector,
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Indian sectors were in daylight during part of the
disturbed period.

In Fig. 3 we show the y component of the IEF
after dividing by 20B, where B is the ionosphere
magnetic field strength, along with the results of the
TF as applied to the IEF data and superimposed on
the measured electric field for the Philippines and
Peru. The quiet time drift has been added to the TF
prediction. In the upper panel, the TF captures the
transition at 0100UT with a slight delay due to the
absence of the highest frequency effects in the
function. The oscillations and build-up of the
vertical drift are reproduced, as is the brief
counter-electrojet between 0800 and 0900UT. Cur-
iously, the model does not track the data between
0700 and 0800UT when a counter-electrojet (due to
a westward equatorial electric field component) is
indicated. Huang et al. (2007) found the same result
using their proportionality between the IEF and the
equatorial drifts for southward Bz. One might be
tempted to explain this discrepancy by a disturbed
dynamo effect but a model including this effect for
this event does not show the counter-electrojet
(Maruyama et al., 2005).

In Peru (lower panel), the measured IEF and
vertical drift have a square wave-shaped disturbance
between 1300 and 1500UT in which the IMF turns
northward (see Fig. 3). The TF model captures the
response very well. The response to a square wave in
the AE index has been reported in this issue (Huang

et al., 2007) using the Naval Research Laboratory’s
SAMI model (Huba et al., 2005). The model
predicts that the equatorial electric field will rise
sharply but decay away within 30 min. These
authors concluded that such a response is the origin
of the oft-quoted 30-min time scale for promptly
penetrating electric field (PPE) effects. (The term
‘‘prompt’’ refers to responses within the magneto-
sphere that occur on time scales within the
integration time of typical electric field instruments,
which are minutes or less, rather than time scales
corresponding to propagation times in the neutral
atmosphere. Changes in the equatorial electric field
due to the latter are termed a disturbance dynamo.)
However, neither the data nor the TF approach
presented here support such a short time scale.
When the IEF reverses at 1500UT, it stays strongly
in the dawn-to-dusk direction for 7 h, only slowly
decreasing in this period. The measured equatorial
vertical drift has a very similar behavior, as does the
TF method. This shows that long-duration PPE
effects reported by Huang et al. (2005) are
reproduced by the filter characteristics of the TF.

This stark divergence between observation and
model predictions encouraged us to seek another
data set, which was obtained in the Indian sector.

For reference, in Fig. 4 we include 18 consecutive
determinations of the equatorial daytime vertical
drift for the period surrounding the storm and at
three different longitudes. Note the change of scale
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Figure 4.13: The vertical drifts from Peru and India are overplotted here. The negative

magnitude of vertical drift is shown for Indian data. The vertical dashed line at 17

UT indicates the local noon at Jicamarca, whereas, the vertical dashed line at 19 UT

corresponds to local midnight in India. (After Kelley et al., 2007)

were greatly related. In that study, it was shown that an increase in polar cap potential

decreases the F-layer height over Kodaikanal which was in simultaneity with an increase

in height of the F-layer over Huancayo. Subsequently, the decrease in polar cap potential

causes an increase in the F-layer height over Kodaikanal and a decrease over Huancayo

(figure 4.12). Another example in which the daytime vertical drifts over Jicamarca were

observed to be perfectly anti-correlated with the night time vertical drift over India was

reported during the geomagnetic storm event of 17 Apr 2002 (Kelley et al., 2007). The

equatorial electric field has been observed varied similar with the interplanetary electric

field on this day with 86% correlation coefficient. The negative magnitude of vertical

drift measured over Indian longitudes is overplotted with the vertical drift over Jicamarca

(figure 4.13). The magnitudes of the vertical drifts at these two sectors are quite similar

which are understandable as the magnitude of the penetrated electric field in comparable

in these both day and night sector. The results reported in these two studies are a

clear demonstration of the irrotational nature of the global ionospheric equatorial electric

field. These events were during geomagnetic disturbed conditions, wherein the effects are

known to get accentuated. Such results, motivated us to explore whether this effect can be

established during geomagnetic quite conditions also, to which our present experimental
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results correspond. To the best of our knowledge, there has been no experimental evidence

of irrotational nature of global ionospheric electric field that has been reported in the

literatures for geomagnetic quiet times, presumably as the changes are expected to be

subtle. However, this irrotational nature of the equatorial electric field which satisfies the

relation
∮

E ·dl =
∮

Bv ·dl = 0, is used in the process of generation of the global empirical

ionospheric vertical plasma drift model by Scherliess and Fejer (1999).

Figure 4.14: The variation of nighttime vertical drift over Jicamarca is shown with the

variation of EEJ over Indian sector at simultaneous time of a given day which is a non-

ESF night over Jicamarca. The universal time and corresponding local times at Jicamarca

and Indian sector are shown in different x-axes. The variation shows clear anti-correlation

behaviour between these two.

Here, we have tried to show simultaneous variation in the day and nighttime electric

field variations using nighttime vertical drifts and daytime EEJ strengths from two oppo-

site longitude sectors during geomagnetic quiet time periods. The vertical drifts measured

from ISR over Jicamarca are used to serve as a proxy for nighttime ionospheric electric

field. The daytime EEJ variation measured from Indian sector is used to serve as a proxy
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of daytime electric field. Such simultaneous variation of the nighttime vertical drifts and

daytime EEJ strengths for one night is shown in figure 4.14 for a non-ESF night over

Jicamarca. The temporal variation of the vertical drift on the nightside shows a clear

anti-correlation with the EEJ variation on the dayside. Similarly, in reciprocity, the vari-

ation in the EEJ over Jicamarca sector indicates the variation in the nighttime electric

fields over Indian sector.

Figure 4.15: Integrated EEJ variation for the duration 8-12 LT over Jicamarca is compared

with the reversal speed of EIA over Indian sector for the year 2014. The three nights when

the speeds are > 40 ms−1 are not considered in obtaining the linear fit and the correlation

coefficient.

In this background, we have attempted to explore the equatorial electrodynamic be-

haviour at opposite longitudes in simultaneity with those of our measurements over Indian

longitudes. In order to do that, we have considered the daytime EEJ strength integrated

for pre-noon (duration 8-12 LT for Jicamarca) as a proxy of the daytime equatorial F-

region over the American longitudes (Raghavarao et al., 1978; Hysell and Burcham, 2000).

We have compared this with the nighttime reversal speeds of the EIA crest obtained in

simultaneity using the optical measurements over the Indian sector as shown in figure

4.15.
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Figure 4.16: Same as figure 4.15 with different time duration.

As discussed earlier, the reversal of EIA depends on the variation of the nighttime

westward electric field, therefore, the speeds of the reversal of EIA have been compared

with the strength of the daytime EEJ at Jicamarca. It is remarkable that these two proxies

correlate very well (correlation coefficient of 0.78) (Saha and Pallamraju, 2022). Here, the

nights in the year 2014 when the EIA crest had reached the latitude of Mt. Abu as seen

in the emissions have been considered. On many nights in the year 2015, the EIA crest

did not reach Mt. Abu, most likely due to the decreased solar activity in 2015 compared

with 2014, and hence has not been included in this analysis. It should be mentioned

here that the three points with speeds greater than 40 ms−1 have not been considered for

the calculation of the correlation coefficient. The large deviation in the speeds on these

three nights could not be understood, at present, especially as these were geophysically
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quiet days and also as the rest of the values are around 30 ms−1 or less. For the sake of

completeness, we have compared and calculated the correlations between the integrated

EEJ over American longitudes with the reversal speeds for other time durations also, such

as 8-13 LT (corr. coeff. 0.74), 8-14 LT (corr. coeff. 0.68), 9-12 LT (corr. coeff. 0.74),

9-13 LT (corr. coeff. 0.7), and 10-13 LT (corr. coeff. 0.64) and it can be noted that they

all are positively correlated, which are shown in figure 4.16. It can be noted that they all

are positively correlated.

Figure 4.17: Same as figure 4.15 with including the data points of the year 2015 also. Most

of the data points show quite good linear relationship between the nighttime reversal speed

over Indian longitudes and the integrated EEJ strength over Jicamarca.

In figure 4.17, we have compared the reversal speed with the integrated EEJ strength

over Jicamarca including the nights in the year 2015. The correlation value between the

integrated EEJ and reversal speed is found of around 0.58 after including the nights of

2015 along with the nights mentioned in figure 4.15 for the year 2014. On many nights in

the year 2015, the EIA crest did not reach Mt. Abu, most likely due to the decreased solar

activity in 2015 as compared with that in 2014 which can be understood to may result in

the reduced correlation value as depicted in figure 4.17. It can be seen that most of the

data points depict nice linear relationship. As these are all geomagnetic quiet periods,
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therefore, geomagnetic disturbance effect cannot be cause for such deviation. Probably,

the contribution of electric field variation from other sectors (afternoon, midnight) is

different as well to maintain the
∮

E · dl = 0 condition. This possibility could not be

verified and would be explored in future.

The present results are particularly interesting as they show the experimental evi-

dence of the global nature of equatorial electric fields during the geomagnetic quiet time

periods. In doing so, two proxies for electric fields, integrated EEJ strength in the day-

time, and reversal speeds of EIA in the nighttime as seen in OI 630.0 nm airglow emissions

have also been characterized. The electric fields are extremely difficult to measure during

nighttime. Only measurements from an ISR located over the magnetic equator can yield

accurate information on the equatorial electric fields. However, it is practically impossible

to install an ISR over several longitudes around the globe. In contrast, it is more viable

to obtain the OI 630.0 nm nightglow measurements over a large FOV at different longitu-

dinal sectors, which could give information on relative variations in the electric field. It is

expected that simultaneous measurements of westward electric fields from ISR, Jicamarca

and estimation of reversal speeds in EIA as measured from optical emissions from the

same longitude sector will enable a direct comparison and enable quantification of the

EIA reversal speeds with the equatorial electric fields. Models and simulations studies

will also help in quantifying the extent of correspondence between the reversal speed and

nighttime electric field variations, which will be carried out in the future.

4.6 Summary

OI 630.0 nm emission data from a large FOV optical instrument, HiTIES, is used to

investigate the latitudinal movement of the EIA crest during the post-sunset time for

geomagnetic quiet conditions. During March (and towards the end of February), it has

been observed that the airglow emissions along the northern direction are larger after

sunset time as compared to those along the southern direction when viewed from Mt.

Abu. The ratios in emissions towards north and south directions have been investigated

as a consequence of equatorial electrodynamical phenomena, such as daytime integrated

EEJ, and the PRE strength of electric field. A good relationship between the vertical
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drift due to PRE in electric field at sunset time and N-S emission ratios in the nightglow

has been obtained. As the strength of the PRE increases, plasma rises to higher altitudes

over the dip-equator, and following the plasma fountain process, the plasma moves to

latitudes farther away and thereby the peak in EIA crest location is decided. As the

night progresses, the existing plasma is continually lost due to recombination resulting in

a decrease of emissions. The crest formed at the northern direction traces back towards

the equator, which, in turn, shows larger airglow emission values in the southern region

later in the night. The speeds of the reverse movement of the crest have been estimated

for different nights and are found to be varying in the range of 10–55 ms−1 with more

number of nights having values closer to the lower range. These were compared with the

variations in the equatorial PRE, solar flux, and seasons, but except for a weak trend in

decrease in speeds with the increase in solar flux, no clear correspondence was noted. The

primary reason for the variation in the speeds of reversal is interpreted to be the nocturnal

equatorial westward electric fields. Considering the data from other longitude sectors and

given the fact that the equatorial electric fields are global in nature (
∮

E ·dl = 0), we have

compared the reversal speeds in the EIA crest obtained from Indian longitude sectors using

optical emissions with the daytime integrated EEJ strength from Jicamarca in American

longitudes which is located in opposite sector. The pre-noon time EEJ strength over

Jicamarca shows good relationship with the observed reversal speed, which establishes an

empirical evidence to show that the observed variation in the equatorward movement of

the EIA crest is indeed due to the nighttime westward electric field. The present results

are particularly interesting as they show the experimental evidence of the global nature of

equatorial electric fields during the geomagnetic quiet time periods. In doing so, through

this work, the speeds of equatorward movement of the EIA emerge as a viable proxy

to determine the temporal behaviour of the nightly westward electric fields – which are

otherwise extremely difficult to obtain, and can have far reaching implications.



Chapter 5

Enhancement in OI 630.0 nm Nocturnal

Emissions during Post-sunset hours

5.1 Background

Different kinds of variability have been observed in the OI 630.0 nm nightglow emissions

as shown in figure 3.8 of chapter 3. After the sunset, due to the absence of ionization, the

emission rates decrease monotonically due to the recombination. In chapter 4, we have

discussed the variation in the latitudinal gradient of emissions in response to the PRE. In

this work, we found that the change in the north-south emission gradient from increasing

at the beginning of observation due to PRE strengths to decreasing with time after around

21 LT in response to the nighttime westward electric field. We have established that the

reversal speeds of EIA crest observed in the OI 630.0 nm nightglow measurements can

be used to infer the strength of nighttime (westward) electric field, which is otherwise

difficult to obtain. In the present chapter, we have discussed a different kind of behaviour

of the post-sunset enhancement as seen in OI 630.0 nm nightglow emissions. On several

occasions, we have observed an enhancement in the emissions which occurred typically

around 20-21 LT following the monotonic decrease in emission after the sunset. A total

of 142 nights of data corresponding to January, February, and March in the years 2013,

2014, and 2016, obtained from Mt. Abu are investigated for this study. The plasma can

be brought over the low-latitudes by the electrodynamic processes and meridional winds.

This chapter presents a detailed investigation on the role of equatorial electrodynamics

117
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and meridional winds in the nightglow emission variability as observed over low-latitudes.

This work has helped us to understand the cause of such behaviour in the emissions.

Variations in the magnitudes of such enhancement as a function of the solar flux and

seasonal variation are also discussed here.

5.2 Introduction

As discussed in chapter 1, the thermospheric-ionospheric system is coupled with each

other through various neutral and electrodynamic processes and shows intriguing be-

haviour. Over the years upper atmospheric phenomena and their variability have been

studied using the observation of airglow emissions, which act as a passive remote sen-

sor. Vertical coupling in the atmosphere (e.g., Laskar et al., 2013, 2014), wave activity

in the upper atmosphere (e.g., Chakrabarti et al., 2001; Pallamraju et al., 2010, 2014,

2016; Laskar et al., 2015; Karan and Pallamraju, 2017), mesospheric temperature and

wave dynamics (e.g., Vineeth et al., 2007; Lakshmi Narayanan et al., 2010; Singh and

Pallamraju, 2015, 2017; Narayanan and Gurubaran, 2013; Parihar and Taori , 2015), and

plasma irregularities in the ionosphere (e.g., Mendillo and Baumgardner , 1982; Shiokawa

et al., 2004; Martinis et al., 2009; Krall et al., 2010) have been investigated using such

optical emissions originating in the upper atmosphere.

The off-equatorial low-latitude regions are connected to the equatorial region through

the geomagnetic field lines. As discussed in the chapters 1 and 4, the equatorial electro-

dynamics, such as the EIA and PRE in the zonal electric field over the dip-equator can

influence the plasma distribution over the low-latitude regions (Raghavarao et al., 1978).

The EIA refers to the formation of two crests in ionization on either side of the magnetic

equator brought-in essentially due to the plasma fountain effect which results in a trough

in the electron densities over the magnetic equator in the daytime. This plasma distribu-

tion affects the airglow emissions as well over the low-latitudes (Karan et al., 2016). At

the time of sunset, on occasions, enhanced vertical drifts over the magnetic equator due

to the PRE in the electric field can cause a resurgence of the plasma fountain effect which

brings in additional ionization to latitudes further away from the equator in the evening

and night times (e.g., Klobuchar et al., 1991; Sridharan et al., 1993b). Latitudinal move-
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ment in OI 630.0 nm emissions have been observed (Sridharan et al., 1993b; Narayanan

et al., 2013) during nighttime due to the changes in such plasma distribution.

Meridional winds also play an important role in the distribution of plasma in the

low-latitude region, as a result the airglow emission rates vary. Conventionally, the ther-

mospheric winds have been calculated from the Doppler shifts in the night time OI 630.0

nm emissions (e.g., Meriwether Jr et al., 1985; Sridharan et al., 1991; Gurubaran and

Sridharan, 1993) and incoherent scatter radar (e.g., Salah and Holt , 1974). Alternatively,

estimation of meridional winds using ionograms from latitudinally separated locations

have also been reported in the literature (Miller et al., 1986; Krishna Murthy et al., 1990;

De Medeiros et al., 1997). The strengths of the daytime electric field, the EIA, the PRE,

and the neutral winds vary from day-to-day, with seasons, and solar activity during ge-

omagnetic quiet times. During geomagnetic disturbances, these phenomena can further

get modified by the changes equatorial electric fields due to both prompt-penetration and

disturbance dynamo processes, affect the background wind structures and electron densi-

ties globally (e.g., Salah and Holt , 1974; Mayr et al., 1978; Karan and Pallamraju, 2018;

Mandal and Pallamraju, 2020).

During daytime, photoelectron, photodissociation, and dissociative recombination

are the major mechanisms associated with the OI 630.0 nm airglow emissions, whereas,

in the nighttime, in the absence of solar photons, the emissions originated only due to the

dissociative recombination process. Therefore, the OI 630.0 nm emission rates decrease

monotonically after sunset. But, on several occasions enhancement in OI 630 nm emissions

have been reported during the midnight time. An increase in brightness of OI 630.0 nm

emissions has been observed during midnight temperature maximum events (Sastri et al.,

1994; Colerico et al., 1996; Colerico and Mendillo, 2002; Otsuka et al., 2003). But, there

are only a very few reports of observations on the enhancement in emissions during the

post-sunset time (Rao and Kulkarni , 1973). Conventionally, based on radio measurements

the strength of sunset time PRE in the electric field was thought to be responsible for

such post-sunset enhancement in TEC. However, except for a few case studies, there has

been no concrete experimental datasets in this regard. In this study, we present such

enhancements in OI 630.0 nm nightglow emissions on many occasions corresponding to

several months spread over different years from a low-latitudinal region. The behaviour

in airflow emission intensity variations could be different than those correspond to TEC,
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as these mainly correspond to the base of the F-region and typically of around 100 km

in width. The effects of both equatorial electrodynamics and meridional winds have been

investigated during geomagnetic quiet time to understand the observed variations in the

OI 630.0 nm nightglow emissions during post-sunset hours over the low-latitude location,

Mt. Abu.

5.3 Data sets used

The nighttime OI 630.0 nm airglow emissions have been observed using High Throughput

Imaging Echelle Spectrograph (HiTIES). The image processing and airglow extraction

methodology have been discussed in chapter 2. The typical nightglow variation in the

OI 630.0 nm nightglow emissions has been shown in figure 5.1 for one sample night of 27

January 2016. The solid red line shows the emission variation over the zenith of Mt. Abu.

The x-axis and y-axis show local time (LT) in hours and OI 630.0 nm emission rates in

Rayleigh, respectively. The SNR of the instrument varies in the range of 50.6 to 7.1 for a

signal brightness of 100 to 10 R, which has been discussed in section 2.3.1.5 of chapter 2.

Therefore, the uncertainty in the measurement typically varies in the range of 1-3 R as

shown in figure 5.1. Emission variations from the other two directions, north and south,

are depicted in orange dotted and blue dash-dotted lines, respectively, which can be seen

varying quite similarly with the emissions along the zenith.

OI 630.0 nm nightglow emissions have been estimated over Ahmedabad using a

photo-chemical model as described in chapter 3. The estimated nightglow emissions are

compared with the measured emissions over Mt. Abu, a location around 180 km away in

the northern direction from Ahmedabad. The dashed black line in figure 5.1 shows the

variation of the estimated OI 630.0 nm emissions over Ahmedabad. The uncertainties in

the estimated emission rates over Ahmedabad is calculated by incorporating the uncer-

tainties in the measured electron densities (around 2-6%) obtained from digisonde and the

models (around 15%) used are shown in figure 5.1. Since these two locations, Mt. Abu

and Ahmedabad, are situated close to one another, the variations in the measured and

estimated nightglow emissions from these two locations are compared with each other.

The measured and estimated emissions show quite a good correlation for all the other
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nights also.

Digisonde Portable Sounder (DPS4D) located at Ahmedabad (low-latitude location)

and Trivandrum (dip-equatorial location), has been used in this study. The digisonde

data from Trivandrum are used to calculate the strength of the PRE on all the days un-

der consideration during January, February, and March of 2013, 2014, and 2016. Further,

digisonde data of the non-ESF nights have been used to estimate meridional winds. Geo-

magnetic data over Indian sector are used to calculate the strength of EEJ. The strength

of EEJ over Indian longitudes has been calculated using the method described in section

2.5 of chapter 2.

5.4 Observation and results

In this study, we have used the OI 630.0 nm nightglow emission observation from a

low-latitude location over the Indian sector. Figure 5.1 shows the typical nightglow vari-

ation. After sunset, as the ionization stops, the emissions decrease monotonically due to

the recombination processes. The monotonic decrease both in measured and estimated

emissions indicates the decrease in electron density after the local sunset at both these

locations. The differences between the measured (over Mt. Abu) and the estimated (over

Ahmedabad) emission rates are most likely due to the location of the EIA crest region

closer to Ahmedabad. This can also be ascertained by the difference in emissions as ob-

tained by HiTIES, as the emissions towards the southern (dash-dotted line) side of Mt.

Abu (towards the EIA crest) are greater in magnitude than those measured towards the

northern (dotted line) side (away from the EIA crest), with intermediary values over the

zenith. Such discussion on the latitudinal gradient in the emissions and its variation over

the course of the night in terms of movement of the EIA crest has been presented in the

previous chapter 4. Further, it is seen on almost all the nights that the measured and

estimated emissions become nearly equal as the night progresses (as can be seen in Figures

5.2 and 5.4). A total of 142 clear nights of data during geomagnetic quiet time periods in

the months of January to March of the years 2013, 2014, and 2016 are considered for the

investigation of the ionosphere-thermosphere system.
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Figure 5.1: The variation of OI 630.0 nm emissions measured from Mt. Abu (solid red

line) and those estimated over Ahmedabad (dashed black line) are shown for a given night.

The distance between the southern and northern directions as viewed from Mt. Abu is

around 250 km.

In the present study, we have considered the zenith measurements of OI 630.0 nm

nightglow emissions as obtained from Mt. Abu. It has been observed that the emission

enhancement exists on 85 nights (around 60%) out of these 142 nights. The enhancement

in emissions during the post-sunset time are shown in figures 5.2a and 5.2b) for two given

nights, each in the years 2013 and 2014, respectively. Figure 5.2c shows a night without

having any post-sunset enhancement and figure 5.2d depicts variations in the nightglow

emissions on 51 clear nights, which shows enhancements in the post-sunset hours. The

variations have been shown for the duration of 18-24 LT. In figures 5.2a-c, the left-side

y-axis shows the OI 630.0 nm nightglow emissions in Rayleighs, whereas, the right-side

y-axis shows the base height of the F-layer in km over Ahmedabad. An enhancement in

the emission rates observed around 20 LT over Mt. Abu on 05 Jan 2013 is shown in figure

5.2a (solid red line). The estimated emission rates over Ahmedabad (dashed black line)

also show an enhancement around this time. The correlation coefficients is calculated

between the measured and estimated emissions during 19-24 LT for each night and is

shown in each of the panels of figures 5.2a-c. The variation in the base F-layer height
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Figure 5.2: Panels (a, b, c) show the measured (solid red line) and estimated (dashed

black line) emissions from the zenith of Mt. Abu and Ahmedabad, respectively along

with the base F-layer height (dash-dot blue line) over Ahmedabad for three given nights

of different years. Both Panels (a, b) show the presence of enhancement in emissions

during post-sunset hours, whereas, Panel (c) shows no such enhancement after sunset.

The correlation coefficients between the measured emissions at Mt. Abu and estimated

emissions at Ahmedabad during 19-24 LT are also shown. The variation in OI 630.0 nm

nightglow emissions for around thirty-eight nights with significant post-sunset enhance-

ments is depicted in panel (d).

(estimated from h’F) over Ahmedabad obtained from the digisonde is depicted in blue

dash-dot line. It may be noted that the height of the base F-layer is anti-correlated with

the variations in the emissions. As the base F-layer height increases (in the duration of

18.5-19.5 LT and after 21.5 LT in figure 5.2a), the electrons in the ionosphere are lifted

above the altitudinal region from where the OI 630.0 nm emissions peak, which results in

a decrease in the emission rates. Figure 5.2b shows enhancement in emission during the

post-sunset time for another night, 16 Jan 2014. The OI 630.0 nm emission rate shows

anti-correlation with the variation of the base F-layer height over Ahmedabad due to the
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same reason as discussed earlier. Figure 5.2c shows a monotonic decrease in emissions

from twilight time and the post-sunset emission enhancement cannot be observed. The

base height of the F-layer too did not show any significant changes on this night. All

the 51 nights of the year 2013, 2014, and 2016 which show enhancement in post-sunset

emissions are overplotted in figure 5.2d. The black solid lines, orange dashed lines and

the blue dash-dotted lines show the emission rates corresponding to the nights of the

years of 2013, 2014, and 2016, respectively (figure 5.2d). The enhancements in emissions

are observed mostly around 19-21 LT having a Gaussian-like shape. The emissions peak

typically 2-3 hours after sunset following the monotonic decrement in emissions. Emissions

in the year 2016 were faint (magnitudes are given on the right-side y-axis) as compared

to the other years, which can be understood to be due to a decrease in solar flux. The

magnitudes of emission enhancement have been observed to range between 270 to 15 R

depending on the solar activity. A few more examples (12 nights) for the nights which

show enhancement in emissions during the post-sunset time, are presented by taking four

nights for each of the years 2013, 2014, and 2016 in the figure 5.2e. The small data gaps

in the emission variation for the nights in the year 2013 are due to the presence of star

light within the FOV of HiTIES. The objective of this study is to understand the possible

cause behind this enhancement in emission as seen over Mt. Abu. We have investigated

the role of the equatorial electrodynamics and meridional winds to understand the cause

of such enhancement in emissions in the low-latitude region during the post-sunset hours

which have been discussed in the following.

5.4.1 The Role of daytime electric fields

The E-region electric field over the off-equatorial region is mapped over the equatorial

F-region through the geomagnetic field lines. In this section, we have studied the effect

of the daytime electric field on the nighttime emission at the time of enhancement in

emissions. The strength of the daytime electric field in the equatorial E-region ionosphere

is measured using the strength of EEJ as a proxy. The strength of EIA has been shown

to be proportional to the strength of daytime EEJ (Raghavarao et al., 1978; Karan et al.,

2016). In earlier works (Raghavarao et al., 1978), it has been shown that the strength of

integrated EEJ during the prenoon time correlates well with the daytime EIA strength.
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Figure 5.3: The Integrated EEJ values during 7-12 LT are compared with the integrated

nightglow emission rates for one hour duration centred at the time of peak emissions

(t1=Peak Time-30 min; t2 = Peak Time+30 min). The strength of EEJ do not show

good correlation with the integrated OI 630.0 nm emissions during the time of post-

sunset enhancements.

Such variations in equatorial electrodynamics cause the distribution of plasma over the

low-latitudinal region. Therefore, to explore if this is the cause, we have taken the area

under the curve of the OI 630.0 nm measured nightglow emissions during an hour keeping

the time of peak emission in the centre and compared with the integrated daytime EEJ

strength (as depicted in figure 5.3). The same nights mentioned in figure 5.2d are included

in this investigation. Figure 5.3 shows this comparison where in it can be clearly noted

that these two parameters are not correlated (the values of the correlation coefficient are

-0.68, 0.28, and 0.23 in the years 2013, 2014, and 2016, respectively). The enhancement

in electron density due to the development of EIA over the low-latitudes can take around

3 hours and it is quite understandable that the daytime electric field will have very little

effect on the nighttime emission rates. Still, for the sake of a complete understanding

of the effects of daytime electrodynamics on nighttime emissions, we have investigated



126 Chapter 5. Enhancement in OI 630.0 nm Nocturnal Emissions during Post-sunset hours

the variations in the EEJ strength and compared them with the nighttime emissions.

Therefore, the effects due to EEJ, if any, would be observed by the sunset time over Mt.

Abu location, and not beyond that time.

5.4.2 Role of Pre-reversal enhancement in electric field

The sunset time PRE in the electric field can restrengthen the EIA process. As a con-

sequence, plasma gets redistributed over the low-latitudes. These electrons can produce

significant airglow emissions through dissociative recombination in the nighttime. There-

fore, PRE is the possible factor for the enhancement seen in the post-sunset emissions

over the low-latitudes.

To investigate the effect of equatorial electrodynamics over a low-latitudinal location,

the variations in the base and peak of the F-layer heights and the time rate of change

of F-layer height over Trivandrum are considered. Figure 5.4 shows the OI 630.0 nm

measured and estimated emissions with varying magnitudes of post-sunset emissions (top

panel), F-layer height variation over Trivandrum (middle panel) and the time rate of

change of F-layer height d(h′ f )
dt at 5 MHz iso-electron density over Trivandrum (bottom

panel), which is proportional to the PRE in electric field (Goel et al., 1990; Woodman

et al., 2006) on a few sample nights. These nights are corresponding to the same months

in the year 2014 under quiet-time geomagnetic conditions. Therefore, it is expected that

the background condition will remain similar. The vertical solid yellow lines in the middle

and bottom panels indicate the local sunset time (at Trivandrum). The estimated OI

630.0 nm emission rates over Trivandrum are also shown in the middle panel of figure 5.4,

wherein a monotonic decrease in emissions is observed after the sunset, which is a clear

consequence of the upward movement of the F-layer after the sunset time. However, larger

emission enhancements are seen during the post-sunset time in the first three nights (10,

16, and 22 January 2014) over low-latitudes, wherein emissions as large as 400 to 240 R

have been observed at Mt. Abu. The data gap shown in the figure 5.4j, during 22-23.5

LT is due to the presence of moonlight in the FOV of the instrument, and the estimated

emission (dashed black line) confirms that there is no enhancement in emission during

that time. It is pertinent to note that the PRE is, conventionally, considered as the most

likely cause of such enhancements in nightglow over the low-latitudes. To investigate the
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Figure 5.4: Top row shows the measured (solid red line) and estimated (dashed black line)

OI 630.0 nm emission variations on four sample nights in the year 2014. The middle row

shows the base F-layer height (h′F) (solid black line) over Trivandrum, the dip-equatorial

location, for the same nights. The dashed blue line of the middle row shows the red

line emission rates estimated over Trivandrum. The bottom row shows the time rate of

change of the F-layer height (dh/dt) over the magnetic equator Trivandrum, which is

proportional to the strength of PRE in equatorial electric field. The x-axis of the bottom

panel is restricted to 16-20 LT as we are focused on the vertical drift during sunset time

only. The vertical lines in the middle and bottom rows show the time of ground sunset

over Trivandrum. To aid the eye, a horizontal dash-dot line is drawn for the plots in the

bottom row at 20 ms−1.

effect of equatorial electrodynamics in the nightglow emissions observed over the low-

latitudinal location, the variations in the F-layer heights and, more importantly, the PRE
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in electric field over Trivandrum has been calculated on these nights. As expected, the

base height of the ionospheric F-layer moves up (middle row) in the higher altitudes due

to both recombination of ionization in the bottom side and vertical drift due to the PRE

in electric field. To assess the extent of contribution of the PRE in electric field on each

of the nights the values of rate of change of F-layer heights (dh/dt) are shown in the

bottom panel. We have used 5 MHz iso-electron density contour in the estimation of

variation in PRE as this corresponds to the altitudes above 300 km over Trivandrum in

this duration, and therefore, the effect of recombination can be considered to be negligible.

To aid the eye a horizontal line is drawn at the value of 20 ms−1. It can be noted that

the PRE is the smaller on the nights 10, 16 and 22 Jan 2014 but shows enhancement

in OI 630.0 nm emissions whereas, the value of PRE is the largest on 14 Jan 2014 (the

rightmost column) among all the days in consideration but no enhancement in emissions

over Mt. Abu are observed. We have compared the dh/dt values with the magnitude of

enhancements (∆I), which is calculated by taking differences between the peak value and

the interpolated emission value at that time if the peak is not present (see top panel of

figure 5.4). ∆I values 270 R, 155 R, and 120 R, are obtained on 10 Jan, 16 Jan, and 22

Jan 2014, respectively. The dh/dt value for 16 Jan (23 ms−1) is higher compared to 10

Jan (20 ms−1), however, the ∆I is smaller on 16 Jan (155 R) compared to 10 Jan (270

R). As can be seen the PRE data on 14 January, in fact, showed the highest values (25

ms−1) of dh/dt among all the four nights, but did not show any presence of post-sunset

enhancement in emissions. The magnitudes of the drifts fall off sharply on all the days

after the sunset over the equator.

While these results are intriguing, in order to gain a greater understanding of the

systemic nature of nocturnal emissions, these investigations are extended to several nights.

In the year of 2014, we have found around 25 nights out of 34 clear nights during the

period January to March which showed post-sunset enhancement in emissions. The F-

layer vertical drift has been depicted for these nights in figure 5.5a. The red coloured

lines indicate the nights having enhancement in emissions, whereas the black coloured

lines indicate the nights where the enhancement in emission was absent. The vertical drift

values during the PRE do not show any contrasting picture for the cases with and without

post-sunset enhancements in emissions. There are several occasions where PRE values

are small though enhancements have been seen and several cases when no enhancements
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Figure 5.5: (a) F-layer vertical drift for total 34 nights during the period Jan-Mar in

the year 2014. The red and black solid lines indicate the nights with and without hav-

ing enhancement in emissions, respectively. (b) The magnitude of enhancement (∆I) is

depicted with the strength of PRE, which has been calculated by taking ±15 minutes

average around the peak PRE. ∆I values are put to zero for the nights when there is no

enhancement in emissions observed.

in post-sunset emissions are seen even though there are presence of large magnitude of

vertical drift in PRE. The magnitude of emission enhancement (∆I) and the average

vertical drift during the PRE is shown in figure 5.5b. It can be noted that ∆I does not

show a viable relationship with the strength of PRE. The ∆I values have been marked

as zero for the nights which did not show enhancement in emissions. A similar kind of

exercise has been carried out for the nights from 2013 and 2016 also (figure 5.6). Total
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Figure 5.6: Same as plotted in figure 5.5a but for the years 2013, 2016.

21 nights have been plotted based on the clear sky conditions and data availability from

ionosonde at Trivandrum for the years 2013 and 2016. Similar to the year 2014, no

contrasting picture can be seen with the strength of PRE for these nights also. The

observation of enhancement in emissions, the magnitude of enhancement, and the vertical

drift over the dip-equator bring out a clear indication that the vertical drift during the

sunset time, which is equivalent to the PRE in electric field is not the main factor which is

responsible for such post-sunset enhancement in the OI 630.0 nm emission observed over

low-latitudes, as has been considered conventionally.

5.4.3 Role of Meridional winds

The sence and magnitude of the meridional winds can also cause plasma distribution over

the low-latitude regions. The effect of the equatorward and the poleward meridional winds

(either transequatorial or otherwise) is depicted in figure 5.7 which can be seen effective

on the movement of plasma at different latitudes. In the presence of meridional wind of

speed U, plasma drifts along the geomagnetic field lines with an effect of U cos I, where, I is

the dip angle at that location. Therefore, the plasma moves vertically upward/downward

direction depending on either equatorward/poleward meridional wind (Rishbeth, 1977).
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As seen in the observation (figure 5.2) and described above, upward movement of the

F-layer causes a decrease in OI 630.0 nm emissions over Mt. Abu as the available electron

density in the altitude region of airglow emissions are reduced. Similarly, a downward

movement of the plasma causes an enhancement in the emissions as it brings in more

electrons in the altitude region of emissions. As described above and shown in figure

5.7, this upward/downward motion in the F-region can be caused by equatorial/poleward

meridional winds. Hence, the change in meridional wind is an extremely potential factor to

cause the enhancements in the 630.0 nm nightglow emissions. As there is no measurement

of neutral wind from this location during this period, we have estimated the relative

variation in the meridional winds using the ionospheric data from two locations. They

are Ahmedabad, a low-latitude location, where we want to estimate the meridional winds,

and Trivandrum, a dip-equatorial location. From figure 5.7 we note that meridional winds

do not contribute to a change in the F-region height over the magnetic equator owing to

the horizontal nature of the magnetic field lines, whereas, for any latitude away from the

equatorial latitudes (> ±3◦), the ionospheric heights do get affected by the presence of a

meridional wind.

Meridional wind

Plasma drift

Transequatorial wind

(AMD/

Mt. Abu)

U cos I sin I

U cos I sin I

Dip-equator

U cos I

U cos I

UU

B

North South

Figure 5.7: Schematic showing the movement of ionospheric plasma in response to merid-

ional winds (Adapted from Rishbeth (1977)).

The vertical movements of the F-layer at any location are caused due to three factors,
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the E×B drift, meridional winds, and plasma diffusion, and they are expressed as,

V =Vd cos I −U cos I sin I −Wd sin2 I (5.1)

where, Vd is the vertical E×B drift over the dip-equator, U is the meridional wind taken

as positive in the poleward direction, Wd is the plasma diffusion, and I is the dip angle.

The dip angle is zero at the magnetic equatorial location, therefore, to the first order, the

measured vertical drift of the F-layer corresponds to only E×B drift (Vd).

By rearranging the terms in equation 5.1, the meridional wind (U) at a given location can

be written as,

U =
2Vd cos I −V

sin2I
−Wd tan I (5.2)

However, the measured vertical drift is the sum of true vertical (E×B) drift (Vtrue) and

apparent vertical drift (Vapparent). Vapparent results due to the recombination of charges

at lower altitudes of the ionosphere, as also discussed above, and can be estimated as a

product of the rate of recombination coefficient β and scale height H. If, (VT )meas, βT HT ,

and (VA)meas, βAHA represent the measured and apparent vertical drifts at Trivandrum

and Ahmedabad, respectively, then, (VT )meas, (VA)meas, can be written as,

(VT )meas = (VT )true +(VT )apparent (5.3a)

(VT )meas = (VT )true +βT HT (5.3b)

(VA)meas = (VA)true +(VA)apparent (5.3c)

(VA)meas = (VA)true +βAHA (5.3d)

Therefore,

(VT )true = (VT )meas −βT HT (5.4a)

(VA)true = (VA)meas −βAHA (5.4b)

Now, (VT )true is equal to the E×B drift over the equator (Vd). Therefore, using equations
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Figure 5.8: Variations in the measured 630.0 nm emissions (solid red lines) over Mt.

Abu and the relative variations of meridional winds (dashed blue lines) calculated over

Ahmedabad (positive poleward) are shown. The horizontal dotted lines indicate the

zero value of the meridional wind. The correlation coefficient between variations in the

measured emissions and estimated meridional winds are also shown in each of the panels.

5.4a and 5.4b, and V for (VA)true, in equation 5.2, the expression becomes,

U =
2((VT )meas cos I)

sin2I
− 2(βT HT cos I −βAHA)

sin2I
−Wd tan I (5.5)

H is calculated as N dH
dN (Subbarao and Murthy , 1983), wherein, we have used two frequen-

cies 2.0 MHz and 2.5 MHz in the calculation of meridional wind over Ahmedabad. The

ionospheric altitudes of these frequencies represent the ionospheric altitudes of around

250 km, the typical nightglow emission altitudes of OI 630.0 nm emissions. The value of

dip angle (I) corresponding to the years under consideration is taken from IGRF model

(http://wdc.kugi.kyoto-u.ac.jp/igrf/point/index.html). The uncertainty in the

calculation of meridional wind has been computed to be ±23.7 ms−1 considering the un-

certainty in the measurement of height from the digisonde to be of 5 km and a data

cadence around 7.5 min, mentioned in the figure 5.8 at 45 minutes interval.

This approach had been demonstrated earlier using the digisondes at Trivandrum

and SHAR (Krishna Murthy et al., 1990) over Indian longitudes. In the present work as

http://wdc.kugi.kyoto-u.ac.jp/igrf/point/index.html
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the geomagnetic quiet times are considered (Ap < 20), we assume that there are no inter-

locational changes in the neutral temperature and that the electric field variation until

the EIA crest location that changes little or to be a cos I factor of that of the equatorial

region. Under these assumptions, we obtain the relative variations in meridional winds

at the thermospheric altitudes using this method (Saha et al., 2021). Incidentally, one of

the recent results on the influence of equatorial electric field on the OI 630.0 nm dayglow

variation in the range of 5◦-18◦ magnetic latitude showed that there was a small variation

in the electric field (as seen with the EEJ as a proxy) at least until the EIA crest latitude of

EIA (Kumar et al., 2022b). The results reinforce the assumption made earlier to obtain

the information on the meridional wind by this indirect method in the present study.

Considering the lack of true information on the magnitudes of other parameters such

as the thermospheric temperature and electric field, the present method can only yield

information on the relative variations in winds and not their absolute magnitudes. With

this understanding, let us now explore as to how these relative variations in meridional

winds compare with those of the measured airglow emissions.

As discussed earlier, Mt. Abu and Ahmedabad are two nearby locations, and the

variability in estimated emission rates over Ahmedabad show an excellent relationship

(correlation coefficient > 0.9) with the measured emission rates over Mt. Abu. With this

background, one can compare the variations in the meridional wind over Ahmedabad with

that of the measured OI 630.0 nm emissions over Mt. Abu. These are shown in figure

5.8 for several nights in the years 2013, 2014, and 2016 including those depicted in figure

5.4. The x-axis shows the local time, and the left side y-axis shows the emission rates in

Rayleighs. Please note the differences in the ranges of left side y-axes between the top

and the bottom panels. The right-side y-axis depicts the derived relative meridional wind

values. The small gaps in the measured emissions on some nights refer to the removal of

data due to the presence of star light (in figures 5.8a, 5.8b) and moon light (in figures 5.8c,

5.8d) in the FOV. The daytime poleward meridional winds turn equatorward after the

sunset. Qualitatively, these plots show that there is an association of enhancement in the

emission in the post-sunset time with the turning of meridional wind from equatorward

to poleward or cessation of equatorward directed winds. In the similar way, when the

meridional winds again turn in the equatorward direction, the nightglow emission rates

start decreasing (figures 5.8). As discussed earlier, the poleward wind brings down the
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F-layer height, causing the peak of the F-layer to move down, thereby bringing larger

densities in electrons to the emission altitudes of the OI 630.0 nm emissions resulting in an

enhancement in emissions as measured in our data. It may be noted that the correlation

coefficients calculated between the measured emission rates and estimated meridional

winds are high (in the duration of 19-22 LT) as shown in these plots. In some cases,

time differences between the measured airglow emissions in response to the meridional

wind variations have been observed to be varying from around 15 to 45 minutes, which

could be due to the small spatial distance between Mt. Abu and Ahmedabad. Also,

physical parameters, such as plasma lifetime, diffusion constant, ion-drag, and viscous-

drag can create time delays in the response of the ionosphere with the imposed meridional

wind. Beyond 22 LT, the electron density becomes so small that meridional wind does

not have any perceptible effect on the airglow emission variabilities, especially during the

geomagnetic quiet and non-ESF nights that are considered here.

In spite of the independent nature of these two datasets, namely, one being measure-

ments of optical OI 630.0 nm airglow emission variability over Mt. Abu and the other

being relative meridional wind variations obtained by digisondes at two locations, the

high correlation (many of the cases, the correlation coefficient values are more than 0.75)

between them is remarkable and reinforces the proposition that the cause of the variability

in the measured OI 630.0 nm emission brightness over low-latitudes in the post-sunset

time during geomagnetic quiet times is most likely due to the variation in the meridional

winds.

5.5 Discussion

In this study, we have investigated the plausible cause of the enhancements as seen in the

measured airglow emissions during the post-sunset time over the low-latitude location,

Mt. Abu. The first possible cause that we pursued to explain the emission enhancement

is the PRE in electric field over the magnetic equator which did not show any contrasting

behaviour between the nights with and without post-sunset emission enhancements. It is

interesting to note the contrast between the ratio in N-S nightglow emissions being larger

for higher PRE values as discussed in chapter 4 and the post-sunset emission enhancement
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over Mt. Abu not showing any clear relation with PRE as described in this chapter.

However, it is seen that the emission enhancements were sensitive to the variations in the

meridional winds. While discussing about the meridional winds, there are two aspects

that are implicit in it, one is the sense of winds and the other is the electron densities that

are present at that given time. From figure 5.8, it can be readily noted that the changes

in the magnitude of meridional winds from equatorward to poleward portray almost good

relationship with the emission enhancements as seen by the correlation coefficient values.

‘Almost’, because the electron density is also involved. Sufficient electron number density

is required for significant changes to be seen in the nocturnal emissions. This is the reason

why near or after midnight, the emission variations do not correlate with the variations in

the calculated meridional winds, as the electron number density is very low. The values

of the electron densities are proportional to the solar flux. The solar flux values in the

present study were such that they can be considered to represent moderate, high, and low

solar activity periods in the years 2013, 2014, and 2016, respectively. Thus, the results

obtained in this study are independent of the variation in solar flux. Nevertheless, the

changes in the meridional winds correlate well with the variation in the measured airglow

emission enhancements during the post-sunset time. For example, in figures 5.8c and

5.8e, during the post-sunset time, relative changes in meridional winds from equatorward

to poleward are quite similar, however, the magnitude of emissions are different (400 R

and 230 R). This is explained to be due to the higher solar flux on 10 Jan 2014 (solar

flux unit, sfu, of 170; sunspot number: 137) (1 sfu= 10−22 W m−2 Hz−1) compared to

16 Jan 2014 (sfu of 117; sunspot number: 80). The digisonde measured electron densities

at 250 km at the time of peak emissions were 2.34 × 106 and 1.3 × 106 cm−3 on these

two nights. It is striking to note that all these parameters, namely, sunspot number and

electron densities are scaled by a value of around 1.7, which is also similar to the observed

emission brightness.

The electric field variation over low-latitudes is considered to be proportional to

the equatorial electric field. Any small deviation from this proportional behaviour in the

equatorial electric field may contribute to the small additional ionospheric height variation

over the low-latitudes. As the geomagnetic quiet time is considered in the present study,

the equatorial electric fields are not expected to change irregularly. In any case, there is no

way to ascertain such variations, if any, in the electric field at such high temporal cadence,
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Fig. 1. 28/29 September 1984 (World Day 272) observations of thermospheric wind, 630.0 nm kinetic temperature, and 
relative intensity (log•o) for the directions North, South, zenith, East, and West, respectively. Northward and eastward 
winds are positive. 

aperture exit plate designed to transmit light from several inter- 
ference orders increases the sensitivity by a factor of four over 
that provided by a central aperture instrument [Biondi et al., 
1985]. The measurements of the spectral profile of the 630.0 
nm emission were obtained by sweeping the Fabry-Perot etalon 
chamber in pressure with argon gas through 60% of one order in 
about 30 s, and successive up/down scans were summed sepa- 
rately in the mini-computer memory. The pointing head of the 
instrument was directed by the computer to look, in succession, 
towards the four cardinal positions at 30 ø elevation and vertic- 
ally. Observations in a given direction are terminated either 
after reaching a signal-to-noise ratio yielding a precision of 
15-25 m/s in the velocity determination or after a specified 
number of pressure scans have been completed. 

Figure 1 presents the observed thermospheric winds, temper- 
atures, and intensities seen for the five geographic directions of 
North, South, East, West, and zenith on 28/29 September, 
1984, World Day 272. The sensitivity of the interferometer was 
not calibrated absolutely, so only relative intensity values are 

shown. The most striking feature in Figure 1 is that, between 21 
and 24 h LT, the usually small (< 50 m/s) meridional wind 
increased to a speed of about 100 m/s both North and South of 
Arequipa. During this equatorward flow, there was a decrease 
in the 630.0 nm surface brightness at the latitude of Arequipa by 
a factor of 2.1 (see the Z, E, and W observations in Fig. 1) and 
by an even larger factor, 3.7, poleward of Arequipa (see the S 
observations). While the neutral temperatures Tn measured in 
the N, Z, E, and W directions remained at a level of 1050-1100 
K during the equatorward flow, the S observations showed a 
300 K increase in Tn at this time. The zonal velocity of the 
thermospheric wind was eastwards until local midnight and 
became westwards in the early morning hours between 2 and 5 h 
LT; this result agrees with the seasonal behavior of the Are- 
quipa zonal winds reported by Meriwether et al. [1985] and 
with the expectation of zonally-converging winds associated 
with the midnight pressure bulge formation [Mayr et al., 1979]. 

Other observations obtained during late September and early 
October 1984 also detected the evening transient in the 

LOCAL TIME 

Fig. 2 Meridional winds, kinetic temperatures, and the 630.0 nm relative intensity (log•o) for four nights in late September 
and early October, 1984 for the South direction only; World Day numbers are given. Figure 5.9: : Meridional wind (northward positive), kinetic temperature, and OI 630.0

nm relative intensity for four nights in the year of 1984 over south side of Arequipa, 7◦S

Mag, are shown (Meriwether Jr et al., 1985). The days of year of these observations are

mentioned in the top panel.

as no studies exist on these aspects so far over low-latitudes. However, there are several

numbers of evidence in the literature that showed the meridional winds do change over

short timescales of an hour using ground-based measurements (e.g., Meriwether Jr et al.,

1985). Figure 5.9 shows the interferometric measurements of thermospheric winds, neutral

temperature, and OI 630.0 nm nightglow intensities over the south side (7◦ dip latitude)

of an equatorial station Arequipa, Peru (16.2◦S, 71.4◦W, 3.2◦S Mag) (Meriwether Jr

et al., 1985). The numbers shown in the top panel correspond to the DOY of the year

1984. The observation shows the presence of northward (equatorward) wind around 21

LT over this southern hemispheric location. Simultaneous measurement of OI 630.0 nm

emission intensity shows depletion in emission during that time. The lack of emission

intensity caused due to the uplift of ionospheric height near the dip-equator is consistent

with the model studies. But, in this report, the rise of ionospheric height caused by

the equatorward wind as the vertical drift due to PRE will not be significant during

this low solar active year (Fejer et al., 1979). The similar observation during the winter

solstice (April-June) over there showed the presence of poleward wind and the OI 630.0

nm emissions showed an increase in nature during the post-sunset hours (Meriwether

et al., 1986). The measurements from Mt. Abu carried out during Feb 1991, using a
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Figure 5.10: The measured thermospheric parameters, like, temperatures, wind and peak

F-layer height have been depicted for two nights, 11 Feb and 13 Feb 1991. The thermo-

spheric temperature is shown in the top panel. The measured meridional wind using the

Doppler shift of OI 630.0 nm emission in Fabry-Perot interferometer is shown in middle

panel. The bottom panel shows the height variation of peak F-layer. (After Gurubaran

and Sridharan, 1993)

Fabry-Perot spectrometer (Sridharan et al., 1991), showed the presence of poleward wind

in the post-sunset time with a magnitude of around 100-150 ms−1 that varied within

1-2 hours duration (Gurubaran and Sridharan, 1993). The variation of thermospheric

temperature, meridional wind, and F-layer height for the nights 11 Feb and 13 Feb 1991

are shown in figure 5.10 (Gurubaran and Sridharan, 1993). It is interesting to note that

the measured wind values are poleward in nature during the post-sunset period, around

21-23 LT. Whenever the wind is in the poleward direction, the peak F-layer height comes

down to the peak emission altitudes of OI 630.0 nm emissions. As we discussed earlier,

more number of electrons that are brought down in this way cause the enhancement in

emission. Simultaneous decent of F-layer and the enhancement in emission are observed

in the present study (figure 5.2). After midnight, as the electron density becomes low,
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the emission rate cannot increase due to lack of sufficient electron density. Even, the

observation of these two nights as shown in figure 5.2 shows that although there is presence

of poleward wind in the post-midnight time, the peak F-layer height did not reach down to

the peak emission altitudes. These can be the possible reasons for the absence of emission

enhancement in the post-midnight time. Many other ground-based observations from

different locations also showed variations of meridional wind in short time scales ranging

from a fraction of an hour to a couple of hours (Meriwether Jr et al., 1985; Harper , 1973;

Biondi and Sipler , 1985).

The magnitude of enhancements in emissions have been compared with the solar flux

variations which are depicted in figure 5.11 including a total of 51 nights those mentioned

in the figure 5.2d. We have plotted the enhancement in emissions (∆I) as a function of

solar flux variations in figure 5.11a. It is interesting to note from figure 5.11a that the

enhancement in emissions is reasonably correlated with solar flux. As we have seen above

in Figure 5.8 that the enhancement in electron densities is related to the increase in solar

flux, which varied from 90 to 210 sfu. As the average background emission also increases

with increasing solar flux, we have calculated the percentage enhancements in emissions

[(∆I/I) ×100] which remain independent of the variation in solar flux as shown in figure

5.11b. As this percentage variation in ∆I/I is reasonably free from the background solar

flux, these variations for three different years have been compared as a function of the day

of year (DOY) in figure 5.11c to investigate the seasonal variations in them, if any. Here we

have considered January 1 of each year as the DOY = 1. It is seen that, in general, there

is a decrease in the percentage enhancement in emissions from Jan 1 to Mar 30. Poleward

winds over Ahmedabad at 20 LT, a representative time of the observations in emission

enhancements, obtained using the HWM-14 (Drob et al., 2015) are also plotted (solid

red line). Being a climatological model, a night-to-night comparison is not possible from

HWM-14 derived wind values, however, the broad seasonal trend in them as a function of

the DOY (season) can be readily noted. This decrease in poleward winds is consistent with

the decrease in ∆I/I in post-sunset emissions as measured over a low-latitude location. We

further compare these variations with the model values of vertical drifts at the post-sunset

time as presented by the vertical drift model (Fejer et al., 2008). The sunset time vertical

drift values for the winter solstice and equinox times are considered and are overplotted

in Figure 5.11c (dashed line). As it is known, the PRE values are larger in the equinoxes
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Figure 5.11: The variation of magnitude of enhancement (∆I) and percentage enhancement

in emissions [(∆I/I) ×100] with solar fluxes are shown in top two panels for the nights as

depicted in figure 5.2d. Panel c shows the percentage variation in (∆I/I) with day of year

for three different years.

as compared to the winters, which is in stark contrast with the observed values of ∆I/I.

There have been reports with observations of enhancements in thermospheric air-

glow emission intensities during post-midnight time. An increase in temperature was also

observed simultaneously at that time (midnight temperature maximum, MTM) (Herrero

et al., 1983; Herrero and Spencer , 1982; Otsuka et al., 2003; Sastri and Rao, 1994; Co-

lerico et al., 1996). The upward propagating semidiurnal tides was shown to be causing

the MTM in TIEGCM model simulation (Fesen, 1996). The MTM amplitudes obtained

from the model output estimated much smaller values as compared to the observed val-

ues. The absence of terdiurnal component of the tidal forcing in the TIEGCM model



5.5. Discussion 141

is probably hindering to obtain more accurate result. The passage of a brightness wave

was observed in association of MTM, turning of meridional winds from equator to pole-

ward direction, and local minima of zonal neutral winds (Colerico et al., 1996; Colerico

and Mendillo, 2002). As a consequence, the peak height of the ionospheric F-layer falls

below to 300 km which is known as post-midnight collapse. Coordinate measurement of

two nights found great correlation with the thermospheric winds and F-layer height vari-

ation over India longitudes. FPI measurement over Kavalur (9.5◦N Mag) observed the

MTM phenomena and at the same time, midnight collapse was observed over Ahmedabad

(26.3◦N Mag) (Sastri and Rao, 1994). The estimated meridional wind using the ionosonde

data of Trivanrum (0.6◦N Mag) and Sriharikota (10.5◦N Mag) observed presence of signif-

icant poleward meridional wind during that period (Sastri et al., 1994). The enhancement

in emission during post-sunset hours as observed in our study is also supported by the

poleward meridional wind. Therefore, it is probably similar to such midnight phenom-

ena. Further detailed study will be required to understand the cause for the increase in

temperature and generation of the poleward wind.

In conclusion, considering all the observational datasets, namely, (i) ionospheric F-

region height variations over Trivandrum and Ahmedabad, (ii) PRE in electric field over

the magnetic equatorial location (Trivandrum) in Indian longitudes, (iii) measured col-

umn integrated OI 630.0 nm emissions variations over Mt. Abu, a low-latitude location,

(iv) the column integrated emission rates estimated using digisonde measured electron

density over Ahmedabad and Trivandrum, and (v) the relative meridional wind variations

derived from the measured values of electron densities at separate latitudes during the

geomagnetic quiet time periods, it seems that the observed enhancements in nighttime

OI 630.0 nm nocturnal airglow emissions over Mt. Abu in the post-sunset period are

due to the variations in those of meridional winds for all solar flux conditions. Typically

the meridional winds are equatorward after the sunset. On occasions of enhancements

in emission, the presence of poleward meridional wind has been noted. This reversal in

meridional winds could be due to a pressure bulge in the equatorial thermosphere induced

by the increase in local temperature. The poleward winds bring down the height of the

F-layer to lower altitudes and as a consequence enhancements in OI 630.0 nm nightglow

emissions are seen. The decrease in the observed percentage enhancement in emissions as

a function of DOY (from Jan to Mar) further reinforces the role of meridional winds in
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the post-sunset emission enhancement as the nature of variation in the model meridional

winds is similar (representing the changing seasons from winter to equinox).

What is presented here is the circumstantial evidence of the significant role played by

the meridional winds in causing the observed OI 630.0 nm emission enhancements in the

post-sunset hours. Measurements of neutral winds from the same location at an earlier

time and also from other longitudes do show that the meridional winds do change in

their magnitudes (and direction) in short times scales (half an hour to a couple of hours’

duration). Simultaneous Fabry-Perot interferometric measurements of neutral winds and

temperatures are planned in the future from Ahmedabad/ Mt. Abu, which will enable

quantification of the calculated meridional winds from the digisonde measurements as

described in this study. Such a study will also enable the assessment of the relative

contribution of winds and the PRE in governing the OI 630.0 nm emission variability in

such low-latitude locations on a night-to-night basis.

5.6 Summary

The enhancement in OI 630.0 nm nocturnal emissions during the post-sunset hours were

observed on several nights from Mt. Abu as well as in the estimated OI 630.0 nm emis-

sions over Ahmedabad. The day-to-day variation in the equatorial electrodynamics and

the meridional wind have been investigated to understand the possible causes for the ob-

served post-sunset enhancement in the OI 630.0 nm nightglow emissions over a period of

three years during geomagnetic quiet time period. The strength of the daytime EEJ do

not show any relationship with the integrated nightglow emissions during the interval of

time when enhancements are seen. Variations in the base of F-layer height and the PRE

in electric field over an dip-equatorial location, Trivandrum, have been studied around the

sunset time, and they too do not show any contrast in their behaviour between the nights

with and without post-sunset enhancement in the OI 630.0 nm nightglow emissions. In

this background, it is proposed that the poleward meridional winds can suitably explain

the post-sunset enhancement in OI 630.0 nm emissions over Mt. Abu. Whenever the

meridional wind turns poleward from the equatorward direction or cessation in the equa-

torward wind occurs, a clear enhancement has been noticed in the measured OI 630.0 nm
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nightglow emissions during post-sunset hours over the low-latitude location. The mag-

nitudes of the enhanced emission depend on the number density of electrons present at

those altitudes from where the emissions originate. The variabilities in the OI 630.0 nm

emissions correlate well with the estimated relative variation in meridional wind on all

of the nights on which radio data were available over Trivandrum during non-ESF and

geomagnetic quiet times. These variations in emission enhancements are also consistent

with those in the model meridional winds, which add strength to the conclusion arrived at

in this study. The observations of emissions spanned over the years 2013, 2014, and 2016

with varying solar activity, which asserts that the results are independent of the solar flux

variation.
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Figure 5.12: Plasma distribution over the low-latitudes is shown in this schematic. The

equatorial electrodynamics and the ambipolar diffusion bring the plasma over the low-

latitudes from the dip-equator through the geomagnetic field lines. Whereas, the poleward

winds push down the plasma at the lower altitudes. Such dynamics are used in the

understanding of the variabilities observed in the OI 630.0 nm nightglow emissions over

the low-latitudes as discussed in chapters 4, 5, and 6

.

Figure 5.12 shows the effect of plasma distribution over the low-latitudes caused by

the equatorial electrodynamics and meridional winds is seen in the OI 630.0 nm nightglow

emissions measured over there. The northward geomagnetic field lines are shown in blue

lines. The plasma lifts up by the E×B drift in the equatorial plane at higher altitudes and

mapped over the low-latitudes through the geomagnetic field lines following the ambipolar

plasma diffusion. The increase in emissions at different latitudinal locations over the low-
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latitudes depends upon the strength of PRE which decides the altitudes up to which

the plasma can be uplifted over the dip-equator and the location of the crest of EIA

after the sunset time as discussed in chapter 4. The downward movement of the plasma

brings downs due to the poleward meridional winds enhances the electron density at the

emission altitude of OI 630.0 nm emissions. As a consequence, the enhancement is seen

in the nightglow emissions during the post-sunset time which is discussed in this chapter.



Chapter 6

Investigation of Equatorial Plasma Bub-

bles as seen over low-latitudes

6.1 Background

Different kinds of variabilities have been observed in OI 630.0 nm nightglow emissions

as shown in figure 3.8 in chapter 3. The poleward and equatorward movements of the

EIA crest for which sunset and night time electric fields are found to be responsible,

respectively are shown in chapter 4. Chapter 5 presents the enhancements observed in

OI 630.0 nm emissions during the post-sunset time over several years and suggests the

poleward meridional winds as the cause for such enhancements. In this chapter, we will

discuss the excursions in emissions as observed over Mt. Abu as shown in figure 6.1.

These fluctuations in emissions are caused by the equatorial plasma bubbles (EPBs) as

they appear within the FOV of HiTIES. The EPBs are generated over the dip-equator

during the sunset time, get mapped over to the low-latitudes through the geomagnetic

field lines and contribute to the nightglow emissions over low-latitudes. Simultaneously,

the irregularity in ionosphere as seen in the abrupt variation of the electron densities

also spotted. Such fluctuations in the plasma densities/ plasma density gradients pose

practical difficulties in satellite-based communication and navigation. Due to far-reaching

consequences that the plasma fluctuations have on societal applications, this motivates the

scientific community working in the ionospheric studies to understand these phenomena

in greater detail. The uplift of the plasma bubbles over the dip-equator depends upon the

145
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strength of vertical drift during sunset time. The heights to which the plasma bubbles

reach, govern the latitudinal extent of these plasma depletions over low-latitudes (Abadi

et al., 2015; Tulasi Ram et al., 2006). The occurrence of EPBs and their movement

varies with respect to solar flux and seasons. Although many of the aspects of the EPBs

are well understood, still, the day-to-day variability is a subject of critical investigation.

Gravity waves are thought to be one of the major factors that are responsible for the

seeding of Rayleigh-Taylor instability. The inter-bubble separations as observed over the

low latitudes have been shown to be the horizontal scale sizes of the gravity waves (Makela

et al., 2010; Das et al., 2020). In this context, we have studied the zonal scale sizes as

obtained from OI 630.0 nm nightglow emissions over an off-equatorial location in addition

to other dynamical phenomena, such as latitudinal extent, zonal speed of EPBs and the

zonal scale sizes of the gravity waves present on the EPB nights.

6.2 Introduction

Equatorial ionospheric spread-F can extend to large spatial distances in latitudes which

causes significant difficulties for trans-ionospheric radio wave propagation. Some of the

manifestations of these irregularities are: the spread in reflected echoes (spread-F) of radio

frequency as seen in ionograms (ESF), plasma bubbles as seen in optical imagers, plasma

plumes as observed using radars, and plasma scintillations as seen in VHF and GPS

measurements among others (e.g., Farley et al., 1970; Woodman and La Hoz , 1976; Basu

and Kelley , 1977; Abdu et al., 1983; Kelley , 1985; Takahashi et al., 2001, 2021; Sekar et al.,

2007, 2008; Huang et al., 2013; Patra et al., 2014; Abadi et al., 2015; Huang and Roddy ,

2016; Sivakandan et al., 2019). In chapter 1, we have discussed the generation of bubble-

like structures through the generalised Rayleigh-Taylor instability (RTI) which, to the

first order, is understood to be responsible for the generation of such plasma irregularities

over the magnetic equator (Balsley et al., 1972; Kelley , 1985). The development and the

growth rate of those EPBs depends upon the ambient electric field, neutral winds, ion-

neutral collisions, etc. ESF shows large seasonal, solar flux, and day-to-day variabilities

(e.g., Abdu et al., 1981; Tsunoda, 1985; Maruyama and Matuura, 1984; Sridharan et al.,

1994; Pimenta et al., 2003; Jyoti et al., 2004; Makela et al., 2004; Huang and Roddy ,
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2016; Sivakandan et al., 2019). Detailed studies on the conditions of precursors in the

ionosphere-thermosphere regions are needed for a greater understanding on the generation

of ESF. Gravity waves are observed in many cases to be dominant seed perturbation in

the bottomside F-layer and generates plasma irregularities which can evolve with a scale

of several hundreds of km (e.g., Röttger , 1981; Kelley et al., 1981; Hysell et al., 1990,

2014; Huang and Kelley , 1996; Fritts and Vadas , 2008; Takahashi et al., 2009; Abdu et al.,

2009; Makela et al., 2010; Narayanan et al., 2012; Patra et al., 2013; Aa et al., 2020; Das

et al., 2020, 2021; Mandal et al.). Both, large-scale wave structures (LSWS) (Tsunoda,

2005; Thampi et al., 2009; Tsunoda et al., 2010) and small-scale wave structures (SSWS)

(Narayanan et al., 2012; Sekar et al., 2001) have been observed to be present in the scale

sizes of the EPBs. However, a comprehensive understanding of the seed perturbation of

the EPBs is not yet understood comprehensively. The study of the required scale sizes,

the origins of such gravity waves, etc. are still the subjects of investigation for better

understanding of the generation and variability in ESF occurrence. The inter-bubble

separations have been observed to be similar to the horizontal scale sizes of the gravity

waves that are responsible for the initiation of plasma instability (Makela et al., 2010; Das

et al., 2020).

The equatorial plasma instabilities have been investigated using various techniques,

like, radar, ionosonde, optical photometers, spectrographs, interferometers, and imagers

from both ground and space-based platform. Optical emissions have been used extensively

in the investigations of equatorial plasma bubbles. OI 630.0 nm and 777.4 nm emissions

originating from around 250 km and peak F-layer, respectively, are more commonly used

for the EPB investigations (Mendillo and Baumgardner , 1982; Kelley et al., 2002; Makela

and Kelley , 2003; Mukherjee, 2003; Rajesh et al., 2010; Sekar et al., 2012a; Ghodpage

et al., 2014) as the electron densities play an important role in the production of these

emissions.

The temporal variation of the plasma bubbles as seen in large field-of-view observa-

tion shows their eastward zonal movement (Mendillo and Baumgardner , 1982; Pimenta

et al., 2003). The zonal speed of the EPBs becomes maximum during 21-22 LT and it

decreases towards and after midnight time. Although the EPBs move in the eastward

direction, the structure is observed to be tilted in the westward direction increasing in

the poleward direction (Zalesak et al., 1982; Mendillo and Tyler , 1983; Sekar and Kelley ,
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1998; Abalde et al., 2001; Mukherjee, 2003). In the radar data, C-shaped structure ob-

served from different locations, like Jicamarca (Woodman and La Hoz , 1976), ALTAIR

(Tsunoda et al., 1982), and Indian sector (Sekar et al., 2012b). Further, this backward

C-shaped structures were observed in many other satellite observations (Kelley et al.,

2003; Kil , 2015; Karan et al., 2020; Aa et al., 2020). The difference in flux-integrated con-

ductivities between the E and F region generates the plasma shear in the zonal direction,

and as a consequence, such kind of structure is formed in the EPBs (Sekar et al., 2012b;

Tsunoda and White, 1981; Kudeki et al., 1981; Fejer et al., 1985; Kelley et al., 1986; Kil

et al., 2009a).

The seasonal and solar flux variation have been investigated using such long-term

data which presented interesting information about the characteristics of EPBs (Maruyama

and Matuura, 1984; Tsunoda, 1985; Makela et al., 2004; Sobral et al., 2002; Sobral and

Abdu, 1991; Agyei-Yeboah et al., 2019). Using the airglow imager data and GPS data

during the period January 2002 to August 2003, seasonal variation of EPBs occurrence

has been investigated (Makela et al., 2004). Around 300 clear nights have been used from

Hawaii to understand the seasonal variation during this period. The equinox period of

April and September showed a larger occurrence probability 45% and 83%, respectively.

For the months of June to August, EPBs were mostly observed in the midnight time

rather than post-sunset time which suggests that the development of EPBs happened

in the westside of the observation location and as these bubbles did not show vertical

movement, therefore, it can be considered as fossil bubbles. Larger occurrence in ESF

has been observed during the high solar activity period (55%) using the data obtained

during high solar active years 1988-1991 and low solar active years 1994-1998 (Sahai et al.,

2000). Even the EPBs reach at higher altitudes (> 1500 km) during the high solar activity

period (66%) as compared to a low solar active period (34%). Around 934 days of data

were studied using OI 630.0 nm nightglow emissions during the years 1977 to 1998 (Sobral

et al., 2002). During the high solar active period, the occurrence of EPBs is larger in the

months September to April, whereas, in the low solar active period, this becomes October

to March.

In this study, we observed OI 630.0 nm emission during the nighttime over the

period of January to March in the year of 2014 from two different locations, namely,

Mt. Abu (16◦N Mag) and Kolhapur (8.2◦N Mag). Mt. Abu is located at the northern
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edge of the EIA crest, whereas, Kolhapur is located between the magnetic equator and

the northern crest of the EIA. Signatures of the EPBs have been observed in the OI

630.0 nm emissions from these two locations using two different optical instruments, High

throughput Imaging Echelle Spectrograph (HiTIES) over Mt. Abu and All-sky Imager

(ASI) over Kolhapur. This passive remote sensing of the upper atmosphere has resulted in

improving our understanding of the signatures of nighttime gravity wave behaviour both

in zonal and meridional directions. The plasma bubbles are clearly seen as depletions in

emissions in the imager and the spectrograph. The zonal plasma drift, horizontal scale

sizes as obtained from the imager data, and the plasma bubble periodicity obtained from

two locations will be discussed in this chapter.

6.3 Data sets used

OI 630.0 nm nightglow data have been obtained from HiTIES and ASI as mentioned

earlier. The detailed discussion about these instruments and data calibration have been

carried out in chapter 2. In this study, we have mainly used the zenith observation of

HiTIES. The 1024×1024 pixels CCD-based ASI gives 140◦ FOV which covers 1200 km

distance (Sharma et al., 2014). To avoid the image curvature introduced at lower elevation

angles, we have restricted the data usage to 100◦ FOV which corresponds to a range of

around 600 km both in zonal and meridional directions in our analysis. Radio sounding

data using Digisonde Portable Sounder (DPS-4D), from two locations Trivandrum (dip-

equatorial location) and Ahmedabad (low-latitudinal location) have been used in this

study. We have used 7 MHz iso-electron density to calculate the sunset time F-layer

vertical drift over the dip-equator. The different instruments which are commissioned at

different locations over Indian longitudes are shown in figure 2.1 of chapter 2 which gives

a pictorial view of different locations and the significance of those locations.
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Figure 6.1: Typical nightglow variations of OI 630.0 nm emissions are depicted here. The

total FOV of HiTIES is segmented in three sections, one towards North, one South, and

Zenith as indicated in these different colour and line styles. Panels (a) and (b) show

multiple excursions in emissions. The shaded regions in the panels (a) and (b) indicate

the time of spread-F observed in digisonde which is situated about 1.5◦ southward of Mt.

Abu.

6.4 Observation and results

Different kinds of variabilities in OI 630.0 nm nightglow emissions have been shown in

figure 3.8 of chapter 3. The effect of equatorial electrodynamics, such as PRE, and

meridional winds have been discussed in chapters 4 and 5. On several nights, we have

observed excursions in emissions (as shown in figures 6.1a, 6.1b). There are four depletions

in emissions that have been observed on 26 Feb 2014 at 20.5, 21.4, 22.7, and 24.6 LT (figure

6.1a). A close inspection indicates that the emissions decrease at the same time and with

the same magnitudes in all directions, north, zenith and south at 21.4 LT. Whereas, for the

other depletions, the southern side emissions (blue dashed line) show a much sharper and

deeper decrease than that in the northern side. Similarly, the depletions in emissions seen

on the other night, 05 Mar 2014, have different rates of decrease in different directions.

All these differences are the tell-tale signature of the plasma bubbles, their latitudinal and

longitudinal extents, etc., as will be clear once the data from other datasets are presented
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and discussed as given below. Out of 68 moonless clear sky nights during Jan-Mar of the

year 2014, 26 nights showed such excursions in emissions.

6.4.1 Simultaneous observation from different datasets

The simultaneous digisonde measurement from a nearby location Ahmedabad indicated

a presence of spread-F during the times of depletions in the nightglow emissions observed

from Mt. Abu. The durations of spread-F are indicated with the shaded region (pink

coloured horizontal lines) in the figure 6.1a and 6.1b. The presence of spread-F at the time

of depletions in emissions admits the presence of plasma irregularities having scale sizes

of several hundred km over this region. The presence of depletions in emissions over Mt.

Abu and spread-F over Ahmedabad coincides on all (100%) of the occasions out of those

26 EPB nights when excursions in emission observed over Mt. Abu, as mentioned above.

However, the presence of spread-F was observed in digisonde (around 1.5◦ southward of

Mt. Abu) on around 36 nights out of those 68 moonless clear sky nights. Among which,

plasma depletions are present on around 69% of occasions (26 nights) indicating that on

such other nights the plasma depletions did not extend to latitudes beyond Ahmedabad.

To ascertain that such sharp fluctuations as obtained in our measurements over Mt. Abu

are due to plasma depletions, we have investigated the all-sky imaging measurements of

OI 630.0 nm nightglow emissions from Kolhapur, which is situated between the magnetic

equator (Trivandrum) and low-latitude region (Mt. Abu/ Ahmedabad). We have around

20 clear nights of data from the imager during the same period of Jan-Mar in the year

of 2014. Figure 6.2 shows variations in OI 630.0 nm nightglow from both the places,

Mt. Abu and Kolhapur. The meridional segment (12 km over zenith x 600 km along

North-South) from each of the images obtained from Kolhapur is arranged with time to

form a keogram, and are shown in the bottom panels of figure 6.2. The OI 630.0 nm

nightglow variations obtained from Mt. Abu are shown in the top panels. The gap in

the bottom panels is due to the non-availability of the data at that time. Interestingly,

for four nights, 24 Feb, 26 Feb, 04 Mar, 05 Mar (Figures 6.2a-h), all the depletions in

emissions observed over Mt. Abu have a clear concurrence with plasma bubbles seen in

all-sky images obtained over Kolhapur in simultaneity, which confirms that the depletion

signatures observed over Mt. Abu are due to the plasma bubbles present over latitudes
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Figure 6.2: OI 630.0 nm emission variations for eight nights as observed over Mt. Abu

are shown in top panels a, b, e, f, I, j, m, and n, whereas, the keograms in the bottom

panels c, d, g, h, k, l, o, and p show OI 630.0 nm emission variations in the north-south

direction over Kolhapur. The y-axis of the top panels indicates the OI 630.0 nm emission

rates as observed over Mt. Abu whereas, the y-axis for the bottom panels indicates the

North-South distance with Kolhapur as the zenith. Whenever the plasma depletions are

observed over Mt. Abu, plasma bubbles are also observed over Kolhapur simultaneously,

but the converse is not true.
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corresponding to that of Mt. Abu. There are several examples of nights when the plasma

bubbles did not reach over to Mt. Abu although they have been observed over Kolhapur.

For example, on the nights of 24 and 25 Mar (Figures 6.2i-l), only one or two bubbles

have reached over Mt. Abu, although many more are seen over Kolhapur. It is important

to take into cognisance that the distance between the northernmost location presented in

the ASI data and the southernmost view direction as presented in figure 6.2 is around 400

km. Thus, it is understandable that not all plasma bubbles seen in the ASI data from

Kolhapur will be present in the HiTIES data over Mt. Abu. Another important aspect

that can be noticed is that the depletions in emissions are not equal at all the three differ-

ent directions (north, zenith, and south) as observed from Mt. Abu. The plasma bubbles

are aligned along the magnetic field lines and as the different latitudes are mapped to

different apex altitudes over the dip-equator, it can be inferred that the electron density

depletion is greater at lower altitudes as compared to those higher above.

Although, visually the depletions in the images from both the HiTIES and ASI data

seem similar, to make a quantitative assessment, we have carried out spectral analysis of

the data, wherein, the emissions obtained from the southern-most direction from HiTIES

are compared with the emissions obtained in the northern-most segment of the ASI imager.

The result from the Lomb-Scargle periodogram analysis (Lomb, 1976; Scargle, 1982) for

these two datasets is shown in figure 6.3 for four sample nights with 90% false alarm limit

(FAL) (shown as horizontal line). The solid black line indicates the normalized power

spectral density (PSD) for different periodicities over southernside of Mt. Abu, whereas,

the dashed blue line indicates normalized PSD over northernside of Kolhapur. A detailed

discussion on Lomb-Scargle analysis has been made in section 2.7.2 of chapter 2. The

periodicities obtained in these analyses indicate the occurrence rate of the plasma bubble

for a given night. Figure 6.3 shows the presence of periodic fluctuations of 1-3 hrs at both

locations. The similar periodicities as observed in plasma bubble depletions from the

analysis as discussed above and depicted in figure 6.3 suggest that these are consistently

present at both locations. As already mentioned above, the spatial separation between

these two viewing orientations in these two datasets is around 400 km, and therefore, it is

expected that not all the periodicities are present with similar strengths at both locations.

A case in point can be seen on 24 Feb 2014 (figure 6.2a), wherein, all the periodicities
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Figure 6.3: The Lomb-Scargle periodicities obtained for four sample nights as observed

over both the places, Mt. Abu and Kolhapur are presented. Emissions obtained from the

Southern-most view direction from Mt. Abu and northern-most as viewed from Kolhapur,

which are separated by around 400 km are used in these analyses.

around 1.0, 1.5, and 2.5 hr are present in both the datasets, but the relative strengths are

different in each of them.

6.4.2 Effect of PRE in the generation of ESF and latitudinal extent of

the plasma bubbles

The apex altitude to which these bubbles are required to be raised over the magnetic

equator is around 1000 km in order to reach over the latitudes of Mt. Abu. The vertical

uplift of the plasma during the sunset time depends upon the strength of the electric field

during that time. In our study, we have investigated the presence of plasma bubbles over

Mt. Abu in terms of observed plasma depletion as seen in the nightglow images. As we
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Figure 6.4: Avg. PRE strength with day of year (DOY) during Jan-Mar in the year of

2014 is shown. The points in red colour indicate the presence of plasma depletions as

observed in the OI 630.0 nm emission data over Mt. Abu.

have discussed earlier, Mt. Abu is located in the low latitudinal region under the northern

crest. Therefore, the strength of PRE should be sufficient so that the plasma bubbles can

be uplifted to the higher altitudes over the dip-equator and can be mapped over to Mt.

Abu. We have used the rate of change of the height corresponding to the returned echo of

7 MHz iso-electron density to calculate the F-layer vertical drift over Trivandrum during

the sunset time. The strength of the PRE has been characterized by taking 30 minutes

average centred at the time of occurrence of peak value in PRE. Out of the 51 nights

of PRE data available over Trivandrum, we have found that around 21 nights showed

sharp depletions in the optical emissions over Mt. Abu. Figure 6.4 depicts the variation

of PRE strength with the day of year (DOY). The red points indicate the values of the

PRE on the nights when the plasma depletions extended until the latitudes of Mt. Abu.

On all these nights spread-F had occurred as observed over Trivandrum (except for two;

DOY 22 and 52). Due to the high strength of PRE, the plasma bubbles were lifted up to

high altitudes (> 1000 km) which enabled them to reach over to Mt. Abu. The plasma
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Figure 6.5: Ion density for four different nights is shown which are observed from C/NOFS

satellite over the Indian longitudes. The ion density variation for one orbit is shown for

each night. The latitudinal and temporal coverage during that orbit is mentioned by

vertical red lines in each panel.

depletions over Mt. Abu were observed on most of the occasions when the PRE values

are in the range of 40-60 ms−1. Here, it is emphasised that PRE plays an important

role in extending the depletion of electron densities to be mapped over to the latitudes

further away along the geomagnetic field lines rather than PRE as the seeding factor (as

the discussion corresponds to the developments after the bubble generation). On some

occasions, the plasma bubble was absent over Mt. Abu although large values of PRE

were present (for example DOY: 73, 79, 82, 86, 87, 88). However, among these nights,

plasma bubbles were seen in the ASI data over Kolhapur on the two nights of available

data (DOY: 86 87) as also shown in figures 6.2o, and 6.2p (27, 28 Mar). On the night

of DOY 87, spread-F was not observed in the digisonde data at Ahmedabad (although

equatorward location of Mt. Abu) indicating the bubble had not reached the latitude of

Ahmedabad.

To ascertain if the bubbles had reached further north of the observational location of

Kolhapur we have also looked into the concurrent observation of the C/NOFS satellite data
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which had an orbit at an inclination angle of 13◦. This is also done to serve the purpose

of explaining the electron density variation near the equatorial region during these nights

when the all-sky imager data were unavailable. As per the availability of C/NOFS data,

the electron densities exhibit sharp decrease on all nights not only when the depletions

were observed over Mt. Abu, but also when the depletions were not observed over Mt.

Abu on the days mentioned above (DOY: 73, 86, 87, 88). Variations in electron density

over the Indian longitudes as observed from C/NOFS are shown in figure 6.5 for four

nights. C/NOFS provides the ion density values for the altitudes ranging from around

400-600 km. The vertical bars shown in the figures indicate the longitudinal location

from where our optical observations are carried out. The depletion in the plasma density

can be seen in the satellite data over this region which confirms the presence of plasma

bubble over this region in simultaneity. We have shown the plasma density variation for

a single orbit of four given nights. The latitudinal coverage and the solar local time are

given in each of the nightly plot. For a given night on 29 Mar 2014 (figure 6.5d), plasma

depletion is not found within the ground-based observational location. As we can notice

that plasma bubble is present in the nearby longitudes, surely those will reach over that

location. The plasma bubbles were not present over there only when the satellite was

passing over the region at a particular time. Now, several factors, such as electric fields,

and neutral winds, could have prevented the plasma bubbles from reaching to Mt. Abu

later in the night in spite of large magnitudes of PRE earlier on those nights.

The importance of EIA and PRE in the seeding of the EPBs are reported in many

of the earlier studies (Raghavarao et al., 1987, 1988a; Sridharan et al., 1994; Prakash

et al., 2009). Apart from that, the role of PRE in the latitudinal extent of the plasma

bubbles has been investigated using ionosonde and scintillation data (Abadi et al., 2015;

Valladares et al., 2004; Tulasi Ram et al., 2006). The observation of plasma depletion at

different latitudinal regions validates the field line mapping of the plasma bubbles over

the low latitudes. Presence of plasma bubbles at various locations of different longitudinal

sectors situated over dip-equator and low latitudes, such as Christmas Island (3.1◦N Mag),

Brazil (16◦S Mag), and Hawaii (21.3◦N Mag) are reported in earlier studies (Sahai et al.,

1994; Kelley et al., 2002; Makela, 2006). Simultaneous observations of EPBs from two

geomagnetic conjugate locations over Japan (24◦N Mag) and Australia (24◦S Mag) are

also reported (Otsuka et al., 2002; Shiokawa et al., 2004). In figure 6.6, the maximum
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Figure 6.6: The left side figure shows the FOV of the different instruments located at

nearby locations. The peak F-layer height, duration of PRE, peak PRE value and the

integrated PRE values are compared with the latitudinal extent of plasma irregularities

which are measured by the GPS scintillation of S4 index are shown in the right-side a, b,

c, d panels. Ionosonde data from Chumphon and GPS data from Pontianak and Bandung

are used here. (After Abadi et al., 2015)

extent of the GPS scintillation has been depicted as a function of F-layer height, peak

magnitude of PRE, duration of PRE, and the integrated PRE strength. The magnitude

of amplitude scintillation (S4 index) as obtained from GPS data over Pontianak (9.8◦S

mag), and Bandung (16.7◦S mag) and the ionospheric height, vertical drifts obtained

from Ionosonde data over Chumphon (0.86◦N mag) are used in this figure (Abadi et al.,

2015). The nights of equinoctial months (March, April, September, and October) in

the year 2010-2012 have been included in this study. The GPS scintillation S4 index

has been observed to be distributed in the 0◦-10◦ latitudes which corresponds to 10◦-20◦

geomagnetic latitudes in this Southeast-Asian sector. The peak h’F height have been

observed to be varying in the range of 250-450 km, maximum drift during PRE ranged

from 10-70 ms−1, and integrated PRE strength ranged from 20-250 ms−1. The linear

fits have been calculated for each plot as shown in figure 6.6 and the cross-correlation

coefficient values have been noted. The latitudinal extent of equatorial plasma instability

which has been observed in terms of GPS scintillation shows a good correlation with

the ionospheric F-layer height and also the strength of the sunset time electrodynamics.
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Depending upon the strength of PRE in electric field, the plasma gets uplifted to higher

altitudes, which is essentially reflected as an increase in the height of the F-layer. The

plasma depletion generated over the equator during the sunset time, then diffuses to the

latitudes further away through the geomagnetic field lines.

6.4.3 Eastward movement of the EPBs

After the generation of plasma bubbles over the equator, these grow vertically upward and

move in the eastward direction. Airglow emissions observed in all-sky imagers provide

two-dimensional picture of the night sky. The plasma bubbles generated over the equator

aligned along the geomagnetic field lines and mapped over the low-latitudes. These north-

south aligned plasma depletion structures can be seen moving in the eastward direction

(Mendillo and Baumgardner , 1982; Pimenta et al., 2003; Nade et al., 2013; Gurav et al.,

2019). Plasma bubbles observed in OI 630.0 nm emissions over Paulista are shown in figure

6.7a (Pimenta et al., 2001). The intensity variation in the zonal direction is shown figure

6.7b taking an east-west cross-section along the zenith. Calculating the zonal distances

moved by the plasma bubbles as seen in successive images over time, the zonal speeds

of the plasma bubbles have been estimated (Pimenta et al., 2001, 2003). The typical

zonal drifts of the plasma bubbles range from 100-200 ms−1 before the midnight time

having peak values around 21-22 LT and 50 ms−1 after the local midnight (Mendillo

and Baumgardner , 1982; Mendillo et al., 1997; Taylor et al., 1997; Pimenta et al., 2003;

Nade et al., 2013; Gurav et al., 2019; Ghodpage et al., 2018, 2021). The values of the zonal

plasma drift during nighttime as measured from incoherent scatter radar, Jicamarca (Fejer

et al., 1991) matches well with the zonal speed of the EPBs. Differences in zonal speed

have been observed when observed at different latitudes (Pimenta et al., 2003; Martinis

et al., 2003; Eccles, 1998a,b; Kil et al., 2009a). The change in direction of the EPBs

from eastward to westward was observed during the geomagnetic disturbed condition in

the presence of penetrated electric field due to over-shielding and under-shielding effects

over low-latitudes (Gurav et al., 2021; Li et al., 2018). The motion of the plasma bubble

showed differences in zonal speeds between those at the central part of depletion, and in

the eastern and western walls of the depletion. It was reported in that work that the

eastern wall showed an increase in speed of around 40% as compared with the western
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Figure 6.7: Plasma bubble structures as seen in OI 630.0 nm nightglow emissions over

Paulista, Brazil on 19 Jan 1999 in the left side panel. The right-side panel shows the OI

630.0 nm emission variation in the zonal direction. Using the variation of two consecutive

images, the zonal speed can be calculated. (After Pimenta et al., 2001)

wall, whereas, the central depletion showed an increase by 10-20%. The internal space-

time dynamics of the plasma bubble structure probably lead to this asymmetry in zonal

speed in different depletion walls.

In our study, we have calculated the zonal drifts in the plasma depletions using

the nightly images obtained from all-sky imagers commissioned at Kolhapur. The zonal

segment (12 km over zenith × 600 km along East-West) in each image is considered and

they are stacked one above the other as shown in figures 6.8a and 6.8b. By observing

the spatial movement of depletions in emissions with time, we have calculated the zonal

drift of a plasma bubble. As can be seen from figures 6.8a and 6.8b for 04 and 05 Mar

2014, different bubbles keep appearing as time progresses (shown in y-axis) beginning

from the western most location of the FOV, moving eastwards, and disappearing. The

times corresponding to the appearance and disappearance of the bubbles are noted along

with the spatial distances to calculate the average zonal drift of each plasma bubble. Four

plasma bubbles have been marked on these nights in the figures 6.8a and 6.8b. It can

be noted that the bubble 01 is present over the whole 600 km in the east-west direction

for a long duration on both the nights, whereas, the other bubbles dis not last that long.

Also, the first bubble is the deepest and widest of all the bubbles. The variability in the



6.4. Observation and results 161

 

Figure 6.8: Zonal variations in OI 630.0 nm emissions have been depicted with time for

two neighbouring nights in panels (a) and (b). A zonal strip for each image (12 km centred

over zenith × 600 km) is considered. The zonal movement of the plasma bubble marked

as ‘01’ for the nights 04 Mar and 05 Mar 2014 has been shown over the time in panel (c).

zonal extent has been seen on the other nights as well. There is another bubble that can

be seen on 05 Mar around 20 LT seen earlier than the one marked by 01. However, as

this was present even before the first image was obtained on that night, in order to avoid

any ambiguity, it is not used for the estimation of the drift speed. The spatial movements

of the plasma bubble 01 for the nights of 04 Mar and 05 Mar 2014 are depicted in solid

black and dotted red lines, respectively (Figure 6.8c). The time evolution of each frame

of the figure 6.8c is mentioned in the left and right sides for the nights 04 Mar and 05 Mar

2014, respectively. From the time evolution of the depletions seen in the frames as shown
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Figure 6.9: Zonal drift of the plasma bubbles depicted for 14 nights. The orange line

shows the average zonal drifts where all the values in a given 30 minutes duration are

averaged.

in Figure 6.8c, it can be noted that they have travelled around 510 km and 540 km with

zonal speeds of around 121.4 and 132.4 ms−1 for 04 Mar and 05 Mar 2014, respectively.

Now, these two bubbles passed over the zenith location at around 22.25 and 21.7 LT. The

average zonal speeds at the corresponding time when the bubbles passed over the zenith

have been plotted to understand its temporal variation. In the similar way, the zonal

drift values for the other plasma bubbles for different nights have been calculated and are

shown in figure 6.9.

Figure 6.9 shows the zonal drift values of the plasma bubbles for a total of 14 nights

which include those plasma bubbles that have crossed the zenith location as seen in the

images. It can be seen that the zonal speeds are higher during the post-sunset time and

they decrease as the night progresses. The zonal drifts reach around 190 ms−1 at 21-22 LT

and after midnight they reduce to around or below 100 ms−1. The orange line in figure

6.9 shows the temporal variation of average zonal drift where all the values in a given

30 minutes duration are averaged. The temporal variation of plasma bubble zonal drift

obtained from this study is found to be consistent with the earlier findings from different
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(a) (b) 

Figure 6.10: (a) the variation of zonal drift of the plasma bubbles and zonal wind are

shown over Brazilian sector. (b) Same as (a) but over Peru, South-American sector.

(After Chapagain et al., 2012, 2013)

sectors around the globe (Mendillo and Baumgardner , 1982; Martinis et al., 2003; Nade

et al., 2013). The result shows good agreement with the zonal drift of the plasma measured

from incoherent scatter radar over Jicamarca (Fejer et al., 1991), showing no longitudinal

differences between these two sectors, whereas, vertical drifts are found to be larger over

American longitudes, owing to the smaller magnitude of magnetic field (B) compared to

that over Indian longitudes.

Concurrent measurements of neutral wind and zonal drift of EPBs show similar vari-

ations between these two as reported in some earlier studies. The measured neutral wind

over the Brazilian sector and South-American sector have been observed to be varying

in accordance with the drift of the plasma bubbles (Chapagain et al., 2012, 2013). In

figure 6.10, the comparison of the zonal wind and the zonal plasma drift is shown for

several nights during the period Oct-Dec in the years of 2009 and 2010 (Chapagain et al.,

2012). The zonal drifts of the EPBs have been calculated over Cajazeiras (6.9◦S, 38.56◦W)

using the Fabry Perot interferometer, a wide-angle imaging system PICASSO (Portable

Ionospheric Camera and Small-Scale Observatory) (Makela and Miller , 2008). Using the

Doppler shift in the observed OI 630.0 nm emissions obtained from the Fabry-Perot inter-

ferometer over two locations Cajazeiras and Cariri (7.11◦S, 36.53◦W) which are located in
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the north-eastern region of Brazil the zonal winds have been measured. The zonal winds

and zonal movement of the EPBs showed good correlation in the variation as well as in

magnitudes. A similar observation from Peru which is located in the South-American

sector also showed similar behaviour (Chapagain et al., 2013).

6.4.4 Scale size variation in the observed plasma bubbles structures

So far, we have discussed the dynamics of the plasma depletions observed over two low-

latitudinal regions, Mt. Abu and Kolhapur. As discussed, the 100◦ FOV of the all-sky

imager data provides spatial coverage with a range of 300 km radius centred over Kolhapur.

We have calculated the zonal scale sizes from the OI 630.0 nm images using the Lomb-

Scargle periodogram analysis. Figure 6.11 shows the variation in scale sizes with time

for four nights. A contrasting behaviour of zonal scale size has been noticed between the

nights when the plasma bubbles are present (03 Feb and 24 Feb 2014) and when they

are not (04 Feb and 25 Feb 2014). Figures 6.11a, 6.11b, and 6.11c, 6.11d show the data

from two neighbouring nights with such contrasting information. The 99% FAL value for

various frequencies has been estimated and it is 0.2 or smaller in terms of the normalized

PSD. Therefore, it can be seen from the bottom panels of the Figure 6.11 that the zonal

scale sizes of 50 km and greater are significant for all the nights. It can also be noted that

for all the nights the scale sizes in the range of 250-300 km are present with larger power

in comparison to those of 150-200 km range. On the nights that showed the presence

of EPBs, several smaller scale sizes were noticed (Figure 6.11b, 6.11d) which is in stark

contrast with the nights that did not show any presence of EPBs (figure 6.11a, 6.11c).

Different scale sizes are significant with varying strengths (as seen in the PSD values)

at different times. Therefore, the percentage occurrence and the averaged PSD value of

a given range of scale size are obtained for a given night. The estimated scale sizes have

been binned in 50 km grids as shown in figure 6.12 with the number of occurrences for a

given range of scale size, whereas, the figure 6.13 shows the average PSD value for that

particular range of scale size. Suppose for different scale size bins, λi (i=1, 2, 3, 4, . . . )

etc., the number of occurrences found are ni, the percentage of occurrences in a given

scale size bin has been calculated as, (ni/∑ni)×100%. Now, for a given scale size bin,

λi, if the number of occurrences of that bin are ni and normalized PSD values of each
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Figure 6.11: The east-west spatial variation and scale sizes are shown in OI 630.0 nm

emissions as observed over Kolhapur for four different nights. The values of scale sizes

show contrasting behaviour between the nights with the occurrence of EPB and those

with the absence of the EPBs.

occurrence are pk (k=1, 2, . . . , ni), then the average PSD value has been calculated as,

∑pk/ni for that given scale size bin. The data corresponding to the nights as shown in

Figure 6.11 are depicted in figures 6.12 and 6.13. Scale sizes above the 99% FAL have

been considered in this representation. A clear contrast is seen in terms of the percentage

occurrences of different scale sizes between those nights with and without the presence of

EPBs. The dominant 150-200 km and 250-300 km zonal scale sizes on the nights without

EPBs (figures 6.12a, 6.12c) are interpreted to be the typical scale sizes of the gravity waves

present in the ionosphere-thermosphere region as these are also present on the nights with

the EPB occurrences (figures 6.12b, 6.12d). However, the shorter scale sizes can be seen

only on the nights with the EPB occurrence (figures 6.12b, 6.12d). Moreover, not only

does the percentage occurrence of shorter scale sizes, but also their average PSD values

show an increase during the nights with the occurrence of EPBs (figure 6.13). This clearly

shows the significance of shorter scale sizes during the nights with EPB occurrence. This

type of contrast in scale sizes is seen for the other nights as well. Thus, the plasma bubble



166 Chapter 6. Investigation of Equatorial Plasma Bubbles as seen over low-latitudes

Figure 6.12: The scale sizes are put in 50 km grid which are shown in x-axis. The y-axis

depicts the percentage occurrence of a given scale size.

characteristics associated with it, such as the inter-bubble separation(s), bifurcation of

bubbles, widths of the bubble, etc., change with time. The contrast in scale sizes as

observed between EPB and non-EPB nights provides important information on the state

of nighttime ionosphere thermosphere regions during the presence of plasma bubbles. To

the best of our knowledge, such characterization in the zonal gravity wave behaviour as

obtained from OI 630.0 nm airglow emissions over a large FOV has not been presented in

the literature so far.

The gravity waves are one of the potential factors in the seeding of the plasma

bubbles that triggers the Rayleigh-Taylor instability as we discussed earlier (e.g., Kelley

et al., 1981; Huang and Kelley , 1996; Makela et al., 2010). The instability grows non-

linearly as it evolves in the higher altitudes. The non-linear simulation also showed that

the zonal scale size of the plasma bubbles depends on the zonal scale sizes of the initial

perturbation (Zalesak and Ossakow , 1980). From the literature reported earlier, the

observed inter-bubble spacing shows good correlation with the horizontal gravity wave

scale size (Takahashi et al., 2009; Makela et al., 2010; Das et al., 2020). The gravity waves

observed in bottomside electron density structure mostly originated in the tropospheric
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Figure 6.13: The scale sizes are considered in 50 km grids which are shown in x-axis same

as figure 6.12. The y-axis depicts the average PSD values of the corresponding scale sizes.

convective sources (Vadas and Liu, 2009; Vadas and Fritts, 2009; Vadas and Crowley ,

2010; Ajith et al., 2020). It shows day-to-day variability which reflects in the F-layer

density variation as well as the vertical drift of plasma during PRE. The idea of collisional

shear instability had been shown to seed large-scale waves (Hysell and Kudeki , 2004).

The inter-bubble spacing measured from radar data over Gadanki in Indian longitudes

has been shown to be following a linear relationship with the horizontal wavelengths of

gravity waves as estimated from the collocated data from ionosonde (Das et al., 2020).

Figure 6.14 shows the periodic spacing between the consecutive plasma bubbles as seen

over Chile, a low-latitude location using the 3-years of data during 2006-2009 (Makela

et al., 2010). The plasma bubble spacings for each night have been put in a 100 km

wide bin and the average spacing has been found to be lying in the range of 200-300 km.

With the support of the ray tracing method as discussed by (Vadas and Crowley , 2010),

these bubble spacings are argued as evidence of horizontal wavelength of gravity waves,

which are mostly secondary gravity waves present at these thermospheric altitudes. The

distribution of periodic spacing decreases from 2006 to 2009 due to the transition to a

lower solar activity period. As the thermospheric temperature (Tn) decreases, the gravity
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[16] The question remains whether the distributions in
Figure 2 are indicative of the direct or indirect effect of GWs
on the bottomside of the F layer. We turn to data collected by
the Traveling Ionospheric Disturbance Detector Built In
Texas (TIDDBIT) ionospheric sounder from Wallops Island,
Virginia (75.47° W and 37.95° N). From 0400–1000 UT
(2300–0500 LT) on 30 October 2007, TIDDBIT observed
33 TIDs propagating north and northwestward at the bot-
tomside of the F layer [Vadas and Crowley, 2010]. These
TIDs were thought to be created by underlying GWs through
ion drag, as is well known [e.g., Klostermeyer, 1972; Vadas
and Nicolls, 2009]. The nearest source of deep convection
south of Wallops Island was tropical storm (TS) Noel, which
excited “primary” GWs (with lH = 5–350 km). Using ray
tracing, Vadas and Crowley [2010] found that dissipating
primary GWs created horizontal accelerations at z ∼ 140–
200 km (dubbed thermospheric body forces). These forces
excite “secondary” GWs in all directions with lH = 100–
3000 km. Using reverse ray tracing, they found that most
of these waves were likely secondary, rather than primary,
GWs.

[17] Vadas and Crowley [2010] then generated a secondary
GW spectrum. We can compare this result to our data set
because the waves observed by TIDDBIT were propagating
at the bottomside of the F layer, and originated indirectly
from deep convection. Our observations from Chile were
obtained during the austral summer, when deep convection in
the Amazon Basin [Marengo, 1995], to the east, is likely the

Table 1. Statistics for Periodically‐Spaced EPB Events From
August 2006–August 2009a

Dates
Mean
(km)

STD
(km)

f 10.7
(W/m2/Hz)

Number
of

Events
n = 2, 3,
4, ≥5 Tn (K)

All Events 293.1 114.7 123 38, 58, 18, 9
08/2006–04/2007 339.0 149.1 77.5 40 20, 13, 2, 5 791.6
08/2007–04/2008 276.1 90.1 70.2 29 5, 19, 3, 2 758.9
08/2008–04/2009 246.6 61.8 67.8 30 6, 13, 10, 1 737.3

aThe solar flux data is the mean solar flux during the specified period.
The sixth column gives the count of events with 2, 3, 4, ≥5 periodic
bubbles observed. The neutral temperature is estimated at the altitude of
the maximum RTI growth rate from NRLMSISE‐00.

Figure 2. A histogram of the spacings observed in CTIO images. The spacings are collected into 100‐km wide bins.
(a) All data collected between 22 Aug 2006 and 21 Aug 2009. (b) Only data collected during the ‘spread‐F season’
(September through April), broken out by year. The dark line shows the distribution of horizontal wavelengths associated
with secondary GWs measured by Vadas and Crowley [2010]. (c and d) Same as Figures 2a and 2b, but only consider
events with 3 or more bubbles observed. See text for details.

MAKELA ET AL.: PERIODIC EQUATORIAL PLASMA BUBBLES L14103L14103

3 of 5

Figure 6.14: (a) The inter-bubble separations are put in histogram plot. The range of data

shown here is during the years 2006-2009. (b) The same is plotted when broken out in

different years. The dark lines show the distribution of horizontal wavelengths associated

with secondary gravity waves as measured by (Vadas and Crowley , 2010). The panels c,

d are same as panels a, b but considering three or more bubbles when observed. (After

Makela et al., 2010)

waves having larger wavelengths with shorter amplitudes appear to be dissipating before

reaching to the altitudes where plasma bubbles are seeded. In our study, the 250-300

km scale sizes have been found to be omnipresent irrespective of the presence/absence

of plasma bubbles indicating that this scale size of the gravity wave exists at all times

in the upper atmosphere. Further, smaller length scales are found to be present during

the nights when EPBs were observed. The gravity waves with smaller scale sizes seem

to be playing an effective role in the generation of plasma bubbles. These scale sizes on

the nights with EPB occurrence also coincide with the inter-bubble distance. Thus, it is

postulated that these smaller scale size gravity waves in the zonal direction < 250 km are

potential seeds that trigger the occurrence of plasma bubbles.

We have calculated the scale sizes for each of the images that are present at 7-8 minute
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Figure 6.15: The scale sizes which are segregated in 50 km grids are compared between

the cases when the bubbles appeared in the image and when they did not. In the y-axis

the collective effect of number of occurrence and PSD value for a given scale size has been

shown by calculating the product of these two. The top panel includes all the images

when the bubbles were not observed and the bottom panel shows the distribution of scale

sizes when the plasma bubbles were observed in the images.

cadence. Figure 6.15 shows the distribution of scale sizes between the two categories of the

presence of EPBs and absence of EPBs. Therefore, a product of the average PSD value of a

given scale size with the percentage of occurrences of that scale size is obtained for a given

night to take into account, both, their strength and number of occurrences. This product,

in a sense, qualitatively indicates the influence of that scale size on the thermosphere.

This product is akin to the intensity of light in optical analogy, wherein the number of

photons (n) are multiplied with a given photon of energy hν(I=nhν). Around 1290 images

have been analysed for 20 nights among which 688 images showed the presence of plasma

bubble signatures (∼ 53%), thereby yields a fair comparison between the zonal gravity

wave characteristics in both the categories of existence / absence of EPBs. There is a

strong occurrence of 250-300 km scale size during non-EPB images (similar to that seen

on 04 and 25 Feb 2014 in figure 6.12), whereas, when the EPBs are present, the power



170 Chapter 6. Investigation of Equatorial Plasma Bubbles as seen over low-latitudes

corresponding to zonal scale sizes shorter than 250 km is also seen to be increasing. The

power in the 250-300 km scale sizes seems to be redistributed among the shorter scale sizes

like 200-250 km, 150-200 km, and 100-150 km. As also stated above, these scale sizes give

a fair indication of the inter-bubble spacings. The presence of the small-scale wave-like

structure (SSWS) as seen in the inter-bubble depletion is discussed in some earlier reports

with some numerical simulation (Sekar et al., 2001) and a case study (Narayanan et al.,

2012). As the crests of the gravity waves in the zonal direction are likely to give rise to

density depletion as the low-density plasma from lower altitudes is lifted upwards over

the equator forming a plasma bubble, as seen in optical all-sky images over Kolhapur, it

is proposed that the zonal scale sizes of gravity waves smaller than 250 km are the likely

seeds for the plasma bubble generation on a given night (Saha et al., 2022).

6.5 Summary

OI 630.0 nm nighttime airglow emissions have been investigated over Mt. Abu, a low-

latitude location. Multiple excursions have been found in the OI 630.0 nm emissions on

several nights during the observation period Jan-Mar in the year of 2014. Simultaneous ra-

dio observations using ionosonde from a nearby location, Ahmedabad, exhibited spread in

the reflected echoes from the F-region exactly at the times when depletions were observed

in the nightglow emissions. We have also analysed the OI 630.0 nm emissions obtained

using an all-sky imager from Kolhapur, which is situated between the low-latitude and the

dip-equatorial locations. The depletions in the OI 630.0 nm nightglow are seen at both

the places, Mt. Abu and Kolhapur, in simultaneity. The strength of the PRE was found

to be larger on the nights when the depletions in emissions were observed in the OI 630.0

nm emission over Mt. Abu, indicating that the bubbles rose over 1000 km over the mag-

netic equator on those occasions. The plasma bubbles generated due to Rayleigh-Taylor

instability over the magnetic equator move eastwards as the night progresses along with

the zonal wind. The zonal speeds of the plasma bubbles estimated from all-sky imager

data over Kolhapur have been found to be varying in range from around 190 to 90 ms−1

decreasing in magnitudes from post-sunset to midnight. Further, we have also carried

out wave number analyses for the emissions in the zonal direction for around 1300 images
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with nearly equal number of images of occurrence and absence of EPBs. It is found that

typically during nighttime the zonal scale sizes are in the range of 150-200 km and 250-300

km (with greater strength in the latter scale-size) on geomagnetic quiet nights without

the presence of any plasma bubbles. The zonal scale sizes show contrasting behaviour

between the nights with and the occurrence of EPBs. The scale sizes of gravity waves

smaller than 250 km have been observed on almost all the times whenever the plasma

bubbles were present, which correspond to the inter-bubble separation separation. As the

bubble depletions over the magnetic equator most likely occur at the crest region of the

gravity wave, the zonal distances between the bubbles, as seen in a location close to the

magnetic equator can be assumed to be the zonal scale size of gravity waves over the

equator. Therefore, it is proposed that the gravity wave in the zonal direction of scale

size smaller than 250 km, if present in the evening, could potentially act as the triggers

for the generation of plasma bubbles.

Figure 6.16 shows the schematic how the EPBs, generated over the dip-equator, rise

up in higher altitudes and then, mapped over the low-latitudes through the geomagnetic

field lines. The inter-bubble separations developed over the dip-equator can also be seen

in the zonal scale sizes of the EPBs observed over the low-latitudinal regions.
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Figure 6.16: Generation of plasma bubbles over the dip-equator is shown in the left-side

schematic. Those plasma bubbles are mapped over the off-equatorial and low-latitudes

through the geomagnetic field lines as depicted in the right-side schematic.





Chapter 7

Summary and Future scope

7.1 Summary

The ionosphere-thermosphere system (ITS) over the low-latitudes has been investigated

in this thesis work. OI 630.0 nm nightglow emissions have been observed from a tropical

region which are used as passive remote sensing sources to investigate and understand

the processes those are prevalent in the ITS. The equatorial and low-latitudinal region is

coupled through various dynamical processes over the upper atmosphere which plays an

important role in the distribution of plasma over these regions and as a consequence, the

emissions also vary. OI 630.0 nm nightglow emissions originate from an altitudinal region

centered at 250 km. These emissions are very sensitive to the changes in the electron

density. Therefore, they act as very useful tracers to investigate the upper atmospheric

dynamics and infer possible causes for the observed variations in the emissions.

The essential background information about the ITS is given in chapter 1 of the

thesis. The neutral and plasma structure of the ITS, their composition, and chemistry

have been discussed here. The neutral (thermosphere) and charged particles (ionosphere)

co-exist in this region and form a coupled (ionosphere-thermosphere) system. Several

phenomena, such as EEJ, EIA, PRE, and ESF play an important role in the redistribution

of plasma over the low- and off-equatorial regions over the course of the day and night.

Various techniques have been developed over the years to probe this region which are used

in both ground- and space-based platforms which are also discussed.

The measurement of OI 630.0 nm nightglow (red line) emissions over Mt. Abu, a

173
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low-latitudinal location, has been used as primary dataset in this thesis work. The optical

instrument, High Throughput Imaging Echelle Spectrograph (HiTIES), which has been

used to measure these red line emissions is discussed in detail. The method used for image

processing, extraction of the nightglow emission brightness, angle and intensity calibration

have been discussed. Further, the digisonde and magnetometer data of different locations

that have been used in this work are summarized. These supplementary data have been

used to understand the cause of variabilities seen in the OI 630.0 nm nightglow data.

There are discussed in chapter 2.

The mechanisms of the various nightglow emissions, especially the OI 630.0 nm

nocturnal airglow are discussed in chapter 3. The measured emissions are compared with

the estimated emission which show excellent similarity. The impact of electron density,

base and peak height of the F-layer in the red line emissions are discussed. The nightglow

emission rates also show variation with the changes in solar activity. Using the long-

term database of HiTIES (2013-2017), we have observed such variability in the average

nightglow emissions. Apart from that, the OI 630.0 nm nightglow emissions measured

over the low-latitudinal regions show large day-to-day variability, but it was found that

they all fall into one of the four categories. They are (a) monotonic decrease in brightness

after sunset, (b) presence of latitudinal gradients in emissions that vary over the course

of the night, (c) presence of post-sunset enhancements in emissions, and (d) multiple

excursions in emissions.

We briefly summarize the results of this thesis work which answers the questions put

forth in section 1.5 of chapter 1 in view of the understanding of those variabilities seen in

the OI 630.0 nm nightglow emissions.

I. The latitudinal movement of the OI 630.0 nm nightglow emissions is observed in

both, poleward and equatorward directions. What are the factors/ dynamics asso-

ciated with such observations in emissions?

Chapter 4 discusses such observations and addresses the possible dynamics associated with

this latitudinal movement of the OI 630.0 nm nightglow emissions. It has been found that

the airglow emissions along the northern direction as observed from Mt. Abu are larger

after sunset time as compared to those along the southern direction on several nights.

The gradient in emissions towards north is understood to be dependent on the strengths
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IT coupling as seen in the OI 630.0 nm nightglow variations over the low-latitudes

Equatorial electrodynamics

(Equatorial and Low-latitude coupling)
Meridional winds

Plasma distributed from the dip-

equator through the EIA, PRE over 

the low-latitudinal regions

Plasma drift will be 𝑈 𝑐𝑜𝑠 𝐼 𝑠𝑖𝑛 𝐼 due 

to the meridional winds in the vertical 

direction, where 𝑈 is the meridional 

wind, I is the dip angle.
The poleward movement and the 

location of crest of EIA after the 

sunset depends on the strength of 

PRE. After that, movement of EIA 

reverses its direction with the 

weakening of the EIA strength. 

The speed of the nighttime 

equatorward movement of EIA 

depends on strength of the 

nighttime westward electric field. 

(Saha and Pallamraju, 2022)

The plasma bubbles generated over the 

dip-equatorial regions mapped over the 

low-latitudes through the magnetic field 

lines.

Plasma is brought down and moved up 

by the poleward and equatorward 

meridional winds, respectively.

Larger electron density from the peak of 

the F-layer brings down to the emission 

altitude of OI 630.0 nm by the poleward 

wind, which causes the enhancement in 

emission. (Saha et al., 2021)

Latitudinal movement of EIA crest EPBs mapped over low-latitudes Enhancements in post-sunset emission

Zonal scale sizes of 250-300 km present 

for all nights irrespective of presence or 

absence of EPBs. Scale size smaller than 

250 km are mostly responsible for 

triggering the EPBs. (Saha et al., 2022)

The GWs is highly potential to trigger 

the EPBs over dip-equator. The scale 

sizes of the GWs are seen as inter-bubble 

separation over the low-latitudes

Figure 7.1: The results obtained in this thesis work as discussed in the chapters 4, 5, and

6.

of PRE at sunset time. As the night progresses, the larger emissions move towards the

equator, which is known as reversal of EIA. Some earlier studies observed reversal of EIA

and calculated the speed of the reversal movement (Sridharan et al., 1993b; Narayanan

et al., 2013). In this thesis work, we have studied such reversal of EIA for several nights,

calculated the speeds, and found them to be varying in the range of 10-55 ms−1.The

nighttime westward electric field is shown to be responsible for such reversal motion of EIA.

The present results are particularly interesting as they show the experimental evidence of

the global nature of equatorial electric fields during the geomagnetic quiet time periods.

We also propose that this equatorward movement of EIA as seen in the nighttime airglow

emissions can form a proxy to the westward nocturnal electric field over the equator (Saha

and Pallamraju, 2022).

II. After sunset, the airglow decreases due to the absence of ionization. But, on several

occasions, we have observed enhancement in emission after sunset. What is the

reason behind such enhancement in emissions?

Chapter 5 describes in detail such behaviour. The equatorial electrodynamics and the

meridional wind variations have been investigated to understand the plausible causes for
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the observed post-sunset enhancement in the OI 630.0 nm nightglow emissions. There

are several reports on the midnight brightness wave and associated midnight temperature

maxima. However, there are not many reports on post-sunset enhancement in emission.

Based on the conventional understanding, we started investigating the role of PRE in

causing such emission enhancements, but a consistent picture did not emerge. Then, the

role of other potential parameter, namely, the meridional wind, has been investigated.

The meridional winds have been estimated over Ahmedabad using the digisonde data

obtained from two locations, Trivandrum and Ahmedabad. It is found that the existence

of poleward meridional winds or cessation of the equatorward winds at that time over

the low-latitudes can effectively explain the post-sunset enhancement in the observed OI

630.0 nm nightglow emissions (Saha et al., 2021). The poleward winds bring down the

plasma to the emission altitude of OI 630.0 nm nightglow emissions from the peak F-layer

and as a result emission increases.

III. What are the characteristics of the equatorial plasma bubbles in terms of latitudinal

and longitudinal extent, the effect of gravity wave scale sizes in the generation of

equatorial plasma bubbles as seen from low-latitudes?

The observation of the equatorial plasma bubbles (EPBs) over the low-latitudinal region

and the results of investigation are discussed on chapter 6. On several nights, especially, in

the month of February and March of 2014, multiple excursions in OI 630.0 nm nightglow

emissions are observed over Mt. Abu. Simultaneous measurements using digisonde and

all-sky imager at different locations in the similar longitudinal region confirm the presence

of EPBs in the FOV of HiTIES which caused such excursions in emissions observed over

the low-latitudes. The zonal speeds of the plasma bubbles have been estimated from

all-sky imager data over Kolhapur and which are found to be in the range of 190 to 90

ms−1. Further, we have also carried out wave number spectral analyses for the emissions

in the zonal direction using data from around 1300 images with nearly equal number with

presence and absence of EPBs. The scale sizes of gravity waves in the range of 250-300 km

have been observed to be present on almost all the occasions irrespective of the presence

or absence of EPBs. In contrast, the scale sizes of gravity waves smaller than 250 km have

been only observed on the occasions when the plasma bubbles were present. Therefore, it

is proposed that the gravity wave scale sizes in the zonal direction smaller than 250 km,
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if present in the evening, could potentially act as the triggers for the generation of plasma

bubbles (Saha et al., 2022).

7.2 Future scope

An effort has been made to understand the ionospheric-thermospheric system in this the-

sis work in connection with the coupling between equatorial and low-latitudinal regions.

Several insightful results have been obtained which provide significant advancement in

our knowledge and understanding of equatorial electrodynamics, neutral dynamics over

the low-latitudinal ITS both in a qualitative and quantitative way. With this new under-

standing, a significant scope for the future has emerged at the end of this work, which are

listed as follows:

i. The nightglow observation carried out from an off-equatorial region (equatorward

of Mt. Abu) will provide reversal movement of EIA with larger number of nights

irrespective of solar activity conditions which can be useful for the long-term study

of EIA reversal phenomena. The measurement using a larger field-of-view can also

provide the temporal variation in reversal speeds.

ii. The variation in reversal speeds of the EIA crest is characterized with the nighttime

electric field considering into account the daytime EEJ strength at the opposite

longitude sector as proxy. Simulation/modeling studies can be carried out using the

measured reversal speeds to estimate the nighttime vertical drifts over the equator.

iii. The optical measurements have been obtained from a low-latitudinal location over

the Indian longitude from where we have calculated the reversal speeds of the EIA

in the nighttime. Ideally, such optical experiments in the South-American sector

will enable direct comparison with nighttime westward electric field measured over

Jicamarca since the ISR measurements over an equatorial location are only available

from Jicamarca.

iv. We have estimated the relative variation of meridional winds using digisonde data.

The simultaneous measurement of the neutral winds using FPI will enable to quan-

tify the estimated winds.
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v. The relative variation of the meridional winds has been estimated from a given

location over the low-latitudinal regions comparing the plasma vertical drift between

equatorial and low-latitudinal region measured by digisonde. Using the chain of

digisonde data spread over different latitudes at a given longitude sector over the

low-latitudinal region can be explored.

vi. The factors which ceases or reverses the direction of equatorward wind after sunset

need to be identified.

vii. In this work, the enhancement in emission is investigated during the period of Jan-

Mar in the years 2013, 2014, and 2016. Depending on the availability of the digisonde

data over the equatorial region, these periods of data were selected. The enhance-

ments in the post-sunset emissions have been observed on the other solstice months

during the low solar active periods also. The long-term study of the post-sunset

emission enhancement can be carried out in future.

viii. The enhancements in emissions are observed in the OI 630.0 nm nightglow emissions,

which originate in the bottomside of the peak F-layer. Simultaneous nightglow

observation of the OI 777.4 nm emissions which emanate from the peak F-layer

can provide some more insightful information about this post-sunset thermospheric

phenomena. The vertical coupling associated with the enhancements in emissions

can be understood.

ix. Simultaneous operation of the digisonde and a Fabry-Perot interferometer can pro-

vide information on neutral wind and temperature, which along with the vertical

phase speeds and scale sizes can be considered as inputs into the gravity wave dis-

persion relation to estimating the horizontal scale sizes.

x. Spaced-based airglow data obtained from various satellite data, such as SWARM,

C/NOFS, DMSP, ICON, GOLD can be used to understand global behaviour of the

ionospheric-thermospheric processes in connections with the aspects addressed in

this thesis.
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1. Introduction
Neutral species and charged particles co-exist in the Earth's upper atmosphere, that is, the thermosphere 
and ionosphere. The thermospheric-ionospheric system is tightly coupled and shows intriguing behavior. 
Optical emissions from the upper atmosphere act as good tracers to investigate the behavior of the alti-
tude region of their origin. This passive remote sensing method has been used to investigate various as-
pects of the thermosphere-ionosphere system, such as the vertical coupling of atmosphere (e.g., Laskar 
et al., 2013, 2014), wave activity in the upper atmosphere (e.g., Chakrabarty et al., 2004; Karan & Pallamra-
ju, 2017; Laskar et al., 2015; Pallamraju et al., 2010, 2014, 2016), mesospheric temperature and wave dynam-
ics (e.g., Lakshmi Narayanan et al., 2010; Lakshmi Narayanan & Gurubaran, 2013; Parihar & Taori, 2015; 
Singh & Pallamraju, 2015, 2017; Vineeth et al., 2007), and plasma irregularities in the ionosphere (e.g., Krall 
et al., 2010; Martinis et al., 2009; Mendillo & Baumgardner, 1982; Shiokawa et al., 2004).

Abstract Airglow emissions serve as good tracers of the altitudinal regions at which they originate. 
OI 630 nm (red line) nocturnal emissions originate from around 250 km altitude. A total of 142 nights 
of data corresponding to the months of January, February, and March in the years 2013, 2014, and 2016, 
obtained from Mt. Abu (24.6°N, 72.7°E, 16°N Mag), Gurushikhar, India, a low-latitude location, are 
investigated. These are compared with the column integrated emission rates calculated using, as inputs, 
the measured electron density profiles obtained from a digisonde from Ahmedabad (AMD, 23.0°N, 
72.6°E, 15°N Mag), India. Following the expected monotonic decrement in the emissions after sunset, 
an enhancement is observed on several nights that peaks at around 20–21 local time (LT). The cause for 
this enhancement has been investigated in detail and it is found that the neutral winds, as obtained using 
digisondes at two locations, show almost a very good correlation between a poleward directed wind or 
cessation of equatorward wind over AMD and the observed airglow emission enhancement in the post-
sunset time. Further, the percentage enhancement in emissions also shows a decrease in magnitudes from 
January to March which has a broad similarity to the decrease in the model climatological meridional 
wind magnitudes in the same duration. Based on the data spanning over different years, it is inferred that, 
during geomagnetic quiet periods, almost all of the nocturnal variability in OI 630 nm emissions is due to 
the variations in the neutral wind.

Plain Language Summary Some atoms in the Earth’s upper atmosphere emit light due to 
internal processes known as airglow. The processes prevalent at those altitudes can be understood by 
remotely observing the modulations/variations of this airglow brightness. One such emission at 630 nm, 
known as redline airglow showed large enhancements in post-sunset time over a low-latitude location. 
While such redline emission enhancements can, on occasions, possibly occur due to a process at magnetic 
equator, known as pre-reversal enhancement in electric field, systematic measurements carried out in this 
study over a three year duration in the months of January to March revealed that the meridional wind at 
thermospheric altitudes is the dominant cause of such enhancements. This conclusion has been made by 
measuring the relative variations in winds in the post-sunset times that vary from night-to-night and the 
climatological model output that shows a broad month-to-month variation. We use the fact that poleward 
winds bring in electrons, one of the ingredients that produces redline emission, to low-latitudes thereby 
causing these emission enhancements.
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The off-equatorial low-latitude regions are connected to the equatorial region through the geomagnetic 
field lines. Equatorial electrodynamics, such as, the equatorial ionization anomaly (EIA) and the pre-rever-
sal enhancement (PRE) in electric field can influence the plasma distribution over the low-latitude regions 
(Raghavarao et al., 1978). It is known that the change in the direction of zonal winds over the equator dur-
ing sunset time causes the initiation of the generation in PRE (Farley et al., 1986). These wind magnitudes 
and the times of reversals vary as a function of season. Their effectiveness in generating values of PRE is 
found to be high during equinoxes when the magnetic field lines are closely aligned with that of the solar 
terminator. The EIA refers to the formation of two crests in ionization on either side of the magnetic equator 
brought-in essentially due to the plasma fountain effect which results in a trough in the electron densities 
over the magnetic equator in the daytime. At the time of sunset, on occasions, enhanced vertical drifts at 
the magnetic equator due to the PRE in electric field can cause a resurgence of the plasma fountain effect, 
thereby bringing additional ionization to latitudes further away from the equator in the evening and night-
times (e.g., Klobuchar et al., 1990; Sridharan et al., 1993).

Optical emissions are very sensitive to the changes in the upper atmospheric dynamics. Nighttime OI 
630  nm emission is produced due to the dissociative recombination of molecular oxygen ion which re-
sults in excited atomic oxygen (1D state). The transition of the O(1D) state to the ground state of O(3P) 
releases 630 nm photons (Chamberlain, 1957). There are several reports in the literature on the effect of 
equatorial electrodynamics on the off-equatorial dayglow emission variations (e.g., Karan et al., 2016; Pal-
lamraju et al., 2010, 2014; Sridharan et al., 1994). Signature of reversal of EIA was observed using all-sky 
imaging Fabry-Perot spectrometer (Sridharan et al., 1993) from an off-equatorial location, Mt. Abu (24.6°N, 
72.7°E, 16°N Mag). Plasma plume structures have been observed in the post-sunset emissions from latitude 
close to the magnetic equator (Sekar et al., 2012) and low-latitudinal locations (e.g., Makela, 2006; Martinis 
et al., 2009; Mendillo & Baumgardner, 1982; Otsuka et al., 2002; Park et al., 2003).

Meridional winds also play an important role in the distribution of plasma in the off-equatorial region, 
which results in the variation of the airglow emission rates. Meridional winds in the upper atmosphere have 
been conventionally obtained by the measurements of Doppler shifts in the nighttime OI 630 nm emissions 
(e.g., Gurubaran & Sridharan, 1993; Meriwether et al., 1985; Sridharan et al., 1991) and incoherent scatter 
radar (e.g., Salah & Holt, 1974). An alternate method of measurement of meridional winds using iono-
grams from latitudinally separated locations has also been presented (Krishna Murthy et al., 1990; Medeiros 
et al., 1997; Miller et al., 1986). The strengths of the daytime electric field, the EIA, the PRE, and the neutral 
winds vary from day-to-day, season, and solar activity even during geomagnetic quiet times. During geo-
magnetic disturbances, these phenomena are further modified as changes that are imposed on the equatori-
al electric fields due to both prompt-penetration and disturbance dynamo processes, affect the neutral wind 
magnitudes, their direction of propagations, and electron densities globally (e.g., Karan & Pallamraju, 2018; 
Mandal & Pallamraju, 2020; Mayr et al., 1978; Salah & Holt, 1974).

In this study, the effects of both equatorial electrodynamics and meridional winds have been investigated to 
understand the observed variations in the post-sunset emissions in the OI 630 nm airglow over the low-lat-
itude location, Mt. Abu.

2. Observations and Data Analysis
2.1. OI 630 nm Nightglow Emission

Ground-based measurements of airglow emissions can be used to understand the behavior of the ther-
mospheric-ionospheric system. In earlier studies, optical instruments at high spectral resolutions (0.07–
0.015  nm at 630  nm wavelength) have been developed to obtain the optical emissions in both day and 
nighttimes (e.g., Pallamraju et al., 2002, 2013; Sridharan et al., 1994, 1998). In the present study, nightglow 
emission measurements of the red line are made from Gurushikhar, Mt. Abu, a region typically under the 
crest of the EIA anomaly, using the High Throughput Imaging Echelle Spectrograph (HiTIES) (Chakrabarti 
et al., 2001).
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2.1.1. Optical Data Analysis

HiTIES is a slit spectrograph that yields a high spectral resolution 
(0.06 nm at 630 nm) image of 54° field-of-view. It uses a 1 K × 1 K CCD 
chip, however, it is binned (1 × 16) in the spatial direction to improve 
the signal-to-noise ratio (SNR). The data cadence used for this analysis is 
5 min. The scattered light, which can arise due to the star light, zodiacal 
light, is also eliminated by subtracting the light falling in the spectral re-
gion adjacent (separated by 0.1 nm) to the OI 630 nm emission line. The 
red colored solid line in Figure 1 shows zenith emissions (from Mt. Abu) 
obtained for a sample night. The x-axis shows the local time (LT) in hours 
and the y-axis shows the OI 630 nm emission rates in Rayleigh. The SNR 
of the instrument varies in the range of 50.6–7.1 for a signal brightness 
100–10 R. Therefore, the uncertainty in the measurement typically varies 
in the range of 1–3 R as shown (for a few times) in Figure 1.

2.2. Estimation of Emission Rate Over AMD

Photochemical calculations have been carried out over Ahmedabad 
(AMD, 23.0°N, 72.6°E, 15°N Mag), to obtain the OI 630 nm volume emis-
sion rate (VER). The OI 630 nm emissions through dissociative recombi-

nation (Cogger et al., 1980; Link & Cogger, 1988; Link et al., 1981) over AMD are calculated using the di-
gisonde measured electron densities over AMD as inputs to the model. The information on neutral densities 
and temperature have been obtained from NRLMSISE-00 model (Picone et al., 2002). The ion densities, ion, 
and electron temperatures have been obtained from the IRI-16 model (Bilitza et al., 2017). The peak altitude 
of the OI 630 nm emissions vary typically from 240 to 300 km, with full width at half maxima varying be-
tween 80 and 100 km. In the present study, we have calculated the emission rates integrating the VER over 
a height range from 100 to 700 km. These computed nightglow intensities are compared to the measured 
ones over Mt. Abu, located around 180 km away. Figure 1 shows the estimated emission rate of OI 630 nm 
(dashed black line) over AMD for the same night (January 27, 2016) of measured emissions over Mt. Abu. 
Uncertainty in the estimated emission rate over AMD that incorporates the uncertainties in measurement 
of electron densities (around 2%–6%) and of the model (around 15%) is shown at intervals of 30 min. Since 
the two locations, AMD and Mt. Abu, are reasonably close to one another, the variations in the estimated 
and measured airglow emission rates from these two locations are compared with one another.

Due to the absence of the solar photons after the sunset, a monotonic decrement of nightglow emission rate 
is observed during 18–22 LT. The differences were seen in the emission rates between the measured (over 
Mt. Abu) and the estimated (over AMD) values are most likely due to the location of the EIA crest region 
near or south of the location of AMD. This can also be ascertained by the spatial variation in emissions as 
obtained by HiTIES, as the emission rates measured toward the southern (dash-dot line) direction from Mt. 
Abu (toward EIA crest) are greater in magnitude than those measured toward the northern (dotted line) 
direction (away from the EIA crest), with intermediary values over the zenith. Further, on almost all the 
nights it is seen that as the night progresses the measured and estimated emissions become nearly equal 
to one another (as shown in Figures 1, 2, and 4). This conclusion is also highlighted by the fact that the 
connection between the variabilities estimated (from AMD) vs. measured (over Mt. Abu) during 19–28 LT 
is extremely high with a correlation coefficient value of 0.98. Such a high correlation is also seen on other 
nights. The nocturnal variability in the OI 630 nm emissions as shown in Figure 2, the correlation coeffi-
cients between the measured and estimated emissions are, in general, greater than 0.9. In this present study, 
we have considered geomagnetic quiet nights (Ap <20) in the months of January, February, and March in 
the years 2013, 2014, and 2016. A total of 142 clear nights of data are considered for the investigation of 
thermosphere-ionosphere interactions.
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Figure 1. Sample variation of OI 630 nm emissions measured from Mt. 
Abu (solid red line) for zenith and those estimated over Ahmedabad 
(dashed black line). The southern and northern directions as viewed from 
Mt. Abu are separated by ∼250 km.
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Figure 2. Panels (a–c) show the emissions measured from zenith at Mt. Abu (solid red line) and estimated (dashed 
black line) emissions along with the base F-layer height (dash-dot blue line) over Ahmedabad (AMD) for three selected 
nights from different years. Both Panels (a, b) show the presence of post-sunset enhancement in emissions, whereas, 
Panel (c) shows no such enhancement after the sunset. Correlation coefficients between the measured emissions at Mt. 
Abu and estimated emissions at AMD during 19–24 LT are also shown. Panel (d) depicts variations in the measured 
emissions on around 38 nights with significant post-sunset enhancements.
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2.3. Digisonde Data

Digisonde Portable Sounder (DPS4D) located at AMD (off-equatorial location) and Trivandrum (TVM) 
(equatorial location), have been used in this study. The digisonde data from TVM are used to estimate the 
strength of the PRE on all the days under consideration during January, February, and March months of the 
years 2013, 2014, and 2016. Further, digisonde data on the nights without equatorial spread F (ESF) occur-
rence have been used to derive meridional winds as described in Section 3.3.

2.4. EEJ Data

Geomagnetic data over Indian sector are used to calculate the equatorial electrojet strength. Following ear-
lier studies (Chandra & Rastogi, 1974), geomagnetic field data of Tirunelveli (TIR) (equatorial location) and 
Alibag (ABG) (off-equatorial location) are used to calculate the EEJ strength. Variations of corresponding 
nighttime base values of each location are subtracted to eliminate the geomagnetic contributions at those 
latitudes. Then, magnetic data of ABG are subtracted from that of TIR to eliminate the contribution of 
magnetospheric currents, if any, and thereby obtain the electrojet strength over the equator. Hourly geo-
magnetic data of TIR and ABG that have been used to calculate the EEJ strength, are obtained from http://
wdciig.res.in/WebUI/Home.aspx.

3. Observations and Results
The main focus of this study is to understand the thermosphere-ionosphere behavior in the low- and equa-
torial-latitudes using nocturnal 630 nm airglow variations. We consider the zenith emission measurements 
as obtained from Mt. Abu. It has been observed that out of a total 142 nights as mentioned earlier, emission 
enhancement exists on 85 nights (around 60%). Figure 2 shows two sample nights (Figures 2a and 2b) with 
enhancements in the emission during the post-sunset time, one each in the years 2013 and 2014. Figure 2c 
shows a case without any post-sunset enhancement, and Figure 2d shows 38 nights of nightglow emission 
variations showing significant enhancements of at least 15 R during post-sunset time. The x-axis depicts the 
LT. In Figures 2a–2c, the left-side y-axis shows the measured emission rate in Rayleighs and the right-side 
y-axis shows the base F-layer height in km over AMD. An enhancement in the emission rates observed over 
Mt. Abu centered around 20 LT on January 05, 2013 is shown in Figure 2a (solid red line). The emission 
rates calculated over AMD (dashed black line) also show an enhancement around this time. The correlation 
coefficient calculated between the measured and the estimated emission rates during 19–24 LT is shown in 
each of the panels of Figures 2a–2c. The blue dash-dot line depicts the variation in the base height of the 
F-layer (estimated from h’F) over AMD obtained by the Digisonde. It may be noted that this is anti-correlat-
ed with the variations in the measured emission rate and can be understood that when the F-layer height 
increases (in the duration of 18.5–19.5 LT and after 21.5 LT in Figure 2a), the electrons in the ionosphere 
are lifted above the peak altitude region of 630 nm emission thereby resulting in a decrease in the emission 
rate. Figure 2b also shows post-sunset enhancement for another night in the OI 630 nm emission rate which 
is anti-correlated with the variation of the base F-layer height over AMD. Figure 2c shows a monotonic 
decrease in emissions beginning in twilight time and no enhancement during the post-sunset time. On this 
night, the base of the F-layer too did not show any changes in its height variation. The black solid lines, 
orange dashed lines and the blue dash-dot lines show the emission rates corresponding to the years of 2013, 
2014, and 2016, respectively, in Figure 2d. The enhancements in emissions are observed to be of Gaussian 
shaped mostly around 19–21 LT, typically 2–3 h following the monotonic decrement after sunset. Emissions 
in the year 2016 were fainter (magnitudes given in the right-side y-axis) as compared to the other years 
which can be understood to be due to relative decrease in the electron densities as compared to other years 
commensurate with the decrease in solar flux. The emissions have been observed to range between 270 and 
15 R depending on the solar activity. Therefore, considering 15 R as the lower limit there were 38 nights 
with post-sunset emission enhancement.

As the goal of our study is to gain a systemic understanding of the cause of such post-sunset enhancement 
of OI 630 nm emissions, we have investigated the role of the equatorial electric fields, and neutral winds on 
the variability of the nightglow emissions in the low-latitude region.
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3.1. The Role of Daytime Electric Fields

It is known that equatorial electrodynamic phenomena, like the EIA and PRE, can cause redistribution of 
plasma by bringing in excess electrons from the equatorial-to low-latitudes. It has been established in earlier 
studies that the EIA strength is proportional to the daytime EEJ strength (Karan et al., 2016; Raghavarao 
et al., 1978). Therefore, to explore if this is the cause, we have characterized the post-sunset emission en-
hancement by taking the area under the curve of the observed emissions with the duration of one hour with 
respect to the peak emission as the center and compared it with the integrated strength of the EEJ (depicted 
in Figure 3). Figure 3 shows this comparison where in it can be clearly noted that these two parameters are 
not correlated (correlation coefficient values are −0.17, 0.2, 0.08 in the years 2013, 2014, 2016, respectively). 
This result is not unexpected as the electron density enhancement due to the development of EIA can take 
around 3 h to affect the off-equatorial regions. Therefore, the effects due to EEJ, if any, would be noticed by 
the sunset time over Mt. Abu location, and not beyond that time.

3.2. Role of Pre-Reversal Enhancement in Electric Field

Another factor that can be considered as a possible source for the measured enhancements in the emissions 
over off-equatorial locations is the PRE during sunset time over the magnetic equator. A strong PRE in the 
equatorial region can contribute to an increase in electron densities over the off-equatorial regions through 
the plasma fountain process, as discussed above, which, in turn, can contribute to the enhancement in the 
nighttime emissions through the dissociative recombination mechanism.

To investigate the effect of equatorial electrodynamics over an off-equatorial location, the variations in the 
heights of the base and peak of F-layer and their time rate of change over TVM were considered. Figure 4 
shows both the OI 630 nm measured and estimated emission rates with varying magnitudes of post-sunset 
emissions (top panel), F-layer height variation over TVM (middle panel) and the time rate of change of 
F-layer base height (  F /d h dt) over TVM (bottom panel), which is proportional to the PRE in electric 
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Figure 3. The Integrated EEJ values during 7–12 Local time and the integrated nightglow emission rates centered 
at the time of peak emissions from Mt. Abu integrated for one hour. Here, t1 = Peak Time −30 min; t2 = Peak Time 
+30 min. This result shows that the post-sunset OI 630 nm emission enhancements are not correlated with the 
integrated EEJ strength of that day.
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field (Goel et al., 1990; Woodman et al., 2006) on a few sample nights. The vertical solid yellow line in the 
middle and bottom panels show the local sunset time (at TVM). The middle panel of Figure 4 also shows 
the estimated OI 630 nm emission rates over TVM, wherein a monotonic decrease is observed after the 
sunset, which is a clear consequence of the upward movement of the F-layer. Over Mt. Abu, however, larger 
emission enhancements are seen during post-sunset time in the first three nights (January 10, 16, and 22, 
2014), wherein emissions as large as 400−240 R have been observed. The data gap shown in Figure 4j, dur-
ing 22–23.5 LT is due to presence of moonlight in the FOV of the instrument and the estimated emission 
(dashed black line) confirms that there is no enhancement in emission during that time. It is pertinent to 
note that the PRE is, in general, considered as the most likely cause of such enhancements in nightglow 
over off-equatorial locations as observed in the present study (Sridharan et al., 1993), as plasma from the 
equatorial latitudes is then transported to the off-equatorial latitudes which can then participate in the 
dissociative recombination process to produce OI 630 nm emissions. To investigate if this was the cause 
for the observed emission enhancement in these nights, the variations in the F-layer heights and, more 
importantly, the PRE in electric field over TVM have been obtained. As expected, base of the F-layer of the 
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Figure 4. Top row shows the measured (solid red line) and estimated (dashed black line) emission variability on four 
sample nights in the year 2014. Middle row shows the base F-layer height (h’F) over Trivandrum (TVM), the equatorial 
location, for the same nights (solid black line). The dashed blue line of the middle row shows the estimated red line 
emission rate over TVM. The bottom row shows the time rate of change of the base of the F-layer height ( /dh dt) over 
the magnetic equator TVM, which is proportional to the strength of PRE of equatorial electric field. The vertical lines 
in the middle and bottom rows show the time of ground sunset over TVM. To aid the eye, a horizontal dash-dot line is 
drawn for the plots in the bottom row at 10 m s−1.



Journal of Geophysical Research: Space Physics

ionosphere moves up (middle row) due to both recombination of ionization in the bottom side and vertical 
drift due to the PRE in electric field. To assess the extent of contribution of the PRE in electric field on each 
of the nights the dh/dt is shown in the bottom panel. To aid the eye a horizontal line is drawn at the value 
of 10 m s−1. It can be noted that on January 10, 2014 (leftmost column) the PRE is the smallest at the sunset 
time and beyond and on January 14, 2014 (the rightmost column) the value of PRE is the largest among all 
the days in consideration. We have compared the dh/dt values with the magnitude of enhancements (ΔI), 
which is calculated by taking differences between the peak value and the interpolated emission value at that 
time if the peak was not present. ΔI is seen to be the largest on January 10 with 270 R and least on January 
22 with 120 R, although both nights have similar dh/dt values. The dh/dt value for January 16 (11 m s−1) 
is slightly higher compared to January 10 (9 m s−1), however, the ΔI is smaller on January 16 (155 R) com-
pared to January 10 (270 R). The data on January 14, in fact, showed the highest values (13 m s−1) of dh/dt 
among all the four nights, but did not show the presence of any post-sunset enhancement in emissions. The 
magnitudes of the drifts fall off sharply on all the days after the sunset over the equator. While these results 
are intriguing, in order to gain a greater understanding of the systemic nature of nocturnal emissions, these 
investigations are extended to several nights.

Figure  5 shows a consolidated picture of equatorial electrodynamics for several geomagnetically quiet 
nights (Ap <20). As the occurrence of ESF renders the estimation of h’F ambiguous, only non-ESF nights 
are considered for comparison with the optical emission data. A total of 19 nights’ data are included in 
this figure in which on twelve post-sunset emissions were present. This figure depicts the variations in the 
F-region heights and the vertical drifts for several nights. The plots in the top row show dashed red lines 
indicating the behavior of the equatorial F-region on the nights that showed emission enhancements over 
Mt. Abu in the post-sunset time, whereas, the solid black lines depict the data on the nights that did not 
show any such airglow emission enhancements. The vertical yellow lines indicate the average time of local 
sunset at the ground over TVM in that duration. Similarly, the plots in the bottom row show the variation 
in PRE indicated as the /dh dt . The base of F-layer height variations over TVM for the years 2014 and 2016 
(Figures  5c and  5e) do not show any differences between the two categories, namely with and without 
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Figure 5. The top panels show the base F-layer height over Trivandrum (TVM) and the bottom panels show the time 
rate of change of the base F-layer height ( /dh dt). Different years 2013, 2014, and 2016 are depicted. The yellow vertical 
line in the plots indicates the local sunset time over TVM. Dashed red lines show the nights with enhanced emissions 
over Mt. Abu and solid black lines show the nights without such enhancements in emission during post-sunset time.
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having post-sunset emission enhancements of nightglow emissions measured over Mt. Abu. Similarly, the 
variations in PRE in electric field over TVM for those nights also did not show any contrasting behavior 
(Figures 5d and 5f). For the year 2013 as well, except for the three days marked in Figures 5a and 5b, the 
base of the F-layer height and PRE over TVM do not show any differences among those nights with or with-
out any post-sunset enhancement in the variations in the nightglow emissions over Mt. Abu. Data for the 
three days marked as 1, 2, and 3, correspond to January 01, January 05, and March 04, 2013, respectively, 
and show higher values of F-layer height and higher magnitudes of PRE prior to the occurrence of emission 
enhancements measured over Mt. Abu. These three nights have been investigated in greater detail and their 
results are described in the next section (# 4). Considering all the relevant data presented so far, in Figures 4 
and 5, it is clear that the post-sunset enhancement in the equatorial electric fields do not seem to be playing 
a decisive role that explains the observed OI 630 nm nightglow emission enhancements measured over 
low-latitudes during the post-sunset hours.

3.3. Role of Meridional Winds

Another factor that can influence plasma distribution over low-latitude regions is the sense and magnitude 
of meridional wind. Figure 6 depicts a schematic of the effect of the equatorward and the poleward me-
ridional winds (either transequatorial or otherwise) on the movement of plasma at different latitudes. In 
the presence of meridional wind of speed U, plasma moves along the geomagnetic field lines with an effect 
of  cosU I , where, I is the dip angle of the location. Therefore, this results in the displacement of plasma 
vertically upward or downward by a magnitude of    cos sinU I I  depending on either equatorward or pole-
ward directed meridional wind (Rishbeth, 1977). As shown in Figure 2 and described above, upward move-
ment of F-layer (due to the equatorial wind) causes a decrease in OI 630 nm emissions over Mt. Abu as the 
available ionization density in the altitude region of airglow emissions is reduced. Similarly, a downward 
movement of plasma (due to poleward wind) causes an enhancement in the emissions as it brings in more 
electrons in the altitude region of emissions. Hence, the change in meridional wind is an extremely potent 
cause for the observed enhancements in the 630 nm airglow emission rates over Mt. Abu. As there are no 
neutral wind measurements from this location for this duration, we have estimated the variability in the 
meridional winds using the ionospheric data from two locations. They are AMD, an off-equatorial location, 
where we want to estimate the meridional winds and TVM, an equatorial location. From Figure 6, we note 
that meridional winds do not contribute to a change in the F-region height over the magnetic equator owing 
to horizontal nature of the magnetic field lines, whereas, for any latitude away from the equatorial latitudes 
(>±3°) the ionospheric heights do get affected by the presence of a meridional wind.

The extent of vertical movement of the F-layer measured at any location can be expressed as,

          2cos cos sin sin ,d dV V I U I I W I (1)
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Figure 6. Schematic showing the movement of ionospheric plasma in response to meridional winds (Adapted from 
Rishbeth, 1977).
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where, Vd is the vertical E × B drift over the magnetic equator, U is the meridional wind (positive poleward), 
Wd is the plasma diffusion, and I is the dip angle. Note that at the magnetic equatorial location, as the dip 
angle is zero, to the first order, the measured vertical drift of the F-layer corresponds to the E × B drift (Vd).

By rearranging the terms in Equation 1 the meridional wind (U) at a given location can be written as,

  
   


 

2 cos
tan ,

sin 2
d

d

V I V
U W I

I
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However, the measured vertical drift is the sum of true vertical (E × B) drift ( trueV ) and apparent vertical drift 
( apparentV ). apparentV  results due to recombination of charges at lower altitudes of the ionosphere, as also dis-
cussed above, and can be estimated as a product of the rate of recombination coefficient β and scale height 
H. If,  measTV , T TH , and  measAV , A AH  represent the measured and apparent vertical drifts at TVM and 
AMD, respectively, then,  measTV ,  measAV  can be written as,
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Now,  trueTV  is equal to the E × B drift over the equator  dV . Therefore, using Equations 4a and 4b, and V 
for  trueAV , in Equation 2, the expression becomes,
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H is calculated as  /N dH dN  (Subbarao & Krishna Murthy, 1983), wherein, we have used two frequencies 
2.0 and 2.5 MHz in the calculation of meridional wind over AMD. The value of dip angle (I) corresponding 
to the years under consideration is taken from IGRF model (http://wdc.kugi.kyoto-u.ac.jp/igrf/point/index.
html). The uncertainty in the calculation of meridional wind has been computed to be ±23.7 m s−1 consid-
ering the uncertainty in the measurement of height from the digisonde to be of 5 km and a data cadence of 
7.5 min, mentioned in Figure 7 at 45 min interval.

This approach had been carried out earlier using the digisondes at TVM and SHAR (Krishna Murthy 
et al., 1990) over Indian longitudes. In the present work as the geomagnetic quiet times are considered 
(Ap <20), we assume that there are no interlocational changes in the neutral temperature and that the 
electric field variation over the off-equatorial location to be a cosine(I) factor of that of the equatorial re-
gion. Under these assumptions, we obtain the relative variations in meridional winds using this method. 
Considering the lack of true information on the magnitudes of other parameters such as the thermospheric 
temperature and electric field, this method can only yield information on the relative variations in winds 
and not their absolute magnitudes. With this understanding, let us now explore as to how these variations 
compare with those of the measured airglow emissions.

As discussed earlier, Mt. Abu and AMD are two close by locations, and the variability in estimated emission 
rates over AMD show an excellent correlation (about >0.9) with the measured emission rates over Mt. Abu. 
With this background, one can compare the variations in the meridional wind over AMD with that of the 
measured OI 630 nm emissions over Mt. Abu. These are shown in Figure 7 for several nights in the years 
2013, 2014, and 2016 including those depicted in Figure 4. The x-axis shows the LT, and the left side y-axis 
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shows the emission rates in Rayleighs. Please note the differences in the ranges of left side y-axes between 
the top and the bottom panels. The right side y-axis depicts the derived relative meridional wind values. The 
small gaps in the measured emissions in some nights are due to removal of data due to the presence of star 
light (in Figures 7a and 7b) and moon light (in Figures 7c and 7d) in the field-of-view. The poleward me-
ridional winds in the daytime turn equatorward after the sunset. Qualitatively, these plots show that there 
is an association of enhancement in the emission in the post-sunset time with the turning of meridional 
wind from equatorward to poleward or cessation of equatorward directed winds. Similarly, when the wind 
again turns in the equatorward direction, the nightglow emission rates start decreasing (Figures 7a–7h). 
As discussed earlier, the poleward wind brings down the F-layer height thereby bringing electrons to lower 
altitudes resulting in enhancement in emissions as measured in our data. It may be noted that the varia-
bility between emission rate and meridional winds shows extremely good correlations (in the duration of 
19–22 LT) as shown in these plots. In some cases, time differences have been observed to be varying from 
around 15–45 min between the measured airglow emissions in response to the meridional wind variations, 
which could be due to the small spatial separation between the two locations. Also, physical parameters 
like plasma lifetime, diffusion constant, ion drag, and viscous drag can create time delays in the response of 
ionosphere with the imposed meridional wind. Beyond 22 LT, the electron density becomes so small that 
meridional wind does not have any perceptible effect in the airglow emission variabilities, especially during 
the geomagnetic quiet and non-ESF nights that are considered here.

In spite of the independent nature of these two data sets, namely, one being measurements of optical OI 
630 nm airglow emission variability over Mt. Abu and the other being relative meridional wind variations 
obtained by digisondes at two locations, the high correlation (many of the cases, the correlation coefficient 
values are more than 0.75) between them is remarkable and reinforces the inference that the cause of the 
variability in the measured OI 630 nm emission brightness over low-latitudes during geomagnetic quiet 
times is most likely due to the variation in the meridional winds.
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Figure 7. Variations in the measured 630 nm emission (solid red lines) over Mt. Abu and the relative variations of 
meridional wind (dashed blue lines) calculated for Ahmedabad (positive poleward) are shown. The horizontal dotted 
lines indicate the zero value of the meridional wind. The correlation coefficient between variations in the measured 
emissions and calculated winds are also shown in each of the panels.
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4. Discussion
In this study, we have carried out a detailed investigation to understand the possible cause of the enhance-
ments in the measured airglow emissions during the post-sunset time over the low-latitude location, Mt. 
Abu. The PRE in electric field over the magnetic equator did not show any contrasting behavior between 
the nights having and not having post-sunset emission enhancements. However, it is seen that the emis-
sion enhancements were sensitive to the variations in the meridional winds. While discussing about the 
meridional winds, there are two aspects that are implicit in it, one is the sense of winds and the other is 
the electron densities that are present at that given time. From the panels in Figure 7, it can be readily not-
ed that the changes in the magnitude of meridional winds from equatorward to poleward portray almost 
good relationship with the emission enhancements as seen by the correlation coefficient values. “Almost,” 
because the electron density is also involved. Sufficient electron number density is required for significant 
changes to be seen in the nocturnal emissions. This is the reason why near or after midnight, the emission 
variations do not correlate with the variations in the calculated meridional winds. The values of the electron 
densities are proportional to the solar flux. The solar flux values in the present study were such that they can 
be considered to represent moderate, high, and low solar activity periods in the years 2013, 2014, and 2016, 
respectively. Thus, the results obtained in this study are independent of the variation in solar flux. Neverthe-
less, the changes in the meridional winds correlate well with the variation in the measured airglow emission 
enhancements during the post-sunset time. For example, in Figures 7c and 7e, during the post-sunset time, 
relative changes in meridional winds from equatorward to poleward are quite similar, however, the magni-
tude of emissions are different (400R and 230R). This is explained to be due to the higher solar flux on Jan-
uary 10, 2014 (solar flux unit, sfu, of 170) (1 sfu = 10−22 W m−2 Hz−1) compared to January 16, 2014 (sfu of 
117). The electron density values at 250 km at the time of peak emissions were 2.34 × 106 and 1.3 × 106 cm−3 
on these two nights. It is striking to note that all these parameters, namely, emission brightness, sfu, and 
electron densities, scale by a similar value of around 1.7.

In Figures 5a and 5b, three days showed greater F-region heights, and vertical drifts ( /dh dt), over TVM on 
January 01, 2013, January 05, 2013, and March 04, 2013 (identified as 1, 2, and 3, respectively) compared 
to the other days in that year. The equatorial base F-layer height (top row), /dh dt (middle row), and noc-
turnal emissions of these nights along with another night January 18, 2013, where post-sunset emission 
enhancement was also present (bottom row), are shown in Figure 8. It may be noted that in the absence 
of OI 630 nm emission measurements from Mt. Abu, for data of 1 and 3 the comparison is made with the 
OI 630 nm column integrated emission rates estimated using the measured electron densities from the di-
gisonde at AMD as inputs to the photochemical calculations, as these two show good correlated with each 
other (corr. coeff. >0.9). The correlation coefficients between estimated emission rates and derived meridi-
onal wind during 19–22 LT have been calculated for these nights and are shown in the bottom panels of Fig-
ure 8. All these nights showed enhancements in emissions around the time 20–21 LT. However, the behav-
ior in the variability of emission magnitudes over Mt. Abu/AMD vs. the F-region over equator was in stark 
contrast. For the sake of consistency the estimated column integrated emission values are compared on all 
the nights for the following discussion. Also, as in Figures 4 and 5, a horizontal line is drawn at 10 m s−1  
drift speed values to aid the eye. The emission variability on the first two nights (January 05, 2013 and 
March 04, 2013) depicted in columns 1 and 2 of Figure 8, showed contrasting emission magnitudes (460 vs. 
620 R) even though the F-region behavior (F-region base height and the /dh dt values) was similar. When 
one compares this with the other two nights (January 01, 2013 and January 18, 2013) in columns 3 and 4 
of Figure 8, the F-region behavior over the equatorial location was quite different while the emission mag-
nitudes were nearly similar (around 280 R at 21 LT). Though, having larger vertical drift values on January 
01, 2013 compared with January 05, 2013 and March 04, 2013, the magnitude of enhanced emission is 
much smaller. Nevertheless, it is to be noted that on all these nights the values of the correlation coefficient 
between the relative variations in meridional wind and optical emissions are quite good. Therefore, the one 
common parameter that comes forth from these four nights is that the 630 nm nightglow emission varia-
bility over low-latitude location, such as Mt. Abu, is primarily due to the poleward turning (or cessation of 
equatorward directed) meridional winds.

The electric field variation over low-latitudes is considered to be proportional to the equatorial electric 
field. Any small deviations from this proportionality may contribute to changes in the ionospheric height 
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variation. During geomagnetic quiet times, as considered in the present study, these are not expected to 
change independent of the equatorial region. In any case, there is no way to ascertain such variations, 
if any, in the electric field at such high temporal cadence, as no studies exist on these aspects so far over 
low-latitudes. There are, however, ample evidence in the literature that showed using ground-based meas-
urements that meridional winds do change over short timescales of an hour (e.g., Meriwether et al., 1985). 
The measurements from Mt. Abu carried out during February, 1991, using a Fabry-Perot spectrometer 
(Sridharan et al., 1991), showed the presence of poleward wind in the post-sunset time with a magnitude 
of around 100–150 m s−1 that varied within 1–2 h duration (Gurubaran & Sridharan, 1993). Many other 
ground-based observations from different locations also showed variations of meridional wind in short 
time scales ranging from a fraction of an hour to a couple of hours (Biondi & Sipler, 1985; Harper, 1973; 
Meriwether et al., 1985).

In Figure 8, we have seen that the differences in emission magnitudes for two nights were commensurate 
with the increase in solar fluxes on those individual nights. To explore, if that is the case in all the existing 
(38 nights of) data, we have plotted the enhancement in emissions (ΔI) and percentage enhancement in 
emissions ([ΔI/I]*100) as a function of sfu variations in Figures 9a and 9b, respectively. It is interesting to 
note from Figure 9a that the enhancement in emissions is reasonably correlated with sfu. As we have seen 
above in Figure 7, this is related to enhancement in electron densities due to increase in solar flux, which 
varied from 90 to 210 sfu. As the average background emission also increases with increasing solar flux, 
the percentage enhancements in emissions remain broadly independent of the variation in solar flux as 
shown in Figure 9b. As this percentage variation in ΔI/I is reasonably free from that in the solar flux, these 
variations for three different years have been organized as a function of the Day of year (DOY) in Figure 9c 
to investigate the seasonal variations in them, if any. Here we have considered January 1 of each year as the 
DOY = 1. It is seen that there is a broad decrease in the percentage enhancement in emissions from Janu-
ary 1 to March 30. Poleward winds over Ahmedabad at 20 LT, a representative time of the observations in 
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Figure 8. The top panels show the base F-layer height variation over Trivandrum (TVM). Middle panels show the 
/dh dt variation over TVM for the same days as above. The bottom panels show the post-sunset variation in the optical 

630 nm emissions and calculated meridional wind for the same days as above. Plots (c, l) show both the measured and 
estimated emissions, whereas, (f, i) show estimated emissions only due to unavailability of optical data.
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emission enhancements, obtained using the HWM-14 (Drob et al., 2015) 
are also plotted (solid red line). Being a climatological model, night-to-
night comparison is not possible from HWM-14 wind values, however, 
the broad seasonal trend in them as a function of the DOY (season) can 
be readily noted. This decrease in poleward directed winds is consistent 
with the decrease in ΔI/I in post-sunset emissions as measured over a 
low-latitude location. We further compare these variations with the mod-
el values of vertical drifts at the post-sunset time as presented by the ver-
tical drift model (Fejer et al., 2008). Values for winter solstice and equinox 
times are considered and are also plotted in Figure 9c (dashed line). As it 
is known, the PRE values are larger in the equinoxes as compared to the 
winters, which is in stark contrast with the observed values of ΔI/I.

In conclusion, considering all the observational datasets, namely, (a) 
ionospheric F-region height variations over TVM and AMD, (b) PRE 
in electric field over the magnetic equatorial location (TVM) in Indian 
longitudes, (c) measured column integrated OI 630 nm emission varia-
tions over Mt. Abu, an off-equatorial location, (d) the column integrat-
ed emission rates estimated using Digisonde measured electron densi-
ty over AMD and TVM, and (e) the relative meridional wind variations 
derived from the measured values of electron densities at separate lati-
tudes during the non-ESF quiet periods, it seems that the enhancements 
in nighttime OI 630  nm nocturnal airglow emissions over Mt. Abu in 
the post-sunset period are due to the variations in those of meridional 
winds, for all solar flux conditions. This conclusion is further reinforced 
by the similar nature of the model meridional wind variation and that in 
the observed percentage enhancement in emissions as a function of DOY 
(representing the changing seasons from winter to equinox).

What is presented here is the circumstantial evidence of the significant 
role of meridional winds in causing the observed OI 630 nm emission 
enhancements. Measurements of neutral winds from the same location 
at an earlier time and from other longitudes do show that the meridional 
winds do change in their magnitudes and direction in short times scales 
(half an hour to couple of hours’ duration). Simultaneous Fabry-Perot 
interferometric measurements of neutral winds and temperatures are 
planned in the future from AMD/Mt. Abu. These measurements will ena-

ble quantification of the calculated meridional winds from the digisonde measurements as described in this 
study. That study will also enable assessment of relative contribution of winds and the PRE in governing the 
OI 630 nm emission variability in such low-latitude locations on a night-to-night basis.

5. Summary
Enhancements in OI 630 nm nightglow emissions were observed on several nights from Mt. Abu. OI 630 nm 
emission photochemical model has been developed which uses the measured electron densities as inputs 
obtained from the Digisonde, located at AMD and the neutral and plasma parameters from NRLMSISE-00 
and IRI-16 models, respectively. The equatorial electrodynamics and the meridional wind variations have 
been investigated to understand the plausible causes for the observed post-sunset enhancement in the OI 
630 nm nightglow emissions over a period of three years. Daytime EEJ strengths do not show any similarity 
with the measured post-sunset nightglow emission enhancements. Variations in the base of F-layer height 
and PRE in electric field over an equatorial location, TVM, have been studied around the sunset time and 
they too do not show any contrast in their behavior between the nights with and without post-sunset en-
hancement in the OI 630 nm nightglow emissions measured over Mt. Abu. Meridional wind variability 
estimated over AMD using ionosonde data of two locations shows a very good correlation with that of the 
observed airglow emission variability over Mt. Abu during the post-sunset hours. Whenever the meridional 
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Figure 9. The variation of magnitude of enhancement (ΔI) and 
percentage enhancement in emissions ([ΔI/I]*100) with solar fluxes are 
shown in the top two panels. Panel c shows the percentage variation in 
(ΔI/I) with day of the year for three different years.
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wind turns poleward from equatorward or a cessation in the equatorward wind occurs, a clear enhance-
ment has been noticed in the measured OI 630 nm nightglow emissions during post-sunset hours over the 
low-latitude location. The magnitudes in the measured emission enhancements depend on the electron 
density that is present on a given night. The variabilities in the OI 630 nm emissions correlate well with the 
calculated relative meridional wind variations on all of the nights on which radio data were available over 
TVM during non-ESF and geomagnetic quiet times. These variations in emission enhancements are also 
consistent with those in the model meridional winds, which add strength to the conclusion arrived at in this 
study. The observations of emission spanned over the years 2013, 2014, and 2016 with varying solar activity, 
which asserts that the results are independent of the solar flux variation.

Data Availability Statement
The nighttime optical data, used in this study, has been obtained by the Physical Research Laboratory. 
The hourly geomagnetic data which have been used to calculate the electrojet strength has been obtained 
from the ground-magnetometers maintained by the Indian Institute of Geomagnetism http://wdciig.res.in/
WebUI/Home.aspx. The digisonde data of the locations at AMD and TVM are obtained from the Physical 
Research Laboratory, Ahmedabad and Space Physics Laboratory, Trivandrum, respectively. The data used 
for this work represented in figures can be accessed from https://osf.io/ubcaz.
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Abstract

Equatorial plasma bubbles (EPBs), generated over the dip-equator during the sunset time, get mapped over to the low-latitudes
through the geomagnetic field lines and contribute to structures of different scales in the nighttime thermosphere-ionosphere system.
In the present study, the EPBs are observed in the OI 630 nm nightglow emissions over Mt. Abu and Kolhapur using a High Throughput
Imaging Echelle spectrograph (HiTIES) and All-Sky Imager (ASI), respectively. Similar periodicities obtained in these measurements
consistently corroborate the presence of the EPBs at both these locations. The strength of the Pre-Reversal Enhancement (PRE) in
the zonal electric field has been investigated using the ionosonde data over Trivandrum, a dip-equatorial location. The strength of
PRE decides the latitudinal extent of the EPBs. The eastward movement of the EPBs has been estimated to be in the range of 190–
90 ms�1, decreasing in magnitude from post-sunset to midnight. The wave number analysis carried out using the observed OI
630 nm emissions in the zonal direction has resulted in a contrasting behaviour during the presence/absence of the EPBs. Based on
the analysis of around 1300 images of data, it is revealed that the scale sizes in the range of 250–300 km are omnipresent, whereas, shorter
scale sizes (50–250 km) are present only during the presence of EPBs. It is inferred that these shorter scale size gravity waves played a
significant role in the seeding the perturbation of the EPBs.
� 2022 COSPAR. Published by Elsevier B.V. All rights reserved.

Keywords: OI 630 nm nightglow; Equatorial plasma bubbles; Equatorial electrodynamics; Gravity waves; Ionosphere-thermosphere system; High-
resolution spectrographs

1. Introduction

Equatorial ionospheric irregularities can extend to large
spatial distances in latitudes, which pose significant adverse
impacts on trans-ionospheric radio wave propagation dur-
ing their presence. The GPS receiver shows scintillations
in the signals due to loss in phase locks. This brings practical
difficulties in navigation and satellite-based communication,

and so it motivates the scientific community working in the
ionospheric studies to understand these phenomena in
greater detail. The sharp plasma density gradient in the
ionospheric F-region altitudes during sunset time sets the
stage for the onset of ionospheric irregularities. These irreg-
ularities span a wide range of scale sizes from a few centime-
tres to several thousand kilometres, as observed in different
techniques. Some of the manifestations of these irregulari-
ties are the spread in reflected echoes (spread-F) of radio fre-
quency as seen in ionograms, plasma bubbles as seen in
optical imagers, plasma plumes as observed using radars,
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and plasma scintillations as seen in VHF and GPS measure-
ments (e.g., Farley et al., 1970; Woodman and La Hoz,
1976; Abdu et al., 1983; Kelley, 1985; Takahashi et al.,
2001, 2021; Huang et al., 2013; Patra et al., 2014; Abadi
et al., 2015; Huang and Roddy, 2016; Sivakandan et al.,
2019; Takahashi et al., 2021). Generalised Rayleigh-
Taylor instability (RTI) generates the bubble-like struc-
tures, which, to the first order, are understood to be respon-
sible for the generation of such plasma irregularities over the
magnetic equator (Balsley et al., 1972; Kelley, 1985). The
RTI growth rate is dependent on the magnitude and the
sense of the equatorial eastward electric field and neutral
winds, gravitational force, ion-neutral collision frequency,
electron density gradient, and vertically downward winds,
among other factors (Haerendel et al., 1992; Kelley, 1985;
Sekar and Raghavarao, 1987; Sultan, 1996). Numerous
investigations have been carried out, which brought out sev-
eral important aspects/factors with regard to this plasma
irregularity formation and morphology. Some of them that
play a significant role in the generation and growth of the
plasma instability are: the strength of equatorial ionization
anomaly (EIA) in the daytime (e.g., Kelley, 1985;
Raghavarao et al., 1988; Sridharan et al., 1994; Pallamraju
et al., 2004; Prakash et al., 2009), the pre-reversal enhance-
ment in the electric field, field-line integrated conductivity of
the medium (Abdu et al., 1982; Tsunoda et al., 1985), neu-
tral winds (both vertical and meridional), (Maruyama and
Matuura, 1984; Sekar and Raghavarao, 1987; Raghavarao
et al., 1987, 1993) and gravity waves (GWs) (Kelley et al.,
1981; Kelley andHysell, 1991; Abdu et al., 2009). Modelling
studies have evolved over the decades to understand the lin-
ear, non-linear growth of plasma bubbles, the effect of the
electric field, and winds in the generation and growth of
plasma bubbles (e.g., Ossakow, 1981; Sekar and
Raghavarao, 1987; Haerendel et al., 1992, Sekar et al.,
1994, 2001; Sultan, 1996; Huba et al., 2008; Krall et al.,
2009). In parallel, observational studies have been carried
out using ground-based and satellite-borne measurements
(e.g., Tsunoda et al., 1982; Kil et al., 2009; Karan et al.,
2020; Park et al.,2022), which increased our understanding
of the plasma instabilities, and their structure, and zonal
drifts.

Optical emissions have been used extensively in the
investigations of equatorial plasma bubbles (EPBs). OI
630.0 nm and 777.4 nm emissions originating from around
250 km and peak F-layer, respectively, are more commonly
used for the investigations of EPBs (Mendillo and
Baumgardner, 1982; Kelley et al., 2002; Makela and
Kelley, 2003; Mukherjee et al., 2003; Rajesh et al., 2010;
Sekar et al., 2012; Ghodpage et al., 2014) as the electron
densities play an important role in the production of these
emissions. The plasma bubbles which are generated over
the dip-equator rise to higher altitudes in response to the
eastward electric fields and come down to the low-
latitudes along the geomagnetic field lines due to ambipolar
diffusion and pressure gradient forces. The apex altitudes
to which the bubbles reach can be as high as 1700 km.

These plasma bubbles are aligned along the magnetic field
lines as demonstrated by the simultaneous observation
from two geomagnetic conjugate locations (e.g., Otsuka
et al., 2002; Shiokawa et al., 2004), wherein, the structures
of the plasma bubbles and their bifurcations at the conju-
gate locations do match fairly well with one another. Sev-
eral characteristics of the plasma bubbles, like, westward
tilt of the bubble structures and eastward movements, have
been investigated from different longitude sectors
(Mendillo and Tyler, 1983; Makela and Kelley, 2003;
Mukherjee et al., 2003; Pimenta et al., 2001; Sekar et al.,
2012; Ghodpage et al., 2014; Gurav et al., 2019; Karan
et al., 2020). The neutral wind measurement using the
Fabry-Perot interferometer over the Brazilian sector had
been shown to match very well with the zonal plasma drift
as well as with the zonal drift of plasma bubbles
(Chapagain et al., 2012, 2013).

In this study, we present the results obtained from
observations of OI 630 nm nocturnal emissions carried
out during January to March in the year of 2014 from
two different locations, namely, Mt. Abu (24.6oN, 72.7oE,
19oN Mag) and Kolhapur (16.8oN, 74.2oE, 10.4oN Mag).
Mt. Abu is typically located at the northern edge of the
EIA crest, whereas, Kolhapur is located between the mag-
netic equator and the northern crest of the EIA. Signature
of the plasma bubble has been observed in the OI 630 nm
emissions from these two locations using two different opti-
cal instruments, High throughput Imaging Echelle Spectro-
graph (HiTIES) over Mt. Abu and All-sky Imager (ASI)
over Kolhapur. This passive remote sensing of the upper
atmosphere has resulted in improving our understanding
of the signatures of nighttime GW behaviour both in zonal
and meridional directions. The plasma bubbles are clearly
seen as depletions in emissions in the imager and the spec-
trograph. The zonal plasma drift, horizontal scale sizes as
obtained from the imager data, and the plasma bubble
periodicity obtained from two locations will be discussed
in detail.

2. Observations and data used

2.1. OI 630 nm nightglow emissions

The OI 630 nm airglow emissions originate at an alti-
tude centred at 250 km with around 100 km full-width half
maxima during nighttime. The nighttime OI 630 nm emis-
sion is produced following a two-step mechanism. Firstly,
the O+ charge exchanges with O2 to produce O2

+. Then
the dissociative recombination of O2

+ produces excited
atomic oxygen (O(1D)) in the presence of background ther-
mal electrons, which, on the transition to the ground state,
releases 630 nm photons. This forbidden state of O(1D) has
radiative lifetime of 110 sec, so it has enough time to equi-
librate with the thermospheric dynamics. Thus, the OI
630 nm nightglow emission variation provides information
on the thermospheric-ionospheric interaction and enables
investigations of the upper atmospheric dynamics.
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2.1.1. HiTIES observations

HiTIES is a high spectral resolution slit spectrograph
(Chakrabarti et al., 2001) which is in operation from Mt.
Abu, India. HiTIES has a spectral resolution of 0.06 nm
at 630 nm. It uses 1024 � 1024 pixels CCD which are
binned 1 � 16 in the spatial direction, to improve the
signal-to-noise ratio. The field-of-view (FOV) of HiTIES
is around 54� along the slit, which is oriented in the geo-
magnetic north–south direction for this experiment. The
data cadence is 5 min. Dark count, vignetting effects, and
Van Rhijn effects have been considered in the images
before further analyses are carried out. Greater informa-
tion on the instrument, its working, and data processing
has been reported in earlier works (Chakrabarti et al.,
2001, Saha et al., 2021).

2.1.2. All-sky imager observation

The data set from an all-sky imager located at an off-
equatorial station, Kolhapur, is used in this study. The
1024 � 1024 pixels CCD-based ASI gives 140� FOV, which
covers around 1200 km distance (Sharma et al., 2014). To
avoid the curvature and non-linear effects that exist in the
image at larger incident angles, we have taken around 100�
FOV, which corresponds to around 600 km horizontal dis-
tance both in the zonal and meridional directions in our
analysis. Around 20 nights of clear sky (cloud-free) data
have been obtained during the period Jan to Feb in the
year 2014.

2.2. Digisonde

Radio-sounding data using Digisonde Portable Sounder
(DPS-4D) from two locations Trivandrum (8.5oN, 76.9oE,
0.03oN Mag) (dip equatorial location) and Ahmedabad
(23.0oN, 72.6oE, 17.3oN Mag) (a low-latitude location)
have been used in this study. The digisonde provides the
ionospheric information every 7.5 min. During the pres-
ence of plasma irregularities, spread in reflected radio
echoes are seen in the ionograms rendering the measure-
ment of the height of the F-region ambiguous. Therefore,
during the absence of spread-F and until the occurrence
of spread-F, we have estimated the plasma drifts over the
equator. Further, in order to avoid uncertainty in the esti-
mation of plasma drifts which can arise due to the recom-
bination in the bottom side of the F-region (Bittencourt
and Abdu, 1981), we have used 7 MHz isoelectron density
contours, which are typically above 300 km, to calculate
the sunset time F-layer vertical drift over the dip-equator.

3. Observations and results

Different types of variability in the OI 630 nm nightglow
emissions have been observed from a low-latitude location,
Mt. Abu. After the sunset, as the electrons recombine
rapidly, OI 630 nm emissions decrease monotonically from
18:45 LT, when the HiTIES observations begin in a pro-
grammed mode (Fig. 1a). The different colours represent

emissions that originate from different directions as viewed
from HiTIES, as mentioned in this figure. On several
nights, we have observed an enhancement in emissions
after around 1.5 h of local sunset (Fig. 1b) at around 21
LT. A poleward meridional wind which brings down the
plasma to the 630 nm emission altitudes, has been found
to be the cause of such emission enhancements (Saha
et al., 2021). Apart from that, we have observed excursions
in emissions on some nights (as shown in Fig. 1c, d). There
are four depletions in emissions that have been observed on
26 Feb 2014 at 20:30, 21:25, 22:45, and 24:35 LT (Fig. 1c).
A close inspection indicates that the emissions decrease at
the same time and with the same magnitudes in all direc-
tions, north, zenith and south at 21:25 LT. Whereas, for
the other depletions, the southern side emissions (dashed
blue line) show a much sharper and deeper decrease than
that on the northern side. Similarly, the depletions in emis-
sions seen on the other night, 05 Mar 2014, have different
rates of decrease in different directions. All these differences
are the tell-tale signature of the plasma bubbles, their lati-
tudinal and longitudinal extents, etc., as will be clear once
the data from other datasets are presented and discussed as
given below. Out of 68 moonless clear sky nights during
Jan-Mar of the year 2014, 26 nights showed such sudden
depletions in emissions.

The simultaneous digisonde measurement from nearby
location in Ahmedabad indicated the presence of spread-
F in the ionogram during the times of depletions in the
nightglow emissions observed from Mt. Abu. These loca-
tions of spread-F are indicated with the shaded region
(pink coloured horizontal lines) in Fig. 1c and 1d. It should
be mentioned here that the other two nights in Fig. 1a and
1b are non-spread-F nights. The presence of spread-F at
the time of depletions in emissions suggests the presence
of strong plasma irregularities over this region. The pres-
ence of depletions in emissions over Mt. Abu coincides
on all (100 %) of the occasions with the spread-F seen over
Ahmedabad, indicating the extent of large-scale size
plasma irregularities at least until 19� magnetic latitude
on those nights. However, only on 69 % nights of spread-
F observations over Ahmedabad coincides with the occur-
rence of plasma depletion over Mt. Abu, which indicates
that the bubbles did not extend beyond 17� magnetic lati-
tude on 31 % of nights.

To ascertain that such sharp fluctuations as obtained in
our measurements over Mt. Abu are due to plasma deple-
tions, we have also investigated the OI 630 nm all-sky
images obtained from Kolhapur, which is situated between
the magnetic equator (Trivandrum) and low-latitude
region (Mt. Abu/ Ahmedabad). We have around 20 clear
nights of data from the imager during the same period of
Jan-Mar in the year of 2014. Fig. 2 shows OI 630 nm night-
glow variation from both the places, Mt. Abu and Kolha-
pur. The meridional segment (12 km over zenith � 600 km
along south-north) from each of the images obtained from
Kolhapur is arranged with time to form a keogram and is
shown in the bottom panels of the Fig. 2. In the top panels,
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the OI 630 nm nightglow variations obtained from Mt.
Abu are shown. The data gap in the bottom panels is
due to non-availability of the data at that time. Interest-
ingly, for four nights, 24 Feb, 26 Feb, 04 Mar, and 05
Mar (Fig. 2a-h), all the depletions in emissions observed
over Mt. Abu have a clear correspondence with plasma
bubbles seen in all-sky images obtained over Kolhapur in
simultaneity, which confirms that the depletion signatures
observed over Mt. Abu are due to the plasma bubbles pre-
sent over latitudes corresponding to that of Mt. Abu. There
are several examples of nights when the plasma bubbles did
not reach over to Mt. Abu although they had been
observed over Kolhapur. For example, on the nights of
24 and 25 Mar (Fig. 2i-l), only one or two bubbles have
reached over Mt. Abu, although many more are seen over
Kolhapur. It is important to take into cognisance that the
distance between the northernmost location presented in
the ASI data and the southernmost view direction, as pre-
sented in Fig. 2, is around 400 km. Thus, it is understand-
able that not all plasma bubbles seen in the ASI data from
Kolhapur will be present in the HiTIES data over Mt. Abu.
Another important aspect that can be noticed is that the
depletions in emissions are not equal in all the three differ-
ent directions (north, zenith, and south) as observed from
Mt. Abu, with relatively deeper and also sometimes wider
in the emission variability towards south. As the plasma
bubbles are aligned along the magnetic field lines and as
the different latitudes are mapped to different apex altitudes

over the dip equator, it can be inferred that the electron
density depletion is greater at lower altitudes over the mag-
netic equator as compared to those higher above.

Although visually the depletions in both the HiTIES
and ASI data seem similar, to make a qualitative assess-
ment, we have carried out spectral analysis of the data,
wherein, the emissions obtained from the southernmost
direction from HiTIES (around 125 km away from the
zenith of Mt. Abu) are compared with the emissions
obtained in the northern-most segment of the ASI imager
(around 300 km away from the zenith of Kolhapur). The
result from the Lomb-Scargle time period analysis
(Lomb, 1976; Scargle, 1982) for these two datasets is shown
in Fig. 3 for two sample nights with a 90 % confidence level
(shown in a horizontal line) out of the nights as shown in
Fig. 2. The solid black line indicates the normalized power
spectral density (PSD) for different periodicities over south-
ernside of Mt. Abu, whereas, the dashed blue line indicates
normalized PSD over northernside of Kolhapur. Fig. 3a
shows the presence of periodic fluctuations of less than 1
hr for 24 Feb 2014, whereas, Fig. 3b indicates the periodic-
ities greater than 2 hrs for 04 Mar 2014. The similar peri-
odicities as observed in plasma bubble depletions from
the analysis as discussed above and depicted in Fig. 3a
and 3b suggest that these are consistently present at both
the locations for these and other nights as well (not shown
here). As already mentioned above, the physical separation
between the locations from these two datasets is around

Fig. 1. Typical nightglow variations of OI 630 nm emissions are depicted here. The total FOV of HiTIES is segmented into three sections, one towards
North, one South, and Zenith, as indicated in these different colour and line styles. Panel (a) shows monotonic decrease in emissions after the sunset,
whereas, panel (b) shows the enhancement in emission during post-sunset time. Panels (c) and (d) show multiple excursions in emissions. The shaded
regions in the panels (c) and (d) indicate the time duration of spread-F observed in digisonde, which is situated about 1.5� southward of Mt. Abu.
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Fig. 2. OI 630 nm emission variations for eight nights as observed over Mt. Abu are shown in top panels a, b, e, f, i, j, m, and n, whereas, the keograms in
the bottom panels c, d, g, h, k, l, o, and p show OI 630 nm emission variations in the south-north direction over Kolhapur. The y-axis of the top panels
indicates that the OI 630 nm emission rates as observed over Mt. Abu whereas, the y-axis for the bottom panels indicates the south-north distance with
Kolhapur as the zenith. Whenever the plasma depletions are observed over Mt. Abu, plasma bubbles are also observed over Kolhapur simultaneously, but
the converse is not true.
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400 km, and therefore, it is expected that not all the period-
icities are present with similar strengths at both the loca-
tions. A case in point can be seen on 24 Feb 2014
(Fig. 3a), wherein all the periodicities around 1.0, and 1.5
are seen in data at Mt. Abu, while a period of 2.5 hr is pre-
sent in data at Kolhapur. Nevertheless, the periodicities of
1.0 and 1.5 hr in data at Kolhapur and 2.5 hr in data at Mt.
Abu are conspicuous, albeit with lower strength than their
respective confidence limits. In Fig. 3b, it can be noted that
there are more number of significant periodicities in the
data of Kolhapur, which is closer to the magnetic equator
and so, it is more likely to record signature of plasma bub-
bles that extend only closer to the magnetic equator.

The apex altitude to which these bubbles are required to
be raised is over 1000 km at the magnetic equator in order
for them to reach the latitudes of Mt. Abu. The vertical
uplift of the plasma during the sunset time depends upon
the strength of the PRE in the zonal electric field during
that time (Abadi et al., 2015). The rate of change in the
height of the F-layer is used as a proxy for the eastward
electric field. An increase in the height of the F-layer hap-
pens during sunset time due to an increase in PRE in the
electric field. At lower altitudes, due to the recombination
of plasma, the ionospheric F-layer shows apparent vertical
drift. Bittencourt and Abdu (1981) showed that the effect of
recombination is negligible when the F-layer height reaches
above 300 km. To minimize the uncertainty in vertical drift
measurements that can arise due to recombination at the
lower F-region altitudes, we have used the rate of change
of the height corresponding to the returned echo of
7 MHz isoelectron density contour to calculate the F-
layer vertical drift over Trivandrum. The strength of the
PRE has been characterized by taking 30 min average cen-
tred at the time of occurrence of peak value in PRE. Out of

the 51 nights of available PRE data over Trivandrum, we
have found around 21 nights when the optical emissions
over Mt. Abu showed sharp depletions due to plasma bub-
bles. Fig. 4 depicts the variation of PRE strength with the
day of year (DOY). The red points indicate the values of
the PRE on the nights when the plasma depletions
extended until the latitudes of Mt. Abu. On all these nights
spread-F had occurred as observed over Trivandrum (ex-
cept for two; DOY 22 and 52). The red circles indicate
the days when EPBs are observed over Kolhapur which
are used in this study. It can be seen whenever the plasma

Fig. 3. The Lomb-Scargle periodicities obtained for two sample nights as observed over both the places, Mt. Abu and Kolhapur are presented. Emissions
obtained from the Southernmost view direction from Mt. Abu and northern-most as viewed from Kolhapur, which are separated by around 400 km are
used in these analyses.

Fig. 4. Avg. PRE strength with day of year (DOY) during Jan-Mar in the
year of 2014 is shown. The points in red colour indicate the presence of
plasma depletions as observed in the OI 630 nm emission data over Mt.
Abu. The EPBs observed in the all-sky imager data used in this study over
Kolhapur is indicated in red circles. With the observation of these nights,
it can be seen that whenever the depletions are observed over Mt. Abu, the
EPBs have been observed over Kolhapur.
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depletions are seen over Mt. Abu, the EPBs have been
observed over Kolhapur. Due to the high strength of
PRE, the plasma bubbles were lifted up to high altitudes
(greater than1000 km) which enabled them to reach over
Mt. Abu. The plasma depletions over Mt. Abu have been
observed on most of the occasions when the PRE values
are in the range of 40–60 ms�1. Here, it is emphasised that
PRE plays an important role in extending the depletion of
electron densities to be mapped over the latitudes along the
geomagnetic field lines rather than PRE as the seeding fac-
tor (as the discussion corresponds to the developments
after the bubble generation). On some occasions, the
plasma bubble was absent over Mt. Abu, although large
values of PRE were present (for example, DOY: 73, 79,
82, 86, 87, 88). However, plasma bubbles were seen in the

ASI data over Kolhapur on the two nights of available
data (DOY: 86 & 87) as also shown in Fig. 2o, and 2p
(27, 28 Mar). On the night of DOY 87, spread-F was not
even observed in the digisonde data at Ahmedabad
(although located equatorward of Mt. Abu). We have also
looked into the concurrent observation of the C/NOFS
satellite data which has an inclination angle of 13� to
explore the electron density variation near the equatorial
region during these nights when the all-sky imager data
were unavailable. As per the availability of C/NOFS data,
the electron densities are shown to exhibit sharp decreases
on all nights (not shown here) not only when the depletions
were observed over Mt. Abu, but also when the depletions
were not observed over Mt. Abu on the days mentioned
above (DOY: 73, 86, 87, 88). Several factors, such as, elec-

Fig. 5. Zonal variations in OI 630 nm emissions have been depicted with time for two neighbouring nights in panels (a) and (b). A zonal strip for each
image (12 km centred over zenith � 600 km) is considered. The zonal movement of the plasma bubble marked as ‘010 for the nights 04 Mar and 05 Mar
2014 has been shown over the time in panel (c).
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tric fields, and neutral winds, could have prevented the
plasma bubbles from reaching to Mt. Abu later in the night
in spite of large magnitudes of PRE earlier on those nights.
This will be taken up in different study.

We have calculated the zonal drift speeds in the plasma
depletions using the nightly images as the bubbles move
zonally with time. The zonal (12 km over
zenith � 600 km along west-east) segment in each image
is considered and they are stacked one above the other as
shown in Fig. 5. By observing the spatial movement with
time of depletions in emissions caused due to the plasma
bubbles, we have calculated their zonal drift speeds. As
can be seen from Fig. 5a and 5b for 04 and 05 Mar 2014,
different bubbles keep appearing as time progresses (as
shown in the y-axis), beginning from the westernmost loca-
tion of the FOV, moving eastwards, and disappearing. The
times corresponding to the bubbles’ appearance and disap-
pearance are noted along with the spatial distances to cal-
culate the average zonal drift speeds of each plasma
bubble. Four plasma bubbles have been marked on these
nights in the figure. It can be seen that the bubble 01 is seen
to be present over the whole 600 km in the west-east direc-
tion for a long duration on both nights, whereas, the other
bubbles do not last that long. Further, the first bubble is
the deepest and widest of all. Such behaviour in the zonal
extent has been seen on the other nights also (not shown
here). There is another bubble that can be seen on 05
Mar around 20 LT (before the one marked by 01), and
as this was present even before the first image was obtained
on that night, it is not used for the estimation of the drift
speed. The spatial movements of the plasma bubble 01
for the night 04 Mar and 05 Mar 2014 as seen over zonal
strip centered over zenith are depicted in solid black and
dotted red lines, respectively (Fig. 5c). The time evolution
of each frame of the Fig. 5c is mentioned on the left and
right sides for the nights of 04 Mar and 05 Mar 2014,
respectively. From the time evolution of the depletions seen
in the frames as shown in Fig. 5c, it can be seen that they
have travelled around 510 km and 540 km with zonal
speeds of around 121.4 and 132.4 ms�1 for 04 Mar and
05 Mar 2014, respectively. Similarly, the zonal drift values
for the other plasma bubbles for different nights have also
been calculated and are shown in Fig. 6.

Fig. 6 shows the zonal drift values of the plasma bubbles
for a total 14 nights which include those plasma bubbles
that have crossed the zenith location. It can be seen that
the zonal speeds are higher during the post-sunset time,
and they decrease as the night progresses. The orange line
in the Fig. 6 shows the temporal variation of average zonal
drift where all the values in a given 30 min duration are
averaged. In an earlier study over Brazilian sector, the
zonal speeds were shown to be different at different sides
of plasma bubble structures, like, western wall, central
depletion and eastern wall (Pimenta et al., 2001). It was
reported in that work that the eastern wall showed an
increase in speed of around 40 % as compared with the
western wall, whereas, the central depletion showed an

increase by 10–20 %. The present investigations over
Indian longitudes reported here did not reveal such differ-
ential variations in speeds for different sides of plasma
walls. The current result of the plasma bubble drift speed
matches well with the earlier reports over Indian sector
(Mukherjee et al., 2003, Gurav et al., 2018; Ghodpage
et al., 2021). The background plasma and the plasma bub-
ble zonal drift showed good correlation with the measured
eastward neutral winds (Chapagain et al., 2012, 2013). The
similarity in the variation in the zonal drifts of the EPBs
and the zonal wind speeds had been interpreted to be due
to the internal space–time dynamics of the EPBs as the per-
turbed electric field generated inside the EPBs can affect the
drift motion.

4. Discussion

In the previous section, we have discussed about the
plasma depletions observed over two low-latitudinal
regions, Mt. Abu and Kolhapur. As discussed, the 100�
FOV of the all-sky imager data provides spatial coverage
with a range of 300 km radius centred over Kolhapur.
We have carried out the wave number spectral analysis
from the OI 630 nm images using the Lomb-Scargle peri-
odogram analysis by taking 600 km west-east strip over
the zenith for each image of a given night. This analysis
yields the information of zonal scales of that particular
time. In Fig. 7, we depict the contour plot using the infor-
mation of zonal scale sizes that are obtained by such spec-
tral analysis at different times on a given night. A
contrasting behaviour of zonal scale size has been noticed
between the nights when the plasma bubbles are present
(03 Feb and 24 Feb 2014) and when they are absent (04
Feb and 25 Feb 2014). Fig. 7a, b and 7c, d show the data
from two neighbouring nights which clearly depicts a clear
contrast between these nights. The 99 % confidence level
for various frequencies has been estimated, and it is 0.2
or smaller in terms of the normalized PSD. It can also be

Fig. 6. Zonal drift speeds of the plasma bubbles are depicted for 14 nights.
The orange line shows the 30-minutes average values.
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noted that for all the nights the scale sizes in the range of
250–300 km are present with larger power in comparison
to those of 150–200 km range. On the nights that showed
the presence of EPBs, several smaller scale sizes were
noticed (Fig. 7b, d) which is in stark contrast with the
nights that did not show any presence of EPBs (Fig. 7a, c).

Different scale sizes are significant (as seen in the PSD
values) at different times. Therefore, the percentage occur-
rence and the averaged PSD value of a given range of scale
size are obtained for a given night. The estimated scale sizes
have been binned in 50 km grids as shown in Fig. 8a-d with
the number of occurrences for a given range of scale size,
whereas, the Fig. 8e-h shows the average PSD value for
that particular range of scale size. Suppose for different
scale size bins, ki (i = 1, 2, 3, 4, . . .), the number of occur-
rences is found to be ni, the percentage of occurrences in a
given scale size bin has been calculated as, (ni/Rni)� 100 %.
Now, for a given scale size bin, ki, if the number of occur-
rences of that bin is ni and normalized PSD values of each
occurrence are pk (k = 1, 2, . . ., ni), then the average PSD
value has been calculated as, Rpk/ni for that given scale size
bin. The data corresponding to the nights as shown in
Fig. 7 are depicted in Fig. 8. Scale sizes above the 99 % con-

fidence level have been considered in this representation. A
clear contrast is seen in terms of the percentage occurrences
of different scale sizes between the nights with and without
the presence of EPBs. The dominant 150–200 km and 250–
300 km zonal scale sizes on the nights without EPBs
(Fig. 8a, c) are interpreted to be the typical scale sizes of
the GWs present in the ionosphere-thermosphere region,
as these are also present on the nights with the EPB occur-
rences (Fig. 8b, d). However, the shorter scale sizes can be
seen on the nights with the EPB occurrence only (Fig. 8b,
d). Moreover, not only does the percentage occurrence of
shorter scale sizes, but also their average PSD values show
an increase during the nights with the occurrence of EPBs
(Fig. 8f, h). This clearly shows the significance of shorter
scales during the nights with EPB occurrence. This type
of contrast in scale sizes is seen for the other nights as well.
Thus, the plasma bubble characteristics associated with it,
like the inter-bubble separation(s), bifurcation of bubbles,
widths of the bubble, etc., change with time. The contrast
in scale sizes as observed between EPB and non-EPB nights
provides important information on the state of nighttime
ionosphere thermosphere regions during the presence of
plasma bubbles. Such characterization in the zonal GW

Fig. 7. The zonal spatial variation and scale sizes are shown in OI 630 nm emissions as observed over Kolhapur for four different nights. The values of
scale sizes show contrasting behaviour between the nights with the occurrence of EPBs and those with the absence of the EPBs.
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behaviour using the information of multiple number of
nights has not been presented in the literature so far, to
the best of our knowledge.

The GWs are one of the potential factors in the seeding
of the plasma bubbles that triggers the Rayleigh-Taylor
instability (e.g., Kelley et al., 1981; Huang and Kelley,
1996; Makela et al., 2010). The 250–300 km scale sizes have
been found to be omnipresent irrespective of the presence/
absence of plasma bubbles indicating that this is a neutral
GW scale size typically existing at all times in the upper
atmosphere. Further, smaller length scales are found to
be present during the nights when EPBs were observed.
The GWs with smaller scale sizes seem to be playing an
effective role in the generation of plasma bubbles. These
scale sizes on the nights with EPB occurrence also coincide
with the inter-bubble distance. From the literature reported
earlier, the inter-bubble spacings had been shown to have a
good correlation with the horizontal GW wavelengths
(Takahashi et al., 2009; Makela et al., 2010; Das et al.,
2020). The inter-bubble spacing measured from radar data
over Gadanki in Indian longitudes, has been shown to be
following a linear relationship with the horizontal wave-
lengths of GWs as estimated from the collocated data from
ionosonde (Das et al., 2020). In an earlier report, Makela
et al. (2010) categorized the plasma bubble spacings as seen
over Chile, low-latitude location in the southern hemi-
sphere, using three years of optical data. With the support
of ray tracing method as discussed by Vadas and Crowley

Fig. 8. The scale sizes are put in 50 km grid which are shown in x-axis. The percentage occurrence of a given scale size and the average PSD values of the
corresponding scale sizes are shown in the y-axis of the left and right-side figures, respectively.

Fig. 9. The scale sizes which are segregated in 50 km grids are compared
between the cases when the bubbles appeared in the image and when they
did not. In the y-axis the collective effect of number of occurrence and
PSD value for a given scale size has been shown by calculating the product
of these two. The top panel includes all the images when the bubbles were
not observed and the bottom panel shows the distribution of scale sizes
when the plasma bubbles were observed in the images.
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(2010), these bubble spacings were considered as evidence
of horizontal wavelength of GWs, which are mostly sec-
ondary GWs present at this thermospheric altitudes. The
presence of the small-scale wave-like structure (SSWS) as
seen in the inter-bubble depletion is discussed in some ear-
lier reports with some numerical simulation (Sekar et al.,
2001) and a case study (Narayanan et al., 2012). Our result
experimentally establishes the presence of such smaller-
scale wave structures using the observation of around 14
nights during the period Feb-Mar in the year of 2014 when
the EPBs were observed. It is proposed that these smaller
scale size GWs in the zonal direction in the range of 50–
150 km are potential seeds that triggered the occurrence
of plasma bubbles.

To buttress the proposition further, we have considered
both the factors, number of occurrence of a given range of
scale size and the normalized strength on each occasion, as
depicted in Fig. 8 and have shown the result in Fig. 9.
Fig. 9 shows distribution of scale sizes between the two cat-
egories of presence of EPBs and absence of EPBs. Here, we
have first calculated the scale sizes for each of the images
that are present at 7–8 min cadance and obtained a product
of the average PSD value of a given scale size and the per-
centage of occurrence of that scale size for a given night.
This takes into account, both, their strength and number
of occurrences of a given scale size. Around 1290 images
have been analysed for 20 nights among which 688 images
showed the presence of plasma bubble signatures, which is
around 53 %. Therefore, this analysis can be considered to
yield a fair comparison between the behaviour of the zonal
GW characteristics in both the categories of existence and
absence of EPBs. It is evident from Fig. 9 that there is
strong occurrence of 250–300 km scale size in non-EPB
images (similar to that seen in 04, 25 Feb 2014 in Fig. 8),
whereas, when the EPBs are present, the power corre-
sponding to zonal scale sizes shorter than 250 km is also
seen to be increasing. The power in the 250–300 km scale
sizes seems to be redistributed among the shorter scale sizes
like 200–250 km, 150–200 km, 100–150 km. As also stated
above, these scale sizes give a fair indication of the inter-
bubble spacings. The crests of the GW in the zonal direc-
tion are likely to give rise to the density depletion as the
low-density plasma from lower altitudes is lifted upwards
over the equator, which is mapped as a bubble along a
given longitude as seen in optical all-sky images over Kol-
hapur. In this comprehensive study, we have shown exper-
imental evidence of the presence of GW scale size less
than 250 km, possibly serving as the seed perturbation of
EPBs for a given night.

5. Summary

OI 630 nm nighttime airglow emissions have been inves-
tigated over Mt. Abu, a low-latitude location. Multiple
excursions have been found in the OI 630 nm emissions
on some nights. Simultaneous radio observations using
ionosonde from a nearby location, Ahmedabad, exhibited

spread in the reflected echoes exactly at the times when
depletions were observed in the nightglow emissions. We
have also analysed the OI 630 nm emissions obtained using
an all-sky imager from Kolhapur, which is situated
between the low-latitude and the dip equatorial locations.
Whenever depletions in the OI 630 nm nightglow are seen
at Mt. Abu, plasma bubbles are seen in simultaneity over
Kolhapur. The strength of the PRE was found to be larger
on the nights when the depletions in emissions were
observed in the OI 630 nm emission over Mt. Abu, indicat-
ing that the bubbles rose over 1000 km at the magnetic
equator on those occasions. The plasma bubbles generated
due to Rayleigh-Taylor instability over the magnetic equa-
tor move eastwards as the night progresses along with the
zonal wind. The zonal speeds of the plasma bubbles esti-
mated from all-sky imager data over Kolhapur have been
found to be varying in the range around 190–90 ms�1,
decreasing in magnitudes from post-sunset to midnight.
Further, we have also carried out wave number analyses
for the emissions in the zonal direction for around 1300
images with nearly equal number with occurrence and
absence of EPBs. It is found that, typically, during night-
time the zonal scale sizes are in the range of 150–200 km
and 250–300 km (with a greater strength in the latter
scale-size) on geomagnetic quiet nights without the pres-
ence of any plasma bubbles. The zonal scale sizes show
contrasting behaviour between the nights with the EPB
and without the occurrence of EPBs. The scale sizes of
GWs smaller than 250 km have been observed on almost
all the times whenever the plasma bubbles were present,
which correspond to the inter-bubble separation distance.
As the bubble depletions over the magnetic equator most
likely occur at the crest location of the GW, the zonal dis-
tances between the bubbles, as seen in a location close to
the magnetic equator can be assumed to represent the zonal
scale sizes of GWs over the equator. Therefore, it is pro-
posed that the GW scale sizes in the zonal direction of
smaller than 250 km, if present, in the evening could poten-
tially act as the triggers for the generation of plasma
bubbles.
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A B S T R A C T   

Airglow emissions from the thermosphere act as tracers of the behaviour of the upper atmosphere. OI 630 nm 
nightglow emissions that originate from an altitude of around 250 km in the thermosphere have been investi-
gated using a large field-of-view ground-based optical spectrograph from Mt. Abu (24.6◦N, 72.7◦E, 19◦N Mag.), a 
low-latitudinal location in India. The latitudinal movement of the crest of the equatorial ionization anomaly 
(EIA) in both poleward in the evening and equatorward in the night has been reported using the OI 630 nm 
nightglow emissions. The EIA crest is found to shift away from the equator after the sunset, which has been 
shown to be directly related to the strength of the twilighttime equatorial electrodynamics. Later in the night, 
after 20 LT, a clear movement of the crest back towards the equator, known as the reversal of EIA, has been 
observed. The speeds of the EIA reversals for forty nights in the years 2014 and 2015 have been obtained and are 
found to be in the range of 10–55 ms− 1. As the global equatorial electric fields (E) are irrotational in nature (∇×

E = 0), simultaneous variations in the daytime electrojet strength over Jicamarca in the American sector have 
been compared with the nighttime reversal speeds of the EIA over the Indian sector, which show a remarkable 
relationship with each other. Thus, it is hereby demonstrated that the reversal in EIA as inferred by the OI 630 
nm nightglow emissions in our measurements is due to the westward equatorial electric field. It is hereby 
proposed that the reversal speed derived from optical nightglow measurements can serve as a proxy for the 
determination of westward electric field over equator for that longitude sector.   

1. Introduction 

The behaviour of the upper atmosphere depends upon the movement 
of both neutrals and ions in response to electrodynamic forces. The OI 
630 nm (red line) airglow emissions that originate from around 250 km 
altitude serve as a tracer of the dynamics that is prevalent at those al-
titudes. In the nighttime, the 630 nm photons are generated as a result of 
dissociative recombination of molecular oxygen ions with the ambient 
electrons, where the molecular oxygen ions are produced following the 
charge exchange process between the oxygen molecule and atomic ox-
ygen ions. Thus, the variation in the emission rates of OI 630 nm de-
pends on both the density of electrons and oxygen molecules present at a 
given altitude. Thereby, the emission rates are also significantly affected 
by the changes in the local electron densities in that region (Chamber-
lain, 1961; Sridharan et al., 1992; Saha et al., 2021). The electrons 
present in a location could be (i) those that are generated due to 
photoionization during the day, and (ii) those that are brought in from 

the equatorial region due to transport under the influence of equatorial 
electrodynamics or winds. Both these factors show a day-to-day vari-
ability. Optical photometers, spectrographs, and imagers have been 
developed to measure the nighttime airglow emissions over varying 
fields-of-view (e.g., Chakrabarti et al., 2001; Mukherjee et al., 2006; 
Rajesh et al., 2012; Narayanan et al., 2013; Phadke et al., 2014; Singh 
and Pallamraju, 2016, 2017) to infer the upper atmospheric dynamics 
prevalent at those locations in the nighttime. 

The electric field in the upper atmosphere is eastward in the daytime 
(Fejer et al., 1991). Owing to the horizontal nature of the magnetic fields 
(B) over the dip-equator, this eastward electric field (E) gives rise to a E 
£ B vertical drift, which is charge and mass independent. This drift 
causes an uplift of the plasma to higher altitudes over the equator. 
Plasma, thus lifted up, comes down to the off-equatorial regions along 
the magnetic field lines due to the gravitational and pressure gradient 
forces following the ambipolar diffusion, thereby creating a fountain 
like distribution in plasma with two crests in the electron density on 
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either side of the dip-equator. This is called the equatorial ionization 
anomaly (EIA) (e.g., Sastri, 1990; Rishbeth, 2000), which typically takes 
2–3 h for the plasma to reach over the off-equatorial regions from the 
magnetic equator. It has been shown that the strength and the location 
of the EIA crest vary with the strength of the equatorial electric field. As 
the eastward equatorial electrojet (EEJ) is formed due to this primary 
eastward electric field (e.g., Woodman, 1970; Raghavarao et al., 1988, 
1991; Hysell and Burcham, 2000), it has been considered to serve as a 
good proxy for the equatorial F-region electric field. Further, it has also 
been shown that the strength of the EEJ is directly proportional to the 
strength of the EIA (Raghavarao et al., 1978). The pre-reversal 
enhancement (PRE) in the zonal electric field is observed during sun-
set time, whose magnitude varies with season and solar activity (Farley 
et al., 1986). The PRE causes upward vertical drift, which can contribute 
to a resurgence of plasma in low-latitudinal regions in a manner similar 
to that of the daytime equatorial electric field. As mentioned above, the 
PRE magnitudes are dependent on the solar flux and season, and they 
can even be larger than those in the daytime, especially during equi-
noxes (Fejer et al., 2008; Fesen et al., 2000). Therefore, the latitudinal 
extent and magnitude of enhancement in electron densities at the EIA 
crest are also solar flux and season dependent. The signatures of the EIA 
can be noticed in the OI 630 nm ionospheric airglow emissions as well 
due to the temporal and latitudinal variations in electron densities. 
Nightglow observations of OI 630 nm emissions have been carried out 
earlier, and the results on many important thermospheric phenomena 
such as, ionospheric irregularities (e.g., Otsuka et al., 2002; Makela 
et al., 2004; Sekar et al., 2007, 2012; Saha et al., 2022), enhancement in 
nightglow emissions in the post-sunset hours (e.g., Rao and Kulkarni, 
1973; Saha et al., 2021), atmospheric waves (e.g., Shiokawa et al., 
2006), neutral wind and temperature (e.g., Gurubaran and Sridharan, 
1993), midnight temperature maximum (e.g., Faivre et al., 2006), etc., 
have been reported in the literature. A resurgence or redevelopment in 
the crest of the EIA takes place due to the PRE, and its consequence can 
be seen after the sunset time for 1–2 h. After the cessation of PRE, the 
F-region electric field over the dip-equator becomes westward as 
measured by the Jicamarca incoherent scatter radar (ISR) (Fejer et al., 
1991). Under the influence of this nocturnal electric field over the 
equator, the EIA crest can be expected to move equatorward. However, 
there are not many reports of studies on this aspect in the literature. It 
could be due to a large decrease in electron densities preventing reliable 
measurements using ionosondes. In this backdrop, the OI 630 nm 
emission variability provides an efficient means to monitor such 
movement, as (i) the emission rates are extremely sensitive to the 
variation in electron densities, and (ii) these emissions are integrated in 
an altitude region of around 100 km, with major contribution arising 
from the bottomside of the F-region of the ionosphere. Thus, as 
demonstrated in earlier works, these emissions have been shown to be 
able to capture very subtle features present in the 
ionosphere-thermosphere regions (Sridharan et al., 1993; Pallamraju 
et al., 2001; Sekar et al., 2012; Narayanan et al., 2013; Saha et al., 2021, 
2022). 

In this study, we have used spectral imaging observations of the 
nocturnal OI 630 nm emissions over Mt. Abu (24.6◦N, 72.7◦E, 19◦N 
Mag), a low-latitudinal location, usually situated under the northern 
crest region of the EIA in the Indian longitudes. Latitudinal movement of 
the EIA crest during the nighttime has been investigated in this study. 
During the high solar activity year 2014, we have observed that the 
location of the EIA crest is within the field-of-view (FOV) of the in-
strument during three months of the observation duration (Jan–Mar). 
Equatorward movement of the crest has been observed later in the night 
on many occasions. In this study, we present the results obtained on the 
movement of the crest, both away from the equator and towards the 
equator, as a direct result of the changes in the equatorial electrody-
namics. To the best of our knowledge, such results on the movement of 
the EIA crest, both away and towards the equator, have not been re-
ported before in the literature. These results provide insights into the 

dynamical nature of the nocturnal variation in the OI 630 nm airglow 
emissions over a low-latitude location vis-à-vis its response to the 
equatorial ionospheric electrodynamics. 

2. Data used 

2.1. Optical data (OI 630 nm nightglow emissions) 

High throughput Imaging Echelle Spectrograph (HiTIES) is used to 
observe the optical OI 630 nm emissions in the nighttime, which 
emanate from around 250 km altitude. The observations have been 
carried out from a low-latitude location in Indian longitudes, Mt Abu. 
The transition of O(1D) to O(3P) results in the emission of photons at 
630 nm. The formation of excited atomic oxygen is due to a two-step 
process. The first is the formation of O2

+ due to charge exchange be-
tween ambient O2 and O+, and the second one is dissociative recombi-
nation of O2

+ with ambient thermal electrons. The radiative lifetime of OI 
630 nm is 110 s. HiTIES has a FOV of 54◦, and the slit is aligned along the 
meridional direction. It covers around 254 km in the north-south di-
rection for a central emission altitude of 250 km. The whole spatial re-
gion has been segregated into five independent directions. These are: 
one along zenith, two regions along the northern direction, and two 
along the southern direction. The data are integrated for a 5-min dura-
tion to increase the signal-to-noise ratio (SNR), thereby, the uncertainty 
in the data is significantly reduced. Different types of nocturnal varia-
tions in terms of their magnitudes across latitudes are seen on different 
nights, which are shown in Fig. 1 and described in section 3. 

2.2. Radio data (electron density) 

Data from the Digisonde Portable Sounder (DPS-4D) at Trivandrum 
(TVM) (8.5◦N, 76.9◦E, 1.1◦N Mag) (a dip-equatorial location) has been 

Fig. 1. Panel (a, b) Emission variations over the whole field-of-view of obser-
vations which have been segregated into five spatially independent directions 
as shown by different line styles and colours. Nocturnal variations in emissions 
on two sample nights are shown with different regions of enhancements cor-
responding to the enhanced electron densities due to the EIA crest. 
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used in this study to assess the equatorial ionospheric condition on a 
given day/night. F-region ionospheric vertical drifts during sunset time 
have been obtained using this data set at 7.5 min cadence. We have 
calculated the vertical drift of the ionospheric F-layer by monitoring the 
heights of the iso-electron density contours at 7 MHz. 

2.3. Magnetic data (equatorial electrojet) 

Hourly EEJ values have been obtained using the geomagnetic data 
from a dip-equatorial location, Tirunelveli (TIR) (8.7◦N, 77.7◦E, 0.2◦N 
Mag), and an off-equatorial location, Alibag (ABG) (18.6◦N, 72.9◦E, 
12.4◦N Mag). Nighttime geomagnetic intensity values have been sub-
tracted from those at each of the locations to remove the contribution 
due to the local geomagnetic field. Then, the magnetic data of ABG is 
subtracted from that of TIR to remove the magnetospheric currents, 
which thereby results in the magnitude of the equatorial electrojet over 
the Indian longitudes, as demonstrated in earlier studies (Chandra and 
Rastogi, 1974). The hourly geomagnetic data of TIR and ABG have been 
obtained from http://wdciig.res.in/WebUI/Home.aspx. Magnetometer 
data of minute resolution from Jicamarca (11.9◦S, 283.1◦E, 0.05◦S Mag) 
and Piura (5.2◦S, 279.4◦E, 6.4◦N Mag) have been obtained from http://li 
sn.igp.gob.pe, which have been used to calculate the daytime EEJ 
strengths in the American sector. The EEJ strength over Jicamarca is 
obtained by subtracting the magnetometer data of the off-equatorial 
location, Piura, in the same way as described for the estimation of the 
strength of EEJ over Indian longitudes. 

3. Observations and results 

Fig. 1 shows nocturnal variations of the OI 630 nm emissions of two 
sample nights that depict the different types of variabilities observed 
during nighttime over this low-latitudinal location. The whole FOV of 
the instrument has been segregated into five directions, as mentioned 
above, which are shown in different colours. The vignetting and Van- 
Rhijn effects have been corrected during the image processing. The 
data cadence is 5 min, and the uncertainty, σ, in each measurement 
varies typically from 1 to 3 R (as shown in Fig. 1a for emissions along 
two different directions). It can be noted that for most of the duration, 
the emission rates along all these view directions, and especially those 
along (i) the extreme south (zenith angle, 16◦-27◦), (ii) extreme north 
(zenith angle, 16◦-27◦), and (iii) the zenith, show magnitudes that are 
independent of each other as they are away by ±1σ (uncertainty) values 
of each other during most of the post-sunset hours. Fig. 1a shows larger 
emissions along the southern direction as viewed from Mt. Abu, 
whereas, Fig. 1b shows larger emissions along the northern direction 
after the sunset time. These different features, as depicted in Fig. 1, 
indicate the dynamic nature of the thermospheric behaviour, as the red 
line emissions readily respond to such variations. We have investigated 
the magnitudes of variation in emissions between the northern and 
southern directions, which is considered to be a result of the latitudinal 
movement of the crest in the EIA after the sunset time. The nights where 
the magnitudes of emissions between the two view directions differ by at 
least 2σ values at a given time are considered to determine this move-
ment. Under this criterion, there exists a total of 122 nights of clear sky 
data (excluding moonlit and cloudy nights) obtained during the months 
of Jan, Feb, and Mar in the year 2014 (72 nights) and Jan and Feb in 
2015 (50 nights) that are used for analysis. Crests have been found in the 
northern side (similar to Fig. 1b) on around 47% nights out of these 122 
nights. 

The different types of OI 630 nm nocturnal emission variations 
across latitudes, as seen along different view directions in the given FOV 
of HiTIES, are depicted in Fig. 1. Variations are seen during the course of 
the night as well. Variations are such that, on some nights during the 
sunset time, the emissions in the southern direction are larger as 
compared to those in the northern direction (e.g., Fig. 1a) and 
completely opposite on some other (e.g., Fig. 1b). This is most likely a 

consequence of transport processes in terms of the movement of the EIA 
crest across latitudes, which is different on different nights. From the 
production mechanism of the OI 630 nm nightglow discussed above, it 
can be noted that almost all the variabilities in the emissions are 
essentially due to the changes in the electron densities in the region of 
emissions, as also established in one of our earlier studies (Saha et al., 
2021). We have shown in that study that the base of the F-layer height 
and the OI 630 nm emission magnitudes are anti-correlated. The vari-
ations in the F-layer height can bring in/take away the electrons to/from 
the altitudinal regions of OI 630 nm nightglow emissions. In other 
words, when the F-layer moves to higher (lower) altitudes, the molec-
ular oxygen density decreases (increases) which affects the charge ex-
change process. Thereby, the emission rate decreases (increases). It was 
shown in that study that the emission rates estimated using the 
measured electron densities (from Ahmedabad, AMD, 23.0◦N, 72.57◦E) 
as inputs into the photochemical model showed a very high correlation 
(>0.9) with those observed over Mt. Abu. Thus, these variabilities are 
essentially due to the varying strengths of equatorial electrodynamics 
from one night to the other. In order to quantify such latitudinal 
movement of OI 630 nm emission after the sunset, ratios between 
emissions along the north-most (from now on represented as N) to the 
south-most (henceforth, S) view directions with respect to Mt. Abu have 
been considered. These two view directions correspond to a separation 
of about 2.3◦ in latitude. Therefore, the emission ratio of N to S greater 
than one can be attributed to the presence of the EIA crest northward of 
Mt. Abu. The increase in the values of the ratios is an indication of the 
intensification of the strength of the EIA crest and of its location further 
away towards north from Mt. Abu. This is because the column integrated 
emissions along N would cut across a larger number densities of re-
actants ([Ne] and [O2

+]) as compared to that towards S. We have 
investigated various possible causes that determine the motion of the 
EIA crest away from the dip-equator towards the low-latitudes, such as 
the EEJ and PRE. 

3.1. Effect of the EEJ strength on the ratio of latitudinal emission rates 

Earlier studies have shown that there exists a good correlation be-
tween the strengths of EIA and EEJ (Rush and Richmond, 1973; 
Raghavarao et al., 1978). The latitudinal extent of the plasma fountain is 
larger for greater strengths of EIA. As we are investigating the movement 
of EIA crest during post-sunset, we have considered integrated EEJ 
values for the whole day (7–17 LT) for comparing with the OI 630 nm 
nightglow emission measurements. The nightglow observations start 
every night in a programmed manner at 18.75 LT. Therefore, these in-
tegrated EEJ values have been compared with the N to S emission ratios 
for a duration of about 15 min (18.75–19.00 LT) soon after the start of 
the nocturnal emission observations. The variation in the ratios of the 
emissions clearly shows an increasing nature with the day of year (DOY). 
This indicates the changes that occur with the season as one traverses 
from winter time to equinoxes (January to March) (Fig. 2a). Here, the 
values of ratios corresponding to different months are shown in different 
colours. As the integrated EEJ strength serves as a proxy to the equa-
torial electric fields (Raghavarao et al., 1978; Sridharan et al., 1999; 
Hysell and Burcham, 2000), and thereby to the EIA strength, the vari-
ation in emission ratios has been compared with the integrated EEJ 
strengths as shown in Fig. 2b. A linear fit is drawn between these two 
and the linear correlation coefficient is calculated which is also shown in 
Fig. 2b. The nightglow emission ratio of the initial period shows a small 
increasing trend with the integrated EEJ variation within the given 
limitations. The limitation here is that the observations are available 
beginning only at 18.75 LT and not before. The airglow emission ratios 
were calculated for a constant time duration of 18.75–19.00 LT for all 
three months. As the plasma diffusion time for the movement of ioni-
zation from equatorial to low-latitudes is of the order of around 3 h, and 
so, the electron densities corresponding to the EIA crest could have also 
been formed even before the starting time of the observations of OI 630 
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nm nightglow emissions. Further, for the sake of completeness, we have 
also compared the variation of these ratios with the EEJ data integrated 
for the pre-noon hours as well, as carried out in some earlier studies 
(Raghavarao et al., 1978), and it has been noted that there exists no 
relation between them (not shown here). Therefore, a clear role of the 
daytime integrated EEJ strength on the observed emission ratios might 
not be revealed when only a fixed time duration of 18.75–19.0 LT 
nighttime airglow measurements are considered. Nevertheless, as it is 
known that the plasma diffusion initiated in the day is assisted and 
sometimes rejuvenated by the effect of the PRE at sunset time, the 
strength of PRE is considered as described below. 

3.2. Effect of PRE on the variation in the ratio of latitudinal emission 
rates 

PRE that occurs at the time of sunset over the dip-equator can cause a 
resurgence of plasma fountain, similar to that caused in the daytime EIA 
by the F-region electric fields. The strength of the PRE in electric field 
has been determined from the vertical drift by calculating the rate of 
change of height variation of the electron density at 7 MHz over TVM. 
The echoes of 7 MHz correspond to altitudes above 300 km, and so the 
effect of recombination on them is negligible (Bittencourt and Abdu, 
1981). The strength of the PRE on a given day has been characterized by 
taking the average of ±15 min centered at the peak value of PRE 
occurrence. The time of occurrence of peak value in PRE is different in 

different months as the sunset times vary from January (18.3 LT) to 
March (18.6 LT). The peaks in the N–S emissions ratios have been found 
to occur over times varying from around 30–90 min from the time of 
occurrence of the peak PRE, as the relative strengths vary from one day 
to the other. 

Around 33 nights have been found, wherein, the EIA crest crossed 
the zenith and moved towards the north, and a clear peak in the N–S 
emission ratios has been found. The data for around the first seven 
nights in the months of January and a few nights in each of the months 
have been excluded either due to unavailability of equatorial ionosonde 
data or due to the presence of moonlight in the FOV. Fig. 2c shows the 
integrated (for ±15 min centered at peak PRE value) PRE versus the 
peak ratio (integrated for ±15 min centered at peak ratio value) as ob-
tained over different times, which are well correlated (correlation co-
efficient of 0.87). Therefore, the strength of the PRE seems to be 
deciding the extent of northward movement of the crest after the sunset 
over low-latitudes. 

3.3. Reversal in the EIA crest 

So far, we have discussed the northward movement of the EIA crest 
by considering the emission ratios between the northern and southern 
directions. During the month of March, the values of the ratios are 
higher, which indicate that the likely position of the EIA crest is towards 
latitudes further away in the northern direction as compared to other 
months (January and February). This is most likely due to the effect of a 
stronger PRE in March as compared to that in January (Fejer et al., 
1991). In Fig. 3, the airglow emission variations for 12 nights (four 
nights for each of the three months in the year 2014) are shown. Higher 
emissions along N have been observed on all these nights. Interestingly, 
as we move from January to March, the differences in magnitudes of 
emission rates between those obtained in the north and the south in-
crease, with larger values towards North. In this context, it may be noted 
that the emission rates for February and March are larger, and the values 
are depicted on the right-side of the y-axis. This is understood to be due 
to larger plasma densities being brought over to the low-latitudes from 
the equatorial locations, displaying a clear effect of plasma transport 
that varies from month to month. After sunset, the rate of decrease in the 
magnitude of emissions becomes smaller along N compared to that of S. 
In contrast to this, the emission magnitudes that were larger along N 
decrease at a rate faster as compared to those at S at a later time. This is 
inferred to be due to the process of initiation in the reverse movement of 
the EIA crest as a function of time. As discussed in section 1, the daytime 
eastward electric field causes the upward plasma vertical drift, the 
strength of which decides the latitudinal location and the plasma density 
of the crest of the EIA. Thus, the reversal in the EIA crest in the night can 
be inferred to be due to the night time westward electric field over the 
magnetic equator. Further, in order to explore if meridional winds can 
contribute to the increase in emissions as observed in the southern di-
rection (towards the equator), we have studied their typical variation 
during the nights. The increase in emissions in the southern direction is 
observed during 21–24 LT, at which time the meridional winds are 
typically equatorward (Drob et al., 2015; Saha et al., 2021). It is known 
that the equatorward meridional winds cause an uplift of the plasma 
along the field lines to higher altitudes, and consequently, a decrease of 
OI 630 nm emissions is seen (Saha et al., 2021), and not an increase as 
seen in the present case. Therefore, it can be inferred that the meridional 
winds at this time cannot contribute to the observed increase in OI 630 
nm emissions in the southern direction. 

To investigate the reverse movement of the EIA crest, ratios in 
emissions from N to S have been estimated for all the times, unlike only 
around peak values as shown in Fig. 2. The variation in the N–S ratios on 
the nights shown in Fig. 3 is depicted in Fig. 4. On a given night, the 
maximum value in ratios suggests that the crest is located in the 
northern region, and the time corresponding to the maximum ratio is 
considered to indicate the time when the EIA crest has reached that 

Fig. 2. Panels a and b show the variation in ratios of emissions obtained along 
extreme-north (N) and extreme-south (S) as viewed from Mt. Abu during 
18.75–19.0 LT with respect to the DOY and integrated EEJ, respectively. Panel c 
shows the variation of ±15 min averaged ratio centered at the peak emission 
ratio of PRE. The PRE values are averaged (±15 min) around the peak. 
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location. As the crest moves in the southward direction it crosses the 
value of one, which indicates that emissions over the northern and 
southern sides of the view direction are almost equal. The minimum 
values in the ratio indicate that the EIA crest is located in the southern- 
most view direction of HiTIES on a given night. To identify the times of 
maximum or minimum values in the ratios, we have considered those 
times only when the differences between the emissions along N and S are 
greater than 10 R, which is at least 3 to 4 times greater than the value of 
the measurement uncertainty (σ). After the time of occurrence in the 
minimum value, the ratios trace back to around a value of one with time 
as the poleward side of the EIA crest moves further southward and away 
from the HiTIES FOV, and so, the airglow emissions at both N and S 
decrease to the nightly ‘background’ values. On some nights, e.g., 22 Feb 
and 25 Feb 2014, after the maximum values in emission ratios were 
observed, there were one or more excursions in emissions before the 
ratios reached to the value of one. Such observations are possibly due to 
the latitudinal structures that may exist in the EIA on a given night. In 
the present work, during the high solar activity year 2014, we have 

noted the reverse movement of the EIA crest on many nights. On some 
nights, there are data gaps due to the presence of moonlight in the FOV. 
Also, there are other nights wherein equatorial spread-F occurred. These 
two effects, when present over large spatial extents in the given FOV, 
prevent unambiguous determination of the reversal times in the EIA all 
through the FOV. Therefore, for these nights, a portion of the distance, 
either from north to zenith or zenith to south is considered for the 
estimation of reversal speeds. 

To provide a visual picture of this reversal in the equatorial ioniza-
tion anomaly, we reproduce a figure from the work of Sridharan et al. 
(1993) as Fig. 5. An all-sky Imaging Fabry-Perot Spectrometer was used 
to measure the OI 630 nm nocturnal emissions from Mt. Abu. Images of 
Fabry-Perot interferometric rings were reported in that work which 
serves as a clear observation of the equatorward movement of the EIA 
crest as observed on the night of 05 Jan 1992. Each image of this figure 
shows Fabry-Perot fringes corresponding to data obtained for half an 
hour over a 140◦ FOV. The fiducial shows the orientation of the mag-
netic north. From the sequence of images, it is clear that during 

Fig. 3. The columns show emission variations along the two directions (N and S) for 12 nights during Jan–Mar 2014, 4 nights for each of the months. The left side y- 
axis corresponds to the month of Jan, and the right one corresponds to those for Feb and Mar. Uncertainty in the measurements is small (±1.4 – ±2.4 R), as shown in 
each of the figures. 
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1916–1946 LT, the emission rates are higher towards north, indicating 
that the crest of the EIA is northward of Mt. Abu on that night during the 
high solar activity period (the solar flux was 257.7 solar flux units on this 
day, 1 sfu = 10− 22 Wm− 2Hz− 1). As time progresses, it can be seen that 
the brightness in emission sequentially shows a southward movement. 
In the images obtained during 2051–2153 LT, the emission intensity in 
all the fringes seems to be equal in all directions. Later, this enhance-
ment in emission rates moved further southwards, and by 0137 h of 06 
Jan 1992, the EIA crest had moved away from the FOV of the instru-
ment. Based on these measurements, the speed of the movement was 
reported to be 1.4◦ lat.hrs− 1 or 42 ms− 1. 

In the present study, we have estimated the speeds of the equator-
ward movement of the EIA by taking the time differences of the crests at 
north and south. The distance between the centre of northern and 
southern directions is considered for the estimation of the speed of the 
reversals. The uncertainties in the location arise due to the spatial extent 
considered for each directional segment (north and south), and we have 

taken the centre-to-centre distance between two segments while calcu-
lating the speeds. We have also checked the available optical data in 
January and February in the year 2015 and calculated the speed of the 
movement of the EIA crest. A total of 40 nights, 25 in 2014 and 15 in 
2015, have been considered for estimation of the speeds of the EIA crest. 
The speeds obtained from the present data fall in the range of 10–55 
ms− 1 with uncertainty in them of around 6-30 ms− 1 as shown in Fig. 6. 

In an earlier work that was based on optical imager measurements 
from Kolhapur (16.8◦N, 74.1◦E, 11.1◦N Mag), the reversal speeds in EIA 
were reported to be in the range of 25–90 ms− 1 for nights during 
January–March in the year 2008 (Narayanan et al., 2013). We have also 
included those values reported in that work in Fig. 6. 

As discussed so far, the upward vertical drift during sunset causes the 
poleward movement of the EIA crest, and then, in the nighttime, as the 
zonal electric field reverses its direction, the vertical drift becomes 
downward. Thus, the base of the F-layer height is pushed down, and as a 
consequence, it gives rise to larger emissions in the southern direction. 

Fig. 4. The N to S ratios obtained in the OI 630 nm emission rates are shown for the 12 nights whose nocturnal emission rates along N and S are depicted in Fig. 3.  
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To explore the relationships of the speeds of reversal with the back-
ground plasma density, meridional neutral winds, and evening time 
equatorial electrodynamics, if any, we have plotted them with respect to 
the solar flux, day of the year (seasons), and PRE strength in Fig. 6. 

Fig. 6a depicts the variation in the speeds of EIA crest movement 
with solar flux values corresponding to the years 2014 and 2015. The 
reversal speeds reported in earlier studies in 1992 (Sridharan et al., 
1993) and 2008 (Narayanan et al., 2013) are also included in this figure. 
Estimated speeds from Narayanan et al. (2013) show large excursions 
within a small variation in solar flux, which was calculated during the 

year 2008. In the years 2014 and 2015, the solar flux values were 
comparatively higher than those in 2008. The average speed of the crest 
decreased during the high solar active year 2014–2015 compared to that 
calculated over Kolhapur in 2008. We do recognize that there could 
probably be differences in the reversal speeds with respect to magnetic 
latitudes, as Mt. Abu and Kolhapur are far apart. Nevertheless, a 
decrease is seen in the values of the reversal speeds of EIA with solar 
flux, although the nature of its variation does not indicate any conclu-
sive result in the given extent of the data. 

Fig. 6b depicts the variation in the reversal speeds with respect to the 

Fig. 5. Equatorward movement of EIA crest obtained from Mt. Abu on Jan 05, 1992 using the all-sky imaging Fabry-Perot spectrometer [Reproduced from Fig. 1 of 
Sridharan et al., 1993]. 
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DOY, wherein, all the available data are plotted. Even though it may 
appear that the envelope of higher values in reversal speeds shows a 
decreasing trend with DOY (season), unambiguous inferences cannot be 
made as the data are biased with a larger number of nights during the 
months of January and February as compared to that during March. 
Although the seasonal behaviour of vertical drift over the dip-equator 
shows an increasing nature (Fejer et al., 1991), and the poleward 
meridional wind a decreasing behaviour from January to March (Drob 
et al., 2015), the variation in reversal speeds, however, does not show 
any relation whatsoever with model meridional winds or the solar flux. 

From the results presented in this study, it is quite clear that the 
northward extent of the EIA crest is solely dependent upon the strength 
of the vertical drifts generated by PRE electric fields in the evening time. 
Therefore, we have explored if the variation in the reversal speeds 
observed in the EIA movement has any relation with the strength of the 
PRE. On the basis of the available data on equatorial vertical drift, 
reversal speeds for seventeen nights during 2014 have been obtained 
and are depicted in Fig. 6c, and it can be readily noted that these two do 
not show any relation with each other. 

4. Discussion 

From the measurement of vertical plasma drifts over the magnetic 
equator as presented by Fejer et al. (1991), it is known that the drifts are 
vertically downward in the nighttime, indicating a westward electric 
field. It was also shown that the magnitude and the variability of the 
downward plasma drift undergoes significant changes, both during the 
course of a night and from night-to-night. Therefore, it can be expected 

that the equatorward movement of the crest of the EIA is due to such 
westward electric field over the equator. However, this has not been 
demonstrated in any of the studies so far. This is because direct mea-
surements of the westward equatorial electric fields have been mainly 
restricted to the American longitudes where an ISR exists. Further, sat-
ellite measurement of ion-drifts or electric fields over the magnetic 
equator are not available over the Indian longitudes during the night-
time. Few passes of C/NOFS over Indian longitudes during our obser-
vational period, whenever available, were above 500 km altitude, and 
the electron densities were low. Presumably, due to these factors, the 
vertical drift measurements on-board C/NOFS, whenever present, 
showed large fluctuations (not shown here). 

Therefore, in the absence of any direct measurement(s), we ascertain 
the veracity of our interpretation on the westward electric field being 
the cause for the equatorward movement of the EIA by taking recourse 
to the fact that the equatorial electric fields are global in nature. The 
ionospheric electric fields are governed by 

∮
E.dl = 0, where E is the 

electric field at a given location and dl is the element of length along the 
dip-latitude. Therefore, it is imperative that larger eastward electric field 
in a longitude sector will be compensated by a simultaneous westward 
electric field in the opposite sector (Fejer et al., 1991). In this back-
ground, we consider the findings of an earlier study as a beacon to go 
forward, in which Sastri et al. (1992) showed that the effects of 
prompt-penetration during substorm event over two equatorial loca-
tions in the opposite longitudes, Kodaikanal in the Indian sector and 
Huancayo in the South American sector, were greatly related. In that 
study, it was shown that an increase in polar cap potential decreases the 
F-layer height over Kodaikanal, which was in simultaneity with an in-
crease in height of the F-layer over Huancayo. Subsequently, the 
decrease in polar cap potential causes an increase in the F-layer height 
over Kodaikanal and a decrease over Huancayo (Fig. 7). Another 
example in which the daytime upward vertical drift over Jicamarca was 
perfectly anti-correlated with the nighttime downward vertical drift 
over India was presented for the geomagnetic storm event of Apr 17, 
2002 (Kelley et al., 2007). The results reported in these two studies are a 
clear demonstration of the irrotational nature of the global ionospheric 
equatorial electric field. However, these events were during geomag-
netic disturbed conditions, wherein the effects are known to get accen-
tuated. Such results motivated us to explore whether this effect can be 
established during geomagnetic quiet conditions also, to which our 
present experimental results pertain to. To the best of our knowledge, 
there has been no experimental evidence depicting the irrotational na-
ture of the global ionospheric electric field that has been reported for 
geomagnetic quiet times by simultaneous measurements. This is most 
likely due to the subtle nature of changes, especially in the night side. 
This irrotational nature of the equatorial electric field, which satisfies 
the equation 

∮
E.dl =

∮
Bv.dl = 0, is used in the process of generation of 

the global empirical ionospheric vertical plasma drift model by Scher-
liess and Fejer (1999). Here, we have tried to show simultaneous vari-
ation in the day and nighttime electric field variations using nighttime 
vertical drifts and daytime EEJ strengths from two opposite longitude 
sectors during geomagnetic quiet time periods. The vertical drifts 
measured from ISR over Jicamarca are used to serve as a proxy for 
nighttime ionospheric electric field, whereas, the daytime EEJ variation 
measured from Indian sector is used to serve as a proxy of daytime 
electric field. Such simultaneous variation of the nighttime vertical drifts 
and daytime EEJ strengths for one non-ESF night over Jicamarca is 
shown in Fig. 8. The temporal variation of the vertical drift on the 
nightside shows a clear anti-correlation with the EEJ variation on the 
dayside. Similarly, in reciprocity, the variation in the EEJ over Jica-
marca sector indicates the variation in the nighttime electric fields over 
Indian sector. 

In this background, we have attempted to explore the equatorial 
electrodynamic behaviour at opposite longitudes in simultaneity with 
those of our measurements over Indian longitudes. In order to do that, 

Fig. 6. (a) The reversal speeds of the EIA crest movement with solar flux 
variation are depicted for a total of 61 nights. Results from earlier published 
results from different studies are also included. The speeds calculated for the 
emissions obtained from Mt. Abu for two different years, 2014 and 2015, are 
shown in red and blue colour, respectively. (b) Reversal speeds of the EIA crest 
for the same nights have been depicted with the day of year (DOY). (c) The 
reversal speed of the EIA crest is shown along with the available average ver-
tical drifts obtained during PRE in the year 2014. 
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we have considered the daytime EEJ strength integrated for pre-noon 
(duration 8–12 LT for Jicamarca) as a proxy of the daytime equatorial 
F-region over the American longitudes (e.g., Raghavarao et al., 1978; 
Hysell and Burcham, 2000). We have compared this with the nighttime 
reversal speeds of the EIA crest obtained in simultaneity using the op-
tical measurements over the Indian sector as shown in Fig. 9. As dis-
cussed earlier, the reversal of EIA depends on the variation of the 
nighttime westward electric field, therefore, the speeds of the reversal of 
EIA crest have been compared with the strengths of the daytime EEJ at 
Jicamarca. It is remarkable that these two proxies correlate very well 
(correlation coefficient of 0.78). Here, the nights in the year 2014 when 
the EIA crest had reached the latitude of Mt. Abu as seen in the emissions 
have been considered. On many nights in the year 2015, the EIA crest 
did not reach Mt. Abu, most likely due to the decreased solar activity in 
2015 compared with 2014, and hence, these have not been included in 
this analysis. It should be mentioned here that the three points with 
speeds greater than 40 ms− 1 have not been considered for the calcula-
tion of the correlation coefficient. The large deviation in the speeds on 
these three nights could not be understood, at present, especially as 
these were geophysically quiet days and also as the rest of the values are 
around 30 ms− 1 or less. For the sake of completeness, we have compared 
and calculated the correlations between the integrated EEJ over Amer-
ican longitude with the reversal speeds for other time durations also, 
such as, 8–13 LT (corr. coeff. 0.74), 8–14 LT (corr. coeff. 0.68), 9–12 LT 
(corr. coeff. 0.74), 9–13 LT (corr. coeff. 0.7), and 10–13 LT (corr. coeff. 

0.64) and it can be noted that they all are positively correlated. 
The present results are particularly interesting as they show the 

experimental evidence of the global nature of equatorial electric fields 
during the geomagnetic quiet time periods. In doing so, two proxies for 
electric fields integrated EEJ strength in the daytime and reversal speeds 
of EIA in the nighttime, as seen in OI 630 nm airglow emissions, have 
also been characterized. The electric fields are extremely difficult to 
measure during nighttime. Due to recombination among neutrals and 
ions, and low electron densities in the nighttime ionosphere, it is not 
possible to obtain unambiguous information of nighttime electric field 
from the digisonde data over the equator. That is the reason why we 
consider the variation in the height of 7 MHz of the digisonde frequency, 
as the height of reflection is greater than 300 km for this frequency in the 
evening time which is used to obtain the information on PRE. Therefore, 

Fig. 7. The top panels show the ionospheric height variation at Huancayo and 
Kodaikanal on 20–21 Aug 1979. The bottom panels indicate the presence of 
strong geomagnetic disturbance on that day [Reproduced from Fig. 2 of Sastri 
et al., 1992]. 

Fig. 8. The variation of nighttime vertical drift over Jicamarca is shown with 
simultaneous variation of EEJ over Indian sector of a given day which is a non- 
ESF night over Jicamarca. The universal time and corresponding local times at 
Jicamarca and Indian sector are shown in different x-axes. These variations 
show a clear anti-correlation behaviour between these two. 

Fig. 9. Integrated EEJ variation for the duration 8–12 LT over Jicamarca is 
compared with the reversal speed of EIA depicted in Fig. 6b over Indian sector 
for the year 2014. The three nights when the speeds were >40 ms− 1 have not 
been considered in obtaining the linear fit and the correlation coefficient. 
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only measurements from an ISR located over the magnetic equator can 
yield accurate information on the equatorial electric fields. However, it 
is practically impossible to install an ISR over several longitudes around 
the globe. In contrast, it is more viable to obtain the OI 630 nm night-
glow measurements over a large FOV at different longitudinal sectors, 
which could give information on relative variations in the electric field. 
It is expected that simultaneous measurements of westward electric 
fields from ISR, Jicamarca and estimation of reversal speeds in EIA as 
measured from optical emissions from the American longitude sector 
will enable a direct comparison and enable quantification of the EIA 
reversal speeds with the equatorial electric fields. Models and simulation 
studies will also help in quantifying the extent of correspondence be-
tween the reversal speed and nighttime electric field variations, which 
will be carried out in the future. 

5. Summary 

OI 630 nm emission data from a large FOV optical instrument, 
HiTIES, is used to investigate the latitudinal movement of the EIA crest 
during the post-sunset time for geomagnetic quiet conditions. The lat-
itudinal movement of the EIA crest has been observed in the both di-
rection, poleward movement for around 1 h after the sunset and then, 
reverses its direction towards the equator. During March (and towards 
the end of February), it has been observed that the airglow emissions 
along northern direction are larger after the sunset time as compared to 
those along the southern direction when viewed from Mt. Abu. The ra-
tios in emissions towards north and south directions have been inves-
tigated with the equatorial electrodynamical phenomena, like daytime 
integrated EEJ and the PRE strength of electric field. A good relationship 
between the vertical drift due to PRE in electric field at sunset time and 
N–S emission ratios in the nightglow has been obtained. As the strength 
of the PRE increases, plasma rises to higher altitudes over the dip- 
equator, and due to the well-known plasma fountain effect, it moves 
to latitudes farther away. As the night progresses, the ambient plasma is 
continually lost due to recombination resulting in a decrease of emis-
sions. The crest formed at the northern location traces back towards the 
equator, which, in turn, shows larger airglow emission values in the 
southern region (as compared to those in the northern) later in the night. 
The speeds of the reverse movement of the crest have been estimated for 
different nights and are found to be varying in the range of 10–55 ms− 1 

with more number of nights having values closer to the lower range. 
These were compared with the variations in the equatorial PRE, solar 
flux, and seasons, but except for a weak trend in decrease in speeds with 
the increase in solar flux, no clear correspondence was noted. Thus, in 
this study, it is clearly shown that the primary reason for the variation in 
the speeds of reversal in EIA is due to the variation in nocturnal west-
ward electric fields over the magnetic equator. Considering the data 
from other longitude sectors and given the fact that the equatorial 
electric fields are global in nature (

∮
E.dl = 0), we have compared the 

reversal speeds in the EIA crest obtained from Indian longitude sectors 
using optical emissions with the daytime integrated EEJ strength from 
opposite longitude sector (Jicamarca). The pre-noon time EEJ strength 
over Jicamarca shows good relationship with the observed reversal 
speeds in the present study, which confirms our interpretation and es-
tablishes an empirical evidence to show that the observed variation in 
the equatorward movement of the EIA crest is indeed due to the night-
time westward electric field. The present results are particularly inter-
esting as they show the experimental evidence of the global nature of 
equatorial electric fields during the geomagnetic quiet time periods. In 
doing so, through this work, the speeds of equatorward movement of the 
EIA emerge as a viable proxy to determine the temporal behaviour of the 
nightly westward electric fields – which are otherwise difficult to obtain. 
It is envisaged that such remote sensing measurements of optical OI 630 
nm nightglow emissions at different latitudes, either from ground-based 
or space-borne platforms, can yield information on the relative nightly 
variation in the westward equatorial electric fields. 
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