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Abstract

The central theme of the present thesis work is to understand the role of

ionospheric electrodynamics over the equatorial ionosphere in the plasma dis-

tribution over the low latitude sector, in general, and the EIA crest region, in

particular, during different seasons, solar fluxes, and solar activity conditions.

The dip equatorial electric field perturbations related to space weather events

are also investigated during post-sunset as well as post-midnight hours and their

effects over low latitude plasma distribution are investigated.

Based on 10 years’ of observations (2010-2019) of the vertical total electron

content (VTEC) over Ahmedabad (23.0°N, 72.6°E, dip angle 35.2°) and cam-

paign based observations of OI 630.0 nm airglow intensity over Mt. Abu (24.6°N,

72.7°E, dip angle 38.0°), enhancements in VTEC/airglow intensity are brought

out during post-sunset hours. Morphologically, these enhancements are found to

start any time after 1900 LT and peak around 2000 LT. It is found that these en-

hancements are primarily caused by the pre-reversal enhancement (PRE) of the

zonal electric field over the dip equator through re-invigorated plasma fountain

process assisted by the latitudinal plasma density gradients. Interestingly, the

post-sunset enhancements in VTEC over the EIA crest region are conspicuous

during the December solstice and Equinox in the high solar activity period only.

This is consistent with the seasonal and solar activity dependence of the ampli-

tudes of PRE-associated vertical drifts over the dip equator. This suggests that

the post-sunset enhancements are related to PRE. The thesis propounds that as

the daytime equatorial plasma fountain (EPF) process decides the plasma dis-

tribution over the low latitudes, the PRE-driven re-invigorated EPF determines

the degree of post-sunset enhancements over the low latitudes. Interestingly, the

response time of the EIA crest region corresponding to the PRE-driven plasma

fountain is found to be ∼ 1.7 hr in contrast to the 3-4 hrs of response time

corresponding to the daytime plasma fountain. The TEC measurements by the

Indian Satellite-based Augmentation System (SBAS) GAGAN (GPS Aided Geo

Augmented Navigation) suggest that PRE drives plasma from 5°-10° magnetic

latitude to the EIA crest region, leading to a shorter response time during post-
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sunset hours. Further analysis of Ahmedabad VTEC reveals that the post-sunset

enhancements depend on the solar flux levels and are conspicuous if the solar flux

level exceeds ∼110 sfu during December solstice and Equinox. As PRE is also

solar flux dependent, this provides further credence to the direct role of PRE in

driving the post-sunset enhancements over the EIA crest region. However, it is

suggested that PRE is a necessary condition but not a sufficient condition for

the post-sunset VTEC enhancements over the EIA crest region. This is because

plasma densities and vertical drifts obtained from the Thermosphere Ionosphere

Electrodynamics- General Circulation Model (TIE-GCM) suggest that latitudi-

nal plasma gradients work in tandem with the PRE to determine the degree of

post-sunset enhancements in plasma density over the EIA crest region.

In addition to the quiet conditions, the present thesis also brings out a few

cases of space weather-induced electric field perturbations during post-sunset and

post-midnight hours. These investigations are carried out to understand the

changes in the post-sunset ionosphere over low latitudes during disturbed space

weather conditions. Several kinds of space weather-induced electric field per-

turbations are investigated that often worked in tandem or in opposition. These

investigations suggest that many anomalous electric field perturbation events can-

not be explained based on the conventional penetration electric field paradigm

that solely depends on the solar wind electric field related to IMF Bz and so-

lar wind velocity. In fact, these investigations show that unconventional drivers

like IMF By, substorm induced electric field etc., can play important roles in

modulating the amplitude and polarity of penetration electric field perturbations

during both post-sunset and post-midnight hours. These have ramifications for

evaluating the state of the low latitude ionosphere at night during disturbed space

weather conditions.

Keywords: F region ionosphere, equatorial ionosphere, equatorial ionization

anomaly (EIA), equatorial plasma fountain (EPF), space weather, zonal electric

field, vertical drift, Pre-Reversal Enhancement (PRE), post-sunset enhancements,

geomagnetic storm, prompt penetration (PP) electric field, overshielding (OS)

electric field, disturbance dynamo (DD) electric field, magnetospheric substorm,
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IMF By, 630.0 nm airglow intensity, total electron content (TEC ).
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Chapter 1

Introduction

1.1 Background

The Earth’s upper atmosphere and its’ magnetic field save us from the harmful

radiations and high energetic particles of the Sun. The incoming radiation of the

Sun is absorbed by the neutral species of the Earth’s atmosphere, and the atmo-

sphere becomes partially ionized. If we neglect the transport of plasma, it is the

competition between the production and recombination of plasma that determine

the degree of ionization available at a given altitude in the atmosphere. The high

energetic X-ray and EUV radiations make the Earth’s upper atmosphere ionized.

This ionized region is known as the ionosphere, where the plasma is available in

sufficient amount to affect the radio wave propagation [e.g., Schunk and Nagy ,

2009]. Although plasma density is significant in the ionosphere, the neutral den-

sity is sufficiently higher (∼ 3 orders) than the plasma concentrations and hence,

plasma-neutral coupling affects the properties of this atmospheric region in a sig-

nificant manner. It is, therefore, not surprising that this region is often referred

as ionosphere-thermosphere system (ITS). Low latitude ionosphere is known for

several large scale plasma processes e.g., equatorial electrojet (EEJ), equatorial

plasma fountain (EPF) and equatorial spread-F (ESF). These phenomena are

primarily explained based on the electrodynamics of the equatorial and low lat-

itude ionosphere. EEJ is the strong jet of current flowing in the E region of the

ionosphere in a narrow latitudinal belt around the dip equator. EPF distributes
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Chapter 1: Introduction

the equatorial F region ionospheric plasma over the low latitudes generating two

crests of enhanced plasma density over low latitudes and a trough over the dip

equatorial region. ESF, on the other hand, generates plasma irregularities over

the dip equatorial ionosphere during post-sunset hours. All these processes are

primarily driven by the solar quiet (Sq) ionospheric electric field. This Sq elec-

tric field gets perturbed during disturbed space weather conditions. The electric

field perturbations during disturbed space weather conditions affect the large-

scale ionospheric plasma processes like EPF and ESF. Hence the low latitude

ionosphere shows a lot of variabilities during quiet and disturbed space weather

conditions. As the ionosphere plays an important role in the communication and

navigational applications, it is important to understand the quiet and disturbed

time electric field perturbations and their associated effects over low and equato-

rial ionosphere not only for the purpose of understanding the ionospheric physics

in a critical manner but also from an application perspective.

1.2 The Earth’s atmosphere and Ionosphere

This chapter will provide a brief description of the ionosphere-thermosphere sys-

tem. The generation of Sq electric field over low latitude ionosphere is discussed.

The low latitude ionospheric phenomena like EEJ, EPF, and equatorial ionization

anomaly are introduced in this chapter. The present thesis provides a number of

investigations over the post-sunset F region ionosphere during quiet and disturbed

space weather conditions. The pre-reversal enhancement (PRE) of zonal electric

field/vertical plasma drifts occupies the central stage in the present thesis and

hence the PRE mechanism is introduced in detail. A short description of space

weather electric field perturbations and the associated polarities are provided in

this chapter. This provides the context to the results related to the disturbed

space weather conditions presented in this thesis. In addition, the delayed electric

field perturbations by the disturbance dynamo (DD) mechanism is also discussed

for completeness.

The Earth’s atmosphere is an envelope of neutral gases. The density of the
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1.2 The Earth’s atmosphere and Ionosphere

Figure 1.1: The neutral temperature profile of the Earth’s atmosphere and the

ionospheric plasma density profile. [From Kelley , 2009]

neutral species of the atmosphere decreases exponentially with increase in al-

titude. The atmosphere decays so rapidly that 99% of Earth’s atmosphere is

confined below 50 km. Based on the compositions of neutral species, the neu-

tral atmosphere is divided into two parts- homosphere and heterosphere. Below

100 km altitude (in the homosphere), the neutral atmosphere is well-mixed due to

turbulence, whereas in the heterosphere, the neutral species are found in diffusive

equilibrium.

The Earth’s atmosphere is divided into four major layers based on the altitude

profile of neutral temperature (Figure 1.1). The lowest layer of the atmosphere

is the troposphere, and the temperature decreases in this layer with a lapse rate

of 6.5 K/km up to a height ∼8 km at the pole and ∼16 km at the equator. The

Earth’s surface absorbs the Sun’s radiations in the visible domain and re-emits

in the form of infrared radiation. The effect of this infrared radiation decreases

with altitude, and thus, one can notice the decreasing pattern of temperature

in the troposphere (Figure 1.1). The very next layer of the Earth’s atmosphere

3



Chapter 1: Introduction

is stratosphere. This region is stratified from ∼20 to 50 km altitudes, and the

increase in temperature in this region is due to the absorption of the ultraviolet

(UV) radiations by the stratospheric ozone. The third layer of the atmosphere is

the mesosphere, which is extended from ∼ 60 km to 90 km. The temperature falls

in this region rapidly due to the radiative cooling by the CO2 molecules and OH

radicals. The fourth layer of the atmosphere is the thermosphere which extends

from ∼ 90 to 1000 km altitude. In this region, the temperatures rise to around

1000 K or higher in accordance with solar activity. The temperature within

the thermosphere increases rapidly, mainly due to the absorption of extreme

ultraviolet (EUV) radiation. The neutral and ionized species of the thermosphere

are shown in Figure 1.2. It can be noticed that the neutral species exist in a

diffusive equilibrium.
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Figure 1.2: Altitude profiles of neutral and ionized species of the thermopshere

[From Kelley , 2009]

Almost 99 % part of the ionosphere is embedded in the thermosphere. A

typical variation of ionospheric electron densities during the day (solid line) and

night (dashed line) is shown in Figure 1.1. Based on electron density variations,

the ionosphere is divided into three layers- D-layer (70-90 km), E- layer (90-150

km), and F-layer (160-1000 km). Typical electron densities of D, E and F- layers

are 103−104 cm−3, 105−106 cm−3 and 106 cm−3, respectively. In all three layers,

the production and loss processes of ionized species are different. In the D region,

X-rays (0.1-0.8 nm) and Hydrogen Lyman α line (121.6 nm) are the main sources

of ionization [e.g., Nicolet and Aikin, 1960; Francey , 1970]. The species are O2
+,

4



1.2 The Earth’s atmosphere and Ionosphere

N2
+, H3O

+ and H+(H2O)2 are in abundance in this region. In the E- region,

the required energies for photo-ionizations are UV radiations (91.1-102.7 nm) and

soft X-ray (0.8-14.0 nm). In this region, the most dominant species are the NO+

and O2
+. NO+ is formed by the reaction of molecular nitrogen with atomic

oxygen ions. The primary ionization source of the F region is primarily the solar

EUV radiation (17-91.1 nm). He-I (58.4 nm) and He-II (30.4 nm) radiations are

also important for the lower F region. The lower F region is dominated by NO+

and O2
+ ions, whereas the upper F region is populated by O+ ions. At higher

altitudes (∼ 1000 km), in general, H+ ions are the dominant ionized species. The

recombination processes are different in the E and F regions. The square loss rate

dominates in E and lower F regions, whereas the topside F region is characterized

by the linear loss rate. At a particular altitude in the F layer, both loss rates are

found to be equal and this altitude is known as the transition height. During the

daytime, the F region is split up into the F1 and F2 layers due to the competition

between production and two different loss processes prevalent at lower and above

the transition height. Linear loss is a slow process in which the atomic species

take part. On the other hand, the square loss rate is a faster process because the

recombination rate of ionized molecular species is faster. This is why the upper

E region and F region of the ionosphere sustain during night [e.g., Rishbeth and

Garriott , 1969] when solar radiation is not present.

The D, E, and F regions can be distinguished based on the relative dominance

of gyro-frequencies (Ω) and collision (with neutral) frequencies (ν) of ions and

electrons. In the presence of a magnetic field, electrons (e) and ions (i) experi-

ence Lorentz force. These particles gyrate around the magnetic field line with a

particular frequency which is called gyro-frequencies (Ωi,e). While gyrating, the

electrons and ions collide with the neutral species with a particular frequency

which is called collision frequency (ν). Gyro frequency depends on the mass,

charge of the species and geomagnetic field strength. On the other hand, colli-

sion frequency depends on the concentrations and temperatures of the species. In

the next section, we will briefly discuss the Earth’s magnetic field and its compo-

nents. The motions of the ions and electrons in the D region are controlled by the
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Chapter 1: Introduction

neutral wind. The collision frequencies of both ions and electrons are higher than

their gyro-frequencies in the D region (νi,e >> Ωi,e). In the F-region, the motions

of charged species are mainly controlled by the geomagnetic field (νi,e << Ωi,e).

Interestingly, the ions and electrons show differential behaviors in the E-region.

In this region, the motion of ions is collisionally dominated (νi >> Ωi), whereas

the motion of electrons is controlled by the magnetic field (νe << Ωe). The dif-

ferential behavior of ions and electrons in the E region is primarily responsible

for the generation of the primary electric field. This aspect will be discussed in

the E region dynamo section.

1.3 The Earth’s magnetic field

Zenith
South West

NorthEast

Nadir

Z

B

I
H XD

Y

Figure 1.3: The magnetic field components in the local geodetic coordinate system

[From Khazanov , 2016].

The Earth’s magnetic field plays a crucial role in the ionospheric plasma dy-

namics. The Earth’s magnetic field changes on a geological time scale. The

movement of the molten lava in the Earth’s outer core is considered the main

cause of the Earth’s magnetic field [e.g., Inglis , 1981]. The strength of the mag-
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1.4 Role of the neutral wind

netic field is higher at the poles and minimum at the equator. Over the Indian dip

equator near the surface, the magnetic field is around 38000 nT, and at the pole,

its strength is about 65000 nT [e.g., Alken et al., 2021]. The Earth’s magnetic

field can be described in a geodetic system where +X, +Y , and +Z are in the

geographic North, geographic East, and vertically downward directions (Figure

1.3). Another system is HDZ coordinate system. H is the horizontal component

of the Earth’s magnetic field in the X-Y plane. D is the declination angle that is

defined by the angle between the geographic and magnetic meridian (Figure 1.3).

The total magnetic field at any place is defined as B that is directed towards the

North, and the angle between the H and B is known as the dip angle (I).

From Figure 1.3,

H = B cos I and Z = B sin I

X = H cosD = B cos I cosD

Y = H sinD = B cos I sinD

Z = B sin I

From the above equations, we get

H =
√
X2 + Y 2

B =
√
H2 + Z2 =

√
X2 + Y 2 + Z2

D = tan−1

(
Y

Z

)
and I = tan−1

(
Z

B

)

1.4 Role of the neutral wind

In the E region, the tidal winds are prevalent, and their sources are the upward

propagating tides from the lower atmosphere. The Sun and Moon produce tidal

forces in the atmosphere. These tidal winds are primarily responsible for E region

dynamo [e.g., Rishbeth, 1977].

The thermospheric neutral winds are important to understand the electro-

dynamics and plasma distributions in the F-region [e.g., Rishbeth, 1972, 1977;
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Chapter 1: Introduction

Richmond et al., 2015]. Thermospheric winds flow in the zonal (East-West),

meridional (North-South), and vertical (up-down) directions. The meridional

wind can affect the F region plasma dynamics in a number of ways. First, it

can push the plasma along the magnetic field lines by ion-neutral drag and can

contribute to the vertical movement of the plasma at those places where the dip

angle has a finite value [e.g., Krishna Murthy , 1990; Rishbeth, 1977]. Second, it

can change the plasma diffusion along the magnetic field line [Anderson, 1971;

Rishbeth, 1972; Titheridge, 1995]. Third, trans-equatorial meridional wind can

cause an asymmetry in the equatorial ionization anomaly crests on either side

of the dip equator [e.g., Rishbeth, 1972; Anderson and Roble, 1981]. The zonal

winds are westward during the daytime and eastward during the nighttime at the

F region altitudes. In the F region, the zonal winds drive the F region dynamo

that is more effective at the dusk terminator [e.g., Richmond et al., 2015].

In addition to the zonal and meridional wind, the vertical wind has an impor-

tant role in ionospheric electrodynamics. At high latitudes, the magnitude of ver-

tical wind is higher [e.g., Larsen and Meriwether , 2012; Smith, 1998; Raghavarao

et al., 1993]. Nevertheless, it’s role over low latitudes has also been indicated

[e.g., Raghavarao et al., 1987, 1993].

1.5 E region dynamo

The E region dynamo is generated by the global tidal winds. These winds in the

E region are produced by the solar and lunar tides, which are generated by the

differential heating by the Sun and gravitational pulls by the Moon on the Earth’s

atmosphere. The time periods of the solar and lunar tides are the fractions of

the time period of one solar and lunar day. The largest atmospheric tides are the

diurnal and semi-diurnal tides driven by solar heating. It is known that the ions in

the E region respond to the winds. The tidal winds carry ions along with them and

when ions cut across the geomagnetic field lines, the dynamo action is mimicked.

As a consequence, an induced electric field gets generated. This induced electric

field drives the current in the E region, which is called the Solar quiet (Sq)
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Figure 1.4: Contours of the vertical magnetic fields induced from the horizontal

Sq currents [From Kelley , 2009]

current. It flows in an anti-clockwise direction in the northern hemisphere and a

clockwise direction in the southern hemisphere [e.g., Matsushita, 1969; Yamazaki

and Maute, 2017]. The horizontal Sq current variations are shown in Figure 1.4.

Due to the anisotropic nature of the ionospheric conductivities, Sq current can

not flow freely and an electric field is set up to make this current divergence-

less. This is how the E-region dynamo works [Rishbeth and Garriott , 1969]. The

electric field, thus generated, is mapped from the low latitude E region to the

equatorial F region and drives the large-scale ionospheric plasma process like EPF

in the daytime. The eastward and westward electric fields provide the upward

and downward vertical drifts [e.g., Fejer et al., 2008a]. Vertical drift variations at

different solar flux levels have been shown in Figure 1.5. The zonal component of

the electric field over the low latitudes maps in the zonal direction, whereas the

poleward component of the electric field maps in the vertically upward directions

[Farley , 1959] over the dip equator.

1.6 F region dynamo

The E region dynamo works effectively during the day and night. However, during

post-sunset hours, the F region dynamo becomes effective as the integrated F

region conductance is higher than the E region conductance [e.g., Rishbeth, 1971a,
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Figure 1.5: Local time variations of the F region plasma zonal drift in the top panel

[From Fejer et al., 1991] and vertical drifts in the bottom panel [From Scherliess

and Fejer , 1999] over the Jicamarca sector during the equinoctial month at different

solar flux levels. This figure is reproduced from Pandey [2018]

1981]. Due to the sharp fall in electron density in the E region during the post-

sunset hours, the conductance of the E region falls sharply [e.g., Heelis et al.,

1974]. The F region dynamo operates during the daytime also. However, any

current generated during daytime by the F region dynamo gets shorted out [e.g.,

Richmond et al., 2015; Rishbeth, 1977] through the highly conductive magnetic

fied lines that are connected to the E region (due to the higher integrated E region

field line Pedersen conductivities). In the F region, zonal winds are, in general,

westward during the day and eastward during the night [e.g., Drob et al., 2015].

During evening hours, the zonal winds start turning towards the east in the F

region. The ion Pedersen conductivity is higher at the F region altitude, which is

proportional to the plasma density and ion-neutral collision frequency. Over the

dip equatorial region, when the eastward wind cuts across the geomagnetic field

lines, an upward ion Pedersen current flows. To make this current divergence-

less, a downward electric field is generated that drives the large eastward drift

over the dip equator [e.g., Fejer et al., 1985]. This is called the F region dynamo
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1.7 Low latitude ionospheric processes

[e.g., Richmond et al., 2015; Heelis , 2004; Rishbeth, 1977]. The main role of the

F region dynamo is to drive the large F region zonal plasma drift that is almost

of the same amplitude as that of the thermospheric zonal wind. The zonal drifts

during the post-sunset hours depend on the solar flux levels [e.g., Fejer et al.,

1991]. The F region zonal plasma drifts are shown at different solar flux levels in

Figure 1.5. In addition, the F region dynamo plays a crucial role in enhancing

the pre-reversal enhancement (PRE) of vertical plasma drift. Fejer et al. [1999]

have shown that the F region irregularities are related to the magnitude of the

PRE. One important outcome of this thesis is the result that PRE plays a very

important role in deciding the post-sunset plasma distribution over low latitude

F regions (Chapters-3 and 4).

1.7 Low latitude ionospheric processes

As discussed earlier, the low latitude ionosphere is known for phenomena like

EEJ, EPF, and EIA etc. In this section, these phenomena will be discussed in

detail.

1.7.1 Equatorial electrojet

The equatorial electrojet is an intense jet of current that flows during the daytime

over the dip equator within a narrow latitudinal band [Chapman, 1951]. The

generation mechanism of EEJ can be understood by the thin slab geometry that

is shown in Figure 1.6. In this slab, axes X, Y, and Z represent the eastward,

northward, and upward directions, respectively. In the E region, the ions are

collisionally bound. On the other hand, electrons experience Hall drift. The

eastward zonal electric field (EX) and horizontal northward magnetic field (B)

push electrons vertically upward. However, the electrons can not go far in altitude

due to the sharp fall in conductivity, and an upward vertical polarization electric

field (EZ) gets developed. As a result, a net current flow in the vertical direction,

JZ = σPEZ − σHEX (1.1)

11



Chapter 1: Introduction

Where σP and σH are the Pedersen and Hall conductivities.

This current cannot flow out of the slab. This implies JZ = 0, Equation 1.1 turns

into,

EZ =
σH

σP

EX (1.2)

This vertical polarisation electric field is almost 30 times greater than the zonal

electric field. This large vertical electric field in the presence of the northward

geomagnetic field causes the Hall drift to the electrons in the westward directions,

and an intense current flows in the eastward direction, which is called the EEJ

current.

JX = σPEX + σHEZ (1.3)

From equation 1.2 and 1.3

JX =
[σP

2 + σH
2]

σP

EX = σCEX (1.4)
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Figure 1.6: A slab geometry to explain the mechanism of EEJ [From Kelley , 2009].

Where σC is cowling conductivity. σC maximizes at around 105 km altitude.

Due to this, the strength of this current is maximum near 105 km altitude. Al-

though this current flows in a narrow latitudinal band (±3°), the strength of this

current is maximum over the dip equator. This is because the vertical electric

field decreases with an increase in the dip angle (I). It is verified from the in-situ

measurements of E region current density by magnetometer experiments onboard
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1.7 Low latitude ionospheric processes

rockets flight that the magnitude of EEJ is maximum at ∼ 105 km altitude [e.g.,

Davis et al., 1967; Sampath and Sastry , 1979]. The continuous measurements of

EEJ along the globe can be obtained from ground-based magnetometer observa-

tions. One typical variation over the Indian longitude is shown in Figure 1.7. In

Figure 1.7, the local time variation of the induced magnetic field due to EEJ is

depicted.

Figure 1.7: Diurnal variation of the induced magnetic field due to the EEJ current

[From Pandey , 2018]

1.7.2 Equatorial Plasma Fountain and Equatorial Ioniza-

tion Anomaly

The equatorial plasma fountain (EPF) results from the E×B drift (Hall drift)

over the dip equator followed by ambipolar diffusion. A schematic of this process

is shown in Figure 1.8. Over the magnetic dip equator, the eastward electric

field and horizontal magnetic field configuration cause vertical E×B drift of the

F region plasma. As plasma moves vertically upward, it also diffuses (ambipolar

diffusion) along the magnetic field lines due to the gravity and pressure gradient

forces. This process is called the equatorial plasma fountain [e.g., Balan et al.,

2018; Rajaram, 1977; Anderson, 1971; Hanson and Moffett , 1966]. Due to this

process, the ionization becomes higher over the ∼ ±15° magnetic latitudes. As

more ionization is expected over the dip equatorial region due to enhanced pro-

duction, this effect is called the equatorial ionization anomaly (EIA) [Mitra, 1946;
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Figure 1.8: A schematic of equatorial plasma fountain (EPF) over the dip equator

in the F region [From Basu et al., 2002]
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Figure 1.9: A global map of the NmF2 obtained from the COSMIC satellite ob-

servation during the equinoctial months of low solar activity at 1400 LT along the

globe [From Liu et al., 2010]

Appleton, 1946]. The higher plasma density regions over the low latitudes on both

the northern and southern hemispheres are called the EIA crests, and the depleted

plasma density region over the dip equator is called the EIA trough. A typical

global variation of the peak electron density (NmF2) during the equinoctial pe-

riod of low solar activity period at ∼1400 LT is shown in Figure 1.9 [Liu et al.,

2010] which is constructed by the IRO (Ionospheric radio occultation) observa-

tions of COSMIC (Constellation Observing System for Meteorology, Ionosphere
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and Climate) satellite.

1.8 The Pre-reversal enhancement (PRE) of zonal

electric field
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Figure 1.10: A schematic of simplified model [Farley et al., 1986] for pre-reversal

enhancement (PRE) is shown. The vertical and horizontal planes are used as equa-

torial F region and low latitude E region respectively. Both planes are connected

by the geomagnetic field lines [From Kelley , 2009].

F region vertical drifts are positive (upward) and negative (downward) during

day and night, respectively (Figure 1.5). During evening hours, before reversal of

the vertical drifts to the downward direction, vertical drifts become upward. This

feature is known as the pre-reversal enhancement (PRE) of the vertical plasma

drift [e.g., Scherliess and Fejer , 1999; Fejer , 2011; Fejer et al., 1991; Fejer , 1981;

Fejer et al., 1979a; Woodman, 1970]. These F region vertical drifts show the

seasonal and solar flux dependencies [Fejer et al., 2008a; Madhav Haridas et al.,

2015]. There are several mechanisms proposed to explain PRE. Eccles et al. [2015]

reviewed three main mechanisms that had been proposed in the past to explain

PRE. Eccles et al. [2015] argued that all three mechanisms may be important in

isolation or in tandem under different conditions. One of these mechanisms is

the response of the ionosphere electric field to maintain the curl-free condition

when rapid change in the vertical electric field occurs near the sunset terminator
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[Rishbeth, 1971b; Eccles , 1998]. The second mechanism proposes PRE as the

consequence of the divergence of Hall current in the low latitude E region near

the sunset terminator [e.g., Farley et al., 1986]. The third mechanism deals with

the feedback effect of EEJ conductances on PRE amplitudes around the sunset

terminator [e.g., Haerendel and Eccles , 1992]. Each mechanism has its limita-

tions, and any single theory can not explain PRE fully. We will briefly explain

the mechanism related to the Hall current divergence away from the dip equator

in the ensuing paragraph.

A schematic diagram in this regard is provided in Figure 1.10 [Farley et al.,

1986]. In Figure 1.10, the vertical plane represents the equatorial F region, and

the horizontal plane represents the low latitude E region. Both regions are con-

nected by highly conductive geomagnetic field lines. In the previous section, it

has been discussed that the upward ion Pedersen current does not get shorted out

in the E region during evening hours. As a result, a downward electric field (Ez)

drives the zonal drift. This downward electric field also maps to the low latitude

E region in the equatorward direction and drives a westward current (Jθϕ) by

providing the Hall drifts mainly to the electrons (note, electrons are magnetized

in the E region) towards the dusk terminator. Due to the huge difference in

conductivity at the dusk terminator, electrons are piled up there. To make Jθϕ

divergence-less, a current Jϕϕ flows in the eastward directions. This generates

an eastward electric field (Eϕ). This eastward (zonal) electric field gets mapped

from the low latitude E region to the equatorial F region and generates the larger

F region vertical plasma drifts. The F region vertical drifts are shown in Figure

1.5.

Rishbeth [1977] suggested that the E region dynamo is analogous to a voltage

generator, whereas the F region dynamo is akin to a current generator. Dur-

ing day and night, the F region electric field comes from the E region dynamo,

while during the PRE hours, the E and F region dynamos compete with each

other. Fejer et al. [1979b] showed, using the data from Jicamarca radar that the

ionospheric electric field over the dip equator satisfies the curl-free condition.
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1.8.1 PRE, Post-sunset F region plasma irregularities and

L-band scintillation:

The dip equatorial F region ionosphere hosts, on many occasions, plasma insta-

bility structures with scale sizes ranging from a few centimeters to a few hundred

of kilometers. These structures are primarily created by the Raylor-Taylor in-

stability (RTI) process in which the heavier fluid sits on a lighter fluid and the

perturbations on the base of the lighter fluid, under suitable conditions, grow.

It is to be noted that the photoionization process ceases after sunset. As the

E region is dominated by molecular ions, it depletes faster after sunset due to

recombination. On the contrary, the F region, dominated by atomic ions, survive

for a much longer duration. This is analogous to a situation where the heavier

F region is located on top of the lighter E region. Due to this, a vertical steep

plasma density gradient is formed at the lower F region altitude. Under suitable

conditions when the steep plasma density gradient becomes anti-parallel to grav-

ity, it gives rise to Rayleigh-Taylor (RT) instability. In addition, the zonal electric

field increases during PRE hours, which takes the F region to a higher height.

At a higher height, the ion-neutral collision frequency reduces. Therefore, PRE

generates favorable conditions to make the bottom side of the F layer suscepti-

ble for the generation of plasma irregularities. The seed perturbation can come

through gravity waves or other factors. These instabilities generate ionospheric

plasma irregularities, which have a scale sizes of hundreds of kilometers to a few

centimeters and can be noticed up to ∼1000 km altitude. In the presence of

plasma irregularities, the ionosonde echoes get diffused in the frequency/range

or in both, which is traditionally known as spread-F. Over the equatorial region,

these spreads of echoes are known as Equatorial Spread-F (ESF). Several theoret-

ical and experimental studies are done in the past to understand the generation

and evolution of these irregularities [e.g., Woodman and La Hoz , 1976; Subbarao

and Krishna Murthy , 1994; Muralikrishna et al., 2003; Sekar et al., 2004, 2012;

Rodrigues et al., 2015; Huba et al., 1987; Sekar and Raghavarao, 1987; Sekar and

Kelley , 1998; Sekar and Chakrabarty , 2008; Huba and Joyce, 2007; Huba et al.,

2008].
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The F region plasma irregularities cause scintillations of radio waves depend-

ing on the scale size of irregularities. These irregularities may cause phase and

amplitude scintillations of radio waves. The GPS constellation traditionally uses

L band frequencies that get affected by centimeters size irregularities. In the

past, several studies were carried out to understand and characterize the L-band

scintillations [e.g., Basu et al., 1988; Huba and Joyce, 2010; Yokoyama, 2017;

Bhattacharyya et al., 2019; Aol et al., 2020].

1.9 Magnetosphere-Ionosphere system

In the previous sections, a general overview of the ionosphere-thermosphere (IT)

system is provided. The generation mechanism of the Sq ionospheric electric field

is discussed. During a space weather event, the Sq electric field can be modulated

and this may impact the ionospheric processes. The solar wind interacts with

the Earth’s magnetosphere and transfers energy to the magnetosphere through

solar wind-magnetosphere coupling [e.g., Pulkkinen et al., 2007; Gonzalez et al.,

1989; Baker , 1985]. The changes in the magnetosphere affect the high and low

latitude ionosphere directly. The solar wind electric field is imposed on the polar

ionosphere and eventually, global ionosphere gets affected. In the next sections,

we will discuss the magnetosphere-ionosphere coupling during the geomagnetic

storm and magnetospheric substorm and associated electric field perturbations

over low latitude ionosphere.

1.10 Geomagnetic storm

Geomagnetic storms disturb the terrestrial magnetic field that is measured over

ground-based magnetometer observatories. The primary driver of a geomagnetic

storm is the solar wind. The solar wind is a continuous outward flow of plasma

from the Sun. The density of the solar wind plasma is very low (∼ 5 cm−3),

and the electric conductivity is very high. Owing to these, the magnetic field

is ”frozen in” the solar wind plasma. An analogy of the ”frozen in” concept is

described in Hargreaves [1992]. However, an observer sitting on the Earth’s frame
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(a)

(b)

Figure 1.11: Magnetic reconnection in the presence of southward IMF Bz (a) and

northward IMF Bz (b) [From Trattner et al., 2021]

of reference can experience the solar wind interplanetary electric field (IEF).

IEF = −VSW ×BSW (1.5)

In equation 1.5, VSW and BSW are the velocity and magnetic field (interplane-

tary magnetic field or IMF) of the solar wind. For magnetic reconnection to occur,

the southward component of the solar wind magnetic field is important [Dungey ,

1961]. To understand the solar wind-magnetosphere interaction, two coordinate

systems are used. These coordinate systems are Geocentric Solar Ecliptic (GSE)

and Geocentric Solar Magnetospheric (GSM). In the GSE frame, the X-axis is

positive towards the Sun, Z-axis is positive towards the ecliptic north, and Y-axis

is perpendicular to the X and Z-axis. In GSM coordinate system, X-axis is pos-

itive towards the Sun, Z-axis is positive parallel to the magnetic meridian, and

Y-axis is perpendicular to both axis. The GSM coordinate system is used widely

in the magnetospheric system. The solar wind flows in the negative X-direction

(away from the Sun). From equation 1.5, it can be seen that the IEFy is in

positive Y-direction (dawn-to-dusk direction) for southward IMF Bz.

The Z-component of the interplanetary magnetic field (IMF) is the main driver

of geomagnetic storms. When the Z-component of the solar wind magnetic field
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turns southward, the merging happens at the dayside. This process allows the

solar wind plasma and energy to enter into the earth’s magnetosphere. This en-

ergy is eventually supplied to the IT system. Magnetic reconnection is important

to understand the geomagnetic storms that are first proposed by Dungey [1961].

He suggested that the solar wind plasma and IMF decide the input energy to

the magnetosphere from the solar wind. A schematic of the reconnection under

southward and northward IMF Bz is shown in Figure 1.11. The magnetic recon-

nection at low latitudes happens in the presence of southward IMF Bz (Figure

1.11a), whereas in the presence of northward IMF Bz, reconnection may occur at

high latitudes (Figure 1.11b).

Figure 1.12: Based on Dst index, different phases of geomagnetic storms are de-

picted. Solid red line represents the zero value of Dst [e.g. Andriyas and Andriyas,

2015]

When the solar wind strikes the Earth’s magnetosphere at dayside, the south-

ward IMF Bz of solar wind reconnects with the northward magnetic field of

the Earth, and the magnetic field lines open up. These magnetic field lines are

dragged by the solar wind plasma over the magnetosphere. These open magnetic

field lines reconnect at the nightside. The energy released during the magnetic

reconnection accelerates the plasma towards the sunward direction in the equa-

torial plane. This convective plasma reaches 5-6 RE (RE, earth radius 6371 km)

and experiences gradient and curvature drifts due to the closed geomagnetic field

lines. As a result, ions move toward the dusk side, and electrons move to the

dawn side. A westward current flows at ∼ 5 − 6 RE known as the magneto-

spheric ring current. This current gives a depression in the horizontal component
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of the geomagnetic field measured by a ground-based magnetometer and is rep-

resented by the Dst (Disturbance Strom Time) index (discussed in Chapter-2).

The interaction of IMF with the geomagnetic field leads to the strengthening

of the ring current. This is typically known as a geomagnetic storm. The Dst

index is an hourly index measured in nano Tesla (nT), and is used as a proxy

for ring current strength. Sym-H index is similar to Dst index with high tempo-

ral cadence (1 min)(discussed in Chapter-2). Different phases of a geomagnetic

storm are defined based on the variation in the Dst index. A schematic diagram

of different phases of the storm is shown in Figure 1.12. When the solar wind

strikes the Earth’s magnetosphere, a sudden positive enhancement is noticed in

the Dst index, that is known as storm sudden commencement (SSC). This fea-

ture is not observed all the time. The elevated Dst index may continue for some

time, which is called the initial phase of the storm. This, in general, happens

during the northward IMF Bz conditions. Subsequently, the Dst index turns to

negative, and the main phase of a geomagnetic storm starts. The strength of

the ring current increases until the IMF Bz turns northward. Once the main

phase is over with the northward turning of IMF Bz, the recovery phase starts.

During this time, the ring current decreases due to the pitch angle scattering of

charged particles and charge exchange processes with the neutrals [e.g., Gonzalez

et al., 1994]. It is noted that strong geomagnetic storms occur during the passage

of interplanetary coronal mass ejections (ICME), whereas corotating interaction

regions (CIR) can drive the moderate geomagnetic storm [e.g., Tsurutani et al.,

2020]. The more negative the Dst is, the stronger the ring current and the storm.

Based on the magnitude of the Dst index, the geomagnetic storms are classified

as weak (-30 nT>Dst>-50 nT), moderate(-50 nT>Dst>-100 nT), strong (-100

nT>Dst>-200 nT), severe (-200 nT>Dst>-300 nT) and super (-350 nT> Dst)

[e.g., Loewe and Prölss , 1997].
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Figure 1.13: A schematic of the R1 and R2 FAC over the polar region. Downward

and upward arrows represent the inward and outward currents to and from the

ionosphere[From Le et al., 2010].

1.10.1 Prompt penetration (Undershielding) and overshield-

ing electric field

The interplanetary electric field is discussed in the previous section. For south-

ward IMF Bz, the IEFy is dawn-dusk directed. The reconnection at the dayside

only happens when the IMF Bz is southward. After the magnetic reconnection,

geomagnetic field lines are opened up and the dawn-dusk component of the solar

wind electric field (IEFy) is mapped to the polar ionosphere through the highly

conducting magnetic field lines. The mapped electric field drives a two-cell plasma

convection pattern that is known as the DP2 (Disturbance polar current type-2).

The mapped electric field moves the plasma in antisunward directions near the

poles and sunward at lower latitudes (see in Figure 1.13). Therefore, the effect

of IEF is direct over the polar ionosphere. Since the magnetic field lines are

equipotential, the nearly same amount of voltage is dropped at the nightside of

magnetosphere which is referred to as the convection electric field. This convec-

tion electric field enhances the convection of the plasma in the sunward direction.

Under certain conditions, this convection electric field penetrates promptly to low
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latitudes, which is called the Prompt Penetration (PP) Electric Field. The PP

electric field and its effects over low and equatorial ionosphere have been investi-

gated in the past by Nishida [1968]; Wolf [1970]; Vasyliunas [1970]; Senior and

Blanc [1984]; Sastri et al. [2000]; Kelley et al. [2003]; Huba et al. [2005]; Tsurutani

et al. [2008]; Wang et al. [2008]; Chakrabarty et al. [2005, 2015, 2017]; Rout et al.

[2019]; Huang et al. [2007]; Lu et al. [2012]. The penetration of convection elec-

tric field over low latitude can be understood based on two equivalent scenarios.

First, the shielding and overshielding mechanisms that are grossly related to the

competition between convection and shielding electric field (discussed in the next

paragraph) and second, in terms of the adjustment of the Region-1 and Region-2

field-aligned currents.

lc

Figure 1.14: (a) represent the quiet time wherein convection electric field is not

present (E=0) in the outer magnetosphere. (b) An increase in the convection

electric field (E) is imposed and associated development of a shielding electric

field EShielding. (c) Convection electric field weakens/disappears quickly leaving the

shielding electric field to decay relatively slowly (residual overshielding field) in the

inner magnetosphere [From Wolf et al., 2007].

After occurring the magnetic reconnection at the nightside, the plasma con-

vects in the earthward direction from the site of reconnection. When it reaches
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near the inner magnetosphere, the plasma experiences gradient and curvature

drifts. Owing to this, the ions move towards the dusk, and electrons go to the

dawnside. As a consequence, the positive and negative charges pile up at the dusk

and dawn terminators, and a dusk-to-dawn electric field gets developed at the in-

ner edge of the ring current which is opposite to the convection electric field. This

electric field is known as the shielding electric field (ES) that shields the inner

magnetosphere from the convection electric field from further penetration. When

this shielding electric field (ES) is less than the convection electric field (EC), it

is called undershielding condition. Under certain conditions, when ES becomes

equal to the EC , it is referred to as good shielding. A schematic of the convection

and shielding electric field is shown in Figure 1.14. Figure 1.14a represents the

situation when convection electric field is absent. As the convection electric field

(EC) increases, the ES increases to counter EC (Figure 1.14b). However, when

EC suddenly reduces (when IMF Bz turns to the northward direction) after re-

maining steady for some time (corresponding to southward IMF Bz condition),

ES (residual shielding electric field) survives in the inner magnetosphere for some

time (Figure 1.14c). This happens as the convection electric field can change at

a much faster time scale than the shielding electric field. This residual electric

field known as the overshielding (OS) electric field.

During the convection, current densities in the inner and outer magnetosphere

are imbalanced. To make this current divergence-less, the Region 1 (R1) and

Region 2 (R2) Field Aligned Currents (FACs) start getting intensified [Iijima and

Potemra, 1978; Potemra, 1985]. A schematic of the R1 and R2 FACs is shown in

Figure 1.13 and it can be seen that these currents are connected to the Pedersen

currents in the polar ionosphere. R1 FAC flows into the ionosphere at the dawn

side and comes out from the dusk side at higher latitudes (∼ 67°− 75°). On the

contrary, the R2 FACs flow opposite to the R1 FACs at relatively lower latitudes

(∼ 63°−68°). The R1 FAC connects with the magnetopause current (Chapmann-

Ferraro current) in the dayside and the tail current in the nightside. This is why

R1 FAC gets changed at a shorter time scale. On the other hand, the R2 FAC

ties the polar ionosphere with the partial ring current (PRC) [e.g., Ganushkina
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et al., 2018]. PRC forms due to the differential ion and electron pressures in the

ring current region. Since the R2 FAC is connected through the PRC, the time

constant of the R2 FAC is higher than the R1 FAC. In this description, prompt

penetration occurs when R1 FAC exceeds R2 FAC and overshielding happens

when the reverse happens.

The time constant of the shielding electric field is higher as it is related to

the R2 FAC. R2 FAC takes time to develop and also takes time in decay. As a

consequence, the convection electric field penetrates to low latitude ionosphere

promptly under the southward IMF Bz condition. The time constant of shielding

electric field is expected, in general, to be around 20-30 minutes [e.g., Senior

and Blanc, 1984; Spiro et al., 1988; Peymirat et al., 2000]. Huang et al. [2008]

showed prompt penetration to the low latitudes sustaining for a long duration

that suggest that shielding can remain open for a longer duration under favorable

conditions. In general, PP electric field has eastward and westward polarities over

the equatorial ionosphere during day and night [e.g., Fejer et al., 2008b], and OS

electric field shows the opposite polarity to the PP electric field. The modeling

studies [Nopper Jr. and Carovillano, 1978] also suggested that the eastward

perturbations of the PP electric field are expected until 2200 LT. Further, it was

also shown that 6-9% of IEFy penetrates to the low latitude ionosphere [Kelley

et al., 2003; Huang et al., 2007].

1.10.2 Transient electric field due to sudden change in

solar wind dynamic pressure

A sudden increase of the solar wind pressure affects primarily the Earth’s mag-

netosphere in the dayside. Due to sudden changes in the solar wind dynamic

pressure, magnetic fluxes get reconfigured in a short time, and as a consequence,

an electromotive force (emf) gets induced as per Faraday’s law. This emf en-

hances the magnetopause current [Ganushkina et al., 2018]. This current adjusts

globally, and a transient electric field gets generated. This sudden change in elec-

tric field and current can be observed globally in the magnetosphere-ionosphere

system [e.g., Kikuchi and Araki , 1979; Araki et al., 1985; Sastri et al., 1993; Huang
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et al., 2008; Rout et al., 2016]. Transient change in the ionospheric current due to

the sudden impulse (SI) and sudden commencement (SC) is studied by Le et al.

[1993]; Russell and Ginskey [1993, 1995]; Araki et al. [1985]; Kikuchi et al. [1985,

2001].

Figure 1.15: A sudden enhancement of vertical drift over Kodaiknal, India (a

station near to dip equator) in response to storm sudden commencement (SSC) is

observed at 1634 UT (2204 IST)[From Sastri et al., 1993]

The first signature of the changes in the dip equatorial vertical drift due to

changes in the solar wind dynamic pressure during a storm sudden commencement

(SSC) was shown by Sastri et al. [1993]. A sudden change in the F-region vertical

drift over Kodaikanal, India, during an SSC was reported on 6 July 1991 during

the post-sunset hours (Figure 1.15). Usually, the vertical drifts are negative at this

time (Figure 1.5), while during this event, the vertical drifts became positive. It

shows direct evidence of MI coupling due to sudden change in solar wind dynamic

pressure.

In addition, Huang et al. [2008] also observed the transient changes in the

vertical drift over Jicamarca due to the sudden increases in the solar wind dy-

namic pressure. A few observations of Huang et al. [2008] have been shown in

Figure 1.16. They found an enhancement in the vertical drift during daytime.

On the other hand, Sastri et al. [1993] noticed an enhancement in vertical drift

over the Indian sector due to SSC during the post-sunset hours. Although the
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Figure 1.16: Cases of sudden increases of ion vertical drifts over the dip equatorial

station Jicamarca, Peru, in response to a shock due to enhancement in the solar

wind dynamic pressure. In each column, variations in IMF Bz (top panel), solar

wind dynamic pressure (middle panel) and vertical ionospheric plasma drift (bot-

tom panel) are shown [From Huang et al., 2008].

transient electric field perturbations have been shown in the past in a few cases,

the expected polarity of the transient electric field perturbations during changes

in the solar wind dynamic pressure have not been addressed comprehensively so

far. In Chapter-6, the sudden change in the solar wind pressure is studied during

post-midnight hours, and their effects have been discussed over the Indian sector.

1.10.3 Effects of IMF By

In the previous section, it is observed that the two-cell convection pattern (DP2)

is developed during magnetic reconnection at the dayside. These two convection

cells are known as the dawn and dusk cells. These plasma convection cells are

affected by the dawn-dusk component of the interplanetary magnetic field (IMF

By), significantly [e.g., Haaland et al., 2007; Heelis , 1985; de la Beaujardière

et al., 1985; Clauer et al., 1984] and this may generate an asymmetry between

both the cells. The plasma convection over high latitude affects not only the

ionosphere but it also affects the thermosphere [Liu et al., 2020]. Gosling et al.

[1990] shows the impact of the IMF By over the reconnected magnetic field line.
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Figure 1.17: The role of positive IMF By (+By) and negative IMF By (-By) is

depcited under the southward IMF Bz condition. In the top schematic, the +By

and -By pull the reconnected magnetic field line towards the dawn and dusk sectors

respectively over the northern hemisphere and vice-versa over southern hemisphere

[From Gosling et al., 1990].

In Figure 1.17, the effect of positive and negative IMF By is shown. In the top

schematic, it can be seen that reconnected magnetic field lines are pulled towards

the dawn and dusk sectors due to the positive IMF By (+By) and negative IMF

By (-By) over the northern polar region. The effect of +By and -By is opposite

over the southern hemisphere (1.17). Over the high latitudes, the impact of

IMF By is studied by several researchers [e.g., Lukianova and Kozlovsky , 2011;

Haaland et al., 2007; Clauer et al., 1984; Heelis , 1985; de la Beaujardière et al.,

1985]. However, very few studies are carried out to understand the effect of IMF

By over low latitude ionosphere [Kelley and Makela, 2002; Chakrabarty et al.,

2017]. In this thesis, the effects of IMF By are discussed during the pre-and post-

midnight hours (Chapters- 5 and 6).
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1.11 Magnetospheric substorm and induced elec-

tric field perturbations
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Figure 1.18: Based on AU and AL indices, the different phases of the magneto-

spheric substorm is shown [From Kivelson and Russell , 1995].

Akasofu and Chapman [1961] introduced the concept of substorm for the first

time to explain the magnetic field perturbations over the polar regions. The

Earth’s magnetosphere interacts with the solar wind continuously, and the en-

ergy is stored in the nightside of Earth’s magnetosphere. Owing to some triggers

(e.g. changes in IMF Bz, solar wind ram pressure or magnetospheric plasma in-

stability etc.), the stored energy is released from the nightside of the magnetotail

to antisunward direction and very structured aurora is observed over the polar

regions of both the hemispheres. Due to the substorm, maximum ionospheric per-

turbations occur over the polar regions. The initial notion about the substorms

was that these are the building blocks of a storm [e.g., Liu et al., 2011b]. However,

on many occasions, it has been noticed that substorm occurs in the absence of
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a geomagnetic storm [e.g., Henderson et al., 1996]. The exact mechanism of the

substorm occurrence has not been settled until date although a number of theo-

ries, like Substorm Current Wedge model [Kepko et al., 2015], Near-Earth Neutral

Line model [Baker et al., 1996] etc., are proposed. Like a geomagnetic storm, a

magnetospheric substorm has three phases. These phases are growth, expansion,

and recovery (Figure 1.18). During the growth phase, the energy is stored in the

magnetotail region. In the expansion phase, dipolarization occurs and the stored

energy is released. In the recovery phase, the magnetic field lines return back

to the pre-substorm level. During a substorm, particularly the westward auroral

electrojet currents get intensified due to a large amount of particle precipitation

over the polar region (Figure 1.18). Auroral electrojet is a strong current that

flows near the polar region at the E region altitude. In Figure 1.18, the induced

magnetic field perturbation due to the eastward (AU) and westward (AL) current

is shown. AU and AL indices are discussed in Chapter-2. In general, a substorm

ends within 2-3 hours. Substorm can be identified based on the enhancement in

the fluxes of multiple energy channels at the same time at the geosynchronous or-

bit, which is called the dispersionless particle injection [Reeves et al., 1990, 2003].

A simplistic picture is shown in Figure 1.19 to understand dispersion-less par-

ticle injections. Extensive research has been carried out to understand various

aspects of magnetospheric substorms in the past [e.g., Akasofu and Chapman,

1961; McPherron et al., 1973; McPherron, 1979; Rostoker et al., 1980; Kikuchi

et al., 2003; Akasofu, 2021] and even today the effect of substorm-related pertur-

bations on equatorial ionosphere is not understood comprehensively[Hui et al.,

2017; Rout et al., 2019; Fejer et al., 2021].

During dipolarization, owing to the fast reconfiguration of the geomagnetic

field (B), an induction electric field (E) is generated (∇×E = −∂B/∂t) [Reeves ,

1998]. This substorm-induced electric field can affect ionospheric processes over

low latitudes and such effects have been reported in the past [e.g., Chakrabarty

et al., 2008, 2010; Huang , 2009; Simi et al., 2012; Hui et al., 2017; Rout et al.,

2019; Fejer et al., 2021; Sori et al., 2022]. On several occasions, it has been noticed

that the amplitude of substorm-induced electric field over low latitudes is higher
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c)

Figure 1.19: A schematic of the dispersion-less particle injection during a substorm

[From Reeves, 1998]

than the PP electric field [e.g., Hui et al., 2017; Rout et al., 2019]. Further, it was

shown [Hui et al., 2017] that substorms can induce both eastward and westward

electric field perturbations over low latitudes under steady southward IMF Bz

conditions and can be as significant as the effects of PP electric field during a

storm. In Chapters- 5 and 6, the role of storm-time substorm-induced electric

field perturbations are discussed during pre-and post-midnight hours.

1.12 Disturbance dynamo electric field pertur-

bations

During the main phase of the geomagnetic storms and substorms, the auroral

electrojets currents are intensified. The intensification of these currents enhances

the joule heating over the polar regions, and heat is transferred to the thermo-

sphere. This alters the global wind circulation pattern. The altered meridional

wind pattern from high- to low-latitude regions eventually affects the Sq current

system over mid- and low-latitude regions which is called the disturbance dynamo

[Blanc and Richmond , 1980; Abdu et al., 2006; Yamazaki and Maute, 2017].

Blanc and Richmond [1980] proposed the mechanism of disturbance dynamo

(DD) for the first time. Several researchers reviewed this mechanism [e.g., Abdu
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N. Pole

S. Pole
Auroral Heating 

Figure 1.20: A schematic diagram of the Disturbance dynamo mechanism [From

Abdu et al., 2006].

et al., 2006; Yamazaki and Maute, 2017; Amory-Mazaudier and Venkateswaran,

1988]. A schematic diagram (Figure 1.20) is used here to capture the salient fea-

tures of DD. Over mid-latitude, the equatorward wind (Vs) moves to the westward

direction (represented by Vw) due to the Coriolis force. In the presence of a down-

ward magnetic field configuration over the mid-latitude, the westward wind Vw

drives the equatorward Pedersen current (JP ). As a result, the positive charges

start to accumulate near the equator and the negative charges accumulate near

the pole. When sufficient charge is accumulated, the net flow is inhibited, and a

poleward electric field (Ep) gets developed. In other words, it can be understood

by the divergence-less of the equatorward Pedersen current. This large poleward

electric field (EP ) drives a large Hall current in the eastward and Pedersen current

in the poleward directions. This eastward Hall current gets interrupted at the

terminators where the zonal conductivity gradients are very high. As a result, the

dusk sector gets positively charged and the dawn sector gets negatively charged.

This generates a dusk-to-dawn electric field, which is westward on the dayside

and eastward on the nigtside. Hence the polarity of the disturbance dynamo elec-
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tric field is opposite to the quiet time ionospheric electric field polarity which is

eastward on the dayside and westward on the nightside. The ionospheric current,

thus, generated, flows in the anti-Sq direction. (Figure 1.4). This process is called

the ionospheric disturbance dynamo.

The DD-related electric field perturbations are dominant during nighttime

[e.g., Fejer et al., 2008b] as ion drag forces are less during the nighttime [Huang

and Chen]. The seasonal and solar flux dependence of DD has been reported by

Huang [2013]. However, it has also been shown [Pandey et al., 2018] that the

daytime perturbations due to DD can be as high as at nighttime during Equinox

in high solar activity. The DD electric field (DDEF) opposes the quiet time Sq

electric field polarities, and hence the polarity of DDEF is westward and eastward

during day and night, respectively [e.g., Fejer et al., 2008b; Scherliess and Fejer ,

1997].

1.13 Aim and overview of thesis

The central theme of the present thesis work is to understand post-sunset plasma

distribution over low latitude, in general, and over the EIA crest region, in partic-

ular during quiet and disturbed space weather conditions. Detailed investigations

are carried out to understand the variabilities (with the season, solar flux, and

solar activity) and causes of the post-sunset plasma density enhancements near

the EIA crest region. The roles of the dip equatorial electric field, plasma den-

sity gradient over low latitude, and thermospheric meridional wind have been

evaluated to understand these enhancements. In addition, space weather electric

field perturbations are studied during the post-sunset and post-midnight hours

over the dip equator, and their associated effects over the low latitude ionosphere

are addressed. During space weather events, several types of penetration electric

fields like prompt penetration electric field, overshielding electric field, substorm

induced electric field, and delayed electric field by disturbance dynamo are inves-

tigated to understand the nature of the disturbance electric field perturbations

and their effects over low latitude ionosphere.
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Techniques, data, and models used in the present thesis work are discussed in

Chapter-2. In this chapter, salient features of the narrow spectral band, nar-

row field of view airglow photometric technique, measurements of VTEC by

dual-frequency GPS-receiver, magnetometer data, TEC data from Indian SBAS

(Satellite Based Augmented System) GAGAN (GPS Aided GEO Augmented

Navigation), ionosonde technique, incoherent and coherent radar techniques, etc.

are introduced. In addition, physics-based model like TIE-GCM (Thermosphere

Ionosphere Electrodynamics- General Circulation Model) and global empirical

models like quiet and disturbed time vertical drift model, horizontal wind model

are described in brief.

After sunset, the plasma density over the EIA crest region gets enhanced, the

cause of which was not comprehensively understood until date. Using systematic

GPS-VTEC measurements over Ahmedabad and campaign-based OI 630.0 nm

airglow intensity measurements from Mt. Abu, it is found that these enhance-

ments are observed after 1930 LT. These enhancements are known as post-sunset

enhancements. In Chapter-3, the results and analysis show that PRE drives these

enhancements through the equatorial plasma fountain (EPF) process similar to

daytime EPF.

Chapter-4 reveals that the PRE is a primary driver for the post-sunset en-

hancements over the EIA crest region. However, it is not a sufficient condition.

Detailed investigation shows that the latitudinal plasma gradient works in tan-

dem with PRE to enhance the plasma density over the EIA crest region. In this

chapter, it is found that the post-sunset enhancements are solar flux dependent.

The minimum value of the solar flux level that is needed for these enhancements

is also established in this chapter.

The results of Chapters- 3 and 4 discuss PRE-related electric field variation

and their effects over low latitudes during quiet periods. In Chapter-5, the anoma-

lous electric field perturbations over the dip equator during post-sunset hours are

discussed when the effects of PRE are expected to be observed in the low lat-

itude ionosphere. Therefore, these anomalous electric field perturbations can

throw light on the adjustment of the post-sunset plasma density enhancements
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over the EIA crest region. It is noticed that the penetrated electric field into the

low latitude, on multiple occasions, apparently violated the conventional pene-

tration efficiency reported in the literature. The role of IMF By and substorm

induced electric field are brought out to address these apparent violations.

In order to investigate the effects of space weather-induced electric field pertur-

bations over the low latitude ionosphere during post-midnight hours, Chapter-6 is

introduced. The rationale of introducing this chapter is to compare the effects of

penetration electric field during post-midnight hours with the effects during post-

sunset hours reported in Chapter-5. In this chapter, the large upward vertical

plasma drifts over the Indian dip equator are analyzed during the post-midnight

hours. Moreover, the electric field perturbations during the post-midnight hours

are also found to be anomalous. Based on two cases, it is shown that a small

change in IEFy produced large vertical plasma drifts over the dip equator, whereas

a relatively larger change in IEFy generated smaller upward vertical drift. Sim-

ilar to Chapter-5, the important roles of other drivers like IMF By, substorm,

disturbance dynamo etc. are found to be important in these cases. This chapter

shows the combined effect of several kinds of space weather electric field pertur-

bations over the dip equator during the post-midnight hours. It is difficult to

evaluate the impact of each space weather electric field in isolation if they occur

simultaneously.

The future scope based on this thesis work is briefly discussed in Chapter-7.
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Chapter 2

Techniques, Datasets and Models

2.1 Introduction

There are several techniques to probe the F region plasma. In this thesis work, a

number of ground and satellite measurements are used to understand the F region

ionosphere during quiet and disturbed space weather conditions. We focus mainly

on the equatorial and low latitude ionosphere over Indian longitudes. For this, the

campaign-based OI 630.0 nm airglow intensity measurements from Mt. Abu and

10 years’ of continuous measurements of vertical total electron content (VTEC)

over Ahmedabad, SBAS-TEC data, magnetometer data, and measurements of

bottom-side F-layer height are used widely. We have used mainly ground-based

measurements, that have high temporal resolution and low spatial coverage. On

the other hand, satellite-based measurements have the opposite limitations com-

pared to ground-based techniques- large spatial coverage but low temporal reso-

lution for a given place. A few model outputs have been used to overcome these

limitations. In this chapter, we will briefly discuss the observational techniques,

used datasets, and models.

2.2 Airglow Photometry

This is one of the techniques that is deployed to investigate the ionosphere. The

atoms and molecules of the Earth’s thermosphere generate feeble emissions in
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the wavelengths from infrared to ultra-violet are collectively known as the terres-

trial/thermospheric airglow emissions. Although these emissions are produced by

the de-excitation of the excited states of the atoms and molecules of the thermo-

sphere, they carry the information about the ionospheric plasma as the excitation

process involves ionospheric plasma. The airglow emissions are generated from

different altitudes and carry information on the dynamics and chemistry preva-

lent at those altitudes. For example, the OI 630.0 nm, 777.4 nm, and 555.7 nm

emissions primarily get generated in the F region near 250 km altitude, peak F

region altitude, and lower thermosphere regions. All three emissions emanate

from the different excited states of atomic oxygen. Thermospheric species can

be excited by the chemical, photochemical and dynamical interactions between

the neutrals and ions. In the process of de-excitation of a species, either allowed

and forbidden transitions occur. The lifetime of forbidden (for electric dipole)

transitions is more than the allowed transitions because they violate the selection

rules of the electric dipole transition. In this thesis, measurements of the OI 630.0

nm emission during nighttime are used that will be discussed in the next section.

2.2.1 OI 630.0 nm airglow emission

630.0 nm airglow emission is generated by the de-excitation of 1D state of neutral

oxygen to 3P ground states of the oxygen atom. 1D state is a metastable state

with a lifetime of 110 sec, much higher than the characteristic lifetime of a normal

atomic state. During the nighttime, the 1D state is produced by the dissociative

recombination of molecular oxygen ions with the thermal electrons.

O2
+ + e− −→ O∗(1D) +O (2.1)

O∗(1D) −→ O(3P ) + hν (2.2)

The formation of O2
+ ions depends upon the O2 molecules that decrease

exponentially with altitude, and 630.0 nm emission relies on the columnar con-

centration of O2 and O+. This columnar concentration decides the peak altitude

(∼ 250) of the airglow intensity with a thickness of ±50 km. It can be said
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that ground-based measurements of airglow are the columnar integrated inten-

sity. The nighttime zenith intensity of 630.0 nm airglow intensity is ∼50 R (1

R = 106 photons cm−2 s−1 str−1) over low latitudes. Barbier [1961] established

an empirical formula for the instantaneous intensity (Q630.0nm) of OI 630.0 nm

nightglow intensity. He used ionospheric parameters like the peak height of the

F2 layer (hPF2) and the peak frequency corresponding to the F2 layer (foF2) (a

proxy for the peak electron density, NmF2). The empirical formula is as follows,

Q630.0nm = A+B(foF2)
2exp[−hpF2 − 200

40
] (2.3)

In Equation 2.3, A and B are the constants. Equation 2.3 reveals that OI

630.0 nm airglow intensity depends on the peak F layer height and peak F region

electron density. Over low latitudes, the peak height and density of the F layer

can be changed by wind, electric field, and waves.

2.2.2 Narrow Band and Narrow Field of view airglow Pho-

tometer (NBNFAP)

A unique Narrow band (0.3 nm), Narrow Field-of-view (3°) Airglow Photometer

(NBNFAP) was designed and developed at Physical Research Laboratory to

measure thermospheric airglow emission intensity variation. While narrow spec-

tral band photometry enhances the signal-to-noise ratio (SNR), narrow field-of-

view (FoV) helps to detect intensity fluctuations with relatively smaller ampli-

tudes. These aspects are discussed in Chakrabarty et al. [2008] and Sekar et al.

[2012]. In the absence of systematic measurements of the ionospheric electric

field, the 630.0 nm airglow photometry by this instrument is very effective in

capturing the space weather perturbations [e.g., Chakrabarty et al., 2005, 2015;

Kelley , 2009]. The photometer can measure airglow intensity with 1 sec cadence,

and in the present thesis, 10-sec integrated data of airglow intensity is used.

The photometer has f/2 optics. This narrow band photometer is divided into

three following sections Front-end optics, Filter section, and Detector section. A

schematic of the airglow photometer and experimental set-up is shown in Figure

2.1.
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(a) (b)

Figure 2.1: (a) A schematic diagram of the airglow photometer, (b) A set-up of

narrow band and narrow field of view 630.0 nm airglow photometer at an experi-

ment site, Mt. Abu.

Front-end optics

The front-end optics segment incorporates an objective lens, a collimating lens,

and a field stop. The field of view is very narrow(3°) with a small aperture. The

objective and the aperture minimize the entry of undesired light into the system

from a lower elevation angle. The beam is collimated after passing this section.

Front-end optics are kept on top of the filter section.

Filter section

Narrow band (bandwidth 0.3 nm) and temperature-tuned interference filters are

used in the filter section. Interference filters are multi-layer thin-film devices.

The principle of operation of an interference filter is analogous to a lower-order

Fabry-Perot etalon. The filter works on the principle of interference. Destruc-

tive interference is used for wavelength rejection, and constructive interference

provides the desired wavelength.

The central passband wavelength of an interference filter depends upon the

incident angle of light. If the desired wavelength λ is incident normally on the
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filter, the transmitted wavelength does not change. On the other hand, if it falls

on the interference filter with some angle with the normal, ϕ, then the transmitted

wavelength(λ′) is changed (where λ > λ′). The relation between λ and λ′ is given

by

λ′ = λ

√
1−

(
µ0

µeff

)2

sin2ϕ (2.4)

Where µ0 and µeff are the refractive index of the external medium (in general,

air) and the effective refractive index of the filter layers, respectively.

In addition, the transmittance of an interference filter also depends on the tem-

perature of the filter. As the temperature increases, the layer thickness changes,

and the filter refractive indices also change. Owing to this, the central wavelength

shifts to longer wavelengths. To avoid this, a temperature controller is used that

provides temperature stability of the order of 0.2− 0.5° C.

Detector section

PMTs (photomultiplier tubes) are detectors used for the low-light level applica-

tions. PMTs consist of a photo-cathode and a series of dynodes in an evacu-

ated glass enclosure. Photons incident over the photocathode generate electrons.

These primary electrons are accelerated by the dynodes and secondary electrons

are also generated by dynodes. This cascading effect creates 105−107 electrons for

each photon hitting the first cathode, depending on the number of dynodes and

the accelerating voltage. This amplified signal is finally collected at the anode,

where it can be measured. During the experiments, two PMTs named H7421-40

and H7421-50 are used. Their quantum efficiencies are 40% and 12%, respec-

tively. The PMT is operated as a counting mode by attaching a counting unit

because of the low intensity of airglow emission. This counting unit is connected

to a PC to record the number of counts per second. In the process of low light

detection, the counts obey the Poisson distribution.
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2.3 Measurements of total electron content (TEC)

by dual-frequency GPS-receiver

a b c

Figure 2.2: (a) Dipole antenna for the GPS receiver at PRL, (b) Dual-frequency

GPS-receiver, (c) Display of VETC and Scintillation parameters at the laboratory

set-up

GPS satellites were launched by the U.S. Army in 1970. Presently, there are

32+ satellites functional at a height of 20200 km. GPS is the acronym for the

Global positioning system. GPS is generally used for location and time informa-

tion in all weather conditions, anywhere on or near the Earth. Each GPS satellite

transmits two frequency signals, L1 (1575.42 MHz) and L2 (1227.60 MHz). Both

frequencies are derived from the fundamental frequency of 10.23 MHz that is

generated by the precise atomic clock in the satellite. A PRN (pseudo-range

number) is assigned to each satellite. This PRN is the identity of the satellite.

When a transmitted signal passes through the ionosphere, the signal gets delayed

due to the ionospheric plasma and irregularities. This signal is received by the

GPS receiver and provides information of plasma content and irregularities of

the ionosphere in the form of total electron content (TEC) and scintillation. The

antenna, dual-frequency GPS-receiver and lab-view of TEC and scintillation are

represented in Figure 2.2. Scintillation can be calculated using a single frequency.

However, two frequencies are required to calculate the TEC between the satellite

and the receiver. TEC is calculated by the pseudo-range of both the transmitted

frequencies. Pseudo-range is the range/distance that is traveled by a signal from
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a satellite to a receiver.

Calculation of TEC

A GPS receiver receives the signals at two frequencies. As the ionosphere is

a dispersive medium, the delays suffered by different frequencies are different.

GPS is operated at two L-Band frequencies, namely, f1 at 1575.42 MHz and f2

at 1227.60 MHz. The ionosphere allows frequencies more than 50 MHz to pass

through easily. These transmitted signals at f1 and f2 pass through the ionosphere

with minimal reflection. The reflection is so small that it can be ignored. For

STEC derivation, we follow the methodology and notations described by Arikan

et al. [2008]. The Pseudo-ranges for f1 and f2 recorded by the receiver are P1

and P2, respectively.

Pm
1,u = pmu + c(δtu − δtm) + dmtrop,u + dmion1,u + c(ϵ1

m + ϵ1,u) (2.5)

Pm
2,u = pmu + c(δtu − δtm) + dmtrop,u + dmion2,u + c(ϵ2

m + ϵ2,u) (2.6)

where the subscript u and superscript m denote the parameters of the receiver

station and satellite, respectively. p is the actual range of the satellite between

satellite and the receiver. δtu and δtm are the clock errors for the receiver and

satellite, respectively, which are the same for both signals. dtrop and dion are the

tropospheric and ionospheric delays. The tropospheric delay is the same for both

frequencies. ϵm and ϵu are the frequency-dependent satellite and receiver biases.

On subtracting Equation 2.5 from equation 2.6, we get differential pseudo-range

Pm
4,u that is defined as follows,

Pm
4,u = Pm

2,u − Pm
1,u = dmion2,u − dmion1,u + c(ϵ2

m − ϵ1
m) + c(ϵ2,u − ϵ1,u) (2.7)

⇒ Pm
4,u = dmion2,u − dmion1,u + c(ϵ2

m − ϵ1
m) + c(ϵ2,u − ϵ1,u) (2.8)
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Differential code biases(DCB) defined for the satellite and receiver are given

below [e.g., Themens et al., 2013].

DCBm = ϵ1
m − ϵ2

m (2.9)

DCBu = ϵ1,u − ϵ2,u (2.10)

An approximation formula for ionospheric groups delay is given by Liao [2001],

which is given as-

dmion,u = −ϕm
ion,u

c

f
≈ A

STECm
u

f 2
(2.11)

Where A = 40.3 m3/s2 and STECm
u denotes the total electron content on

the slant ray path between the receiver and the satellite. Now, from Equations

2.8, 2.9, 2.10 and 2.11, we get

Pm
4,u = A

( 1

f2
2 − 1

f1
2

)
STECu

m − c(DCBm +DCBu) (2.12)

STECu
m =

1

A

(
Pm

4,u + c(DCBm +DCBu)
)( 1

f2
2 − 1

f1
2

)−1

(2.13)

STECu
m =

Pm
4,u

A

(
f1

2f2
2

f1
2 − f2

2

)
+

c

A

(
f1

2f2
2

f1
2 − f2

2

)
DCBm+

c

A

(
f1

2f2
2

f1
2 − f2

2

)
DCBu

(2.14)

1
A

(
f1

2f2
2

f1
2−f2

2

)
= 9.483×1016/m3. where A = 40.3 m3/s2 and f1 = 1575.42 MHz

and f2 = 1227.60 MHz.

Equation 2.14 can now be simplified as follows.

STECu
m = [9.483× (Pm

4,u + c DCBm + c DCBu)]× 1016/m2 (2.15)

1 TECU = 1016/m2

STECu
m = [9.483× (Pm

4,u + c DCBm) + TECRX ] in TECU (2.16)
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Where,

9.483× cDCBu = TECRX = STEC contribution due to frequency dependent

receiver delay.

cDCBm = frequency dependent differential (for C/A-and P-code here) satel-

lite delay (in meters).

Equation 2.16 does not take into account the offset STEC value (TECoff ) of a

particular receiver which is calibrated against the SBAS system. This offset value

needs to be separately added on the right hand side of Equation 2.16. Therefore,

Equation 2.16 takes the following form.

STECu
m = [9.483× (Pm

4,u + c DCBm) + TECRX + TECoff ] in TECU

(2.17)

Equation 2.17 provides the slant TEC using the pseudo-range difference (Pm
4,u)

at frequencies f1 and f2. It is to be noted that TECRX is the frequency dependent

delay of the receiver which is hard-coded as a data base parameter. TECoff is a

user-defined input parameter. This value is provided by the GPS manufacturer.

The STEC is corrected for satellite inter-frequency biases too. The satellite C/A-

to-P code biases are available on the website of the University of Bern (https://

www.aiub.unibe.ch/research/code___analysis_center/differential_code_

biases_dcb/) which is incorporated in the derivation of the STEC. The deriva-

tion of VTEC from STEC is discussed in the next section.

Derivation of VTEC from STEC

To estimate the VTEC from STEC, a single thin layer model is applied. Figure

2.3a shows the pictorial view of this model. This model assumes that all the

free electrons are concentrated in a layer of infinitesimal thickness located at

the altitude H (Figure 2.3a). The line of sight of the signal makes an angle

(z) with the horizon on the Earth. z′ is the angle of the line of sight between

the ionospheric pierce point (IPP) and satellite to the perpendicular (Figure

2.3a). The VTEC is estimated at each Ionospheric Pierce Point (IPP) from

the ionospheric mapping function (MF1(z)), which is given by
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http://gnss.be/ionosphere_tutorial.php https://www.gps.gov/systems/gps/space/

(a) (b)

Figure 2.3: (a) Thin shell model (From- http://gnss.be/ionosphere_tutorial.php),

(b) A view of the GPS satellites in geosynchronous orbit at altitude 20200 km from

the Earth’s surface [From- https://www.gps.gov/systems/gps/space/].

MF1(z) =
STEC

V TEC
=

1

cosz′
(2.18)

From Figure 2.3a,

sinz′ =
RE

RE +H
sin(z) (2.19)

On combining Equations 2.18 and 2.19,

V TEC = STEC × cos

(
sin−1

(
RE

RE +H
sin(z)

))
(2.20)

RE and H are the radius of the Earth and the height from the Earth’s surface.

z can be calculated from the elevation angle that is obtained from the GPS-

receiver.

2.4 TEC from the Indian Regional Navigation

Satellite System (IRNSS)- NaVIC (Naviga-

tion with Indian Constellation)

NavIC (Navigation with Indian Constellation) is an Indian Regional Navigation

Satellite System (IRNSS). NavIC has seven satellites. Three satellites are situated

in the geostationary orbit (GEO), and four satellites are located in the geosyn-

chronous orbit (GSO). The three satellites in GEO are situated at 32.5°E, 83.0°E,

and 131.5°E, and four satellites in GSO have inclination angles 29° with respect to
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NaVIC (Navigation with Indian Constellation)

the equatorial plane, which covers the longitudes from 55°E to 111.75°E (Figure

2.5). NavIC provides two kinds of services: Standard Positioning Service (SPS)

and Restricted Service (RS). Position and time accuracy of the NavIC system

are 20 m or better (up to 5 m) and ±25 ns or better. NavIC is operated at two

frequencies, 1176.45 MHz and 2492.028 which belong to L-5 and S-band respec-

tively. An IRNSS receiver is provided by the Space Application Centre, ISRO to

the Physical Research Laboratory, Ahmedabad, which is operational since July

2017. We used the term NavIC-TEC in the present thesis. NavIC-TEC is derived

in the same way as TEC is derived from GPS. More detail of NavIC is available

on https://www.isro.gov.in/irnss-programme. An IRNSS antenna, IRNSS-

receiver and lab-view of NaVIC-TEC data are shown in Figure 2.4.

a b c

Figure 2.4: (a) Antenna for the IRNSS receiver at PRL, (b) IRNSS-receiver, (c)

Laboratory set up of IRNSS receiver

Figure 2.5: Constellations of IRNSS satellites. IRNSS 1A (29, 55), IRNSS 1B (-29,

55), IRNSS 1D (29, 111) and IRNSS 1E (-29, 111) are in GSO. IRNSS 1F (0, 32.5),

IRNSS 1C (0, 83) and IRNSS 1G (0, 131) are in GEO.
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2.5 GAGAN-SBAS Network

GPS Aided Geo Augmented Navigation (GAGAN) is an Indian satellite-based

Augmented System (SBAS) that was commissioned in 2013–2014. This is a joint

project of the Indian Space Research Organization (ISRO) and the Airport Au-

thority of India (AAI). This joint venture was planned to provide better navi-

gation services with accuracy, integrity, and continuity for civilian and aviation

applications over Indian longitudes. More details of the GAGAN-SBAS network

can be obtained from the Interface Control Document (ICD Ver. 1.1) on ISRO’s

official website (https://www.isro.gov.in). The ground segments of SBAS are

fifteen Indian Reference Stations (INRES), two Indian Master Control Centers

(INMCC), and three Indian Land Uplink Stations (INLUS). Fifteen INRES are

located at Ahmedabad, Bengaluru, Jammu, Guwahati, Kolkata, New Delhi, Port

Blair, Trivandrum, Jaisalmer, Goa, Porbandar, Gaya, Dibrugarh, Nagpur and

Bhubaneshwar. Two INLUS and one INMCC are situated in Bengaluru. On the

other hand, one INLUS and one INMCC are in Delhi. The relevant details on

GAGAN are available in Sunda et al. [2015]. GAGAN satellites in GEO and GPS

satellites are part of the space segments. The GPS dual-frequency measurements

are recorded by the INRES and the recorded data are transferred from INRES

to INMCC via a communication network in real-time. Necessary corrections are

incorporated by the INMCC as per data obtained from INRES. The error cor-

rections are generated in specified message-type numbers and transmitted to the

GEO satellite through INLUS. The users receive the corrected message from the

GAGAN satellite at L1 frequency, and that provides the correct location to the

GPS receiver. The ionospheric conditions are broadcast with the interval of ∼300

s in the form of vertical delay at the pre-defined 102 ionospheric grid points (IGPs)

that are applicable for a signal at L1 frequency. The estimated ionospheric delay

at an IGP is known as the Grid Ionospheric Vertical Delay (GIVE). The iono-

spheric delay of a signal is a frequency dependent term because of the dispersive

nature of the ionosphere. One m delay at the L1 frequency is corresponding to

∼ 6.25 TECU (1 TECU = 1016 electrons/m2). Sunda et al. [2015] have discussed

in detail the derivation of TEC from the GAGAN-SBAS network.
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2.6 Ionosonde

The ionospheric sounding or Ionosonde technique is one of the oldest and very

useful techniques to study the ionosphere. This technique can be used to in-

vestigate the E and F regions of the ionosphere. In this technique, radio waves

(1 MHz to 30 MHz) are transmitted in the vertical direction. At a particular

height of the ionosphere, the probing frequency gets reflected when it matches

with the plasma frequency at that ionospheric height. Based on the elapsed time

between the transmission and reception of the radio frequency, the virtual height

and plasma density at that virtual height is calculated, and a graph of virtual

height vs. reflected frequency is called the ionogram. The E and F region’s virtual

heights are denoted as h′E and h′F . The peak height and density of the F2 region

are represented by the hmF2 and NmF2. It is to be noted that the ionosphere

is considered birefringent in the presence of the geomagnetic field. This can be

understood by the magneto-ionic theory [Hargreaves , 1992]. The behavior of the

radio wave in the ionosphere can be understood by the Appleton-Hartree equa-

tion. The refractive index (n) of an ionized medium in which a radio frequency

ω propagates is given by the Appleton-Hartree equation as follows

n2 = 1− X

1− jZ −
[

YT
2

2(1−X−jZ)

]
±
[

YT
4

4(1−X−jZ)2
+ YL

2
] 1

2

(2.21)

In Equation 2.21, X, Y and Z are the dimensionless quantity. Where X = ωN
2

ω2 ,

Y = ωB

ω
, YL = ωL

ω
, YT = ωT

ω
and Z = ν

ω
. And

ωN = (Ne2

ϵ0m
)
1
2 = angular plasma frequency, N is the electron density of the

medium;

ωB = eB
m
= angular gyro frequency of electron;

ωL = longitudinal component of ωB with respect to the direction of propagation;

ωT = transverse component of ωB with respect to the direction of propagation;

ν= electron collision frequency; ω= angular frequency of the radio signal. If θ is

the angle between the propagation direction and magnetic field direction, then

ωL = ωBcosθ and ωT = ωBcosθ.
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If the collision and magnetic field are neglected, the following terms will be

equal to zero.

Z = YT = YL = 0, Therefore, Equation 2.21 gets simplified as follows,

n2 = 1−X = 1− ωN
2

ω2
(2.22)

Where ωN and ω are the angular frequency of plasma and radio wave.

ωN =

(
Ne2

ϵ0m

) 1
2

(2.23)

Putting the values of ϵ0 (permittivity of free space, 8.85×10−12 m−3kg−1S4A2),

e (electronic charge, 1.6 × 10−19 C) and m (mass of electron, 9.1 × 10−31 kg)

ωN = 2πfn, Equation 2.23 changes into the following expression

fN =
√
80.5N (2.24)

Plasma frequency (fN in Hz) in the ionosphere can be calculated by the elec-

tron density (N in m−3). Equation 2.19 tells whether the wave propagates in the

medium or not. If ωN > ω, the wave does not propagate in the medium as the

refractive index becomes imaginary. The wave gets reflected back when ωN = ω.

In the case of ωN < ω, the wave passes through the medium and does not reflect.

In the absence of incoherent scatter radar and systematic measurements of the

electric field over Indian longitude, the apparent vertical drift over the dip equator

based on ionospheric height variations can be used during the nighttime as a proxy

for the zonal electric field. The drift measurements are relatively more accurate

in the nighttime than in the daytime because of the absence of the photoioniza-

tion that affects the lower part of the F layer significantly. However, vertical drift

during nighttime must be corrected for chemical recombination effect (particu-

larly below 300 km) which requires accurate information on thermospheric and

ionospheric parameters (e.g., altitude profiles of O2, N2, temperature dependent

rate constant and scale height etc.). This is one of the limitations of derivation

of vertical drift based on ionosonde measurements. One more important limi-

tation at nighttime is the uncertainty in the drift measurement introduced by

plasma bubbles and irregularities. In this work, the vertical drift is calculated
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from the time derivative of the h’F. Further, when h’F is lower than 300 km, the

recombination effect (chemical loss) contributes significantly to the upward ver-

tical drift [Bittencourt and Abdu, 1981]. Therefore, true vertical drift is derived

after correcting for the upward drift brought in by the chemical loss. Following

the methodology of Subbarao and Krishna Murthy [1994], the upward drift due to

chemical recombination can be calculated. After subtracting this drift from the

apparent drift, the vertical plasma drift that is electrodynamic in nature can be

obtained. In the present thesis work, these measurements are obtained from the

Advanced Digital Ionosonde (CADI) over Tirunelveli (8.7°, 77.7°, dip angle 1.7°).

The details of this CADI system can be obtained from Sripathi et al. [2016]. It is

to be mentioned here that CADI is a digital ionosonde that is developed by the

Scientific Instrumentation Lab, Canada [e.g., MacDougall et al., 1995]. The oper-

ating frequency range of CADI is 1-20 MHz. In general, CADI takes an ionogram

every 10 minutes, and this interval can be configured as per user requirements.

The CADI system can probe altitudes ranging from 90 to 512 km (or 1020 km)

with either 3 or 6 km altitude resolution.

2.7 Incoherent and coherent Scatter Radars

Ionosonde technique has limitations as it cannot measure electron density beyond

the peak F region altitude, and plasma drifts are more reliable during the night.

On the other hand, the Incoherent Scatter Radar (ISR) can measure electron

density, ion velocity, ion and electron temperatures, ion composition etc., from

∼100 to ∼1000 km altitude. In the previous chapter, it is discussed that vertical

plasma drifts are caused by the ionospheric electric field that gets generated by

the E- and F- region dynamos. The ISR provides very accurate plasma drift (both

zonal and vertical), and the electric field can be estimated from the plasma drifts

over the dip equator. The ISR works on the principle of Thomson Scattering. The

available incoherent scatter radars worldwide are being operated from 46.5 MHz

to 1290 MHz. Each ISR is operated using a specific frequency. Thermal electrons

in the ionosphere oscillate with the electric field component of a transmitted
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electromagnetic signal. These oscillating electrons re-radiate a very weak signal

of nearly the same frequency as the transmitted frequency (but much narrower

bandwidth than the transmitted signal) from the ground. In order to capture

this weak signal, a large antenna and a sensitive receiver are used. Received

spectra from the scattered signal provide the densities, temperatures, and vertical

and zonal drifts of plasma. For example, the electron density is calculated from

the total received power, and the doppler shifts of the spectrum in all three

directions provide the plasma drifts. In the present thesis, the vertical drifts

measurements are used over Jicamarca (JIC, 12°S, 75°W, dip angle 0.8°). The

JIC-ISR is operated at 50 MHz that can transmit 5 MW peak power. To capture

the incoherent backscatter echo, the JIC-ISR has 18,342 half-wave dipoles that

cover around 85000 m2 of area. Only a tiny fraction of the transmitted power is

captured with this giant array. The description of Jicamarca Incoherent Scatter

Radar is available in Woodman et al. [2019].

In addition to JIC-ISR measurements, the F-region plasma convection maps

over the northern hemisphere are used. These convection maps are developed

by the Super Dual Auroral Radar Network (SuperDARN). Currently, the Super-

DARN network has 23 and 12 radars in the northern and southern hemispheres,

respectively [e.g., Gjerloev et al., 2018]. All SuperDARN radars are operated in

the frequency range from 8 to 20 MHz. These radar work on the principle of

Bragg scattering. The signal is scattered back from the irregularities with scale

sizes half of the signal wavelength. Irregularities drifts can be calculated from

the doppler shift. Cahill Jr. et al. [1978] have shown that the irregularities drift

could be related to ionospheric drift. Greenwald et al. [1978] shows that using a

dual radar network, the convection maps are constructed. The convection veloc-

ity (V ) and convection potential (ϕ) are related to each other by the following

formula.

E = −▽ ϕconv and V =
E ×B

B2
(2.25)

The convection patterns are constructed from the measurements of the plasma

drifts. Since the radars do not cover the full range of the high latitudes, spher-

ical harmonic functions are fitted for an electrostatic potential to construct the
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convection map [e.g., Ruohoniemi and Greenwald , 1996; Ruohoniemi and Baker ,

1998].

2.8 Particle flux measurements by LANL and

GOES satellites

It is believed that the most confirmative signatures of magnetospheric substorms

are dispersion-less particle injection at the geosynchronous orbit [e.g., Reeves

et al., 1990]. During a substorm, the fluxes at all energy channels increase simul-

taneously, it is referred to as dispersionless particle injection [e.g., Reeves et al.,

1991]. A satellite can observe the dispersion-less particle injection only if it is

situated within the injection front region. In the present work, the energetic

particle flux data is obtained from the Los Alamos National Laboratory (LANL)

satellites and Geostationary Operational Environmental Satellites (GOES). All

energy channels of electron and proton flux data of LANL-01A, 02A, 04A, 97A,

080, and 084 are used, whereas four energy channels of electron fluxes of GOES-

13 satellite are used in the present thesis work. LANL satellites are situated at

6.6 RE (RE, Earth’s radius). The electron and proton fluxes are measured by

the Synchronous Orbit Particle Analyzer (SOPA) on board LANL satellites. On

the other hand, electron fluxes at four energy channels are obtained from the

Energetic Particle Sensor (EPS) on-board geostationary GOES-13.

2.9 Ground-based magnetometer measurements

In the present thesis work, the ground-based magnetometer measurements are

used. Equatorial electrojet (EEJ) strength can be derived from the ground-based

magnetometer data. In addition, various geomagnetic indices like Kp, Ap, AE,

AL, AU, Sym-H, Asym-H, Sym-D, Asym-D, and PC indices are derived based on

the ground-based magnetometer data. The data corresponding to these indices

with 1 min cadence are provided by the World Data Center (WDC) for Geo-

magnetism Kyoto (https://wdc.kugi.kyoto-u.ac.jp/) as well as Coordinated
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Data Analysis Web (CDAWeb, https://cdaweb.gsfc.nasa.gov/) of Goddard

Space Flight Center- Space Physics Data Facility (GSFC-SPDF). The ground-

based magnetometer data from different sectors of the Globe can be obtained from

the SuperMAG (https://supermag.jhuapl.edu/) as well as INTERMAGNET

(https://www.intermagnet.org/). In a worldwide collaboration, magnetome-

ter measurements over more than 300 observatories are available on SupeMAG. 1

min and 1 sec cadence data are available in the SuperMAG. These magnetometer

data are recorded by the fluxgate magnetometers [e.g. Miles , 2017].

Derivation of Equatorial Electro-Jet (EEJ) strength

A large number of magnetometer observatories provides an opportunity to study

the Sq- current system and EEJ strength over different longitudes on a day-to-day

basis. The EEJ strength is used over the Indian and Jicamarca longitudes in the

present thesis work. The magnetic flux density induced due to the EEJ current is

derived by the magnetometer measurements over an equatorial and off-equatorial

stations along the longitudes that are not very different [e.g., Rastogi and Patel ,

1975; Rastogi and Klobuchar , 1990]. The EEJ-induced magnetic field can be

derived using the horizontal magnetic field (H) variations over the equator (eq)

and off-equator (off-eq) stations. Over the dip-equator, magnetospheric currents

like the ring current, tail current, Chapmann-Ferraro current (Hring), the earth’s

crustal magnetic field (Hcru), and EEJ current (HEEJ) contribute to the ground-

based magnetic field measurements. Over an off-equatorial station that is outside

the influence of EEJ current, all currents except the EEJ current are measured

by the magnetometer. The horizontal component of the magnetic field over the

dip equator during day (Hday
eq) and night (Heq

night) can be written as follows.

Heq
day = HEEJ +Hring

day +Hcru
day (2.26)

Heq
night = 0 +Hring

night +Hcru
night (2.27)

On subtracting Equation 2.27 from Equation 2.26, we get

(∆H)eq = HEEJ + (Hday −Hnight)ring + (Hday −Hnight)cru (2.28)
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For the off-equatorial (offeq) station, the variation of H during day and night

is given as-

Hoff−eq
day = Hring

day +Hcru
day (2.29)

Hoff−eq
night = Hring

night +Hcru
night (2.30)

On subtracting the Equation 2.30 from 2.29, we get-

(∆H)off−eq = (Hday −Hnight)ring + (Hday −Hnight)cru (2.31)

It is to be noted here that (Hday−Hnight)ring and (Hday−Hnight)cru are nearly

the same for equatorial and off-equatorial stations.

Therefore horizontal magnetic field due to EEJ can be obtained by subtracting

Equation 2.31 from 2.28.

HEEJ = (∆H)eq − (∆H)off−eq (2.32)

Geomagnetic indices

K, Kp and Ap indices

Bartels et al. [1939] introduced the K index for the first time. In recent times,

Matzka et al. [2021] reviewed the derivation methodologies of the K, Kp, and Ap

indices. There are 13 observatories between ∼ 45° and 60° latitudes around the

world in the northern and southern hemispheres that routinely measure the K

index at quasi-logarithmic scale over three-hour intervals by measuring the East-

ward and Northward magnetic field components [e.g., Matzka et al., 2021]. The

K index of a particular day and observatory is derived from the tables provided

by the Bartels et al. [1939] and Bartels [1949]. Further, Kp is derived from the

K index that is measured from 13 geomagnetic observatories (10 in the northern

and 2 in the southern hemisphere) situated ∼ 44°-60°. The Ap index is the linear

version of the Kp index and derived from the Kp index [Bartels , 1957]. The K,

Kp, and Ap indices are the three hourly indices. The Kp and Ap indices provide

information about the geomagnetic activity of a day.
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Dst and Sym-H indices

The Dst (Disturbed storm time index) and Sym-H are the indices to measure

the strength of ring current based on the ground-based magnetometer measure-

ments. The different phases of the geomagnetic storm are identified based on the

variations in the Dst or Sym-H indices. While Dst is an hourly index, Sym-H

is essentially a high-resolution version of Dst and provides data with 1 min ca-

dence. The Dst index is measured from the five observatories situated at the low

to mid-latitudes (18° -36° GeoLat). However, the Sym-H index is estimated based

on measurements at any six observatories out of 10 magnetometer observatories

situated near ∼ 30°-50° magnetic latitudes. The derivation techniques of Dst and

Sym-H are reviewed by Wanliss and Showalter [2006].

The AE, AO, AL, and AU indices

These indices were first introduced by Davis and Sugiura [1966] to measure global

auroral activity quantitatively. There are 13 observatories spread from ∼ 60° to

∼ 70° magnetic latitude at different longitudes over the northern hemisphere.

After subtracting the base value from each observatory, AU and AL indices are

derived from the upper and lower envelopes of all the observatories at each UT. It

means AU and AL values are the maximum and minimum values of the envelope.

The AU and AL values represent the eastward and westward auroral electrojet

strengths. The AE index is derived by subtracting AL from AU (AU-AL) index

and the mean value of the AU and AL indices, i.e., (AU+AL)/2 represents the AO

index. The AE index is used to understand the overall activity of the electrojets,

and the AO index represents the measurements of the equivalent zonal current.

PC index

Troshichev et al. [1988] introduced the polar cap (PC) index to monitor the geo-

magnetic activity over the Northern and Southern hemispheres. PC index Over

the Northern and Southern hemispheres is derived from the magnetic observato-

ries at Thule and Vostok stations. Troshichev et al. [2000] showed that PC-index

could be used as an ionospheric electric field proxy in the near pole region. This
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proxy can be used for high latitude to low latitude coupling studies.

2.10 F10.7 cm Solar radio flux

The F10.7 cm (2800 MHz) solar radio flux data is one of the most useful data for

ionospheric studies. The F10.7 cm emission gets originated in the chromosphere

and lower corona of the Sun’s atmosphere. The measurements at 10.7 cm are

carried out in a 100 MHz wide band centered at 2800 MHz and are averaged on

an hourly basis. This F10.7 cm solar flux is measured in the unit of sfu (1 sfu =

10−22 W m−2 Hz−1) and it can vary from ∼50 sfu to 300 sfu over a solar cycle.

The F10.7 cm solar radio flux data show good correlations with sunspots, EUV,

and visible radiations. This flux is used widely to see the solar cycle variations

as this data is available for the largest period. In many ionospheric models, it is

used as an input parameter.

In the present thesis, the TIE-GCM and Fejer et al. [2008a] quiet time vertical

drift model have been used. The F10.7 cm solar radio flux data is provided as

one of the inputs in both models.

2.11 Solar wind data

In the present thesis work, the solar wind parameters are obtained from the

CDAWeb (https://cdaweb.gsfc.nasa.gov/) of NASA’s GSFC-SPDF. The so-

lar wind parameters are time-shifted until the nose of the terrestrial bow shock.

This data is obtained from the measurements of different payloads on board satel-

lites ACE, WIND, IMP 8, and Geotail. These satellites measure the magnetic

field, plasma density, velocity, and temperature of the solar wind with one minute

cadence. The parameters like solar wind electric field, dynamic pressure, plasma

beta, and Alfven Mach number are derived from these measurements.
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2.12 Model used

A few model outputs have been used in the present thesis work. A brief descrip-

tion of these models is provided below.

2.12.1 Thermosphere Ionosphere Electrodynamics- Gen-

eral Circulation Model (TIE-GCM)

Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM)

is a self-consistent, first principles (linear momentum and continuity equations

applied for each species), three-dimensional and physics-based model that is de-

veloped at the High Altitude Observatory, National Center for Atmospheric Re-

search. The earlier version of TIE-GCM was the Thermospheric General Circu-

lation Model (TGCM) [Dickinson et al., 1984] that calculated upper atmospheric

parameters like temperature, neutral density, etc. Roble et al. [1988] and Rich-

mond et al. [1992] included the self-consistent ionosphere and the electrodynamics

part, respectively, in the TGCM to make it TIE-GCM. In order to generate the

outputs, this model solves the momentum, energy, and continuity equation in

three dimensions for each neutral and ion species at each altitude (pressure sur-

face) and time step. TIE-GCM is capable of simulating the thermospheric neu-

tral wind and ionospheric electric field, conductivity, and current self-consistently.

TIE-GCM generates the outputs along the globe with 2.5°× 2.5° in latitudes and

longitude bins from 100km to 500-700 km altitudes (according to solar flux). The

required input parameters to run this model are the magnetic field, velocity, and

plasma density of the solar wind, year and day of the year. This model can be

run on request to the Community Coordinated Modelling Center (CCMC).

2.12.2 Climatological global vertical drift Model

In the absence of any incoherent scatter radar, accurate and systematic mea-

surements of vertical drift/electric field are not available from the Indian dip

equatorial sector. In this scenario, the quiet time vertical drift outputs are gen-

erated using the quiet time global climatological model of Fejer et al. [2008a].
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Fejer et al. [2008a] developed a global empirical model for equatorial F region

vertical plasma drifts for quiet time (Kp≤3) using 5 years of measurements of

drifts from Ionospheric Plasma and Electrodynamics Probe Instrument (IPEI)

on board Republic of China Satellite-1 (ROCSAT-1) during 1999-2004. In order

to develop this global model, the measurements of drifts are averaged over the

±7.5° dip latitude and ±15° longitude bin. This model provides vertical drifts at

different local times and solar flux values at different seasons. It has been shown

earlier [e.g., Pandey et al., 2017] that the vertical drifts from this model show a

better correlation with the measurements over the Indian sector. In the present

thesis, the vertical drifts are generated along 75° E longitude.

2.12.3 Horizontal Wind Model (HWM)-14

The direct or Indirect measurements of thermospheric neutral wind over the In-

dian longitudes are not available during the solar cycle 24. To understand the

variations in the meridional wind over low latitudes, the Horizontal wind model

(HWM-2014) [Drob et al., 2015] is used. This empirical wind model provides the

vector wind fields from the surface of the Earth to exobase (∼ 450 km) as a func-

tion of latitude, longitude, altitude, day of the year, time of the day, and Ap values

(average geomagnetic condition of the day). The HWM-14 includes ∼ 73 × 106

measurements from 44 different instruments (ground-based measurements from

Incoherent Scatter Radar and Fabry-Perot Interferometers and satellite-based

measurements) spanning over 60 years around the globe. This model produces

better outputs for the post-sunset hours than the previous versions of the model.

This is an improved version of HWM-07 [Drob et al., 2015] for the quiet time

thermospheric wind measurements. For disturbed periods, DWM-07 [Drob et al.,

2015] is used, which was previously used in HWM-07 [Drob et al., 2008].
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Chapter 3

Post-sunset plasma density

enhancements near the EIA crest

region

Excerpts

This chapter is focused on F region plasma distribution over low latitudes and the

response time of the EIA crest region during post-sunset hours. A large dataset

of vertical total electron content (VTEC) over Ahmedabad (23.0° N, 72.6° E, dip

angle: 35.2°), spanning around 10 years and campaign-based OI 630.0 nm airglow

intensity measurements from Mt. Abu (24.6° N, 72.7° E, dip angle: 38.0°) are

analysed and it is found that post-sunset plasma density enhancements near the

EIA crest region vary with season and solar flux level during magnetically quiet

periods. Morphologically, these enhancements start anytime after 1900 LT and

peak around 2000 LT. These post-sunset enhancements are more conspicuous

during the December solstice and Equinox at higher solar flux levels. Based on

these datasets, it is noticed that the post-sunset peak, in general, is observed

first in VTEC over Ahmedabad and later in airglow intensity over Mt. Abu.

Comparison of the post-sunset enhancement in VTEC with the vertical drifts

measurements over Tirunelveli (8.7° N, 77.7° E, dip angle: 1.7°) reveals that the

pre-reversal enhancement of the zonal electric field is primarily responsible for
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these enhancements over the crest region. By comparing the average VTEC values

with the global empirical vertical drifts value, it is found that the post-sunset

enhancements in VTEC occurs ∼ 1.7 hrs after the occurrence of the peak value

of PRE during the December solstice and Equinox in high solar flux conditions.

This time delay is half the response time (∼3-4 hrs) associated with the daytime

plasma fountain. This shorter response time during post-sunset hours is explained

by SBAS-TEC data. Based on the latitudinal plasma density gradient obtained

from the SABS-TEC data, it is suggested that the PRE drives plasma from 5°−10°

magnetic latitudes to the EIA crest region leading to a shorter response time.

3.1 Introduction

The Equatorial F region plasma fountain process controls the low latitudes plasma

distribution. Under a geomagnetically quiet condition, the equatorial zonal elec-

tric field is eastward during daytime and westward during nighttime [e.g., Fejer

et al., 2008a]. Equatorial plasma fountain (EPF) process is initiated over the

dip equatorial F region due to the eastward electric field and horizontal geo-

magnetic field configuration. This process generates the equatorial ionization

anomaly (EIA) crest over low latitudes and trough over the equator (see Figure

1.9). This process is discussed in detail in section 1.7.2. Meridional winds gen-

erate interhemispheric-asymmetry in the intensity and location of the EIA crest

regions [e.g., Anderson, 1973a]. The plasma distribution over the EIA crest re-

gions shows day to day variability [e.g., Huang et al., 1989] as well as seasonal

and solar flux varaiability [e.g., Chakrabarty et al., 2012; Huang and Cheng , 1995;

Mo et al., 2018]. Investigation of the EIA crest region is important as it is one of

the most L-band scintillation regions in the globe [e.g., Basu et al., 1988]. This

radio band scintillations are sometimes so severe that it can affect the positional,

navigational and communication applications significantly.

During geomagnetically quiet periods, the EIA crest region gets formed in

the afternoon hours [e.g., Balan et al., 2018; Chen et al., 2016; Mo et al., 2018;

Sastri , 1990]. The occurrence time of a well-developed EIA crest region during
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quiet period can, in general, be explained by adding a typical diffusion time of

3-4 hours with the occurrence time of peak eastward electric field over the dip

equator around noon. There are a number of ways to decide the response time

of the EIA crest region. In the present study, the response time of the EIA crest

regions is determined based on the time of occurrence of peak VTEC over the EIA

crest region and the time of occurrence of peak vertical drift value. Previously,

this response time is calculated based on the time difference in the occurrence

of the peak VTEC over the EIA crest and the occurrence of peak EEJ strength

[derived from Figure 4 of Rama Rao et al., 2006] or hmF2 [e.g., Aswathy et al.,

2018]. During the local evening hours, the equatorial F-region zonal electric field

is greatly enhanced that is known as the pre-reversal enhancement (PRE) of the

zonal electric field [e.g., Eccles et al., 2015; Fejer , 2011]. On those occasions,

when the amplitudes of the PRE [e.g., Fejer et al., 2008a] are comparable to the

daytime maximum, one can expect that the PRE should affect the EIA crest

region by re-invigorating the plasma fountain process during evening hours [e.g.,

Abdu et al., 2008]. However, the equatorial zonal electric field changes to the

westward direction after PRE and eventually, reverse plasma fountain [e.g., Balan

et al., 1995, 1997; Chen et al., 2017; Sridharan et al., 1993; Yadav et al., 2020]

sets in. This stops further supply of plasma to the poleward direction. Therefore,

it is important to understand how much time EIA crest region takes to respond

to PRE and how does it compare to the response time during day. In addition,

the role of the meriodional wind in the plasma distribution over low latitudes

is also an important factor that may affect the response time. Although several

studies in the past reported [e.g., Bittencourt et al., 2007; Farelo et al., 2002; Rao

and Kulkarni , 1973; Su et al., 1994; Xiong et al., 2016] conspicuous variations in

the plasma density over the EIA crest region during post-sunset hours, the exact

role of the PRE remains unclear. This important and unresolved scientific issue

is addressed in the present chapter.
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3.2 Details of the dataset/Models

The scientific problem mentioned in the previous section is addressed with a

few relevant datasets and global empirical model outputs that are discussed in

the following sections. The datasets belong to ground stations shown in Figure

3.1. The GAGAN stations are detailed in section 2.5. It must be noted here

that Ahmedabad and Mt. Abu are not exactly below the EIA crest region all

the time, but these stations may be near the EIA crest region on a statistically

significant number of occasions if the equatorial electric field is eastward. It is

also to be mentioned that EIA crest location can vary during disturbed space

weather conditions.

3.2.1 Datasets
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Figure 3.1: Location of ground stations over the Indian sector, the data from which

are used in the present thesis work. The stations are Tirunelvelui (8.7°N, 77.7°E),

Alibag (18.6°N, 72.9°E), Ahmedabad (23.0°N, 72.6°E) and Mt. Abu (24.6°N,

72.7°E). The dip equator is shown with a dotted-dashed line. Note that the dip

equator is plotted in geographic coordinates.

In the present investigations, OI 630.0 nm airglow intensity data over Mt.
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Abu (24.6° N, 72.7° E, dip angle 38.0°) is captured by a narrow band and narrow

field-of-view (bandwidth: 0.3 nm and field of view: 3°) airglow photometer in

campaign mode during moonless and cloudless nights in the winter months. This

airglow photometer is discussed in detail in Chapter-2. In the present work,

airglow intensity data with 10 s cadence are used.

10 years’ vertical total electron content (VTEC) data during 2010-2019 is

taken from the GPS receiver GISTM GSV4004B) at Physical Research Labora-

tory (PRL), Ahmedabad (23.0° N, 72.6° E, dip angle 35.2°). The details of the

receiver and the VTEC technique are discussed in Chapter-2. Raypath elevation

angles less than 30° are masked in this work to minimize the multipath error

and tropospheric scattering effects. The VTEC is calculated by averaging VTEC

from all the visible satellites. Five minutes’ average VTEC data are used for this

study. Based on variations in F10.7 solar radio flux, the VTEC data is classified

into two categories. The VTEC data from 2011–2015 is categorized as belonging

to high solar activity years, and the rest of the data are categorized as falling

under low solar activity years. Average F10.7 flux levels for high and low solar

activity periods during 2010–2019 are ∼130 sfu and ∼80 sfu (sfu = solar flux unit,

1 sfu = 10−22 Wm−2Hz−1) respectively. The VTEC data in both the solar epochs

are further categorized into three seasons, namely December solstice (November,

December, January, and February), Equinox (March and April, September and

October), and June solstice (May, June, July, and August). It is important to

mention here that this work pertains to geomagnetically quiet periods, and these

quiet periods are picked up based on the Ap index (Ap ≤15 on the chosen day

and the previous day).

The TEC maps over the Indian region are constructed by the GAGAN SBAS-

TEC network. GPS Aided Geo Augmented Navigation (GAGAN) is an In-

dian Satellite-based Augmentation System (SBAS). A brief description of the

GAGAN-SBAS network is provided in Chapter-2. GAGAN-SBAS provides 5

minute cadence of TEC data over 102 grid points which are separated by 5°× 5°

over Indian sectors. GAGAN TEC maps are used to examine the latitudinal

variation of F region plasma over the Indian sector.
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Equatorial electrojet (EEJ) over the Indian sector [Rastogi and Patel , 1975]

is calculated using the horizontal component of the magnetic field from a dip

equatorial station Tirunelveli (TIR, 8.7° N, 77.7° E, dip angle 1.7°) and the off-

equatorial station Alibag (ABG, 18.6° N, 72.9° E, dip angle 26.4°). EEJ can

be calculated by the following formula. HEEJ = ∆HTIR − ∆HABG. Here, ∆H

represents the daytime instantaneous H value corrected for the nighttime base

value of H. In the present work, 1 minute cadence data of EEJ is used. The

integrated EEJ strength (in nT-h) is calculated by calculating the area under the

curve of the variation in the EEJ strength between 0700 and 1700 LT. This is

used as a proxy of the daytime equatorial electric field.

The vertical drift over the Indian dip equator is derived from the measure-

ments of the bottomside F layer height (h′F , in km) of the Canadian Advanced

Digital Ionosonde (CADI). The details of the CADI system are available in the

work of MacDougall et al. [1995] and Sripathi et al. [2016]. The temporal deriva-

tive of the h′F , (dh′F/dt, in ms−1) is used as a vertical drift during post-sunset

hours. In the present work, the chemical recombination corrections in the ver-

tical drifts are not required as the values of h′F are mostly above 300 km [e.g.,

Bittencourt and Abdu, 1981]. Before calculating the dh′F/dt, h′F is first sub-

jected to Savitzky-Golay (SG) algorithm [e.g., Savitzky and Golay , 1964] with

15% smoothing window as the data are slightly noisy. The smoothing through

SG algorithm removes the fast fluctuation from the time series data without in-

troducing distortion in data. It is verified that after smoothing of h′F , derived

vertical drift doesn’t loose its’ variations.

3.2.2 Global climatological model of equatorial F-region

vertical drift

The model outputs are generated for 75° E longitude corresponding to 130 and

80 sfus for December solstice, Equinox and June solstice. It is also to be noted

that the local time for all the datasets with respect to 75° E longitude (LT = UT

+ 5 h)is used in this work.
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3.2.3 Horizontal wind model (HWM)-14

Horizontal Wind Model (HWM-14) is run for the three seasons (December sol-

stice, Equinox and June solstice) at altitudes of 250, 300 and 350 km for the year

2014 over Mt. Abu for quiet condition (Ap=5).

3.2.4 Movement of plasma along the field line: the parallel

velocity V∥

The meridional component (parallel to the geomagnetic field) of thermospheric

wind plays an important role in transporting plasma [e.g., Rishbeth, 1977] to and

from the EIA crest region and can modulate the vertical drifts in varying degrees.

Zonal winds, on the other hand, are important drivers for the E- and F-region dy-

namo (Discussed in detail in Chapter-1). Anderson [1971] derived an expression

for plasma velocity along the magnetic field (henceforth, parallel velocity) over

low latitude ionosphere. The basic principle of the Anderson formalism is that

while F region plasma is pushed vertically upward through zonal electric field over

the dip equatorial region, the plasma simultaneously diffuses along the magnetic

field lines due to non-electromagnetic forces. Therefore, at this juncture, it is

important to discuss the non-electromagnetic forces and derive an expression for

the parallel velocity. Sivaraman et al. [1976] studied this model to understand

the development of the ionization anomaly during solar maxima and minimum

conditions. For present investigations, this model is used to calculate the plasma

velocity along the magnetic field lines during December solstice and Equinox in

year 2014.

It is well known that the rate of change of ionospheric plasma density at a

given place depends upon production (P), loss (L), and transport of ionization.

All three are important for F region plasma distribution, whereas the E region

is mainly controlled by photochemical processes wherein production and loss are

the primary factors that determine plasma density at a given place. In the F-

region, the rate of change in ionization density at a given place is governed by
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the continuity equation as follows.

∂N

∂t
= P − L+ ∇⃗ · (NV⃗ ) (3.1)

Where N and V⃗ are the plasma density and transport velocity. V⃗ comprises

of two components V⃗∥ and V⃗⊥. V⃗∥ and V⃗⊥ are the components of V parallel and

perpendicular to the magnetic field. Equation 3.1 can then be rewritten as

∂N

∂t
= P − L+ ∇⃗ · (NV⃗∥ +NV⃗⊥) (3.2)

In the ionosphere, charge species mainly experiences the forces due to the

gravity, electric field, magnetic field and collisions. The equations of forces for

electrons and ions are as follows-

me
dV⃗e

dt
= me g⃗−

1

Ne

∇⃗(NekTe)− e(E⃗+ V⃗e× B⃗)−me νen(V⃗e− U⃗)−me νei(V⃗e− V⃗i)

(3.3)

mi
dV⃗i

dt
= mi g⃗−

1

Ni

∇⃗(NikTi)+e(E⃗+V⃗i×B⃗)−miνin(V⃗i−U⃗)−meνei(V⃗i−V⃗e) (3.4)

Where m, V⃗ , N and T represent mass, velocity, density and temperature

respectively. Subscripts i and e are used for ions and electrons. U⃗ , g⃗, E⃗, and e

are the neutral wind velocity, acceleration due to gravity, ionospheric electric field,

and electronic charge respectively. B⃗, νen, νin and νei are the magnetic field vector

(magnetic flux density), electron-neutral, ion-neutral and electron-ion collisional

frequencies.

In both equations 3.3 and 3.4, the force terms on the left side are small

compared to the collisional terms on the right. In both equations 3.3 and 3.4,

the variations in V⃗i and V⃗e occur in the time scale of hour whereas the collisional

forces vary in seconds. So, the derivative terms on the left side can be set to zero.

For F region, it can be assumed that Vi = Ve = V . Here, a few assumptions are

also made. To hold the quasi-neutrality of the plasma, it can also be assumed

that Ne = Ni = N (density of ionospheric plasma). Further, νin is ≈ 40 times

smaller than the νen. However, mi is ≈ 1000 times greater than me [e.g., Rishbeth
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and Garriott , 1969]. Therefore, the term meνen(V⃗e−U⃗) can be ignored. Applying

all these assumptions and adding equations 3.3 and 3.4, we get

0 = (me +mi)g⃗ −
1

N
∇⃗(NkTi +NkTe)−mi νin(V⃗ − U⃗) (3.5)

As me << mi

mi νin(V⃗ − U⃗) = mi g⃗ −
1

N
∇⃗(NkTi +NkTe) (3.6)

Upon considering only the parallel velocity, Equation 3.6 can be modified for

parallel transport of plasma.

miνin(V⃗∥ − U⃗∥) = mi g⃗∥ −
1

N
∇⃗∥(NkTi + NkTe) (3.7)

V⃗∥ − U⃗∥ =
1

miνin

[
mi g⃗∥ −

1

N
∇⃗∥(NkTi + NkTe)

]
(3.8)

It can be noticed in Equation 3.8 that ionospheric plasma can be transported

parallel to the magnetic field by non-electromagnetic forces.

The diffusion coefficient (Da) of charge particles in the ionosphere with respect

to neutral wind is defined as follows

Da =
k(Ti + Te)

miνin
(3.9)

where, ϵ = Ti+Te

Ti
⇐⇒ Ti + Te = ϵTi. Equation 3.9 can be written as

Da

kϵTi

=
1

miνin
(3.10)

from equation 3.8 and 3.10,

V⃗∥ − U⃗∥ =
Da

kϵTi

[
mi g⃗∥ −

1

N
∇⃗∥(NkϵTi)

]
(3.11)

=⇒ V⃗∥ − U⃗∥ = Da

[
mi g⃗∥
ϵkTi

− 1

NϵTi

∇⃗∥(N ϵTi)

]
(3.12)
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Chapter 3: Post-sunset plasma density enhancements near the EIA crest region

Let us assume a unit vector tangential to the direction of B⃗. Further, B⃗ is

assumed to be purely dipolar with radial (r) and meridional (θ) components.

Therefore,

ît = sinI îr + cosI îθ

g⃗∥, ∇⃗∥ and U⃗∥ can be defined in the direction of ît as-

g⃗∥ = (ît · g⃗) ît

∇⃗∥ = (ît · ∇⃗)ît

U⃗∥ = (ît · U⃗∥) ît

if U⃗∥ = Ur îr + Uθ îθ, we can write,

U⃗∥ = (Ur sinI + UθcosI) ît

In a dipolar coordinate system, ∇⃗ is being considered only for radial and

meridional components,

∇⃗ = îr
∂

∂r
+ îθ

1

r

∂

∂θ

After combining these equations, we get

g⃗∥ = −g sinI ît

Substituting the values of g⃗∥, ∇⃗∥ and U⃗∥ in Equation 3.12,

V⃗∥−(UrsinI+UθcosI)ît = −Da

[
mi gsinI

ϵkTi

+
1

NϵTi

(sinI
∂(ϵNTi)

∂r
+

cosI

r

∂(ϵNTi)

∂θ
)

]
ît

(3.13)

The scale height of ions can be defined as

H =
kTi

mig

Therefore, Equation 3.13 turns into

V⃗∥−(UrsinI+UθcosI)ît = −Da

N

[
N sinI

ϵH
+

1

ϵTi

(sinI
∂(ϵNTi)

∂r
+

cosI

r

∂(ϵNTi)

∂θ
)

]
ît

(3.14)
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The right-hand side of Equation 3.14 represents the diffusion velocity (Vdiff ),

where,

Vdiff = −Da

N

[
N sinI

ϵH
+

1

ϵTi

(sinI
∂(ϵNTi)

∂r
+

cosI

r

∂(ϵNTi)

∂θ
)

]
(3.15)

V⃗∥ − (Ur sin I + Uθ cos I) ît = Vdiff ît (3.16)

Over low latitudes regions, the meridional component of velocity is more vari-

able and I is also small over low latitudes. Therefore, the term Uθ cosI is signif-

icant, and the term UrsinI can be neglected.

With the above considerations, the parallel velocity can be expressed as

V∥ = −Da

N

[
N sinI

ϵ H
+

1

ϵ Ti

(sinI
∂ (ϵ N Ti)

∂r
+

cosI

r

∂ (ϵ N Ti)

∂θ
)

]
+Uθ cosI (3.17)

In Equation 3.17, Da is the ambipolar diffusion which is calculated by using

the following expression [Anderson, 1971].

Da =

(
Ti + Te

Ti

)(
1

nO + 105

)[
6.9× 1018

(
Tn

1000

1/2
)]

. (3.18)

Here, H is the scale height of ions given by H = kTi

mig
. ϵ is defined as ϵ =

Ti+Te

Ti
. Ion and electron temperatures (Ti and Te), and electron density (N), are

obtained from the IRI-16 model. Neutral temperature (Tn) and density of atomic

oxygen (nO) are taken from the MSISE-00 model. Magnetic field parameters,

e.g., dip angle (I), etc., are generated from the IGRF-13 model. The meridional

component of neutral wind (Uθ) is obtained from the HWM-14. k and mi are

the Boltzmann’s constant (= k = 1.38× 10−23 J/K) and mass of ionized oxygen

atom (16 a.m.u. or 2.65× 10−26 kg).

3.3 Results

Figures 3.2a and 3.2b depict the variations in 630.0 nm nightglow intensity (solid

red line), VTEC (solid blue line), and EEJ strength (gray area) from 0600 LT to

midnight on 29–30 November, 2013. Figures 3.2c–3.2f depict the same except for
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Figure 3.2: Variation of thermospheric OI 630.0 nm airglow intensity over Mt.

Abu (red), VTEC over Ahmedabad (blue), and Equatorial electrojet (gray area)

with local time on (a) 29 November 2013, (b) 30 November 2013, (c) 03 December

2013, (d) 04 December 2013, (e) 24 November 2014, and (f) 25 November 2014.

Calculated integrated EEJ strength (numeric value) is written with black color

over gray area. The local time variations in bottomside F-layer height (black) from

CADI measurement over Tirunelveli and its derivative dh’F/dt (red) on (g) 24

November 2014, and (h) 25 November 2014.

03–04 December 2013 and 24–25 November 2014. The post-sunset enhancements

in airglow intensity and VTEC are conspicuously noticed during 1945–2045 LT

in Figures 3.2a–3.2d. It seems that daytime peak VTEC values vary in accor-

dance with the integrated EEJ strength. However, the integrated EEJ strength

can be seen to be uncorrelated to the post-sunset enhancements in the airglow
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intensity and VTEC (particularly, see Figures 3.2b and 3.2e). For example, the

integrated EEJ strength is 309 nT-hr in Figure 3.2e and 122 nT-hr in Figure

3.2b. However, the post-sunset enhancement in airglow intensity and VTEC are

conspicuous and higher in Figure 3.2b than in Figure 3.2e. This shows that

higher integrated EEJ strength does not automatically guarantee the presence of

post-sunset enhancements in airglow intensity and VTEC. It is clearly noticed in

Figures 3.2a–3.2d and 3.2f that the enhancements in airglow intensity over Mt.

Abu start slightly earlier than the onset of increases in the VTEC over Ahmed-

abad during post-sunset hours (marked by orange vertical boxes). However, it

is interesting to note that the airglow intensity peak occurs slightly later than

VTEC peak. It is to be mentioned here that, unlike the sharp airglow intensity

peaks, VTEC variations are, in general, characterized by a step-like increase fol-

lowed by a gradual decrease. The time corresponding to the peak VTEC is taken

as the time corresponding to the endpoint of the steplike increase. In order to

aid visual inspection, two vertical dashed lines are superimposed that mark the

times corresponding to the onset of increase and peak of the airglow intensity.

Further, it can be noticed in Figure 3.2e that although there is a peak in VTEC

at ∼ 1920 LT, there is no corresponding enhancement in airglow intensity. In

contrast to Figure 3.2e, a strong intensity peak is observed in Figure 3.2f. It can

also be noticed that the enhancement in VTEC occurs slightly earlier in Figure

3.2e (∼ 1920 LT) compared to Figure 3.2f (∼ 2000 LT). This difference in timing

makes the peak in VTEC to coincide with the sharp fall in the airglow intensity

associated with the F-region sunset in Figure 3.2e. This is in contrast to Figure

3.2f, when the peak in VTEC coincides with the inflection point when airglow

intensity starts increasing again after the sharp fall associated with the F region

sunset.

Although airglow observations for a number of nights are available, two repre-

sentative cases (24 and 25 November, 2014) of contrasting post-sunset variations

in airglow intensity are chosen for further investigations. These are depicted in

Figures 3.2g and 3.2h, respectively. It is interesting to note that while post-

sunset VTEC peaks are observed on both the days, the airglow intensity peak
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Chapter 3: Post-sunset plasma density enhancements near the EIA crest region

is significant on 25 November and almost absent on 24 November. In order to

understand the location of the bottomside F-layer height over the dip equator

and its vertical movement on 24 and 25 November 2014, the variations in h′F

(in black)and smoothed vertical drift (dh′F/dt in red) during 1700–2300 LT are

depicted in Figures 3.2g and 3.2h. On 25 November, the PRE-associated vertical

drifts are upward for a longer duration compared to 24 November. The vertical

drift associated with PRE sustains until ∼ 1900 LT and ∼ 2015 LT on 24 and 25

November, respectively. These differences in vertical drifts on 24 and 25 Novem-

ber 2014 affect the post-sunset enhancements in VTEC and airglow intensity

shown in Figures 3.2e and 3.2f, and will be discussed later.
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Figure 3.3: Variation of dh′F/dt and VTEC is shown for the 30 March 2012 (red), 31

March 2012 (green), 20 March 2014 (blue), 23 March 2014 (black), 26 March 2014

(magenta), and 22 November 2014 (dark orange) in panels (a and c) respectively.

The colored arrows indicate the time of occurrence of the peak VTEC. Similar

variations on 09 April 2016 (red), 10 April 2016 (green), 18 December 2016 (blue),

17 November 2017 (black), 18 November 2017 (magenta), and 19 November 2017

(dark orange) are shown in panels (b and d).
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For a detailed investigation and to find the causal connection between the PRE

and the post-sunset enhancement near the EIA crest region, Figure 3.3 is pre-

sented. Figures 3.3a and 3.3b represent two contrasting vertical drift variations

over Tirunelveli with strong PRE and absent/subdued PRE during 1700–2200

LT. In each category, six representative days are shown. Figures 3.3c and 3.3d

represent the VTEC variations over Ahmedabad for the same local time corre-

sponding to Figures 3.3a and 3.3b, respectively. In both the categories, the local

time variations in vertical drift and VTEC are shown with same color to avoid

any confusion. The time interval on the X-axis in Figures 3.3b and 3.3d are de-

liberately made different to bring out the post-sunset features in VTEC clearly.

It is because the post-sunset enhancements are noticed after the occurrence of

PRE. Interestingly, conspicuous enhancements in VTEC (peaks marked by col-

ored arrows) can be noted in Figure 3.3c and absence of clear enhancements in

Figure 3.3d. Therefore, Figure 3.3 suggests that post-sunset enhancements in

VTEC near the EIA crest region occur whenever the PREs occur with stronger

amplitudes. It is also important to mention that the time delay between the peak

vertical drift and post-sunset VTEC peak ranges from ∼ 1.4 h (31 March 2012)

to ∼ 2 h (30 March 2012).

It is to be noted in this context that a few samples of day-to-day variabil-

ity in the post-sunset enhancements in VTEC and airglow intensity near the

EIA crest regions have been shown in Figures 3.2 and Figure 3.3 to indicate the

causal connection between the PRE amplitude and the degree of post-sunset en-

hancements in VTEC and airglow intensity near the EIA crest region. In Figure

3.4, the large dataset of VTEC and global empirical model drifts are brought

together to understand the seasonal and solar activity dependence of the post-

sunset enhancements in VTEC near the EIA crest region (Ahmedabad) and its’

morphological connection with the equatorial vertical drifts over the dip equato-

rial region. Individual quiet days’ VTEC variations in three seasons during high

(left column) and low (right column) solar activity years are represented in gray

lines for the three seasons in Figures 3.4a–3.4f. The average variations in VTEC

(black line) are overlaid on all these subplots. The number of days of VTEC
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Figure 3.4: Variation of individual days’ VTEC over Ahmedabad (gray), average of

seasonal VTEC (black), temporal derivative of seasonal VTEC (red), and vertical

drift (blue) in December solstice (top), Equinox (middle), and June solstice (bot-

tom) under high (left panel) and low (right panel) solar activity years. The number

of days used to calculate the seasonally averaged VTEC curve is also mentioned

in each subplot. The points P and S represent primary (afternoon) and secondary

(post-sunset) maxima of VTEC. P and S are determined based on P’ and S’ that

are overall and local zero crossing points of dVTEC/dt. The intervals between the

thick and thin vertical dashed lines (blue and red) are the response times of the

EIA crest region during noon and post-sunset hours respectively.

data used to construct the average VTEC curves in Figures 3.4a–3.4f is 428, 362,

450, 456, 327 and 317. In each subplot, model vertical drifts obtained from Fe-

jer et al. [2008a] (blue line) for 75°E longitude and smoothed d(VTEC)/dt (red
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line) are also overlaid. The smoothed d(VTEC)/dt is derived in the same way as

smoothed vertical drifts derived from h′F shown earlier in Figures 3.2g and 3.2h.

The derivative of VTEC is used purportedly to identify the post-sunset enhance-

ments. The noon hours’ peak VTEC values (primary maximum) and post-sunset

enhancements (secondary maximum) are identified by P’ and S’ respectively in

the d(VTEC)/dt curves shown in Figures 3.4a and 3.4b. P’ is the point when

d(VTEC)/dt becomes zero that indicates the primary maxima of VTEC vari-

ation (daytime/overall maximum in VTEC). The trickier part is the S’ point,

based on which the secondary maximum (post-sunset peak) in VTEC is identi-

fied. Note that S’ is midway (local zero-crossing point) between the point when

d(VTEC)/dt starts increasing and the point when it returns back to the original

variation. The P’ and S’ points help to identify the points P and S that are the

maxima during noon and post-sunset hours. This method is adopted after doing

a number of exercises and verifications. This method is useful to bring out the

post-sunset increment in VTEC that is embedded in the large amplitude diurnal

variation. Figure 3.4 reveals that peak VTEC values are larger during high solar

activity period. Interestingly, it is noticed that the post-sunset enhancements in

VTEC (after the occurrence of the PRE) occur only in December solstice (Figure

3.4a) and Equinox (Figure 3.4b). The times of occurrence of daytime peaks in

vertical drifts and PRE-associated peak vertical drifts are marked by thick and

thin vertical dashed lines in blue. On the other hand, peaks of daytime VTEC

and the post-sunset enhancement in VTEC are identified by thick and thin ver-

tical dashed lines in blue. Based on the average variation in VTEC, it is noticed

that the daytime peaks in the VTEC occur during 1330–1500 LT for all sea-

sons and solar epochs, whereas the post-sunset peaks in VTEC occur at ∼ 2000

LT in December solstice and Equinox during the high solar activity period only.

Interestingly, PRE-associated peak vertical drifts during December solstice and

Equinox occur at ∼ 1830 LT. At this juncture, the response time of the EIA crest

region can be defined as the interval between the time of occurrences of the peak

drift (the daytime peak and the PRE-associated peak) and the peak VTEC (the

points P and S). According to this definition, the response time during afternoon
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hours can be seen to be more than three hours. However, the response time dur-

ing post-sunset hours are found to be applicable only during December solstice

and Equinox in high solar activity epoch as post-sunset enhancements in VTEC

are conspicuously observed after the PRE only during these two seasons. The

response times in these two cases are estimated to be ∼ 1.7 h. An evening peak

in VTEC is also noted during June solstice in high solar epoch (Figure 3.4c). It

can be noticed in Figures 3.4c and 3.4f that peak in average VTEC occurs slightly

before the PRE and it can be safely stated that this peak is not causally con-

nected to the PRE. Understanding the physical mechanism responsible for this

VTEC peak is beyond the scope of the present work and will not be discussed

further. Therefore, based on Figure 3.4, it can be inferred that the response time

of the EIA crest region during post-sunset hours is almost half compared to the

response time during the day.

In order to understand the plasma distribution over low latitudes consequent

to the peak vertical drifts during the day and post-sunset hours, SBAS-TEC

maps are constructed for the two contrasting days- 24 (insignificant post-sunset

VTEC and airglow intensity enhancements) and 25 (significant enhancements in

VTEC and airglow intensity) December 2014. Figure 3.5 depicts the SBAS-TEC

maps around noon (first and third columns) and post-sunset hours (second and

fourth columns) for 24 and 25 November, 2014 respectively. In each subplot, the

locations of Ahmedabad and Mt. Abu are represented by black (filled) circles,

and local times are also depicted. Different color scales are adopted for all four

columns to bring out the conspicuous large-scale plasma features. It is striking

to notice that as time progresses in the afternoon hours, TEC gradually de-

creases over Mt. Abu/Ahmedabad on 24 November (Figures 3.5a–3.5d), whereas

it gradually increases (Figures 3.5i–3.5l) on 25 November. Interestingly, during

post-sunset hours on 24 November, a sharp decrease in TEC is observed over the

EIA crest region (Figures 3.5e–3.5h). However, on 25 November, the TEC values

are comparatively larger over Ahmedabad and Mt. Abu until ∼ 2100 LT (Figures

3.5m–3.5o), and it decreases slowly on 25 November. In fact, a very important

feature that arises after analysing SBAS-TEC maps on many days during high
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Figure 3.5: SBAS-TEC maps are shown for 24 November 2014 (a–h) and 25 Novem-

ber 2014 (i–p). Different color scales are adopted for all the four columns to make

the large-scale plasma features conspicuous.

solar activity periods (not shown here) is that the daytime EIA crest is stronger

during afternoon hours over the Mt. Abu/Ahmedabad region, and the strength

of crest region weakens (less TEC) in the evening hours. Although during post-

sunset hours, TEC again enhances in a smaller degree over this region, it decreases

monotonically during the nighttime. It is also to be noted that the post-sunset

observations of TEC around Ahmedabad/Mt. Abu are mostly consistent with

the post-sunset peak observed in airglow intensity on 24–25 November (Figures

3.5e and 3.5f).

Figure 3.5 shows the SBAS-TEC maps during noon and evening hours, while

the Figure 3.6 is planned to bring out the latitudinal gradient in TEC during
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Figure 3.6: Panels (a) and (c) show the latitudinal variation of SBAS-TEC on

24 and 25 November 2014, respectively along 75° E geographic longitude (148° E

geomagnetic longitude). Panels (b) and (d) represent the latitudinal variation of

normalized SBAS-TEC corresponding to panels (a) and (b) respectively. Dashed

and solid lines are used to show the variations during daytime (1105, 1202, 1300,

and 1422 LT) and post-sunset hours (1802, 1900, 2002, 2100, and 2202 LT). Thin

and thick brown arrows denote the latitudes of Ahmedabad and Mt. Abu, respec-

tively.

the noon and evening hours. Figures 3.6a and 3.6c represent the latitudinal

variations in SBAS-TEC along the 75° E longitude at multiple noon/afternoon

(dashed lines) and post-sunset/pre-midnight (solid lines) local times on 24 and

25 November 2014. For better comparison, Figures 3.6b and 3.6d depict the

same plots in normalized scales. Normalized TEC is obtained for each time with

respect to the maximum TEC observed at that local time across all latitudes.

The latitudinal variation of normalized VTEC is easy to compare at different

local times. The latitudes of Ahmedabad and Mt. Abu are indicated by vertical

thin and thick brown arrows, respectively, at the X-axes of each panel. TEC

variations around noon (1105, 1202, 1300, and 1422 LT) and sunset hours (1802,

1900, 2002, 2100, and 2202 LT) are shown by dashed and solid lines (in different
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colors), respectively. From Figures 3.6b and 3.6d, the locations of the EIA crest

region can be clearly identified at different local times. It is interesting to note in

Figure 3.6 that the daytime latitudinal TEC gradients on the equatorial side of

the EIA crests are much smaller than the post-sunset gradients on 25 November.

It is also clear that the daytime location of the crest is closer to the location

of Ahmedabad/Mt. Abu (between 10° and 15°) on both 24 and 25 November.

However, the nighttime EIA crest is shifted earlier on 24 November and located

much closer to the dip-equator during the post-sunset hours. In contrast, the crest

location on 25 November in post-sunset hours is situated closer to the daytime

crest location and moves toward the dip-equator around 2200 LT (green solid

line in Figure 3.6d). This is a classic example of the reverse fountain, and this

happens, in general, between 2100 and 2200 LT. It is important to point out

that the latitudinal gradient in TEC gradually decreases and becomes maximum

during 2000–2100 LT just before the reverse fountain process starts. The salient

features obtained from Figure 3.6 will be discussed in detail in the ensuing section.
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Figure 3.7: Local time variations of meridional wind over Mt. Abu (24.6° N, 72.7° E,

dip angle 38°) are shown at 250, 300, and 350 km altitude for (a)December solstice,

(b)Vernal-equinox, (c) June solstice, and (d) Autumnal-equinox. Wind outputs

are generated by the horizontal wind model-2014 (HWM-14) for year 2014.
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Chapter 3: Post-sunset plasma density enhancements near the EIA crest region

Although low latitudes plasma is transported by gravity and pressure gradi-

ent forces, meridional wind may also play an important role (see equation 3.17).

Meridional wind outputs are generated over Mt. Abu for December solstice (01

January 2014), Vernal-equinox (01 April 2014), June solstice (30 June 2014) and

Autumnal-equinox (30 September 2014), and the variations are depicted in Fig-

ures 3.7a-3.7d. The period 2000-2200 LT is marked with orange rectangular boxes

in all panels where the post-sunset enhancements in airglow intensity over Mt.

Abu are, in general, noticed. Positive and negative values of wind represent the

poleward and equatorward wind, respectively. During December solstice (Figure

3.7a) and Autumnal-equinox (Figure 3.7d), the meridional winds are more pole-

ward during daytime. During nighttime, the winds are more equatorward during

the June solstice (Figure 3.7c). During both the equinoctial months (Figure 3.7b

and 3.7d), the amplitudes of poleward and equatorward winds are similar during

the day and night, although the magnitudes are different between the equinoxes.

It can be noticed from the variations within the orange rectangular boxes that

wind is continuously decreasing and closer to zero/equatorward during 2000-2200

LT in the equinoctial months. This means that depending on the time of oc-

currence of the post-sunset enhancements, meridional wind may have some role

in taking the ionospheric layers upward and thereby, in enhancing VTEC by

reducing the quenching effect [Rishbeth, 1977]. However, this proposition is con-

trasted by the variation of meridional wind during June solstice, where, similar to

Equinox, one observes more equatorward wind but no VTEC enhancements. Un-

like the Equinox and June solstice, the meridional wind is decreasingly poleward

and very close to zero during 2000-2200 LT in the December solstice. Therefore,

in this season, one may expect reduced VTEC owing to enhanced quenching if

the post-sunset enhancements are due to the effects of meridional wind. This

shows that meridional wind may have a role in the post-sunset enhancements in

VTEC but it may not be the decisive factor. This aspect will again be taken up

subsequently in the discussion section.

Tables 3.1 and 3.2 represent parallel velocity along the 75° E (∼ 148 E mag-

netic meridian) in December solstice and Equinox, respectively, at 1030 LT, 1430
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Table 3.1: Parallel velocity is estimated along 75° E longitude at 350 km altitude

during December solstice. This velocity is calculated only for 1030, 1430, 1830,

and 1930 LT at 0°, 5°, 10° and 15° magnetic latitudes.

December solstice

Magnetic

Latitude

(in deg)

1030 LT 1430 LT 1830 LT 1930 sfu

Parallel velocity in ms−1

0° 80 10 64 60

5° 88 17 65 56

10° 84 25 62 50

15° 70 32 54 42

Table 3.2: Similar to December solstice but for Equinox.

Equinox

Magnetic

Latitude

(in deg)

1030 LT 1430 LT 1830 LT 1930 sfu

Parallel velocity in ms−1

0° 10 01 10 08

5° 16 03 16 02

10° 19 06 22 12

15° 19 05 23 16

LT, 1830 LT and 1930 LT at four magnetic latitudes- 0°, 5°, 10°, and 15°. Par-

allel velocity (V∥)is calculated from equation 3.17. The relevant plasma, neutral,

geomagnetic field and meridional wind parameters used as inputs are taken from

IRI-16 [Bilitza et al., 2017], NRLMSISE-00 [Picone et al., 2002], IGRF-13 [Alken

et al., 2021], and HWM-14 [Drob et al., 2015] models respectively. It can be no-

ticed in both Tables that the parallel velocities are higher at 1030, 1830 and 1930

LT during both December solstice and equinox. Further, the magnitudes of par-
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Chapter 3: Post-sunset plasma density enhancements near the EIA crest region

allel velocities are larger in December solstice. Interestingly, it can be seen that

parallel velocities during evening/post-sunset hours are, in general, less compared

to those during morning hours at all magnetic latitudes.

3.4 Discussion

Post-sunset enhancements in F region plasma over low latitudes have been re-

ported in earlier works [e.g., Bittencourt et al., 2007; Farelo et al., 2002; Kulkarni ,

1969; Rao and Kulkarni , 1973; Su et al., 1994; Xiong et al., 2016]. However, the

processes responsible for these enhancements are not understood comprehensively.

It is seen from Figures 3.2 and 3.4 that the post-sunset enhancements in airglow

intensity and VTEC are not directly connected with the daytime plasma fountain.

Interestingly, the enhancements in airglow intensity over Mt. Abu start slightly

earlier than the onset of the increase in VTEC over Ahmedabad. This happens

probably due to the reversal of the vertical drift from upward to downward di-

rection associated with the reversal in the zonal electric field. This takes plasma

slightly at a lower height which is closer to the airglow emission altitude. On

careful examination, it is noted that the onset of the increase in airglow intensity

starts sometime during ∼1900–1930 LT. This approximately coincides with the

time of polarity reversal in the model vertical drift over the Indian dip equatorial

station (indicated by Figures 3.4a and 3.4b). A downward drift supplies more

plasma to the airglow emission height resulting in an increase in airglow intensity

at this time. As the upward/downward drift does not change the total colum-

nar content of electrons instantly, VTEC is not affected significantly. In fact,

VTEC around the EIA crest region during post-sunset hours may change due to

the meridional transport of plasma. Therefore, the arrival of additional plasma

from the meridional direction causes the onset of increase in VTEC. In the inter-

vening period between the onset of increase and the peak intensity, the airglow

intensity variations are expected to be governed by both downward vertical drift

and the meridional plasma transport. In addition to these factors, recombination

chemistry can mask the enhancements in airglow intensity to a certain degree
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by contributing to vertical drift [e.g., Bittencourt and Abdu, 1981; Subbarao and

Krishna Murthy , 1994]. However, VTEC can be affected by the meridional wind

only. Nevertheless, the peak in the airglow enhancement over Mt. Abu occurs at

a slightly later time than the peak VTEC during post-sunset hours over Ahmed-

abad. It indicates the role of the meridional transport of plasma. Further, during

this time (2000–2030 LT), the changes in the downward drift are not significant

as suggested by the model drifts in Figures 3.4a and 3.4b. Therefore, it is believed

that both VTEC and airglow intensity enhancements at this time are governed

by poleward plasma transport. This also rules out the effective role of reverse

plasma fountain [e.g., Balan et al., 1997; Sridharan et al., 1993] that transports

the plasma equatorward. Further, the reverse fountain over the EIA crest region

reported by the earlier works suggests its arrival at a later time compared to that

of the post-sunset peak. This is supported by Figure 3.6d, wherein the reverse

fountain is detected sometime between 2100 and 2200 LT. Note the peaks of the

post-sunset enhancements occur mostly before the reverse fountain effect comes

into play.

In order to explore the possible role of meridional wind, the outputs from the

Horizontal Wind Model-14 [HWM-14, Drob et al., 2015] are shown for December

solstice and Equinox at 250, 300, 350 km altitudes in Figure 3.7. These outputs as

well as previous results [e.g., Balan et al., 1997; Drob et al., 2015] reveal that the

poleward wind near the EIA crest region monotonically decreases during the time

of occurrence of post-sunset enhancement in airglow intensity reported in this

work. From 250 to 350 km altitude, there is a very slight variation noticed in the

magnitudes of meridional wind. Under this condition, the poleward wind will be

less efficient in pushing the plasma to the airglow emission altitude band centered

at ∼ 250 km. Therefore, the airglow intensity is expected to reduce monotonically

during post-sunset hours. This is in contrast to the observations reported in the

present work. In case of possible equatorward wind at this local time (during

equinox), one can expect an enhancement in VTEC. However, if that were the

case, one would have seen similar VTEC enhancements during June solstice also.

Therefore, the role of meridional wind does not appear to be straightforward
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Chapter 3: Post-sunset plasma density enhancements near the EIA crest region

and consistent with the variabilities of the post-sunset enhancements in VTEC

during the three seasons. Nevertheless, the contribution of meridional wind,

along with others parameters, is already included in the derivation of the parallel

component of plasma diffusion velocity (Equation 3.17). It is also noteworthy

that a significant reductions in the amplitudes of the post-sunset VTEC peaks

are seen during equinox in low solar activity years despite similar magnitudes

in the daytime peak eastward electric field (Figures 3.4b and 3.4e). Therefore,

the direct role of the daytime plasma fountain in causing the post-sunset VTEC

enhancement near the EIA crest region can be ruled out.

One can get a clue about the causal connection between PRE and the post-

sunset enhancements in VTEC near the EIA crest region by analyzing Figure 3.3.

The cases represented in Figure 3.3 reveals that the time delays between the peak

vertical drift associated with the PRE and the peak VTEC range from 1.4 to 2 hrs.

These time delays are consistent with the average time delay (∼ 1.7 hrs) between

the PRE and post-sunset enhancement in VTEC near the EIA crest region shown

in Figure 3.4. Interestingly, the post-sunset peaks in VTEC appear only during

December solstice and equinoctial months in high solar activity periods, and an

enhanced PRE is a hallmark feature for these two seasons in high solar activity

years [Fejer et al., 2008a] as seen in Figure 3.4. This result is also consistent

with the statistical work of Farelo et al. [2002]. They found in their work that

the amplitudes of the pre-midnight peak in NmF2 over low latitudes are most

pronounced during the winter solstice and Equinox in high solar activity years. It

is to be noted that post-sunset peaks in VTEC are absent on those occasions when

the PRE is subdued or absent (Figure 3.4). Therefore, it can be inferred that the

higher amplitudes of PRE strengthen the plasma fountain in the evening/post-

sunset hours, and this causes enhancements in VTEC and OI 630.0 nm airglow

intensity near the EIA crest region with an average time delay of ∼ 1.7 hrs.

The above discussion poses a conundrum. The post-sunset VTEC peak near

the EIA crest region is observed ∼ 1.7 hrs later than the occurrence time of the

peak PRE. This response time is significantly shorter than the corresponding re-

sponse time during day, which is of the order of 3-4 hrs. It is to be noted in
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this context that not only the response time (dip equator to crest) during day is

consistent with the earlier work of Rama Rao et al. [2006] but the occurrence of

minimum delay during December solstice in low solar activity years is also con-

sistent with the observations reported by Aswathy et al. [2018]. Further, it may

be noted here that observationally, the PRE over the Indian sector occurs about

half an hour later in Equinox compared to December solstice [e.g., Madhav Hari-

das et al., 2015; Sripathi et al., 2016]. This may reduce the response time of the

EIA crest region during Equinox if one uses vertical drift observations from the

dip equatorial station. Considering the objective of the present work is to show

the reduced response time of the EIA crest region corresponding to the PRE,

the conclusion drawn in this work regarding the reduced response time remains

unaffected. In order to understand the significance of the smaller response time

of the EIA crest region during post-sunset hours, it is important to consider the

parallel component (V∥) of plasma diffusion velocity in the meridional direction

is important to discuss. It is assumed that the perpendicular component (V⊥) is

negligible over low latitudes. The assumption is valid as, over low latitudes, the

contribution of V⊥ to the crest-ward movement of plasma is expected to decrease

as the dip angle increases. Tables 3.1 and 3.2 shows the variations in V∥ during

December solstice and Equinox. It can be said from Tables that V∥ is higher

during December solstice. Interestingly, it can be noticed in Table 3.1 that V∥ is

smaller in post-sunset hours (∼42-60 ms−1) compared to pre-noon time (∼70-88

ms−1) in December solstice. On the other hand, the V∥ values during post-sunset

and pre-noon hours vary from ∼08-19 ms−1 in Equinox. This is primarily due

to the weaker meridional wind during Equinox (Figure 3.7). Although V∥ values

are smaller in Equinox than in December solstice during post-sunset hours, the

enhancements in VTEC over the EIA crest region occur around the same local

time in these two seasons (Figures 3.4a and 3.4b). It is because PRE occurs later

in Equinox than in December solstice [e.g., Madhav Haridas et al., 2015; Sripathi

et al., 2016]. Further, it is also interesting to note that V∥ during post-sunset

hours (see Tables 3.1 and 3.2) is either of similar magnitude or less compared

to daytime. However, the response time is significantly less during post-sunset
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Chapter 3: Post-sunset plasma density enhancements near the EIA crest region

hours. This suggests that PRE is the main driver for the post-sunset enhance-

ment (2000-2100 LT) of VTEC or 630.0 nm airglow intensity over the EIA crest

region.
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Figure 3.8: Vector plasma fluxes at 1900 LT (left) and 2100 LT (right); the fluxes are

plotted on a linear scale, and the minimum vector length (zero length) correspond

to plasma fluxes less than 5× 106 cm−2s−1; positive magnetic latitude is northward.

Note the differences in the velocity vectors at these two local times [From Balan

et al., 1997].

Two important points emerge from the above discussion. The post-sunset

enhancement in VTEC near the EIA crest region depends on PRE (Figure 3.5).

In addition, Figure 3.6 suggests that the latitudinal gradient in the F region

plasma density becomes steeper during post-sunset hours. It is also verified that

these results are grossly consistent with the global GPS TEC maps (one can

verify on this link: https://cdaweb.gsfc.nasa.gov/). Such an enhancement

in TEC over the EIA crest region and depletion over the EIA trough region

during post-sunset hours can also be noticed in the earlier works corresponding

to geomagnetically quiet [e.g., Figure 1 of Chen et al., 2017] and disturbed periods

[e.g., Figure 6 of Rout et al., 2019]. A few earlier studies [e.g., Liu et al., 2007;

Sunda and Vyas , 2013] have reported the crest to trough ratio (CTR) to be

larger during the post-sunset hours. Based on Sheffield University Plasmasphere

Ionosphere Model (SUPIM), Balan et al. [1997] studied the equatorial plasma

fountain under magnetically quiet equinoctial conditions in high solar activity
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Figure 3.9: Variations of normalized SBAS-TEC with magnetic latitude (similar to

Figures 3.6b and 3.6d) at 1757, 1900, 1957, 2100, and 2157 LT for six representative

days during December solstice (a–f) and Equinox (g–l) are shown. It can be seen

that the latitudinal gradient from 5°N to 10°N to the EIA crest region maximizes

and then decays during the post-sunset hours.

period. Figure 3.8 presented here is taken from Balan et al. [1997], and this reveals

that at the time of the PRE (1900 LT), the F region plasma gets transported

to the EIA crest region from 5°N to 10°N magnetic latitude. As the plasma

transport from the dip equatorial region to the EIA crest is expected to take

3–4 hrs, the post-sunset enhancement over the EIA crest region is unlikely to

have plasma contribution from latitudes closer to the dip equator. Owing to the

significant magnitude of V⊥ until ∼ 7.5° dip latitude [Fejer et al., 1995] plasma

would primarily have vertical motions closer to the dip equator and would not

get sufficient time to reach the EIA crest region before electric field reversal.

Therefore, it is evident that the relative dominance of horizontal plasma transport
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Chapter 3: Post-sunset plasma density enhancements near the EIA crest region

from 5° to 10°N causes the enhancement of VTEC and airglow intensity at the

EIA crest region during post-sunset hours. As the latitudinal coverage is almost

half, the time taken for the PRE-driven plasma to reach the EIA crest region is

also reduced almost by half. In order to confirm this proposition, the latitudinal

TEC variations (normalized as in Figures 3.6b and 3.6d) on a large number of

days have been investigated. Figure 3.9 shows the latitudinal TEC variations

at five different local times (1757, 1900, 1957, 2100, and 2157 LT) separated

by about an hour for six representative days during December solstice (Figures

3.9a–3.9f) and Equinox (Figures 3.9g–3.9l). It can be noted that the latitudinal

gradient from 5°N to 10°N to the EIA crest region keeps increasing in the post-

sunset hours, maximizes sometime during 2000–2100 LT, and decreases afterward

as the plasma moves towards the equator from the crest region (Figure 3.8). This

strongly suggests plasma transport from low latitude to the EIA crest region

during 2000–2100 LT, resulting in steep latitudinal gradient in TEC. The fact

that the latitudinal gradient decreases from 5°N to 10°N to the EIA crest region

before ∼ 2200 LT suggests that the PRE-driven transport of plasma gets over

before this time. It is intuitively obvious that had the plasma traveled from

the dip equator to the EIA crest region, it would have taken similar time as it

takes during day. The PRE driven plasma closer to the dip equator does not get

that time as the reverse fountain starts around 2100 LT (Figure 3.8). Once the

reverse fountain starts, plasma starts to move towards the equator that leads the

weakening in the post-sunset enhancement in VTEC and airglow intensity.

As a concluding remark, it can be stated that if the plasma transport from 5°N

to 10°N to the EIA crest region occurs during the sharp fall in airglow intensity

that is associated with the F region sunset, the signature of the PRE-driven

fountain may not be conspicuous in airglow. This is because the rate of reduction

in airglow intensity is much higher during the F region sunset, and it will obscure

the enhancements due to the PRE (Figure 3.2e).
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3.5 Summary

In the present chapter, using the CADI measurements over Tirunelveli, the role

of pre-reversal enhancement of zonal electric field over the dip equatorial region

for the post-sunset enhancement in VTEC and OI 630.0 nm airglow intensity

near the EIA crest region is discussed. It is found that PRE causes the enhance-

ment in the plasma density near the EIA crest region during post-sunset hours

before the occurrence of the reverse fountain process. These enhancements are

only noticed only during December solstice and equinoctial months in high solar

activity years. Using SBAS-TEC data, it is proposed that plasma gets trans-

ported from 5°N to 10°N magnetic latitude to the EIA crest region under the

influence of stronger PRE in these two seasons resulting into VTEC and airglow

enhancements. The response time of the EIA crest region corresponding to the

PRE-driven fountain is found to be almost half compared to that associated with

daytime plasma fountain. Merdional wind is higher during daytime. However,

its’ strength weakens during evening hours. It will contribute less in the parallel

velocity. This suggests less significant role of meridional wind. In summary, the

present chapter suggests that PRE is the driver for post-sunset enhancements of

plasma density over the crest region of equatorial ionization anomaly.
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Chapter 4

PRE is a necessary but not

sufficient condition

Excerpts

In Chapter-3, it is shown that the post-sunset enhancements over the EIA crest

region are primarily driven by the pre-reversal enhancement of zonal electric field.

In this chapter, it is shown that although PRE is the most important factor, it is

not only the factor that determines the degree of post-sunset enhancements over

the EIA crest region. In Chapter-3, the response time of the EIA crest region

during the afternoon and post-sunset hours is discussed with respect to peak am-

plitudes of the dip equatorial F-region vertical drifts during daytime and evening

hours. It is also shown that the post-sunset enhancements are conspicuous during

December solstice and Equinox only in high solar flux levels. In this chapter, we

focus on the mechanism of the post-sunset enhancements in more detail. In this

chapter, based on 10 years of VTEC data in solar cycle 24 over Ahmedabad, it

is shown that post-sunset enhancements in VTEC are conspicuous during 2000-

2100 LT in Equinox and December solstice when solar flux level exceeds 110 sfu.

However, post-sunset enhancements are not seen in June solstice under similar

solar flux levels. Further, these enhancements are not observed during the pe-

riod of sudden stratospheric warming events, even when the solar flux levels are

higher than 110 sfu. Notably, it is found that integrated enhancements in the
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crest region plasma during post-sunset hours show linear and parabolic depen-

dence on the solar flux level in December solstice and Equinox. Detailed analysis

shows that parabolic/quadratic fitting is better suited for December solstice and

brings out the saturation in VTEC enhancements during post-sunset hours at

high (> 160 sfu) solar flux levels. Based on these observations and Thermosphere

Ionosphere Electrodynamics-General circulation model (TIE-GCM) outputs, it

is advocated that the pre-reversal enhancement in the equatorial F region zonal

electric field works in tandem with the latitudinal gradient in the F region plasma

density to determine the degree of VTEC enhancement over the EIA crest region

during post-sunset hours. In addition, the interhemispheric asymmetries in differ-

ent seasons over the crest location are also partly captured by TIE-GCM outputs

at different solar flux levels.

4.1 Introduction

The low latitude ionosphere is the most affected region in the whole globe as far

as the L-band scintillation during post-sunset hours is concerned. Basu et al.

[1988] showed that the scintillations over the EIA crest region are the most pro-

nounced during high solar activity. Because of maximum L band scintillation,

the EIA crest region faces significant problems as far as communication and nav-

igational applications are concerned. These scintillations are caused by the F

region irregularities [e.g., Aol et al., 2020]. In addition to these plasma irregu-

larities and associated scintillations, the low latitude ionosphere is also known

for the post-sunset enhancement in the F region plasma [e.g., Bittencourt et al.,

2007; Farelo et al., 2002; Kulkarni , 1969; Rao and Kulkarni , 1973; Su et al., 1994;

Xiong et al., 2016] as discussed in Chapter-3. In Chapter-3, it is discussed that

these enhancements occur after sunset and peak at 2000 LT morphologically. It

is also noticed that these enhancements can be captured in VTEC and OI 630.0

nm airglow intensity measurements near the EIA crest region.

In Chapter-3, it is noticed that to understand the genesis of these post-sunset

enhancements, one has to understand the F region equatorial plasma fountain
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(EPF) process [e.g., Anderson, 1973a,b] as this process changes the distribution

of F region plasma over low latitudes (discussed in section 1.7.2). The EPF

generates two higher plasma density regions around ±15° magnetic latitudes.

Plasma near equatorial region gets depleted. The enhanced and depleted plasma

region is known as the EIA crest and the EIA trough region (See section 1.7.2

and Figure 1.9). It is known that the EIA crests become asymmetric due to the

effects of the meridional wind [e.g., Anderson, 1973a].

It is known that the F region electric field shows eastward/westward polar-

ities during daytime/nighttime. However, this transition is not monotonic and

punctuated by the enhancement of the F region electric field. This enhancement

in the zonal electric field (or vertical drift) is known as pre-reversal enhancement

(PRE) [e.g., Fejer , 2011; Eccles et al., 2015]. The mechanism and variabilities

of PRE are discussed in detail in Chapter-1. It is argued in Chapter-3 that

as the zonal electric field gets enhanced during PRE hours, it is expected that

the plasma fountain process should get reinvigorated at this time, and it would

change the low latitude plasma distribution. The PRE rejuvenated fountain pro-

cess enhances the plasma distribution over the low latitudes in general and the

EIA crest region specifically.

It was already discussed in the previous chapter that the post-sunset F region

plasma density enhancements over the EIA crest region are pronounced during

two seasons- December solstice and Equinox in the period of high solar activity.

These seasonal and solar activity dependences of the post-sunset enhancements

seem to be connected to what had been noticed in the case of PRE [e.g., Scherliess

and Fejer , 1999; Fejer et al., 2008a]. It has been shown in Chapter-3 that the

post-sunset plasma density enhancements near the EIA crest show the day to day

and seasonal dependences that are consistent with the day to day and seasonal

variabilities of PRE. However, at this juncture, it is not known whether the post-

sunset enhancement in VTEC near the EIA crest region shows similar solar flux

dependence as that of PRE. This is an important missing link, and evidence in this

regard will strengthen the causal connection between PRE of the F region zonal

electric field over the dip equator and the post-sunset enhancement in VTEC over
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Chapter 4: PRE is a necessary but not sufficient condition

the EIA crest region.

In the previous studies, a few researchers provided indications on the solar

flux dependence of the low latitude plasma distribution in post-sunset hours and

the role of PRE. The work of Whalen [2004] shows that both post-sunset EIA

and PRE vary linearly with solar flux. Abdu et al. [2008] suggested that the

PRE-driven plasma fountain in the evening hours can significantly change the

TEC, foF2 and the intensity of EIA, and these changes are solar flux dependent.

However, it was not mentioned whether these enhancements would occur at any

solar flux level and whether PRE is a necessary as well as a sufficient condition for

the post-enhancements. Further, Chen et al. [2017] modeled the PRE outputs by

coupled ionosphere-thermosphere data assimilation and presented a stronger EPF

during evening hour under the influence of a stronger PRE. Owing to stronger

EPF during the evening hours, they observed a deepening of the EIA trough.

These results are consistent with the observations [e.g., Liu et al., 2007; Zhang

et al., 2009] in which it is shown that the latitudinal plasma gradient from trough

to crest as well as crest to trough ratio (CTR) becomes higher during post-sunset

hours. Interestingly, in their works, they noticed that CTR showed stronger solar

flux dependence during post-sunset hours than noon hours. Further, the local

time [e.g., Zhang et al., 2009; Oryema et al., 2016], seasonal [e.g., Olwendo et al.,

2016], solar flux [e.g., Liu et al., 2007; Zhang et al., 2009], longitudinal [e.g., Sunda

and Vyas , 2013] and solar activity dependence [e.g., Zhao et al., 2009] of CTR had

also been brought out. Oryema et al. [2016] noticed the maximum value of CTR

during the period 21-23 LT. Liu et al. [2007] compared the CTR of evening/post-

sunset and noon time and found 2-3 times higher CTR during post-sunset hours

with increasing solar activity. The above results as well as our results discussed

in Chapter-3 motivated us to understand the solar flux dependence of the post-

sunset enhancements of the plasma density over the EIA crest region in greater

detail and to address its’ causal connection with PRE. In the present chapter, a

detailed attempt is made to explore what minimum amplitude of PRE is required

for a detectable enhancement of plasma density near the EIA crest region and/or

there are other additional factors that contribute to these enhancements. In
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other words, the present chapter deals with the question- Is PRE a necessary as

well as a sufficient condition for the post-sunset enhancement over the EIA crest

region? PRE is a necessary as well as a sufficient condition for the post-sunset

enhancements reported in Chapter-3.

4.2 Datasets used
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Figure 4.1: Comparison of NavIC-VTEC and GPS-VTEC for four quiet days 01

May 2018 (a), 27 April 2018 (b), 25 April 2018 (c),and 28 April 2018 (d) over

Ahmedabad.

The vertical total electron content (VTEC) data over Ahmedabad (23.0° N,

72.6° E, dip angle 35.2°) is described briefly in Chapter-3, and the derivation tech-

nique is discussed in Chapter-2. VTEC data for more than a decade (November

2009-December 2019) is used in the present analysis. In this work, the quiet

period data are selected based on the Ap index. Daily mean Ap ≤ 15 on the

chosen day and the previous day qualify the chosen day as a “quiet day.” Based

on the GPS observations, the slant TEC (STEC) values are derived first. These

STEC values are converted to vertical TEC values (VTEC) using an obliquity

factor or mapping function [Mannucci et al., 1993], which is a function of the
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Chapter 4: PRE is a necessary but not sufficient condition

elevation angle of the respective GPS satellite. In the present investigation, an

elevation mask of 30° is used to minimize the multipath and troposphere scat-

tering effects [e.g., Chakrabarty et al., 2012] as these effects are more prominent

at lower elevation angles. It is also to be noted here that the ionospheric pierce

points (IPPs) change with the movements of the GPS satellites [e.g., Huang et al.,

2020]. This may result in slight changes in the averaged GPS-VTEC. However,

for geostationary (GEO) satellites, the IPPs are nearly stationary. Therefore,

before using GPS-VTEC data in the present work, we compared GPS-TEC vari-

ations with the GEO-VTEC variations from the same location (Ahmedabad).

The GEO-VTEC data used in the present work comes from the Indian Regional

Navigation Satellite System (IRNSS) known as NavIC (Navigation with Indian

Constellation). IRNSS-NavIC system is described in Chapter-2 and the tech-

nique to derive VTEC from NavIC is also discussed there. It has been shown

[e.g., Ayyagari et al., 2020] that the NavIC-VTEC and GPS-VTEC are remark-

ably consistent over the Indian sub-continent in general and the northern EIA

crest region in particular. Similar to this work, we have also verified this for

the Ahmedabad station. Four geomagnetically quiet days, 01 May 2018, 25, 27

& 28 April 2018, are chosen to compare the VTEC values obtained from GPS

and NavIC receivers located at the Physical Research Laboratory, Ahmedabad.

NavIC-VTEC is obtained from one of the IRNSS-NavIC satellites named IRNSS-

1C (PRN I03 at 83° E). IRNSS-1C is one of the geostationary satellites of NavIC.

Figure 4.1 depict the comparison of the IRNSS-VTEC (in red) and GPS-VTEC

(in black). It can be noted that the GPS-VTEC and NavIC-VTEC variations are

nearly identical. However, the post-sunset VTEC enhancements seen in GPS-

VTEC are not so conspicuous in NavIC-VTEC probably because of the larger

ray path and smaller magnitudes of the enhancements. The GPS-VTEC values

are well within 15% of the NavIC-VTEC values regardless of the local time.

The GPS-VTEC data are grouped into three seasons for 10 consecutive years

(November 2009 to October 2019) and compared. To give an example, the data for

the year 2009-10 comprise the VTEC data from November 2009 to October 2010,

2010-11 consists of the VTEC data from November 2010 to October 2011 and so

98



4.2 Datasets used

6 8 10 12 14 16 18 20 22 24

LT (in hrs)

0

20

40

60

80

V
T

E
C

 (
in

 T
E

C
U

)

Class- 1
(Post-sunset enhancement)

a2014-15 (144 sfu)
88 days

December solstice 

17 18 19 20 21 22 23

LT (in hrs)

10

35

60

V
T

E
C

 (
in

 T
E

C
U

)

-2

0

2

4

6

8

10
b

P
(x,y)

x=20.0
y=4.45

6 8 10 12 14 16 18 20 22 24

LT (in hrs)

0

20

40

60

80

V
T

E
C

 (
in

 T
E

C
U

)

Class- 2
(NO post-sunset enhancement)

c2017-18 (70 sfu)
80 days

17 19 21 23

LT (in hrs)

0

10

20

-2

0

2

4

6

8

10

R
es

id
u

al
s 

(i
n

 T
E

C
U

)

d

Figure 4.2: Two representative classes of diurnal VTEC variations (a) Class-1: with

post-sunset enhancement (December solstice, 2014-2015) and (c) Class-2: without

post-sunset enhancement (December solstice, 2017-2018) are shown. The gray

curves in a-d are the variations on individual days and the bold black curves repre-

sent the average variations. The solar flux levels and the number of days’ data used

to construct the average curve are also provided in each Figure. VTEC variations

during 17-23 LT are blown-up in Figures b and d to show the presence and absence

of post-sunset enhancement in VTEC in the average variations. Linear fitting (blue

dashed lines) is carried out to extract the residuals (red lines) that reveal the post-

sunset enhancement in (b) and post-sunset reduction (d) in VTEC in the average

variations. The coordinates of the point P (x,y) in (b) shows the peak VTEC level

during the post-sunset enhancement period and the corresponding local time.

on. Further, each year is divided into three seasons - December solstice (Novem-

ber, December, January, and February), Equinox (March and April, September

and October), and June solstice (May, June, July, and August). Daily average

F10.7 cm solar radio flux is also grouped in the same manner for comparison. In

addition, to quantify the relationship between the post-sunset enhancements in

VTEC (∆VTEC) and the solar flux, the ∆VTEC (∆VTEC is defined in Figure

4.6-a,e) data are also grouped according to the solar flux values ranging from

80-180 sfu (sfu = solar flux unit, 1 sfu = 10−22Wm−2Hz−1) in a bin size of 5 sfu.
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Chapter 4: PRE is a necessary but not sufficient condition

It is to be noted here that the bins with less than 10 days’ of VTEC data are

not considered in the present work. 5 minutes’ average VTEC data is used in the

present investigation.

In order to identify the post-sunset enhancements in VTEC, two represen-

tative classes are chosen and shown in Figure 4.2. Figure 4.2 (a, c) show the

local time variations of individual VTEC variations (gray lines) during 06-24 LT

in December solstice in the year 2014-15 and 2017-18. In class-1 (2014-15), the

post-sunset enhancement in VTEC is observed, and in class-2 (2017-18), it is not.

This is diagnosed by the average curve (black, bold line) superimposed on the

gray curves, and this average curve is constructed based on the mean of VTEC

variations for all the individual days shown in gray lines. The average solar flux

levels and the number of days used to construct the average curve are also men-

tioned in the figures. Even without the aid of any analysis, it can be noted that

the post-sunset enhancement in VTEC in the average curve at ∼20 LT is conspic-

uously identifiable for class-1 and not for class-2. In order to clearly identify the

enhancements, the VTEC variations during 17-23 LT are expanded and shown

in Figures 4.2 (b, d). In these figures, the linear fitting technique is applied to

join the points that mark the start and end of the enhancements as in Figure

4.2b (or negative enhancements/decrease as in Figure 4.2d). The start and end

of the linear fits are marked by the vertical dashed lines. The linear fits are shown

in dashed blue lines. The residuals obtained by subtracting the blue lines from

the black lines are shown by the red curves and the corresponding Y-axis scales

are also shown on the right hand side of Figures 4.2 (b, d). Positive residuals

suggest the presence of enhancements in VTEC and negative residuals suggest

the absence of any enhancement. Note, the first order derivative is used to iden-

tify the time of occurrence of the post-sunset enhancement (Figure Figure 3.6 of

Chapter-3). However, when it comes to the quantification of the enhancements,

the residuals are used as described here. There, the first order derivative is used

to find the post-sunset enhancement. The details can be found in Chapter-3.

It can be seen that in case of class-1 (Figure 4.2b), the residuals are positive,

whereas in the case of class-2 (Figure 4.2d), the residuals are negative. The peak
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value of the positive residual (enhancement) is marked by a black star and de-

noted by P(x, y) where x, y denote the abscissa and the ordinates. For example,

in case of Figure 4.2b, the peak in the post-sunset enhancement is found to occur

at 2000 LT with the magnitude of enhancement of 4.45 TECU. In Figure 4.2 and

subsequently, in Figures 4.3-4.5, the coordinate values (x, y) of the peak positive

residual are mentioned wherever enhancements are found. It is to be noted here

that in some of the earlier works [e.g., Young et al., 1970; Balan and Rao, 1984;

Liu et al., 2013] related to post-sunset enhancements, exponentially fitted curves

are used to extract the post-sunset enhancements in foF2 and VTEC. While the

linear fitting may under/over-estimate the post-sunset enhancements to some ex-

tent on occasions, the exponential fitting is sensitive to the choice of the initial

point from where the fitting starts. This too may lead to under/over-estimations

of residuals. Nevertheless, it has been verified that the residuals obtained by

both fitting procedures closely match with each other if done carefully. In order

to minimize the fitting subjectivity from one curve to another, a linear fitting

procedure is adopted in the present work to extract the residuals and to identify

the post-sunset enhancements in VTEC.

TIE-GCM outputs

Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM)

is used to understand the altitudinal and latitudinal variation of the plasma den-

sity and vertical drift over low latitude ionosphere at different solar flux levels.

The electron density and vertical drift outputs in the present work are generated

for the height range of 100-700 km for the whole globe and simulation results

are used according to a requirement in the present study. For model run, the

input solar wind magnetic field, velocity and plasma density are taken as 0 nT,

400 km s−1 and 4 cm−3 respectively. TIE-GCM outputs are obtained for three

seasons - December solstice, Equinox, and June Solstice and at three solar flux

levels (100, 130, and 160 sfu) and also obtained at higher solar flux from 170 to

200 sfus in steps of 10 sfu only for December solstice and Equinox. The dates for

the model runs are chosen accordingly during 2009-2019.
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4.3 Results

Figure 4.3: VTEC variations on individual days (gray), average variation of VTEC

(black) and residuals of average VTEC (red) in December solstice during 2009-10

(a), 2010-11 (b), 2011-12 (c), 2012-13 (d), 2013-14 (e), 2014-15 (f), 2015-16 (g),

2016-17 (h), 2017-18 (i), and 2018-19 (j). The start/end times of the residuals

are marked with the vertical dashed lines. The number of days that goes into the

calculation of the average VTEC variations and corresponding average solar flux

levels are also mentioned for each year. Unambiguous post-sunset enhancements

are seen during 2011-2012, 2013-2014 and 2014-2015. In 2012-2013, the residuals

start becoming positive.

Figures 4.3 (a-j) depict the daily variations in VTEC (gray lines), mean varia-

tion in VTEC (black line) and the residuals (red line), respectively, for consecutive
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10 years (2009-2019) during the December solstice in solar cycle 24. Two vertical

dashed lines in black color mark the intervals for which the residuals are calcu-

lated based on the linear fitting technique as described in Figure 4.2. The number

of days to construct the average VTEC, as well as the average solar flux level of

those days are provided in each subplot. By following the dashed black vertical

lines, one can figure out the occurrence of post-sunset enhancements in VTEC

in varying degrees identified by the residuals. It is interesting to note that the

residuals have positive values in Figures 4.3c (2011-12, 132 sfu), 4.3e (2013-14,

151 sfu), and 4.3f (2014-15, 144 sfu) only. In these three years, the peak residuals

occur at ∼ 2000 LT (with an amplitude of 1.22 TECU), ∼ 2010 LT (with an

amplitude of 1.90 TECU) and ∼ 2000 LT (with an amplitude of 4.45 TECU), re-

spectively. On other occasions, either residuals are close to zero/slightly positive

(as in 2012-13) or unambiguously negative (the rest of the cases). It is noted that

the amplitude of the post-sunset peak in VTEC starts increasing as the solar ac-

tivity starts increasing in cycle 24 with the exception of 2012-13. The amplitude

seems to become maximum in 2014-15 and decreases thereafter. Interestingly, it

appears from Figure 4.3 that the amplitude of the post-sunset enhancement in

VTEC during December solstice starts to become positive if the solar flux value

exceeds at least 112 sfu (as in 2012-13). It is also important to note here that

the year 2012-13 and particularly the December solstice of 2012-13 is associated

with a number of sudden stratospheric warmings (SSWs) events [e.g., Nath et al.,

2016]. Obviously, Figure 4.3d suggests that the amplitudes of VTEC residuals

are less during SSWs events. Therefore, for the sake of simplicity, this lower limit

of the solar flux level at which the residuals start turning positive is taken at

approximately 110 sfu. In the absence of SSW, this solar flux level may lie below

110 sfu but we will neglect this consideration here. It can be found in the ensuing

paragraph that the choice of 110 sfu as a lower cut-off is consistent with Equinox

also.

While Figure 4.3 shows the variations in December solstice, Figure 4.4 depicts

similar variations during Equinox. During this season, the positive values of

residuals or the post-sunset enhancements in VTEC are noticed in Figures 4.4b
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Figure 4.4: Same as Figure 4.3 but for Equinox.

(2010-11, 125 sfu), 4.4c (2011-12, 118 sfu), 4.4d (2012-13, 119 sfu), 4.4e (2013-

14, 149 sfu), and 4.4f (2014-15, 119 sfu). The peak residuals occur at ∼ 2006

LT (with an amplitude of 2.10 TECU), ∼ 1940 LT (with an amplitude of 1.88

TECU), ∼ 1930 LT (with an amplitude of 0.70 TECU), ∼ 2020 LT (with an

amplitude of 3.46 TECU) and ∼ 2000 LT (with an amplitude of 0.73 TECU),

respectively. On other occasions, the residuals are unambiguously negative. The

highest solar flux year during Equinox is noted in 2013-14 (Figure 4.4e), and

the magnitude of peak residual is also found to be the highest (3.46 TECU) in

this year. It is also interesting to note that corresponding to the same solar flux

levels noticed in 2012-13 (Figure 4.4d) and 2014-15 (Figure 4.4f), the magnitudes
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of the peak residuals are also nearly equal. Unlike December solstice, the post-

sunset enhancement in VTEC is present in the year 2012-13. Since the residual

is unambiguously positive, corresponding to the solar flux level of 119 sfu (2014-

2015), and it is negative for the solar flux level of 90 sfu (2015-2016), we assume

that the residuals start becoming positive midway between 119 and 90 sfu. This

mid solar flux level is ∼ 105 sfu. Therefore, for simplicity, it is assumed in this

case also that if the solar flux level exceeds 110 sfu (lower cut-off), the residuals

will be positive.

Figure 4.5: Same as Figures 4.3 and4.4 but for June Solstice.

Similar to Figures 4.3 and 4.4, Figure 4.5 also depicts the daily variations in

VTEC, mean variation in VTEC and residuals but for June Solstice. In contrast
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to Figures 4.3 and 4.4, positive residuals are observed in all the years in June

solstice except in 2009-10. However, most importantly, the peaks in positive

residuals occur mostly around 1900 hrs or before except mainly during 2017-18,

when it occurs considerably later than 1900 LT. This is in sharp contrast with the

December solstice and Equinox, wherein the peaks in the positive residuals occur

mostly ∼ at 2000 LT. In fact, negative residuals (not shown here) are obtained

during 2000-2100 LT for almost all the years in June solstice. Another noticeable

feature is the apparent disconnect of the amplitude of the positive residual with

the solar flux levels. For example, in 2012-13, when the solar flux level is 120

sfu, the amplitude of the positive residual is 2.21 TECU, whereas in 2013-2014,

when the solar flux level is 132 sfu, the amplitude of the positive residual is 1.65

TECU. Therefore, it appears that the VTEC residuals have little connection with

the solar flux levels in June solstice. This aspect is addressed in detail again in

Figure 4.6.

Figures 4.3-4.5 bring out the variations in the VTEC residuals with solar

activity for three seasons in solar cycle 24 over Ahmedabad. However, since post-

sunset enhancements take place for a finite interval, it is necessary to consider

the integrated VTEC under the residual curves to quantitatively explore the re-

lationship between the post-sunset enhancement in VTEC and solar flux levels.

In other words, the area under the curve of the residual VTEC curve (∆VTEC)

is more important than the peak amplitude of residual VTEC. The area under

the curve of VTEC is important because PRE occurs for a finite period. This is

done in Figure 4.6 for December solstice, Equinox and June solstice. Figures 4.6a

and 4.6b depict the representative local time variation of VTEC for individual

days (in gray) as well as average VTEC (black line) with the standard deviations

(±1σ) during Equinox wherein the solar flux levels vary between 146-150 sfu. For

the sake of clear representation, ±1σ variations are shown only at a few points.

The upper and lower envelopes of the ±1σ variations are marked by solid and

dashed blue lines. The calculation of integrated VTEC is carried out in two ways

and demonstrated in Case-1 (Figure 4.6a) and Case-2 (Figure 4.6b). In Case-1,

only the residual area under the curve is considered (marked by the red shaded
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Figure 4.6: Local time variations in VTEC over Ahmedabad, two methods of calcu-

lating integrated VTEC and as well as the solar flux dependences of post -sunset en-

hancements in VTEC are shown. Figure (a and e): The variations during Equinox

(gray lines) along with the average VTEC (black line) variation and standard de-

viations (a few ±1σ lines are only shown to avoid cluttering) are shown. Integrated

VTEC (∆VTEC) calculated in two different ways during the post-sunset enhance-

ment period. During this period, the solar flux levels vary between 146-150 sfu.

The solid and dashed blue lines in Case-1 and Case-2 are the upper and lower

envelopes of ±1σ variations respectively. While in Case-1, only the area under the

curve of residual enhancement (shaded by red) is calculated, the total area under

the curve of residual enhancement (shaded by red + green in Figure b) is calculated

for Case-2. Figure (b-d) and (f-h) show the variations of ∆VTEC (along with the

±1σ calculated based on the solid and dashed blue curves in Figures a and e) with

respect to the binned (in steps of 5) F10.7 cm solar flux levels for three seasons but

for Case-1 and Case-2 respectively. Note the X-axis scales for December solstice

and Equinox are different from that of June solstice. For both Case-1 and Case-2,

the linear fits (red line), parabolic fits (blue lines) as well as the corresponding cor-

relation coefficients (R2) are shown along with the fitting equations for December

solstice and Equinox. Fitting starts from 110 sfu. The ∆VTEC and F10.7 cm solar

flux seem to be unrelated for June solstice unlike December solstice and Equinox.
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area) and in Case-2, the total area under the curve (red + green shaded area) is

considered. Therefore, while in Case-1, only the integrated residual enhancement

in VTEC is calculated, the integrated total VTEC enhancement is calculated

in Case-2. We term these as integrated residual VTEC (Case-1) and integrated

total VTEC (Case-2). It is obvious that Case-2 additionally integrates the back-

ground VTEC level over Ahmedabad on which the post-sunset enhancement can

be thought to be superimposed. In a similar fashion, the area under the curves

is also calculated for the ±1σ curves marked in red and blue lines in Figures 4.6a

and 4.6e. The number of days that goes into the calculation of each point in a

particular solar flux bin is mentioned and the ±1σ values are shown in Figures

4.6 (b-d) and 4.6 (f-h). The unit of ∆VTEC in both cases is TECU-hr.

In Figure 4.6(b-d), ∆VTEC changes as per Case-1 are averaged over 5 sfu

bin for December solstice, Equinox and June solstice, respectively, and are plot-

ted against the binned solar flux levels. On the other hand, in Figures 4.6(f-h)

the same is done for Case-2. In Figure 4.6(b, c) and 4.6(f, g), the linear and

parabolic fits are shown with red and blue lines along with the fitted equations

and corresponding R2 values. Both the linear and parabolic fits start from 110

sfu as the residuals start becoming positive from this solar flux level (stated while

describing Figures 4.3 and 4.4). A few important observations can be made based

on Figure 4.6 (b, c, f, g) that are listed below.

1. The R2 values are not significantly different for December solstice and

Equinox for both Case-1 and Case-2 and fits (compare 4.6b-4.6c and 4.6f-

4.6g).

2. Most importantly, the R2 values in Case-2 are significantly higher than

those in Case-1 during both December solstice and Equinox for both linear

and parabolic fits (compare 4.6b-4.6f and 4.6c-4.6g). Therefore, it appears

that the background VTEC level, on which the post-sunset enhancement is

superposed, is an important factor if one wants to evaluate the correlation

between solar flux and post-sunset enhancement (∆VTEC).

3. Based on R2 values, it can also be inferred that parabolic fits approximate
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the relationship between ∆VTEC and F10.7 cm solar flux in a slightly

better way than the linear fits, particularly during December solstice for

Case-2 (Figure 4.6f). It is inferred here that integrated VTEC over the

crest region has higher dependency on solar flux.

4. The better applicability of parabolic fit during December solstice for the

total integrated VTEC (Figure 4.6f) seems to suggest a possible saturation

effect at higher solar flux levels.

5. In sharp contrast to December solstice and Equinox, no systematic rela-

tionship could be established between ∆VTEC and solar flux levels during

June solstice in both cases as seen in Figure 4.6(d, h).

6. The degree of scatter seems to increase as one goes to higher solar flux levels

during December solstice and Equinox.

7. Finally, the slope of the linear fit is more for Equinox (slope = 1.76, see

Figure 4.6g) than for December solstice (Slope = 1.18, for Figure 4.6f). The

correlation coefficient is also higher in Equinox than December solstice.

In order to understand the results obtained in Figure 4.6 from a bigger per-

spective, TIE-GCM outputs are obtained. These results are shown in Figure 4.7.

In this figure, the TIE-GCM outputs are shown for the three seasons (Decem-

ber solstice, Equinox and June solstice), for three different solar flux conditions

(100, 130 and 160 sfu) and at five local times (1800, 1900, 2000, 2100 and 2200

hr). This figure is labelled as a matrix consisting of 5 × 3 subplots wherein the

December solstice, Equinox and June solstice are represented by a, b and c, re-

spectively. The subplots in the first (a11 − a51), second (a12 − a52) and third

(a13 − a53) columns of a particular season represent the temporal evolution of F

region plasma density in the geomagnetic latitude (from −30° to +30° N) and

altitude (from 100 to 700 km) plane during post-sunset hours. One can note

from Figure 4.7 that not only the location of the crest region (identified by the

maximum plasma density over latitudes) but also the density over the EIA crest

region varies with solar flux, seasons, and local time. In order to calculate the
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Figure 4.7: (a) Left to right: Electron density variations in the magnetic latitude

(from −30° to +30°) vs altitude (from 100 to 700 km) plane along 75° E longitude

in December solstice corresponding to solar flux levels of 100, 130, and 160 sfu.

Panels b and c are same as a but for Equinox and June solstice respectively. From

top to bottom, the local time increases from 1800 to 2200 LT. A common color

scale is used throughout the figure. This figure is generated based on TIE-GCM

model outputs.

latitudinal plasma density gradient, the altitude corresponding to the maximum

F region plasma density (Nmax
crest) over the EIA crest region is identified. The

F region plasma density over the EIA trough region corresponding to the same

altitude is taken as Nmin
trough. For the present work, the latitudinal plasma den-

sity gradient in the northern hemisphere is considered as the Ahmedabad-TEC

measurements are from the northern hemisphere. The latitudinal plasma density

gradient is defined here as (Nmax
crest – Nmin

trough)/(Latcrest − Lattrough) in the unit of

cm−3 deg−1. Table 4.1 lists the values of the maximum (peak) plasma density

over the EIA crest, latitudinal plasma density gradients and the equatorial verti-

cal drift derived from the TIE-GCM outputs for five local times, three solar flux

levels and three seasons. Figure 4.7 reveals that the plasma density over the EIA
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crest region is lower at 100 sfu and as the solar flux level increases, the plasma

density over the crest region increases conspicuously (Table 4.1). The density at

the trough does not seem to change so significantly with solar flux levels. This

leads to a higher crest to trough ratio (CTR) and latitudinal plasma density gra-

dient at higher solar flux levels as confirmed by the values shown in Table 4.1.

The latitudinal density gradient is, therefore, highest at 160 sfu. Interestingly,

the latitudinal density gradient during December solstice (Figures a13 − a53) and

Equinox (Figures b13 − b53) are larger than that during June solstice (Figures

c13 − c53). It can also be noted that the plasma densities over the EIA crest

region during December solstice and Equinox are either comparable or slightly

higher during December solstice. This is why the latitudinal density gradients

are found to be higher during the December solstice, as can be noted from Table

4.1.

Based on TIE-GCM outputs, variations in vertical drift is shown within mag-

netic latitude −30°-+30° at five local times 1800, 1900, 2000, 2100 and 2200 local

time (from top to bottom in each column) during three seasons December sol-

stice, Equinox and June solstice from left to right columns at 100 sfu in Figure

4.8. Similarly, Figures 4.9 and 4.10 show vertical drift variations at 130 and 160

sfu, respectively. The dip equatorial vertical drift values depicted in Figures 4.8,

4.9 and 4.10 are listed in Table 4.1 at five local times and three solar flux levels

for the three seasons as well. It is noted from Figures 4.8, 4.9, and 4.10 that the

maximum (more positive) vertical drift associated with PRE occurs at 1900 LT

for all three seasons (see panels b, g and f in Figures 4.8, 4.9 and 4.10). This is

slightly delayed as one compares this with the observations over the Indian sector

[e.g., Madhav Haridas et al., 2015; Pandey et al., 2017] and also with the global

empirical model outputs [Fejer et al., 2008a]. It is to be noted that during June

solstice, PRE associated vertical drift becomes significantly positive at 160 sfu

only. Further, for a given solar flux level, the equatorial vertical drift at 1900 LT

during Equinox is more than the corresponding drift during December solstice

(see panels b & g in Figures 4.8, 4.9 & 4.10). This is in contrast with the outputs

obtained for latitudinal plasma density gradients for these two seasons. Interest-
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Figure 4.8: Variation in vertical drift with magnetic latitude in December solstice

(left panel), Equinox (middle panel) and June solstice (right panel) along 75° E

longitude. From top to bottom, the local time increases from 1800 to 2200 LT.

This figure is generated based on TIE-GCM model outputs corresponding to 100

sfu.

ingly, both the latitudinal plasma density gradient and equatorial vertical drift

are minimum during June solstice. One more point is noted in Figures 4.8-4.10

the dip equatorial vertical drifts become more negative during December solstice

and Equinox. This feature can probably help to understand the reverse plasma

fountain. However, lest we lose focus, this aspect is not addressed in detail in

the present thesis and will be taken up in future work. The implications of these

results are discussed in the ensuing section.
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Figure 4.9: Similar to Figure 4.8 but at 130 sfu.

4.4 Discussion

Several researchers [e.g., Bittencourt et al., 2007; Farelo et al., 2002; Kulkarni ,

1969; Su et al., 1994; Xiong et al., 2016] have previously reported the post-sunset

enhancements in the F region plasma density over low latitudes but its causative

mechanism is not comprehensively investigated. Su et al. [1994] showed the post-

sunset enhancement in TEC and suggested the role of PRE. They concluded

their results based on TEC observations, only. Further, the work of Kumar et al.

[2021] confirmed that these enhancements during December solstice and Equinox

are driven by the reinvigorated plasma fountain driven by PRE in the post-sunset
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Figure 4.10: Similar to Figures 4.8 and 4.9 but at 160 sfu.

hours using the GPS-TEC, dip equatorial drifts data over near Indian longitudes.

The present investigation takes it a step forward by analyzing the year-wise pro-

gression of the post-sunset enhancements in solar cycle 24 (2009-2019) and elicits

that these enhancements are significant only if the solar flux level exceeds 110 sfu

during December solstice and Equinox. Since the post-sunset enhancements are

primarily driven by PRE and the amplitude of the PRE depends on solar flux

level [e.g., Fejer et al., 1989, 1991, 2008a; Ramesh and Sastri , 1995], it can be ex-

pected that for a detectable post-sunset enhancement near the EIA crest region,

one requires a minimum PRE amplitude or vertical drift over the dip equator.

In fact, the work of Scherliess and Fejer [1999] suggests that the amplitude of
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Table 4.1: Latitudinal plasma gradients in black (in 105 cm−3 deg−1) and vertical

drifts (in ms−1) over the dip equator in blue at 1800, 1900, 2000, 2100 and 2200 LT

(top to bottom) in December solstice corresponding to 100, 130 and 160 sfu levels

(left to right), as derived from the TIEGCM outputs, are tabulated in the left

block. Similar data derived for Equinox and June solstice are provided in middle

and right blocks respectively.

December solstice Equinox June solstice

Local

time

100

sfu

130

sfu

160

sfu

100

sfu

130

sfu

160

sfu

100

sfu

130

sfu

160

sfu

Peak plasma density over the EIA crest in units of 106 cm−3

Latitudinal density gradients are in units of 105 cm−3 deg−1 and

equatorial vertical drifts are in units of m s−1

1800 1.35 2.04 2.66 1.61 2.14 2.65 1.20 1.59 1.91

1.0 1.3 1.6 0.8 1.1 1.4 0.4 0.7 0.8

2.9 10.0 15.6 5.8 9.3 15.0 -5.7 -2.6 3.7

1900 1.08 1.79 2.43 1.33 1.78 2.27 0.92 1.29 1.57

0.8 1.5 1.8 0.8 1.0 1.2 0.4 0.6 0.7

5.7 12.4 16.8 10.0 14.5 20.5 -3.3 1.2 10.5

2000 0.85 1.6 2.29 1.14 1.55 2.02 0.66 1.01 1.28

0.8 1.4 1.7 0.6 0.7 1.2 0.2 0.4 0.5

-3.3 -2.7 -3.7 -2.5 -3.7 -3.5 -5.4 -4.8 -0.8

2100 0.64 1.33 2.02 0.96 1.35 1.80 0.51 0.80 1.04

0.4 1.0 1.5 0.6 0.7 1.0 0.3 0.3 0.3

-10.5 -12.5 -14.7 -11.0 -13.0 -14.6 -8.0 -8.8 -8.0

2200 0.47 1.01 1.66 0.82 1.17 1.58 0.39 0.62 0.84

0.3 0.9 1.3 0.4 0.7 0.7 0.3 0.5 0.5

-14.5 -17.8 -19.9 -14.8 -16.7 -18.7 -8.4 -10.0 -11.3

PRE is close to zero during June solstice as well as in December solstice and

significantly less than the daytime maximum of the zonal electric field at 90 sfu.

Therefore, it is understandable that the solar flux needs to exceed a threshold level

to make the PRE amplitude large enough to cause post-sunset enhancement near
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the EIA crest region. Figure 4.11 [taken from Ramesh and Sastri , 1995] explored

the association of solar flux level and equatorial vertical drift over the Indian

sector, and it is noticed manually by scaling that the magnitude of vertical drift

is ∼ 16 ms−1 during December solstice and Equinox at 110 sfu whereas it is ∼ 10

ms−1 for the same solar flux level at the June solstice. Therefore, it implies that

the equatorial vertical drift associated with PRE should be at least ∼ 16 ms−1

over the Indian sector for detectable post-sunset enhancement of VTEC near the

EIA crest region. This explains why even during high solar flux conditions, the

post-sunset enhancement in VTEC is not observed over the EIA crest region dur-

ing June solstice. This is because PRE amplitude during June solstice does not

exceed this threshold level on most of the occasions over the Indian sector, even

during high solar flux conditions.
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Figure 4.11: Variations in average peak

PRE amplitude (in ms−1) over Ko-

daikanal with average solar flux values

during Equinox (top), Winter (middle)

and Summer (bottom) [From Ramesh

and Sastri , 1995]
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Figure 4.12: variation in average pre-

reversal vertical drift with solar flux

during Equinox (top), Winter (mid-

dle) and Summer (bottom) [From Fejer

et al., 1991].

At this stage, one more point needs to be discussed. This is the better appli-
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cability of the parabolic fit while constructing the empirical relationship between

the F10.7 cm flux and post-sunset enhancement of VTEC near the EIA crest

region during the December solstice. As the VTEC enhancements are caused

by the PRE, as shown by Kumar et al. [2021], it is important to evaluate the

variation of PRE with the solar flux levels at different seasons for different levels

of solar flux. Using Jicamarca observations, Fejer et al. [1989] first indicated that

average vertical drifts during winter (May-August for the Southern hemisphere)

remain nearly constant beyond a solar flux level. This solar flux level can change

with magnetic activity. The indication obtained in this work was consolidated

and quantified further in a follow-up work [Fejer et al., 1991] wherein the evening

PRE of vertical drifts was shown to increase linearly with the solar flux during

Equinox but saturate beyond a high solar flux level during winter. This inference

was drawn based on the applicability of linear and parabolic fits [see Figure 4.12,

taken from Fejer et al., 1991]. Over the Indian sector, similar results were ob-

tained by Ramesh and Sastri [1995] (Figure 4.11). Interestingly, and for the first

time, we do see such effects over the EIA crest region when the VTEC enhance-

ments reveal similar seasonal and solar flux behavior (Figure 4.6) like PRE. This

puts the cause of these enhancements on a very firm footing, and based on the

work of Kumar et al. [2021] and this work, it becomes obvious that PRE of the

equatorial zonal electric field is responsible for the post-sunset enhancements in

VTEC over the EIA crest region. Therefore, as PRE vertical drift tends to sat-

urate during December solstice at higher solar flux levels, VTEC enhancements

also tend to saturate, and parabolic fit works better than the linear fit. In this

work, we do see saturation effect is kicking in beyond 150-160 sfu over the Indian

sector. This solar flux level can change at different magnetic activity levels, as

suggested by Fejer et al. [1989, 1991]. However, since only the quiet time cases

are considered here, we do expect that estimation of the higher cut-off of this

solar flux level is relatively robust. Another interesting point is, similar to Fejer

et al. [1991], we also observe a relatively large degree of scatter at higher solar

flux levels (particularly Figures 4.6- b, c) during December solstice and Equinox.

As suggested by Fejer et al. [1991], this may be due to the large variability of
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PRE amplitudes at higher solar flux levels during these two seasons. In addition,

the slope of the linear fit (1.76) in Equinox (Figure 4.6g) is significantly higher

than that (1.18) during December solstice in Figure 4.6f which is also consistent

with the results of Ramesh and Sastri [1995], wherein they obtained (see Figure

4.11) higher slope (0.13) in Equinox than December solstice (0.07) for the linear

relationships between average peak PRE vertical drift and F10.7 flux for these

seasons. These observations strengthen the arguments that PRE plays the pri-

mary role in the post-sunset enhancement of VTEC over the EIA crest region.

However, the possible saturation effect of PRE of vertical drift during winter re-

mains an unresolved problem until date and further modeling works (beyond the

scope of the present work) are needed to understand this enigmatic aspect of PRE

in future. It is at this context, the work of Liu and Chen [2009] is important who

investigated the dependence of TEC with F10.7 cm solar flux and EUV flux. The

study revealed that the saturation effects of TEC are seen over low latitudes (over

the northern hemisphere) with respect to F10.7 but not with respect to EUV flux,

suggesting that F10.7 cm solar flux is not linearly proportional to EUV intensity.

The lack of sufficient VTEC data at higher solar flux levels (beyond 160 sfu)

prevents us from observationally addressing this feature in detail. It is interest-

ing to note that TIE-GCM outputs capture this saturation effect, particularly

during December solstice (Figure 4.13). It is possible that changes in thermo-

spheric neutral composition, neutral wind, background ionospheric electric field,

and conductivity during higher solar activity interact with one another in such

a way that VTEC gets saturated. Since PRE that drives post-sunset enhance-

ments in VTEC gets saturated [e.g., Fejer et al., 1991] with increasing solar flux

level, it is expected that VTEC also gets saturated with the increasing solar flux

levels. However, the exact processes that lead to PRE/VTEC saturation need to

be understood comprehensively based on further investigation and importantly,

through modelling studies. This problem can be addressed with a physics based

model like TIE-GCM by generating outputs until 200 sfu solar flux level.

The above discussion suggests that the amplitude of PRE is an important

and a necessary factor that determines the post-sunset enhancement in VTEC
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over the EIA crest region. In this regard, the current work extends arguments

of Chapter-3. More importantly, this work takes this argument one step further,

and shows that PRE is not a sufficient condition for the degree of post-sunset

enhancements over the EIA crest region. One needs to also take in account the

background F region plasma distribution over the low latitudes upon which the

PRE-driven plasma fountain operates during post-sunset hours and enhance the

VTEC during post-sunset hours. This aspect can be guessed from Figure 4.6

wherein the correlation coefficients (for both linear or parabolic fits) are found to

increase significantly when background VTEC levels are taken into account while

calculating enhancement in VTEC (Figure 4.6f, 4.6g vis-à-vis Figure 4.6b, 4.6c).

The background VTEC levels over the EIA crest region during post-sunset hours

are decided by the daytime plasma fountain process. The PRE-driven post-sunset

plasma fountain acts on the low latitude plasma distribution that has been left

behind by the daytime plasma fountain. Figure 4.6 reveals that the correlation

coefficients between the post-sunset enhancement (∆VTEC) and solar flux for

Case-2 (total integrated VTEC) are higher during both December solstice and

Equinox when compared with the post-sunset enhancements (∆VTEC) for Case-1

(residual integrated VTEC). It comes out that the higher background ionospheric

plasma content around the EIA crest is more likely to give rise to higher post-

sunset enhancements in VTEC, except probably during intervals when integrated

VTEC gets saturated at higher solar flux levels. But it might not be true on

every occasion, for example, at higher solar flux where the saturation is noticed

in integrated VTEC (Figure 4.6). Fejer et al. [2008a] shows that the vertical

drift remains upward throughout the daytime in Equinox and December solstice

over the Indian sector. However, around 1600 LT in June solstice, the polarity of

vertical drift is reversed at low and moderate solar flux levels [e.g., Pandey et al.,

2018] and remains close to zero even at higher solar flux levels [e.g., Fejer et al.,

2008a]. Therefore, it is apparent that during June solstice, the plasma fountain

process doesn’t operate continuously, unlike December solstice and Equinox when

EPF supplies plasma to low latitudes until the PRE occurs. On top of that, the

amplitude of PRE is significantly more/more during Equinox/December solstice

119



Chapter 4: PRE is a necessary but not sufficient condition

than the daytime maximum amplitude of the zonal electric field in high solar flux

condition over the Indian sector. During June solstice, even during high solar flux

condition, the amplitude of PRE does not exceed the maximum amplitude of the

daytime zonal electric field during quiet periods. Therefore, during Equinox and

December solstice, the PRE amplitudes are quite higher or at least equivalent

to the daytime zonal electric field during evening hours. Owing to this higher

electric field, during post-sunset hours, the plasma fountain operates on already

present higher plasma density background over low latitudes generated by the

daytime plasma fountain process that, in turn, is driven by the daytime zonal

electric field over the dip equatorial region. Therefore, PRE, during these two

seasons at higher solar flux levels, can push more plasma to the EIA crest region

from the trough region, causing the post-sunset enhancement in VTEC. This

explains the higher correlation coefficients between ∆VTEC and solar flux for

during both Equinox and December solstice (Figure 4.6b vs. 4.6f and 4.6c vs.

4.6g). However, one aspect stil remains unclear in this discussion. Why is the

slope of the linear fit more for Equinox (slope = 1.76, see Figure 4.6g) than for

December solstice (Slope = 1.18, for Figure 4.6f)? This suggests that the post-

sunset enhancement in VTEC over the crest region changes more rapidly with

solar flux levels during Equinox than in December solstice. Interestingly, this

feature is consistent with the variations in PRE over the Indian (Figure 4.11)

but not over the Jicamarca (Figure 4.12) sectors. This could happen due to

the enhanced sensitivity of the electric field amplitudes related to PRE to the

changes in the solar flux (possibly through changes in ionospheric conductivity

over northern and southern low latitudes) over the Indian sector in Equinox than

in December solstice. This proposition is speculative at present and requires a

detailed investigation.

In order to verify whether post-sunset enhancements in VTEC are captured

by the TIE-GCM outputs, TIE-GCM is also run for the three seasons. These

results are shown in Figure 4.13. In Figure 4.13, TEC variations corresponding

to 23° N and 23° S along the 75° E meridian are shown for different solar flux

levels during December solstice (left), Equinox (middle) and June solstice (right
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Figure 4.13: (I) TEC variations at 23° N (in red line) and 23° S (in black line) along

75° E meridian is shown at 100, 130 and 160 sfu for the three seasons. (II) Similar

variations for 170- 200 sfu in steps of 10 sfu are shown only for December solstice

and Equinox. The duration of post-sunset enhancements are marked by orange

vertical boxes.

columns). While the outputs corresponding to three seasons are generated for

100, 130 and 160 sfu, shown in section-I, additional runs are made for December

solstice and Equinox for 170-200 sfu in steps of 10 sfu, depicted in section-II.

These additional runs are made to check the saturation effect during December

solstice and Equinox, as noticed in integrated VTEC (Figures 4.6) and PRE

amplitudes (Figures 4.11 and 4.12) at high solar flux values. A few interesting
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features are noted from these outputs.

1. The post-sunset enhancements in TEC are conspicuous in December sol-

stice. This is consistent with the observations reported here.

2. Although the post-sunset enhancements are observationally captured during

Equinox, it is not captured by TIEGCM, conspicuously. This is where the

observations differ from the model outputs.

3. The post-sunset enhancements are absent in June solstice in accordance

with observations.

4. The saturation effect seems to be present in the TIE-GCM outputs and

particularly visible during December solstice.

5. Interhemispheric asymmetry is observed during post-sunset hours in VTEC

as seen in TIE-GCM output. Observationally, this could not be verified as

unavailability of VTEC data from a conjugate station in the southern hemi-

sphere at 75° E meridian (part of Indian ocean). In this situation, the work

is carried out by Wan et al. [2022] is relevant. They argued that role of

wind in generating interhemispheric effects on the diurnal evolution of TEC

along 75° E meridian using International GNSS service- total electron con-

tent (IGS-TEC) and International reference ionosphere (IRI)-2016 model

outputs. Detailed investigations in the future are required to understand a

number of aspects regarding the interhemispheric and longitudinal asym-

metries of the post-sunset enhancements.

Figures 4.7-4.10 and Table 4.1 capture the values of latitudinal density gra-

dient and equatorial vertical drifts obtained from TIE-GCM outputs which are

related to the post-sunset plasma density enhancement over the EIA crest region

at different seasons and solar flux levels. It has been shown in Chapter-3 that

the plasma gets transported in the meridional direction during the post-sunset

hours from 5° − 10° magnetic latitudes to the EIA crest region under the influ-

ence of PRE associated plasma fountain process. Table 4.1 suggests that PRE

amplitudes at 1900 LT are greater in Equinox than in December solstice. In

122



4.4 Discussion

fact, the works of Scherliess and Fejer [1999] and Fejer et al. [2008a] reveal that

the amplitude of PRE during Equinox is more than that in December solstice.

Therefore, the TIE-GCM outputs are consistent with the earlier observations in

this regard. More importantly, Figure 4.7 and Table 4.1 (TIE-GCM outputs) also

reveal that the latitudinal plasma density gradient shows contrasting features. It

is noticed that these density gradients are more during December solstice than

Equinox over the northern hemisphere in TIE-GCM. Since the latitudinal plasma

density gradient is higher at 1900 LT in December solstice in high solar flux con-

ditions (at 160 sfu), the peak plasma density is also higher despite the equatorial

vertical drift being less in December solstice compared to Equinox. Considering

ionospheric plasma as an incompressible fluid and neglecting the production and

loss processes, one can see from the continuity equation that the rate of change

of plasma density over low latitudes depends on the V.∇N term where V is the

velocity and ∇N is the plasma density gradient. It is obvious from this term

that the rate of change of plasma density over low latitude depends on the ampli-

tude of PRE (upward velocity) during post-sunset hours as well as the latitudinal

plasma density gradients. Therefore, it seems that although PRE amplitude is

important, it may not be a sufficient condition to determine the post-sunset en-

hancement in VTEC over the EIA crest region. In fact, PRE amplitude and

latitudinal plasma density gradient can be expected to work in tandem to decide

the degree of post-sunset enhancement in VTEC over the EIA crest region. This

proposition gets support from the fact that both PRE-associated vertical drift

amplitudes and F region latitudinal plasma density gradients are much smaller

in June solstice compared to Equinox and December solstice, and hence it is not

surprising that the post-sunset enhancement in VTEC over the EIA crest region

can not be observed during this season. It is also important to keep in mind here

that the latitudinal plasma density gradient during evening hours over low lati-

tudes is primarily a resultant of daytime equatorial plasma fountain upon which

PRE-driven fountain acts. Hence, the VTEC enhancement over the EIA crest

region due to the PRE-driven fountain is dependent not only on PRE amplitude

but also on the F region latitudinal plasma density gradient left behind by the
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daytime plasma fountain process. Therefore, the daytime fountain also plays an

important role in determining the degree of post-sunset enhancement in VTEC

over the EIA crest region.

Interestingly, in the present work, the anomalous feature in post-sunset VTEC

is noticed 2012-13 that is not consistent with the rest of the observations. At

higher solar flux (slightly higher than 110 sfu) in December solstice of 2012-13,

the post-sunset enhancements in VTEC are found to be absent. However, it is

known from the work of de Paula et al. [2015] and Nath et al. [2016] that the

December solstice of the year 2012-2013 is characterized by intense and multiple

sudden stratospheric warming (SSW) events. It is also known that SSW event

modulates the semi-diurnal and lunar tides that, in turn, affect the E-region

electric field dynamo mechanism that generates the primary electric field in the

ionosphere [e.g., Pedatella et al., 2014; Chau et al., 2012; Goncharenko et al.,

2010a]. As the low latitude E region electric field gets affected, the dip equatorial

F region electric field also gets affected. It is because low latitude E region

electric field is communicated to the dip-equatorial F region heights through

geomagnetic field lines. As a result of this, the equatorial plasma fountain in the

F region is modified. During and after SSW events, large variability in F region

plasma has been noted at local noon as well as in evening hours [e.g., Chau

et al., 2012; Liu et al., 2011a; Goncharenko et al., 2010a]. Goncharenko et al.

[2010b] found an intensification and weakening in the zonal electric field during

a SSW event in the morning and evening hours, respectively. The weakening of

the zonal electric field during SSW events in the local evening hours is consistent

with the lack of post-sunset VTEC enhancement that we report here during

December solstice in 2012-2013. de Paula et al. [2015] studied three major SSW

events in the year 2013 and noticed that PRE-associated vertical drifts were

consistently magnitudes smaller than their counterparts in the pre-SSW days. Liu

et al. [2011a] showed the occurrence of strong counter electrojet in the afternoon

hours during an SSW event. Vineeth et al. [2009] also reported the occurrences

of counter electrojet (CEJ) with a quasi 16-day periodicity over Trivandrum,

an Indian dip-equatorial station, during the polar SSW events. It is obvious
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that once the electric field gets reversed during CEJ events, the F region plasma

fountain gets weakened and the equatorial F region plasma does not reach near

the vicinity of the EIA crest region like Ahmedabad. Under this circumstance,

the additional plasma would not be transported by the PRE of the zonal electric

field to the EIA crest region, that leads to the weakening of the post-sunset

enhancement of VTEC over the crest region. Therefore, during an SSW event,

both PRE as well as the latitudinal plasma density gradient can be affected. It has

been discussed that both these factors determine the post-sunset enhancement in

VTEC over the EIA crest region. The absence of post-sunset enhancements in

VTEC during December solstice during 2012-13 is, therefore, attributed to the

recurrent occurrence of SSW events.

4.5 Summary

The present chapter can be summarised in the form of the following points.

1. The post-sunset enhancement in VTEC over the EIA crest region are solar

flux dependent as the amplitude of PRE of the zonal electric field also

depends on solar flux level.

2. As it is noticed that post-sunset VTEC enhancements are consistent with

the PRE-amplitude, significant VTEC enhancements are conspicuously, ob-

served over the EIA crest region during December solstice and Equinox and

not in June solstice. These arguments are supported by Figures 4.6, 4.8-

4.10, 4.11 and 4.13.

3. Figures 4.3-4.5 suggests that the post-sunset enhancements in VTEC can

be observed in Equinox and December solstice when solar flux level exceeds

∼ 110 sfu. It is suggested that over Indian longitude, minimum equatorial

vertical drift during PRE-hours needs to reach at least 16 m s−1 (obtained

from Figure 4.11) so as to generate conspicuous post-sunset enhancement

in VTEC near the EIA crest region.
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4. Integrated VTEC variations with solar flux levels (Figure 4.6) show that

VTEC near the EIA crest region becomes saturated at higher solar flux

levels (>160 sfu).

5. TIE-GCM simulations confirm the presence of clear enhancement in VTEC

during post-sunset hours, particularly during December solstice. Similar

to observations, TIE-GCM outputs also show the absence of enhancement

in TEC during June solstice. However, TIE-GCM efficiently captures en-

hancements well during December solstice but not in Equinox. TIE-GCM

outputs also bring out the clear interhemispheric asymmetry in TEC en-

hancements during post-sunset hours. Interestingly, TIE-GCM outputs also

confirm the TEC saturation effect during December solstice.

6. It is suggested that the amplitude of PRE is a necessary but not sufficient

condition for the post-sunset enhancements in VTEC. This proposition gets

support from the TIE-GCM simulation outputs (Figures 4.7-4.10 and ta-

ble 4.1). This shows that the latitudinal gradient in the F region plasma

density over low latitude plays an additional important role to determine

the amplitude of post-sunset enhancement in VTEC over the EIA crest re-

gion. While the amplitudes of PRE are larger at 1900 LT during Equinox,

the latitudinal plasma density gradient is higher at 1900 LT during Decem-

ber solstice. It is concluded that the combined effects of vertical drift and

latitudinal plasma density gradient determine the degree of post-sunset en-

hancement during December solstice and Equinox. Importantly, both these

parameters are significantly weaker during June solstice and this is why

post-sunset enhancement over the crest region doesn’t occur during June

solstice at 2000-2100 LT.

7. It is proposed that the daytime plasma fountain plays an important role

in determining the latitudinal plasma density gradient during post-sunset

hours over low latitudes. PRE-driven plasma fountain during post-sunset

hours operates on this latitudinal plasma density gradient and determine

the degree of VTEC enhancement over the EIA crest region.
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4.5 Summary

8. It is suggested that Sudden stratospheric events suppress the post-sunset

enhancements in VTEC by reducing the electric field over the dip equator.
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Chapter 5

Space weather induced

perturbation electric fields

during post-sunset hours

Excerpts

In the previous chapters, the variations in dip equatorial vertical drifts over In-

dian sectors are investigated during quiet space weather conditions. It is found

that the large amplitude of vertical drifts associated with PRE affects the low lat-

itudes plasma distribution. Since the amplitude and polarity of vertical drifts can

get affected by space weather induced electric field perturbations, one can inves-

tigate the impact of these perturbations on the low latitude ionospheric plasma

distribution. Although the response of equatorial and low latitude ionosphere

has been investigated in the past corresponding to various space weather events,

complex and anomalous (that deviates from the conventional paradigm) electric

field perturbations associated with space weather events make the response over

low latitude complex. Therefore, understanding complex and anomalous electric

field perturbations over the equatorial ionosphere is important in general and

particularly so during PRE hours. This is because low latitude ionosphere during

post-sunset hours is susceptible for the generation of F-region plasma irregulari-

ties that can affect communication and navigational applications. In this chapter,
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a weak geomagnetic storm (Ap = 15) on 24 December 2014 is studied to under-

stand dip equatorial electric field perturbations. The investigation reveals that

penetration electric field amplitudes can be more even when magnitude of IEFy

is less and vice-versa. It is shown that IMF By and substorm play important roles

in making the impact of penetration electric field during post-sunset hours com-

plex and anomalous. The effects of these anomalous electric field perturbations

over low latitude ionosphere are also brought out.

5.1 Introduction

The F region vertical drifts are upward/downward in daytime/nighttime during

geomagnetically quiet periods [e.g. Fejer et al., 2008a]. However, the equato-

rial F region vertical drifts can be enhanced or reduced under the influence of

space weather related perturbation electric fields. It is known that the southward

directed IMF Bz drives a geomagnetic storm and during a storm, the east-west

component of solar wind/interplanetary motional electric field (IEFy) maps down

to the polar ionosphere. This electric field drives a two-cell ionospheric plasma

convection pattern or Disturbance Polar type 2 or DP2 cells [e.g., Nishida, 1968].

During this period, region 1 Field aligned current (R1 FAC) develops rapidly, and

region 2 field-aligned current (R2 FAC) takes time to develop as it is sluggish in

nature compared to R1 FAC. Owing to the different time constants of R1 and

R2 FACs, the convection electric field perturbations penetrate to low latitude

ionosphere through the polar ionosphere. This is known as prompt penetration

(PP) electric field. In an equivalent description, this happens under undershield-

ing condition when the shielding electric field in the inner magnetosphere is not

fully developed in response to the convection electric field imposed at the outer

magnetosphere. Earlier studies [e.g. Fejer et al., 2008b] reveal that PP electric

field generates eastward/westward electric field perturbations in the equatorial

ionosphere during daytime/nighttime. On the contrary, when IMF Bz suddenly

turns northward from southward condition, R1 FAC decays quickly compared

to R2 FAC, and the residual shielding electric field survives in the inner mag-
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netosphere for some time. It is this residual electric field that has the opposite

polarity of the PP electric field [e.g. Kikuchi et al., 2008]. This is known as the

overshielding effect and the electric field perturbations experienced in the inner

magnetosphere/ionosphere during this time is commonly termed as overshield-

ing (OS) electric field. The impact of PP electric field over low and equatorial

ionosphere has been reported observationally [e.g. Chakrabarty et al., 2005, 2008;

Tsurutani et al., 2008] and studied through simulation [e.g. Wang et al., 2008; Lu

et al., 2012]. The modeling [e.g. Nopper Jr. and Carovillano, 1978] and observa-

tional [e.g. Fejer et al., 2008b] studies also suggest that the eastward perturbations

of PP electric field is expected until 2200 LT. Further, it is also shown that 6-9%

of IEFy penetrates to the equatorial/low latitude ionosphere [e.g. Kelley et al.,

2003; Huang et al., 2007]. Significantly large PP electric field can change the

plasma distribution over low latitudes during daytime and post-sunset hours [e.g.

Tsurutani et al., 2008; Balan et al., 2009, 2018; Abdu et al., 2018; Rout et al., 2019]

substantially and can shift the location and strength of the equatorial ionization

anomaly (EIA) crest.

In addition to storms, magnetospheric susbtorms can also generate transient

electric field disturbances [e.g. Kikuchi et al., 2000, 2003; Huang et al., 2004;

Huang , 2009; Chakrabarty et al., 2008, 2010; Fejer et al., 2021] over low latitude

ionosphere. During the re-organization of the magnetic flux, the energy is stored

in in the magnetotail. This energy releases to the antisunward direction. Sub-

storms can be directly triggered by the changes in the solar wind parameters like

IMF Bz flipping from southward to northward suddenly, abrupt changes in the so-

lar wind dynamic pressure etc. [e.g. McPherron, 1979; Lyons , 1995, 1996; Lyons

et al., 1997] or can be spontaneously triggered [e.g. Angelopoulos et al., 1996;

Henderson et al., 1996] wherein clear solar wind triggering is not obvious. The

spontaneously triggered substorms are believed to be triggered by internal mag-

netospheric processes or by the self organized criticality [e.g. Baker et al., 1997;

Klimas et al., 2000; Tsurutani et al., 2004] of the plasma sheet. Substorms are

nightside, longitudinally confined phenomena. Although the substorm-induced

electric fields are experienced over low latitude ionosphere during nighttime [e.g.,
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Chakrabarty et al., 2015], the dayside electric field perturbations in the low lat-

itude ionosphere due to substorms are also not uncommon [e.g., Kikuchi et al.,

2003; Huang , 2009; Hashimoto et al., 2017; Wang et al., 2019]. Moreover, sub-

storms can exert both eastward [e.g., Huang , 2009; Chakrabarty et al., 2010;

Hui et al., 2017] and westward [e.g., Kikuchi et al., 2003; Chakrabarty et al.,

2015; Hashimoto et al., 2017; Hui et al., 2017] electric field perturbations over

low latitude ionosphere. Therefore, the simultaneous presence of substorms can

augment or annul the prompt electric field perturbations arising out of under-

shielding/overshielding effects, as shown in a few earlier studies [e.g., Hui et al.,

2017; Rout et al., 2019]. In addition to the above processes, sudden changes

in the solar wind dynamic pressure can also lead to changes in the Chapman

Ferraro current and cause prompt electric field disturbances [e.g., Sastri et al.,

1993; Huang et al., 2008] over equatorial ionosphere. In recent times, it is also

unambiguously brought out that the effects of IMF By can also change the ex-

pected polarity of electric field perturbation [e.g., Chakrabarty et al., 2017] over

equatorial ionosphere, particularly during the post-sunset hours.

Therefore, under disturbed space weather conditions, some of the prompt elec-

tric field disturbances can occur simultaneously and can reinforce/annul individ-

ual effects making the phenomenological understanding of the equatorial impact

difficult [e.g., Chakrabarty et al., 2015; Hui et al., 2017; Rout et al., 2019]. In addi-

tion, these prompt electric field perturbations can also compete with the delayed

electric field perturbations owing to what is known as disturbance dynamo mech-

anism [e.g., Blanc and Richmond , 1980] associated with the altered circulations of

thermospheric wind systems following storm/substorm. Therefore, understand-

ing the origin of prompt electric field perturbations over low-equatorial ionosphere

deserves a more rigorous approach. The present investigation is important as it

brings out such a case and shows that understanding of the phenomenological

origin of the PP electric field perturbations over the low latitude ionosphere is

more complex than what is believed.
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5.2 Dataset

1-minute cadence data of the solar wind parameters like interplanetary magnetic

field (IMF), solar wind velocity, dynamic pressure and density are obtained from

the space physics data facility (SPDF) of Goddard Space Flight Center (https:

//cdaweb.gsfc.nasa.gov/). It is to be noted that the solar wind data available

at this site are already time-shifted to the nose of the bow shock. In order to

evaluate the ionospheric impacts, the magnetosheath and Alfven transit times are

calculated and added to the lag time, point by point, following the methodology

reported in Chakrabarty et al. [2005]. In addition, the auroral electrojet (AE)

index and polar cap (PC) index are also taken from SPDF.

In the absence of incoherent scatter radar over the Indian sector, the night-

time F region vertical drift over the Indian dip equator is derived by taking the

temporal derivative of the bottom-side F layer height (h′F ) from the Canadian

advanced digital ionosonde (CADI) over Tirunelveli (8.7°N, 77.7°E, dip angle:

1.7°) as derived in Chapter-3. In addition, the recombination corrected drift is

used in this chapter whenever the h′F values are below 300 km. Bittencourt and

Abdu [1981] suggested that below 300 km altitude, the recombination process

can also introduce an apparent upward drift. Therefore, in order to obtain the

actual electrodynamical vertical drift, the apparent upward drift due to chemical

recombination needs to be corrected. βH values are subtracted from dh′F/dt to

get the corrected vertical drift where β and H are the attachment coefficient and

the scale height of plasma, respectively. β is calculated by the following formula,

β = K1[O2] +K2[N2]. Where K1, K2 and [O2], [N2] are the reaction rate coeffi-

cients and molecular density of oxygen, nitrogen, respectively. H is calculated by

the following formula 1
H

= 1
n
∂n
∂h
, where n and h are the plasma density and height

from the earth’s surface. The parameters K1 and K2 are taken from Anderson

and Rusch [1980]. The neutral parameters, e.g., molecular densities and thermo-

spheric temperature, are taken from the NRLMSIS 2.0 [Emmert et al., 2021]. For

the present investigation, the typical scale height is calculated corresponding to

2100 LT on a quiet (28 November 2014) and the event day (24 December 2014) to

calculate the recombination-corrected vertical drifts wherever applicable. Typical
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β is also calculated at 2100 LT (from 100 to 600 km in steps of 5 km). The typical

uncertainty in the drifts derived based on ionosonde measurements is of the order

of 10% [e.g., Woodman et al., 2006].

In order to get an idea about the daytime ionospheric electric field behaviour,

the equatorial electrojet (EEJ) strength is derived over both the Indian and Pe-

ruvian sectors. The derivation of EEJ is described in Chapter-2 and the EEJ

over the Indian sector is derived by using the magnetometer measurements over

Tirunelveli and Alibag in Chapter-3. The EEJ strength over the Peruvian sector

is, in general, derived by taking magnetometer data over the equatorial station,

e.g., Jicamarca (JIC, 11.5°S, 76.5°W, dip angle: 1.0°), and off-equatorial sta-

tion, Piura (PIU, 5.2°S, 80.6°W, dip angle: 12.5°) [e.g., Rastogi and Klobuchar ,

1990]. As the magnetometer data over Piura is not available during the event

under consideration here, data from another off- equatorial station, Leticia (LET,

4.2°S, 70.0°W, dip angle: 12.6°) is used in place of Piura. The local time of Leti-

cia is also appropriately corrected to take into account the longitudinal difference

between Jicamarca and Leticia, and the resultant EEJ strength corresponds to

the local time of Jicamarca. 1-minute cadence data of both magnetometer sta-

tions are used to derive EEJ strength over the Peruvian sector by the following

formula, HEEJ = ∆HJIC–∆HLET .

Magnetometer data from a set of nearly antipodal stations (nearly 12 hours

difference in the local time of the given set of stations with nearly similar lat-

itudes) along the Indian and Peruvian longitudes are also used in this work to

understand the variations of DP2 currents over the two sectors. This is done fol-

lowing the methodology suggested in Chakrabarty et al. [2017]. In this work, the

important role of this approach in identifying the role of IMF By is pointed out.

During the event under consideration, India is in the post-sunset/pre-midnight

sector, while Peru is in the morning sector. The northward component of mag-

netic field, ∆X (∆X is the instantaneous value corrected for the quiet night-

time base values), for stations is obtained from the SuperMAG worldwide net-

work (https://supermag.jhuapl.edu/). For the present work, magnetometer

stations along Indian (145°E-177°E) and Jicamarca (3°W-20°W) longitudes are
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Novosibirsk (NVS, 45.8°N, 159.9° E) and Ottawa (OTT, 54.9°N, 3.8°W); Irkutsk

(IRT, 42.4°N, 177.4°E) and Fredericksburg (FRD, 47.8°N, 5.8°W); Alma Ata

(AAA, 34.5°N, 153.1°E) and Bay St Louis (BSL, 39.4°N, 18.9°W); Tirunelveli

(TIR, 0.18°N, 150.7°E) and Huancayo (HUA, 2.2°S, 2.6°W) as well as Alibag

(ABG, 10.4°N, 146.8°E). 1-minute cadence data are used for all the stations.

Since the present investigation requires identification of the substorm-induced

electric field perturbations over the low/equatorial ionosphere, it is important to

identify the occurrence of dispersionless injection of energetic particles (electrons

and protons) at the geosynchronous orbit [e.g., Reeves et al., 2003]. The electron

and proton flux data from Los Alamos National Laboratory (LANL) -01A, 02A,

04A, 97A, 080, and 084 geosynchronous satellites, and electron flux data from

Geostationary Operational Environmental Satellite System (GOES)-13 are used

for the present study. The data are taken from all LANL and GOES-13 satellites

for the event day from 1200 to 1900 UT (universal time).

To understand the low latitude plasma distribution over the Indian sector, and

the approximate location of the EIA crest and its strength, the measurements of

total electron content (TEC) by the Indian Satellite-based Augmentation System

(SBAS) is used. The structure of the data is described in Chapter-2.

In addition, OI 630.0 nm airglow intensity over Mt. Abu (24.6°N, 72.7°E, dip

angle: 38.0°) and vertical total electron content (VTEC) data over Ahmedabad

(23.0°N, 72.6°E, dip angle: 35.2°) is also used in the present investigation. The

airglow intensity and VTEC data are based on the measurements by the nar-

row band narrow field of view airglow photometer and GPS receiver (GISTM

GSV4004B) mentioned earlier. Both airglow photometer and GPS receiver are

described in Chapter-2. 10 sec cadence of airglow intensity data and 5 minutes’

average VTEC data are used in the present investigation.

5.3 Results

Figure 5.1 depicts the variations of a few interplanetary (Figures 5.1a-d) and

ground-based parameters (Figures 5.1e-f) from 21 to 25 December 2014. The
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Figure 5.1: Variations in (a) IMF Bx (nT, black line) and IMF By (nT, red line), (b)

IMF Bz (nT, black line) and IEFy (mV/m, red line), (c) solar wind velocity (km s−1,

black line) and density (cm−3, red line), (d) IMF |B| (nT, black) and pressure (nPa,

red), (e) Sym-H index (nT, black) and equatorial electrojet strength (EEJIndia)

over the Indian sector (nT, red), (f) h′F (km, black) and OI 630.0 nm airglow

intensity over Mt. Abu (in arbitrary units, red) from 21 December, 2014 to 25

December 2014.

Ap values for these days are 12, 19, 11, 15, and 11, respectively. In Figure 5.1

(from top to bottom), IMF Bx (in nT), IMF Bz (in nT), solar wind velocity (in

kms−1), IMF |B| (in nT), Sym-H (in nT) and h′F (in km) are shown in black lines

while IMF By (in nT), IEFy (in mV/m), solar wind density (cm−3), solar wind

pressure (nPa), EEJIndia (in nT) and OI 630.0 nm airglow intensity (in arbitrary

136



5.3 Results

units) are depicted in red lines. The Y-axes corresponding to black and red lines

are marked on the left and right sides of Figure 5.1. It can be clearly noticed

from Figure 5.1 that the peak h′F and 630.0 nm airglow intensity are higher in

the local night of 24 December, 2014 in comparison with the rest of the nights

shown in Figure 5.1. This is despite IMF Bz being more southward for some time

on 22 December (pre-noon hours over the Indian sector) and 23 December (pre-

midnight hours over the Indian sector) compared to the interval of interest on 24

December, 2014. In fact, the characteristically different variation in OI 630.0 nm

airglow intensity on this night motivated us to pursue this investigation.

Figure 5.2 puts the variations in the vertical drift (in ms−1) over Tirunelveli,

VTEC (in TECU) over Ahmedabad, OI 630.0 nm airglow intensity (in arbitrary

unit) over Mt. Abu, GAGAN SBAS-TEC (in TECU) over the Indian sector

(corresponding to 75°E) on 24 December, 2014 in perspective with a typical quiet

day (28 November, 2014) behavior. Note, the daily mean Ap is 3 on 28 November,

2014 and 7 on the previous day. In all the panels, the quiet and disturbed

variations are shown with blue and red colored lines, respectively. Figure 5.2a

depicts the derived vertical drift variations over Tirunelveli (red) along with quiet

vertical drifts (blue) which is consistent with the vertical drifts corresponding to

60°E longitude reported in Fejer et al. [2008a] based on ROCSAT observations.

It can be seen that the pre-reversal enhancement (PRE) of the equatorial zonal

electric field is enhanced on the event day (24 December, 2014). The vertical

drift corresponding to PRE occurs at ∼ 1310 UT (1810 LT) on the event day

with an amplitude of ∼ 42 ms−1, which is higher than PRE amplitude on a quiet

day (∼ 25 ms−1). More importantly, although the vertical drift decreases after

the PRE hours, it does not turn unambiguously downward on the event night,

similar to what happens on a quiet day. It can be noted that vertical drift turns

downward during 1400-1430 UT (1900-1930 LT) on a quiet day. In sharp contrast

to a quite day variation, the vertical drift again starts increasing from 1500 UT

(2000 LT) on 24 December, 2014, and another peak in vertical drift occurs at

∼ 1600 UT (2100 LT) with an amplitude of ∼ 36 ms−1 on the event night. Note

that the vertical drift at this local time is expected to be significantly downward,
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Figure 5.2: This figure illustrates the variations of a number of parameters on the

event day (24 December 2014) and quiet day (28 November, 2014) with red and

blue colors respectively. Subplots (a), (b), (c) and (d) represent vertical drifts (in

ms−1) over Tirunelveli, vertical total electron content (in TECU) over Ahmedabad,

OI 630.0 nm airglow intensity (in arbitrary unit) over Mt. Abu, and SBAS-TEC

(in TECU) variations over only the crest location, respectively. In subplot (d),

solid and solid lines with stars are used to show the position of the crest at 12.5°

and 7.5° N magnetic latitudes.

as indicated by the quiet time reference drift. Further, the vertical drift is found

to be minimum (∼-60 ms−1) at ∼ 1640 UT (2140 LT), which is significantly

lower than the corresponding downward drift (∼-15 ms−1) during a quiet night

at this local time. The vertical drift again starts decreasing just before 1700 UT

(2200 LT) and becomes less downward at 1730 UT (2230 LT) to match with the

corresponding quiet time drifts afterward.

Figure 5.2b shows vertical total electron content variation over Ahmedabad
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on 24 Decmber, 2014 (red) and 28 November, 2014 (blue), respectively. The

figure reveals that the post-sunset enhancement in VTEC over Ahmedabad is

higher and sustains for a longer period on the event day than on the quiet day.

In Figure 5.2c, variations in OI 630.0 nm airglow intensity over Mt. Abu on the

event day (red) show a different temporal pattern than what is noticed on the

control day (blue). The intensity variation on the event night is characterized

by three enhancements peaking at 1545, 1600, and 1640 UT (1945, 2100 and

2140 LT). In fact, the late enhancements at 1600 UT and 1640 UT are in sharp

contrast with the monotonic decrease in intensity found on the control night at

this local time.

Figure 5.2d is constructed with the help of SBAS-TEC data that shows the

local time variations of TEC over the EIA crest location. The event and control

days are marked by red and blue lines, respectively. On both days, the crest

location is found either closer to 7.5°N (solid line with star) or 12.5° (solid line)

magnetic latitudes during post-sunset hours. One can notice in Figure 5.2d that

the EIA crest is located at 12.5°N until 1730 UT (2230 LT) on event day, whereas

on the quiet day, the EIA crest is observed at 12.5°N magnetic latitudes until

1515 UT (2015 LT). After this, the location of the EIA crest is found at 7.5°N.

In order to verify whether the variations in the vertical drifts on 24 December

are indeed anomalous, the drift variation on this night is compared with the ver-

tical drifts [Fejer et al., 2008a] as well as vertical perturbation drifts [Fejer et al.,

2008b] obtained from ROCSAT observations. Figure 5.3a (top subplot) shows the

comparison of the measured vertical drifts (red) over Tirunelveli with the quiet

time average vertical drifts (black) along 60°E longitude [Fejer et al., 2008a]. On

the other hand, the bottom subplot (Figure 5.3b) shows the associated vertical

perturbation drifts (∆Vd, in red) over Tirunelveli and vertical perturbation drift

(in black) obtained from ROCSAT-1 [Fejer et al., 2008b] in December solstice.

∆Vd is derived by subtracting the quiet day’s drift from the event day. It is

noticed in Figure 5.3 that the drifts on 24 December are significantly different

from the ROCSAT drifts before 2230 LT. In fact, not only the magnitude of the

drifts are different, but also the polarities are also opposite on certain occasions.
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Figure 5.3: Panel (a) depicts the variations in vertical drift over Tirunelveli on the

event day (similarly, shown in Figure 5.2a) in red and ROCSAT quiet time average

vertical drift along 60°E longitude in black [Fejer et al., 2008a]. Panel (b) shows

variations in ∆Vd in red and the vertical perturbation drift Fejer et al. [2008b] in

black. All the drifts are for December solstice. Average solar flux level of event

and ROCSAT vertical drift is ∼ 150 sfu.

These comparisons suggest that the variations in the vertical drift on this night

are indeed anomalous before 2230 LT.

Figure 5.4 is dedicated to understand the anomalous vertical drift variations

on the event night (24 December 2014). Figure 5.4a represents variations of the

IMF Bz (in black) and IEFy (in red). Variations in IMF By are shown in Fig-

ure 5.4b. In Figure 5.4c, vertical drift over Tirunelveli (in red) and EEJ over

Jicamarca (EEJPeru in black) are juxtaposed together to evaluate the polarity of

the perturbation electric fields at the two nearly antipodal locations. Similarly,

the ∆Vd over Tirunelveli and ∆EEJ over Jicamarca in red and black lines, re-

spectively, are brought in panel 5.4d to understand the change in vertical drift

over Tirunelveli and EEJPeru. As already stated earlier, ∆Vd is derived by sub-

tracting the quiet day’s drift from event day. ∆EEJ is calculated by subtracting
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Figure 5.4: Subplots (a-e) show the variation of several parameters on the event day

(24 December 2014). (a) shows the IMF Bz and IEFy variations in black and red

lines. Subplot (b) depicts the variations in IMF By, (c) represents the variations in

the vertical drift over Tirunelveli (in red) and EEJ over Jicamarca (in black). (d)

shows the variations in the ∆Vd over Tirunelveli (in red) and ∆EEJ over Jicamarca

(in black) (e) depicts the variations in the AE (in black) and PC (in red) indices.

Intervals (I-VI) are marked with orange and green colored rectangular boxes in

the subplots a-d. In subplot (e), two conspicuous peaks in the AE and PC indices

are marked with gray and brown colored rectangular boxes.

the average of four quietest days of December 2014 from the variations in EEJ

strength on the event day. Auroral electrojet (AE) and polar cap (PC) indices

are shown in Figure 5.4e. A few vertically shaded (in orange and green colors)

intervals (marked by Roman numbers I-VI in Figure 5.4c) are also overlaid at
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appropriate places in Figures 5.4a-5.4d to bring out the important features that

emerge from this set of observations. In Figure 5.4e, two simultaneous peaks in

AE and PC indices around 1415 UT (1915 LT) and 1630 UT (2130 LT) are seen

and shown in gray and brown shaded boxes.

Interval-I: During interval-I (∼1250-1330 UT, LT are shown at the top of

the Figure), IMF Bz is southward, and vertical drift is upward with an amplitude

of ∼ 42 ms−1. This drift is more than the quiet time drift (∼ 25 ms−1) even

if one considers 10% uncertainty in the vertical drift. Therefore, the enhanced

PRE drift at this interval is due to the penetration of IEFy to the equatorial

ionosphere and this change is noticed ∼ 17 ms−1.

Interval-II: Interestingly, during interval II (∼1330-1440 UT), southward

IMF Bz increases (∼-6 nT), leading to the enhancement in IEFy. IEFy stays

around +3 mV/m during this interval. However, equatorial vertical drifts remain

close to zero, and change in vertical drift is also zero or positive. Note IMF By

stays predominantly positive with a few spike-like negative excursions during this

interval. Interestingly, strong enhancements in AE (reaches ∼ 900 nT) and PC

indices are observed during this interval apparently suggesting the occurrence of

substorm. However, Figure 5.5 would subsequently confirm that the enhancement

of AE and PC indices at this local time ∼ 1915 LT (1415 UT) are not due to

substorm-induced electric field perturbations but possibly due to enhancement

in polar cap electric field at this time due to enhanced IEFy. Another important

aspect emerges from Figure 5.4c when the polarity of vertical drift (upward or

nearly) over Tirunelveli and EEJ strength (positive) over Jicamarca are found to

be the same during this interval. It is to be noted that the change in vertical

drift and EEJPeru is almost positive in Figure 5.4d.

Interval-III: After interval-II, IMF By decreases, whereas IMF Bz becomes

less southward. Interestingly, during interval-III (∼1505-1526 UT), IMF By in-

creases sharply and turns positive. The equatorial vertical drift starts increasing

at this time. It is noted that the polarities of vertical drift and EEJ (Figure

5.4c) are again found to be the same, although, before interval-III, ∆EEJ turned

negative, whereas ∆Vd is noted positive (Figure 5.4d). This behaviour is similar
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to what is seen in interval-II corresponding to positive IMF By.

Interval-IV: During interval-IV (∼1530-1615 UT), IMF By decreases first

and then gradually increases. IMF Bz is less southward than interval-II. How-

ever, vertical drift unexpectedly and gradually becomes upward with a maximum

amplitude of ∼ 36 ms−1 at 1550 UT (2050 LT). Note, the maximum vertical

drift during this interval is nearly comparable to PRE-associated vertical drift

during post-sunset hours on the event day. Interestingly, although IMF By turns

positive (similar to interval-II and III) during this interval, ∆Vd and ∆EEJ are

in opposite polarities, unlike interval-II and III (Figure 5.4d). However, vertical

drift is positive, and EEJPeru reaches zero.

Interval-V: Interval- V (∼1630-1700 UT) is characterized by the highest

downward drift amplitude (∼-62 ms−1) at ∼ 1640 UT (2140 LT) on the event day.

This is significantly different than the quiet day drift (∼-15 ms−1) at this local

time. During this interval, IMF Bz is southward, and the amplitude is similar

to interval-II. In addition, IMF By is negative. Considering 10% efficiency of the

penetration electric field reaching to the dip equator, the difference in the observed

and expected drifts ∼ 48 ms−1 (Figure 5.4d) cannot be explained even after

considering a typical 10% uncertainty in the drift. Interestingly, enhancements in

AE and PC indices are seen during this interval (peak∼ 1630 UT), although these

enhancements are less compared to the enhancements in these indices seen around

1415 UT. Based on Figure 5.5, it is confirmed subsequently that the enhancement

of AE and PC indices at this local time (∼ 2130 LT) are due to additional effects

of substorm-induced electric field perturbations. Further, similar to interval-IV,

the polarity of the electric field perturbations (vertical drift over Tirunelveli and

∆EEJ over Jicamarca) over the two antipodal locations is opposite during this

interval.

Interval-VI: IMF Bz turns northward in the interval-VI (∼1710-1810 UT),

and vertical drift becomes less downward, indicating a eastward electric field

perturbation at this time. This appears to be under the influence of the OS

electric field. After the OS electric field perturbation, the vertical drift values

reach the quiet time levels.
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Figure 5.5: Subplots a-f and Subplots g-l represent the electron and proton flux

variations measured by six LANL satellites (LANL-01A, LANL-02A, LANL-04A,

LANL-97A, LANL-080, LANL-084) during 1200-1900 UT on 24 December 2014 for

a number of energy channels mentioned at the top. Panel m shows the electron flux

variations at four energy channels (75 kev, 150 kev, 275 kev, 475 kev) measured

by GOES-13 for same interval and day depicted in panels a-l. Two intervals are

marked with gray (∼1405-1530 UT) and brown (∼1610-1700 UT) rectangular boxes

in all subplots, similarly marked in Figure 5.4e.

Figure 5.5 is used to identify the presence of substorm activity, if any, during

1400-1900 UT that encompasses the intervals (I-VI) under consideration (Fig-

ure 5.4) on 24 December 2014. In this plot, the variations in the electron and

ion fluxes measured from geosynchronous orbit are presented in the left and

right columns, respectively. The LANL geosynchronous satellites are LANL-01A,
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LANL-02A, LANL-04A, LANL-97A, LANL-080, and LANL-084. Six energy bins

for electrons and protons are used in this study. The electron energy bins are

50-75 keV, 75-105 keV, 105-150 keV, 150-225 keV, 228-315 keV and 315-500 keV

whereas the ion energy bins are 0-75 keV, 75-113 keV, 113-170 keV, 170-250 keV,

250-400 keV and 400-670 keV. Differently colored lines are used to represent the

different energy channels. In addition, the electron flux variations at four energy

channels (75 keV, 150 keV, 275 keV and 475 keV) from GOES-13 satellites are

also shown in Figure 5.5m. Here also, different colors correspond to different en-

ergy channels. Two intervals are marked with gray (∼1406-1530 UT) and brown

(∼1610-1700 UT) rectangular boxes in all the subplots of Figure 5.5. These are

the same intervals that are marked for AE and PC indices in Figure 5.4e. It

can be seen there is no discernible substorm activity (dispersionless injection)

in the electron channels of LANL during 1410-1530 UT (gray box). However,

minor injection activities are seen in the electron channels of GOES and proton

channels of LANL (particularly 04A) at this time. On the other hand, moderate

injection activities (with dispersion) are noticed in the electron as well as ion

channels starting at ∼1630 UT, which is particularly captured by LANL-04A.

At this time, the injection activities captured by GOES are weak. This suggests

energetic particle injection at the geosynchronous orbit closer to the location of

LANL-04A. The other LANL satellites seem to be away from the proton injection

front, and as a consequence, the injection signatures are quite dispersed at the

other satellite locations. LANL-04A was situated near ∼ 65°E longitude (closer

to the Indian longitudes) during 1400-1900 UT on the event day. The other

LANL satellites are either far or not very close to Indian longitudes. Based on

this figure, it appears that substorm is present during 1610-1700 UT closer to the

Indian longitude. However, during 1410-1530 UT, substorm signatures are more

prominent in GOES-13 measurements. The implications of these results will be

discussed in the discussion section.

Figure 5.6 depicts the variations in the north-south (X) component of the

magnetic field along the Indian and the Peruvian (antipodal location of Indian

longitude) longitudes starting from the northern high latitudes to the equatorial
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Figure 5.6: Variations of the northward component of magnetic field (∆X) over

Indian and Peruvian sectors from mid latitudes of the northern hemisphere to

the equatorial region are shown in subplots (a-d) with red/green and blue colors,

respectively. Subplot (e) depicts the IMF Bz and IMF By in black and blue colors

respectively. Two intervals where are marked with green (∼1330-1440 UT) and

orange (∼1510-1555 UT) colors respectively when ∆X variations are anticorrelated

over mid latitudes and start becoming correlated as one comes toward the low-

equatorial latitudes.

regions. ∆X variations of Indian and Peruvian magnetometer stations are shown

with red/green and blue colored lines, respectively, in Figure 5.6a-d. Figure

5.6e shows the variations in IMF By and IMF Bz with blue and black colored

lines, respectively (reproduced from Figure 5.1). Two intervals are marked in
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this figure with green (∼1330-1440 UT) and orange (∼1510-1555 UT) colored

rectangular boxes. It can be noted that the ∆X variations are anti-correlated

in Figure 5.6a and 5.6b (mid latitudes, see the green box in Figure 5.6) and

start becoming less anti-correlated and more correlated as one comes toward the

low-equatorial latitudes (Figures 5.6c and 5.6d in the green box). Note IMF By

is predominantly positive (Figure 5.6d) in this interval. Similarly, in the next

interval (1510-1555 UT), ∆X variations at Indian and Peruvian stations are in-

phase (Figure 5.6d) over low latitudes that is in contrast with the out-of-phase

variations over mid latiudes. It is also noted that IMF By sharply turns positive

during this time. Interestingly, during these two intervals (marked by green and

orange boxes in this Figure), the nearly identical polarity of perturbation electric

fields are observed over Indian and Peruvian sectors (Figure 5.4d) that are in

pre-midnight and pre-noon sectors, respectively. These aspects will be discussed

in the ensuing section.

5.4 On the evaluation of quiet time vertical drift

reference:

At this juncture, it is crucial to discuss the impact of the choice of a single

quiet day (28 November 2014) as a reference. Figure 5.7 shows a comparison

of vertical drift on 28 November 2014 (in black) with the quiet time average

vertical drift (in blue) over Tirunelveli and quiet time average ROCSAT vertical

drift (in red) along 60°E longitude. Four quiet days (28 November 2014, 11, 17,

and 27 December 2014) in this season and solar epoch are chosen to construct

the average quiet vertical drift variation over Tirunelveli. Note that the Ap

values of these days are less than 6, and the Sym-H and AL values during the

post-sunset hours are more than ∼-15 nT and ∼-250 nT, respectively. Based

on Figure 5.7, a few points can be noted. First, the time of reversal of the

polarity of the vertical drift for the chosen quiet day as well as the average quiet

day is nearly identical. This means that the inference on the polarity of the

electric field remains unchanged even if we use average quiet day variation as a
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reference. Second, it is, nevertheless, clear that the absolute magnitude of the

drift beyond 1900 LT is different during intervals I-VI. Despite this, the inference

on the polarity of electric field perturbations do not change. Third, it is also noted

that the time of occurrence of peak PRE and reversal of vertical drift based on

ROCSAT model differ from the two quiet time reference curves discussed above.

Note that the longitude of Ahmedabad/Mt. Abu is ∼ 72.6°E, which is almost

12.6° apart from ROCSAT drift. In this work, we used a single day quiet time

reference as OI 630.0 nm airglow intensity data from the EIA crest region (Mt.

Abu) were available for comparison with the event day variation. Therefore, it

can be summarized that although the magnitudes of the perturbation electric

fields may vary depending on the choice of the quiet time reference, the inference

on the polarity of the perturbation field remains unchanged.
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Figure 5.7: Local time variations of measured average vertical drift (in blue) and a

typical quiet day (28 November 2014) vertical drift (in black) over Tirunelveli are

shown. In addition, these variations also compares with the ROCSAT quiet time

average vertical drift (in red) along 60°E longitude [Fejer et al., 2008a]

5.5 Discussion

The important role of PP electric field in enhancing zonal electric field during

local PRE hours is evident on 24 December 2014 (see Figure 5.2a). During PRE-

hours, significant effects of PP electric field over the dip equatorial ionosphere

have been studied by several researchers [e.g., Rout et al., 2019; Abdu et al., 2018;

Fejer et al., 2021; Tsurutani et al., 2008] in the past. The role of PP electric field
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Figure 5.8: Prompt penetration effect over Jicamarca is shown on 15-16 Septem-

ber 1999 during 2300-0300 UT. Top panel (IMF Bz), middle panel (IMF By),

and bottom panel (Ee electric field). Positive/negative values of Ee represent the

westward/eastward polarity. Anomalous electric field perturbations are seen over

Jicamarca during the shaded interval. [from Kelley and Makela, 2002].

in generating ionospheric super fountain [e.g., Tsurutani et al., 2004; Mannucci

et al., 2005] over the low latitude and latitudinal expansion of EIA crest toward

higher latitudes [e.g., Rout et al., 2019] have also been shown. Rout et al. [2019]

studied the largest PRE-associated vertical drift (∼ 150 ms−1) over Jicamarca

during a space weather event in September 2017 (Shown in Figure 5.10). They

also brought out latitudinal expansion of the EIA crest along the 75°W longitude.

Not only the EIA crest during this event shifted around 20° with respect to the

quiet day, but the TEC over the EIA crest region also got enhanced. Kumar et al.

[2021, 2022] brought out the important role of PRE and solar flux dependence of

the post-sunset enhancement of OI 630.0 nm airglow intensity and VTEC over the

EIA crest region. Therefore, it is not surprising that an enhanced PRE (interval-I

in Figure 5.4d) would enhance the VTEC as well as OI 630.0 nm airglow intensity

over the EIA crest region, as brought out in Figures 5.2b and 5.2c. However, what

is different here is the sustained (until 2100 LT or 1600 UT) enhancement of

VTEC (Figure 5.2b) and airglow intensity (Figure 5.2c) over the crest region and

also the longer sustenance of the EIA crest location at a higher latitude of 12.5°

(Figure 5.2d) on the event day. It is also important to note that the strength of

EEJ India on 24 December, 2014 is, in fact, weaker compared to the other days.

Despite that, we see an elevated OI 630.0 nm airglow intensity over the EIA
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Figure 5.9: (a) IMF Bz (in red) and SYM-H (in cyan), (b) IMF By (in blue), (c)

solar wind pressure P, on 7 January 2005. These variations are compared with the

(d) EEJ variations over Peruvian sector ∆HJIC-∆HPIU , (e) vertical plasma drift

from JULIA (in black) along with its four quiet day average prior to the event

(in dashed blue), and (f ) vertical drift data over Thumba (in black) along with

its seasonal quiet time values from Madhav Haridas et al. [2015] (in dashed blue).

The Jicamarca and Thumba drifts have uncertainties of the order of 2 m/s and 5

m/s, respectively. Note, perturbation electric field during T2-T3 are eastward over

both Thumba and Jicamarca simultaneously although these stations are nearly

antipodal and in post-sunset and morning sectors respectively. [From Chakrabarty

et al., 2017]

crest region on this night. Therefore, it is apparent that the enhancements in

VTEC and 630.0 nm airglow intensity on this night are not due to conditioning
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Figure 5.10: (a) IMF Bz (in black) and IEF Ey (in green), (b) Sym -H variations,

(c) Vertical drift over Jicamarca and (d) EEJ over Philippines. In Panels c and d,

the event and average quiet day variations are shown with black and blue colored

lines. The shaded regions are marked to show the different regions of ICME-1 and

ICME-2. Note the extreme changes in the Vertical drift over Jicamarca and EEJ

strength over the Asian sector. [From Rout et al., 2019].

of the EIA crest region by the daytime F region plasma fountain process driven

by daytime zonal electric field over the equatorial ionosphere. Elevated h′F over

Tirunelveli in the evening hours of 24 December, 2014 provides the first clue that

the impact on the EIA crest region on this night is because of what happened

in the evening hours. It is noteworthy that the EIA crest is located at 12.5°N

magnetic latitude until 2015 LT on the quiet day as indicated in Figure 5.2d. The

fact that the vertical drift does not really become downward on the event day

during the post-sunset hours (Figure 5.2a) and also gets significantly upward at
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Figure 5.11: Variations of Jicamarca

vertical plasma drifts as a response to

changes in solar wind and geophysical

parameters on 2 January 2005. From

the top to bottom: (first panel) IMF Bz,

(second panel) Vx, (third panel), Psw,

(fourth panel) IEFy, (fifth panel) SYM-

H, (sixth panel) AL, and (seventh panel)

JULIA vertical plasma drifts. The red

line on the bottom panel shows average

vertical drift with their standard devi-

ations. The vertical dashed line indi-

cates the commencement time of sub-

storm. Upward perturbation in vertical

(eastward electric field) drift is observed

due to the substorm in daytime. [From

Hui et al., 2017]

Figure 5.12: Same variations but for 19

August, 2006. Downward perturbation

in vertical drift (westward electric field)

is noticed due to substorm in daytime.

[From Hui et al., 2017]

∼ 1600 UT (2100 LT) has an important connection with the behavior of the EIA

crest on the event night. Therefore, the processes responsible for the unusual
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behavior of the vertical drift (proxy for the zonal electric field) on this night

deserve critical attention.

To understand the anomalous behavior of the zonal electric field on 24 De-

cember, 2014, we now shift our attention to intervals II-V in Figure 5.4. Note

IMF Bz is southward in these intervals. However, IMF Bz is more southward

(IEFy is more positive) during intervals-II and -V compared to interval- III and

-IV. In view of this, we expect more changes in the equatorial vertical drift during

intervals II and V compared to intervals III and IV. However, what we observe

is contrary to this expectation and hence counter-intuitive. The perturbations

in the electric field is nominally eastward (nominally upward drift or nearly zero

drift) in interval II and significantly westward (downward drift) in interval V. On

the contrary, in intervals III-IV, the eastward electric field perturbations (upward

drift) keeps increasing. Another interesting feature is the observation that verti-

cal drift keeps increasing through intervals II and III, although IMF Bz becomes

less southward in interval III compared to interval II. Therefore, even if eastward

penetration electric field is operational during this period that resists the drifts to

turn downward, one expects larger drifts when IMF Bz (or IEFy) is larger. This

suggests contribution(s) from other driver(s). Therefore, not only these observa-

tions cannot be explained by the eastward penetration electric field perturbations

expected until 2200 LT as per the existing understanding [e.g., Fejer et al., 2008b;

Nopper Jr. and Carovillano, 1978], but the amplitude of perturbations also needs

attention here. Interestingly, LANL geosynchronous particle fluxes (Figure 5.5)

confirm that there is no significant substorm occurrence closer to Indian longitude

during the interval of first enhancements of AE and PC indices that occur dur-

ing intervals II-III. Further, the interval of the first and strong enhancements in

AE and PC indices are also marked by relatively large magnitude of IEFy. This

suggests a strong influence of IEFy in the enhancements of AE and PC indices

at this time. This leads us to envisage a strong IMF By role in intervals II and

III. From the work of Chakrabarty et al. [2017], we know that predominantly pos-

itive IMF By can rotate the DP2 convection cells (generated significantly during

southward IMF Bz condition) significantly so that the daytime eastward pertur-
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bation electric field encroach into the post-sunset sector and affects the polarity

of the perturbation electric field during post-sunset hours. Chakrabarty et al.

[2017] have reported that the vertical drift over Thumba and Jicamarca (two an-

tipodal locations) are having the same polarity during post-sunset hours (Figure

5.9). This gets credence from the present observations (Figure 5.4) wherein the

polarity of ∆EEJ and vertical drift over the Jicamarca and Indian sectors are

identical during intervals II and III, suggesting an eastward electric field pertur-

bations over both the sectors (Jicamarca is the day sector whereas Tirunelveli

is in the night sector). Note this is the local time over the Indian sector when

an westward electric field polarity (downward drift as per quiet day pattern) is

expected. Considering the curl-free nature of the ionospheric electric field and

the maximum impact of the penetration electric field on the ionospheric zonal

component, one may expect opposite polarities of perturbation electric field at

the day and night side of the dip equatorial ionosphere. Therefore, it appears that

the identical polarity of penetration electric field over both Indian and Jicamrca

sectors during intervals II and III are due to the effects of IMF By. The propo-

sition of the rotation of the DP2 convection cells by the effects of IMF By [e.g.,

Chakrabarty et al., 2017] gets further credence from Figure 5.6, wherein one can

see the anti-correlation of ∆X variations over mid latitudes but correlation over

low latitudes. Kelley and Makela [2002] found the westward penetration of the

electric field over Jicamarca during the pre-midnight hours under the southward

IMF Bz conditions and suspected the effect of IMF By (Figure 5.8). In the work

of Chakrabarty et al. [2017] and this work, we see the IMF By effect during the

post-sunset hours. These results are consistent with the work of Hui and Vichare

[2021], who, using TIE-GCM simulations, showed that the effects of IMF By over

low latitudes are most prominent at the terminator sector over low latitudes.

Interestingly, ∆EEJ and ∆Vd (Figure 5.4d) show anti-correlations during

intervals-IV and -V that is consistent with the curl-free nature of the ionospheric

electric field as discussed in the previous paragraph. However, zonal electric field

perturbations over the Indian sector are eastward and westward, respectively,

during these intervals. Unlike intervals II and III, ∆X variations (Figure 5.6)
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during these intervals do not show any systematic changes in the behavior as

one comes towards the low latitude (mentioned in the previous paragraph), and

this is indicative of the absence of IMF By effect during intervals IV and V.

Therefore, although IMF By turns positive during interval IV, we rule out IMF

By effect during this interval. In the absence of any substorm during this interval,

the only way an enhanced eastward electric field perturbation can arise with a

reduced (compared to interval-II) amplitude of southward IMF Bz condition is

through the withdrawal of IMF By effect that was present before. We suggest

that the usual eastward penetration electric field perturbations are experienced

over the Indian sector at this time under the influence of southward IMF Bz

(dawn-to-dusk IEFy) with no modification offered by IMF By. As a consequence,

the eastward electric field perturbation seems to increase at this time. On the

other hand, during interval-V, we notice a westward penetration electric field

that causes downward drift. We propose that the penetration electric field is

already westward during this time on this night which is, in general, expected at

∼ 2200 LT as some of the earlier works [e.g., Fejer et al., 2008b] suggested. The

vertical perturbation drift is shown in Figure 5.3b. However, the magnitude of

the westward electric field perturbations during interval-V cannot be explained

by the IEFy magnitude during this time with even 10-15% penetration efficiency

and 10% uncertainty in the drift magnitude. Interestingly, although the AE and

PC indices show minor enhancements during interval V, LANL-04A observations

suggest the presence of substorm-related particle injections at the geosynchronous

orbit closer to the Indian longitude (Figure 5.5). GOES measurements also show

minor undulations in electron flux at this time. On the other hand, IEFy starts

decreasing during this interval. Therefore, we suggest that the combined effects

of penetration electric fields due to IEFy and substorm cause the unusually large

westward electric field perturbation during interval V. Earlier works by Hui et al.

[2017] and Rout et al. [2019] show that substorm-induced electric field can enhance

the conventional penetration electric fields in a significant manner. However, it

is to be kept in mind that substorms have been shown earlier to cause both

eastward [e.g., Chakrabarty et al., 2008, 2010; Huang , 2009; Hui et al., 2017; Rout
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et al., 2019] and westward [e.g., Kikuchi et al., 2000; Chakrabarty et al., 2015;

Hui et al., 2017] electric field perturbations over the equatorial ionosphere. The

observation of Hui et al. [2017] has been shown in Figures 5.11 and 5.12. They

noticed both eastward and westward polarity of substorm-induced electric field

over low latitudes under the southward IMF Bz conditions on two occasions.

During the interval VI (∼2210-2310 LT, see Figure 5.4d), the IMF Bz turns

northward from southward, and an OS electric field [e.g., Kelley et al., 1979; Gon-

zales et al., 1979; Fejer et al., 1979a] is imposed over the equatorial ionosphere.

This provides the eastward perturbations to the ionospheric electric field. Owing

to this, vertical drift becomes less downward during the interval-VI. It has been

shown earlier [e.g., Chakrabarty et al., 2006; Sekar and Chakrabarty , 2008] that

on many occasions, the nighttime eastward electric field perturbations due to the

overshielding effect can affect the equatorial F region plasma irregularity events.

Last but not least, two peaks are observed in VTEC (Figure 5.2b) and 630.0

nm airglow intensity (Figure 5.2c) during the post-sunset hours on 24 December

2014. The peaks are more conspicuous in the airglow intensity variation. The

first peak occurs at ∼ 1445 UT (1945 LT) that is separated from the peak PRE

drift (occurs at ∼ 13 UT or 18 LT) by around 1.75 hrs. This is consistent with the

results of Kumar et al. [2021]. The second peak that occurs just before 1600 UT

(or 2100 LT) is probably a consequence of less quenching as the ionosphere goes

up in altitude simultaneously over the entire low latitude due to the imposition

of the eastward penetration electric field.

5.6 Summary

The space weather event on 24 December 2014 reported in this investigation is

unique for several reasons. First, the equatorial/low latitude impact is anoma-

lously enhanced during the post-sunset hours of 24 December 2014 when the

magnitude of IEFy is not very large but persists through local PRE/post-PRE

hours. This suggests that as far as low latitude ionospheric impacts are consid-

ered, local time of the electric field disturbance is important. Penetration electric
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field perturbations occurring during PRE hours when the zonal electric field is

already enhanced can make the equatorial impact unusually stronger. Second,

during one single event, we see an occasion when a number of phenomenolog-

ically different penetration electric fields (like penetration electric fields due to

IEFy, substorm etc.) acting simultaneously on the equatorial ionosphere. There-

fore, the magnitude of electric field perturbations on some occasions cannot be

determined based on the existing paradigm of penetration electric fields. Third

and most importantly, due to the additional effects of IMF By, for some time,

the response of the equatorial electric field perturbations turns out to be anoma-

lous both in terms of magnitude and polarity. The investigation also shows that

vertical drift over Tirunelveli, VTEC over Ahmedabad and OI 630.0 nm airglow

intensity over Mt. Abu on this night deviate significantly from the quiet time

variation due to the anomalous electric field perturbations primarily driven by

substorm-induced electric field and IMF By under southward IMF Bz condition.

Therefore, this event shows that phenomenological understanding of the nature

of the penetration electric fields are important for future modelling efforts.
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Chapter 6

Space weather induced

perturbation electric fields

during post-midnight hours

Excerpts

In the previous chapters, we have discussed the mechanism and modulation of

post-sunset enhancements over low latitude F region during quiet and disturbed

space weather conditions, respectively. In Chapter-5, the response of post-sunset

F region ionosphere over equatorial and low latitudes is discussed on 24 Decem-

ber 2014 that is characterized by a minor geomagnetic storm. Anomalous electric

field perturbations are noticed over low/equatorial ionosphere on this night. In

this chapter, the responses of equatorial and low latitude ionosphere are investi-

gated corresponding to the space weather disturbances on 21 and 23 December

2014 that are prior to the 24 December 2014 event. Unusual enhancements in

the post-midnight vertical drifts are observed during both these nights. These

perturbations in vertical drifts are also anomalous similar to the post-sunset per-

turbations in vertical drift on 24 December 2014. On 21 December, 2014, we

have found the unusual variations in the dip equatorial vertical drift during post-

midnight hours are caused by IMF By under the southward IMF Bz condition

followed by the overshielding electric field. On the other hand, the post-midnight
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dip equatorial electric field perturbations on 23 December 2014 seem to be driven

by the oversheilding electric field and substorm-induced electric field. There-

fore, this investigation highlights the interplay of various space weather drivers in

causing the electric field perturbations over the dip equator during post-midnight

hours.

6.1 Introduction

The polarity of vertical drift over the dip equatorial ionosphere has been dis-

cussed during quiet and disturbed space weather conditions in section 5.1. It

was discussed that F region vertical drifts are mostly upward/downward in day-

time/nighttime during geomagnetically quiet days in all the seasons (See Figure

3.4). During the post-midnight hours, the vertical drifts are, in general, down-

ward during geomagnetically quiet periods [e.g. Scherliess and Fejer , 1999; Fejer

et al., 2008a]. Many studies are carried out to understand the post-midnight

vertical drift variations over the dip equatorial region during quiet periods. The

unusual behavior of vertical drifts is observed during the low solar activity pe-

riods in the post-midnight hours [e.g., Pham Thi Thu et al., 2022; Zhang et al.,

2015; Chakrabarty et al., 2014; Stoneback et al., 2011; Yizengaw et al., 2009] dur-

ing quiet periods. Stoneback et al. [2011] reported enhancements in equatorial

vertical drifts based on C/NOFS (Communication/Navigation Outage Forecast-

ing System) observations and they suggested the important role of large semi-

diurnal tidal components during post-midnight hours in the June solstice of low

solar activity periods. Interestingly, in the measurements of vertical drifts by

the ROCSAT-1 satellite, the enhancement in vertical drift is observed during

post-midnight [e.g., Yizengaw et al., 2009] as well as dawn [e.g., Zhang et al.,

2015] hours. Zhang et al. [2015] suggested the role of magnetic declination in

the enhancements of vertical drift during dawn hours, whereas Yizengaw et al.

[2009] found that the thermospheric neutral wind drives upward drift during post-

midnight hours through F region dynamo action. It is to be noted that during

quiet periods, the post-midnight vertical drifts are observed upward only during
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low solar activity periods. Upward drift during the post-midnight hours can fa-

vor the growth of the F region plasma irregularities over the equatorial and low

latitude region [e.g., Zhan et al., 2018; Otsuka, 2018].

Using measurements of the ROCSAT-1 satellites, Fejer et al. [2008b] showed

the perturbations in vertical drifts associated with the prompt penetration (PP)

and disturbance dynamo (DD) electric fields. Zonal electric field/vertical drift

perturbations over the dip equator are discussed in section 5.1. In section 5.1,

it has been discussed that zonal electric field/vertical drift over the dip equator

gets perturbed in a variety of ways. The polarity of the PP electric field is

eastward and westward over the dip equator during the day and night hours,

whereas overshielding (OS) electric field and delayed electric field by disturbance

dynamo or disturbance dynamo (DD) electric field generate opposite polarity

to the PP electric field over the dip equatorial ionosphere. The modelling and

observational studies [e.g. Nopper Jr. and Carovillano, 1978; Fejer et al., 2008b]

suggest that the PP electric field generates eastward/upward perturbations in

the zonal electric field/vertical drift till 2200 LT. It should be kept in mind that

OS electric field gives eastward/upward perturbations in electric field/drift after

2200 LT or post-midnight hours. In addition, the DD electric field generates the

downward [e.g., Fejer et al., 2008b; Simi et al., 2012] and upward [e.g., Fejer

et al., 2008b; Rout et al., 2019; Sori et al., 2022] perturbations in vertical drift

during day and night respectively. It has been discussed in previous chapter and

the work of Chakrabarty et al. [2017] that the role of the prompt electric field

can not be understood easily in the presence of IMF By. Besides this, solar

wind pressure-induced electric field also creates a transient change over the dip

equatorial electric field [Huang et al., 2008; Rout et al., 2016]. On the other

hand, the role of the substorm-induced electric field over low latitude regions

is also important. However, the polarity of the substorm-induced electric field

perturbations over the dip equatorial ionosphere [e.g., Hui et al., 2017] cannot be

predicted easily. The strength of a substorm also does not seem to decide the

amount of electric field perturbation expected over a particular location over the

dip equator and this emerges from Chapter-5. In the previous chapter, westward
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electric field perturbation due to substorm was reported, while Rout et al. [2019]

observed eastward polarity during PRE/post-sunset hours. On the other hand,

Hui et al. [2017] noticed both eastward and westward polarities of substorm-

induced perturbation electric fields over the dip equator during daytime.

It is, in general, assumed that the PP electric field causes downward drift,

whereas DD electric field and OS electric field cause upward drifts during post-

midnight hours. In this chapter, we investigate the dip equatorial electric field

perturbations during post-midnight hours for two events. Both these post-midnight

space weather events are characterized by OS electric field perturbations. How-

ever, we note that the stronger overshielding event causes weaker vertical drift

perturbations and vice versa. In addition, the vertical drift perturbations on these

two nights cannot be explained by variations in IEFy only. These anomalous re-

sponses of the equatorial ionosphere are investigated based on the interplay of a

number of space weather induced electric field drivers. This investigation, in turn,

provides a context to compare these observations with similar anomalous electric

field perturbations during post-sunset hours reported in the previous chapter.

6.2 Datasets

The following datasets are used in the present investigation. The data of solar

wind parameters like the interplanetary magnetic field, solar wind velocity, solar

wind pressure, etc. are obtained from SPDF-GSFC. The time-shifted data at the

nose of the bow shock is available on this website. The magnetosheath and Alfven

transit times are calculated and added to the lag time point by point to compare

the space weather effects on the ionosphere. This methodology is adopted from

Chakrabarty et al. [2005] and has already been implemented in Chapter-5. We

also used the auroral electrojet (AE) index from SPDF. 1-minute cadence data

of all these parameters are used in this chapter.

This study is mainly focused on the Indian sectors during post-midnight hours.

Hence, the vertical drifts over Tirunelveli are used to understand the electric field

perturbation and to observe the associated effects over low latitudes. This in-
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cludes changes in the vertical total electron content (VTEC) over Ahmedabad

and OI 630.0 nm airglow intensity over Mt. Abu. These datasets are used in

Chapters-3, 4 and 5 also. Recombination corrected vertical drift over Tirunelveli

(V dTIR) is used in this chapter. The recombination correction method is de-

scribed in Chapter-5. In addition, the equatorial electrojet (EEJ) strength and

vertical drifts over Jicamarca (antipodal location of the Indian sector) are also

studied to understand the curl-free condition of the electric field. EEJ data over

Jicamarca is discussed in Chapter-5. Vertical drifts over the Jicamarca sector are

obtained from Incoherent scattered radar (ISR) over Jicamarca (11.9°S, 77.0°W,

dip angle: 0.8°). The average vertical drifts (V dJIC averaged between 247-450

km) of 5-minute cadence is used in this work.

To identify the occurrence of substorm activity, the electron and ions flux

data measured by Geostationary Operational Environmental Satellite System

(GOES)-13 are used during 1200-2400 UT. These datasets have been used in

Chapter-5 for similar purpose.

It is noticed in Chapter-5 that space weather perturbations are presented dur-

ing 21-25 December 2014. Therefore, during this period, the effects of disturbance

dynamo can be expected. Although the effects of disturbance dynamo (DD) can

not be filtered during the main phase of the storm, their impacts can be evaluated

during the recovery phase of the storm. In the present study, the effect of DD is

characterized by using the technique discussed by Amory-Mazaudier et al. [2017],

and Zaka et al. [2009].

Ddyn = ∆H − SR − SymH × cos(L) (6.1)

In Equation 6.1, ∆H and SR are the event day and quiet time average

magnetic field variations above the crustal magnetic field values. SymH is

the strength of the ring current. L is the magnetic latitude at that station

where the magnetic disturbance is calculated. The DD shows its global im-

pact, and its effects can be captured in horizontal magnetic field variations.

The magnetometer data from both the hemispheres between the geographic lon-

gitudes 275°-300°E have been taken. Using Equation 6.1, the DD is calcu-
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lated over the stations, Vernadsky (AIA, 55.4°S, 6.1°E), Trelew (TRW, 33.4°S,

6.24°E), Pilar (PIL, 21.8°S, 7.9°E), Huancayo (HUA , 2.2°S, 2.7°S), San Juan

(SJG, 27.7°N, 6.8°E), Ottawa (OTT, 54.9°N, 3.7°W), Iqaluit (IQA, 73.3°N, 6.2°E),

and Thule (THL, 87.1°N, 14.2°E). These data are obtained from the INTERMAG-

NET (https://www.intermagnet.org/index-eng.php).

6.3 Results

In Chapter-5, it has been shown that the period 21-25 December 2014 is as-

sociated with space weather disturbances. We have chosen two days-21 and 23

December- from this period for further investigation. In Figure 6.1, the variations

during Event-I, Event-II, and quiet day are shown by the red, black, and blue

colored lines, respectively, in two adjacent columns. Further, the vertical drift

over Tirunelveli (V dTIR), vertical total electron content (VTEC) over Ahmed-

abad, and OI 630.0 nm airglow intensity over Mt. Abu are shown in the top,

middle, and bottom panels in both the columns.

In Event-I, the peak amplitude of PRE-associated vertical drift (∼ 25 ms−1) is

comparable to to the peak quiet time amplitude. However, the event day’s PRE-

associated vertical drift during the event night remains positive (upward) for a

slightly longer duration than the quiet night and becomes negative (downward)

after ∼1430 UT (1930 LT). It can be noticed that two peaks in vertical drift

are observed at ∼1300 UT (1800 LT) and ∼ 1400 UT (19 LT) during Event-I.

During this event, vertical drift is ∼ −50 ms−1 at ∼ 1950 UT (2550 LT) that is

larger than the amplitude of downward drift at the same local time on the quiet

day (∼-30 ms−1 at 1545 UT). It is interesting to note that a larger downward

vertical drift occurs later during Event-I. After the occurrence of this minimum

drift (or equivalently, maximum downward drift), the vertical drift gets enhanced

and reaches ∼ 50 ms−1 at ∼ 2200 UT (0300 LT). This post-midnight upward

drift is not only anomalous (one expects downward drift at this local time),

but the magnitude of this upward drift is quite large (twice the amplitude of

the PRE-associated vertical drift during post-sunset hours). After half an hour,
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Figure 6.1: The variation in Event-I, Event-II and quiet day are depicted with red,

black, and blue colored lines, respectively. Panels a & e, b & f, c & g and d &

h show the variations in interplanetary electric field (IEFy), vertical drifts over

Tirunelveli (V dTIR), VTEC over Ahmedabad and OI 630.0 nm airglow intensity

during 12-24 UT respectively. The vertical dashed lines mark the times of onset

of overshielding electric field perturbations (in panels a and e) and associated

upward vertical drift perturbations (in panels b and f) over Tirunelveli during

post-midnight hours during Event-1 and Event-II.

this upward drift becomes downward. In Figure 6.1c, the two VTEC peaks are

noticed at ∼ 1453 UT (1953 LT) and ∼ 1553 UT (2053 LT) after the occurrence

of two peaks in the vertical drift at 1300 UT (1800 LT) and 1400 UT (1900

LT). In Figure 6.1d, a clear and broad peak in airglow intensity is also observed

at ∼ 1520 UT (2020 LT) for Event-I. Figures 6.1c and 6.1d indicate that as
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far as Event-I is concerned, there is no unusual impact on VTEC and airglow

intensity variations over the crest region of EIA during post-sunset hours. The

observations are consistent with the post-sunset impact on low latitude VTEC

and airglow intensity variations discussed in Chapters- 3 and 4.

The vertical drift during Event-II at ∼ 1300 UT (1800 LT) is relatively smaller

(peak amplitude is ∼ 16 ms−1) than the PRE values on the quiet day and Event-I

(amplitudes on both days are ∼ 25 ms−1). The post-sunset drifts during Event-II

become downward (negative) at ∼ 1905 LT. However, the amplitude of vertical

drifts remains between -10 and 0 ms−1 till ∼ 2015 UT (0115 LT). It is interesting

to note that in this case also, two peaks in VTEC are seen and these occur

at ∼ 1453 UT (1953 LT) and ∼ 1553 UT (2053 LT). Further, a conspicuous

and broad peak is observed in airglow intensity at ∼ 1600 UT (2100 LT). After

2015 UT, the vertical drift increases unusually (not expected at this local time

during quiet periods) and becomes upward (the peak amplitude is ∼ 21 ms−1) at

∼2225 UT (0325 LT). This post-midnight peak in vertical drift is slightly higher

than the evening hours’ peak amplitude in the PRE-related vertical drift. This

post-midnight peak in vertical drifts is observed 25 minutes later than the post-

midnight peak on Event-I. In the present investigation, we are more interested in

addressing the causes of the occurrence of these post-midnight peaks in upward

vertical drift, which are higher than evening/PRE-associated upward vertical

drifts. Further observations related to both events will be discussed in the ensuing

sections.

Figures 6.2 is presented to understand the electric field perturbation on 21-22

December 2014 over the Indian and Jicamarca sectors during 1200-2400 UT. This

is done to glean clues for the unusual variations in the vertical drifts during the

post-midnight hours over the Indian sector. Figure 6.2a depicts the variations in

IEFy. In Figure 6.2b, the variations in IMF By (black) and IMF Bz (red) are

presented. The solar wind dynamic pressure (P) is shown in Figure 6.2c. Figure

6.2d represents the AE and PC indices with black and red-colored lines. Figures

6.2 e-g depict the variations in vertical drifts over Tirunelveli (V dTIR), vertical

drifts over Jicamarca (V dJIC), and EEJ over Jicamarca (EEJJIC), respectively.

166



6.3 Results

17 18 19 20 21 22 23 00 01 02 03 04 05
LT = UT + 5 hr

-4
-2
0
2
4

IE
F

y
(m

V
/m

)

a

Event-I:  20141221

0
4
8

12
16

IM
F

 B
y

(n
T

)

-16
-8
0
8
16

IM
F

 B
z

(n
T

)

b

0
3
6
9

12

P
 (

nP
a)

c

0

400

800

1200

A
E

(n
T

)

0

3

6

P
C

In
de

x

d

-50
-25
0
25
50

V
d

T
IR

(m
/s

)

e
Event day
Quiet day

07 08 09 10 11 12 13 14 15 16 17 18 19
-20

0
20
40
60

V
d

JI
C

(m
/s

) f

 LT = UT - 5 hrs

Event day
Quiet day)

12 13 14 15 16 17 18 19 20 21 22 23 24

UT (hrs)

-20
15
50
85
120

E
E

J JI
C

(n
T

)
g Event day

Quiet day

Figure 6.2: Panels a-d depict variations in (a) IEFY, (b) IMF By (in black) and

IMF Bz (in red), (c) Solar wind pressure (P), and (d) AE (in black) and PC (in red)

on 21-22 December, 2014 (Event-I). Panels e, f, and g represent the variations in

vertical drifts over Tirunelveli (V dTIR), over Jicamarca (V dJIC), and EEJ strength

over Jicamarca (EEJJIC). The variations in Event-I and quiet day are shown with

red and black colored lines in panels e-g. Two dashed vertical lines are marked

with cyan (at 1933 UT) and blue (at ∼2130 UT) colors in all the panels. In panel d,

enhancements in AE indices are marked with gray colored rectangular boxes during

1336-1424 UT, 1622-1713 UT, and 1837-2207 UT. An orange colored rectangular

box (1942-2300) is also marked to show the post-midnight enhancement in vertical

drift over Tirunelveli in panel f.
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In Figures 6.2e-g, the red and black colored lines are used to show the variation

of Event-I and quiet day, respectively. Two dashed vertical lines are shown in

all panels with cyan (at 1933 UT) and blue (at ∼2130 UT) colors. An orange

rectangular box is used to highlight the post-midnight peak in vertical drift in

Figure 6.2d. Two spikes and one broad peak in the AE index are observed in

Figure 6.2c at 1400 UT, 1645 UT, and ∼ 1900 UT, respectively, which are marked

with gray color rectangular boxes. AE is, in general, used to find any substorm

activity. Although AE is used here, the occurrence of substorm will be verified

more reliably from Figure 6.3. The vertical drift from evening hours to midnight

hours over the Indian sector is small in amplitude (both upward and downward).

This is despite IEFy being continuously eastward (positive) during the whole

night except on a few occasions (at 1406 UT, 2150 UT, and 2245 UT) when it is

found westward (negative). Before 1933 UT or Indian midnight hours (vertical

line in cyan), IEFy is positive, which is expected to generate westward PP electric

field perturbations. However, there is no significant change observed in vertical

drift. Now, we focus on the orange box in Figure 6.2e. At ∼1933 UT (vertical

dashed line in cyan), sudden changes in IMF By (increased by 8 nT) and solar

wind pressure (increased by 4.2 nPa) are noticed. At the same time, vertical drift

starts to increase. In fact, both IMF By and P remain elevated after the initial

step-like increase at ∼1933 LT. It is interesting to note that the AE index starts

increasing just after ∼1800 UT when IEFy starts increasing from ∼2 mV/m (it

was predominantly less than 2 mV/m before this time) to ∼4 mV/m. Not only

that, AE peaks (∼1200 nT) at the same time (∼2030 UT) as IEFy (see the

interval between cyan and blue dashed lines). Therefore, the AE index rises with

an increase in IEFy and decreases with a decrease in IEFy. It appears that IEFy

predominantly controls the enhancement in the auroral electrojet at this time. At

∼1933 UT, a sudden change in solar wind dynamic pressure may be expected to

be more conspicuous over the dayside. Since we do not see any significant change

at this time on the dayside (see Vd and EEJ over the Jicamarca sectors in Figures

6.2 f and g), we infer that the contribution due to ram pressure-induced transient

electric field perturbations are minimal during post-midnight hours. Therefore,
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it seems that the combined effects of IMF By and IEFy enhance V dTIR from

∼-20 ms−1 to +20 ms−1 during 1930 UT - 2130 UT. We conjecture that IMF

By has played an important role here as the polarity of the PP electric field is

expected to be westward at this local time [e.g., Fejer et al., 2008b], and this

should cause downward vertical drift. Therefore, as IEFY increases at this time,

we see an eastward electric field perturbation over the equatorial ionosphere. On

the other side (at the antipodal location), it is surprising to note that V dJIC is

not conspicuously affected. However, it is interesting to note that during 2030

- 2130 UT, the polarity of the electric field is eastward over both Indian and

Jicamarca sectors. This indicates (as discussed in Chapter-5) the influence of

IMF By effect. At 2130 UT (0230 LT), IEFy changes suddenly from eastward

(positive) to westward (negative), which is expected to cause OS electric field

perturbations. Although during this overshielding process, IEFy turns from +2

mV/m to almost -4 mV/m, V dTIR increases, and the amplitude reaches ∼ 50

ms−1. Interestingly, at this time, V dJIC shows a negative deviation (w.r.t. the

quiet time variation). This is, in general, expected [e.g., Kelley and Makela, 2002;

Chakrabarty et al., 2017] for antipodal locations that are located at the night and

day sectors. We will argue later in the discussion section that the OS electric field

at this time is not sufficient to explain the +50 ms−1 vertical drift over the Indian

sector. It is to be noted that three peaks in AE are noticed in Figure 6.2d. These

auroral electrojet intensification events might generate sufficient joule heating

over the polar region, leading to disturbance dynamo (DD) activity. This aspect

will again be explored in Figure 6.4. Another interesting point to be noted here

is a substantially scaled-down response of these vertical drift enhancement events

over the Jicamarca sector. One exception here is probably the only ephemeral

and conspicuous spike in EEJ (and vertical drift) just after 1900 UT (1400 LT)

concurrently with the step-like increase in AE within the broad enhancement and

just before the step-like pressure increase. Therefore, during this space weather

event, we note significant differences in the ionospheric response over the Indian

(post-midnight) and Jicamarca (afternoon) sectors.

In order to identify the presence of substorm on Event-I (21 December 2014),
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Figure 6.3: Panels a-f and g-l represent the electron and proton flux variations

measured by six LANL satellites (LANL-01A, LANL-02A, LANL-04A, LANL-97A,

LANL-080, LANL-084) during 1200-1900 UT on 21 December 2014 for a number

of energy channels mentioned at the top of the figure. Three intervals- ∼ 1336-

1424 UT, ∼1620-1715 and ∼1837-2210 UT are marked with gray color rectangular

box in all panels (a-l) similarly marked in Figure 6.2d. Panel m also shows the

variations of electron flux at four energy channels (depicted in the right hand side

of the panel m) measured by geosynchronous satellite GOES-13. A dashed vertical

line is drawn at 1943 UT where the dispersion particle injection is observed.

Figure 6.3 is used. The subplots a-f and subplots g-l show the variations in the

electron and ion fluxes measured from the geosynchronous orbit, respectively. The

LANL geosynchronous satellites are LANL-01A, LANL-02A, LANL-04A, LANL-
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97A, LANL-080, and LANL-084. Six energy bins for electrons and protons are

used in this study. The electron energy bins are 50-75 keV, 75-105 keV, 105-150

keV, 150-225 keV, 228-315 keV and 315-500 keV, respectively, whereas the ion

energy bins are 0-75 keV, 75-113 keV, 113-170 keV, 170-250 keV, 250-400 keV,

400-670 keV, respectively. Three intervals- ∼1336-1424 UT, ∼1620-1715 UT, and

∼1800-2210 UT UT are marked with gray-colored rectangular boxes similar to

Figure 6.2d. No conspicuous dispersionless particle injections are observed in

electron fluxes and proton fluxes over the marked regions. Further, to check the

occurrence of any substorm activity, electron fluxes from GOES-13 are shown in

Figure 6.3m. Electron fluxes from four energy channels (75 keV, 150 keV, 275

keV, and 475 keV) are used. Owing to this significant enhancement in AE for

about 4 hours in combination with sustained positive IEFy condition (southward

IMF Bz) before the post-midnight vertical drift enhancement event on this night,

eastward DD electric field perturbation cannot be ruled out.
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Figure 6.4: Latitudinal variations of disturbance dynamo (Ddyn, magnetic distur-

bances) on 21 December 2014 during 20-24 UT along Jicamarca longitudes.

Figure 6.4 represents the latitudinal magnetic disturbance (Ddyn) during Event-

I (21 December 2014) on 2000 UT (in blue), 2100 UT (in red), 2200 UT (in

yellow), 2300 UT (in violet) and 2400 UT (in green) along the Jicamarca longi-

tudes. It is noticed that the maximum changes in Ddyn occur at 23 UT (violet

line). Over the dip equatorial region, although Ddyn is not significantly ampli-

fied by equatorial Cowling conductivity to reach positive values. Other features
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[e.g., Amory-Mazaudier et al., 2017], like the high value of Ddyn closer to the

mid latitudes and decrease over low latitudes are also noticed. Therefore, the

basic features of Ddyn are seen, although the amplitudes are not high. Therefore,

weak DD electric field perturbations can be expected over Jicamarca at this time

(∼2300 UT or 1800 LT). Therefore, at an antipodal location (Indian sector), a

finite contribution from DD electric field cannot be ruled out during the enhanced

vertical drift event in the post-midnight hours.

So far, we have discussed Event-I, and Event-II (23 December 2014) will be

discussed in Figures 6.5 and 6.6. In Event-II, also one sees an overshielding event

occurring at ∼2130 UT when IEFy, after being positive (southward IMF Bz) for

some time, flips to have negative polarity. In fact, the changes in IEFy during this

overshielding event (from +6 mV/m to -4 mV/m) are larger than the first event,

where IEFy changed from +2 mV/m to -4 mV/m. Anomalous post-midnight

enhancements in vertical drift are observed over Tirunelveli on this night also

(similar to Event-I), and the peak vertical drift reaches ∼+20 ms−1 just (Figure

6.5e) after 2200 UT (or 0300 LT). Therefore, if we compare Event-I and Event-II,

we see less eastward electric field perturbations corresponding to an overshielding

event of a larger magnitude. Figures 6.5a-6.5e are similar to Figure 6.2a-6.2e

but for 23 December 2014. In the same way, Figure 6.5f is similar to Figure

6.2g but for Event-II. This is because V dJIC measurements are not available for

this event. In Figure 6.5d, broad peaks in AE and PC indices are marked with

a gray rectangular box (interval 2052-2252 UT) where the substorm activity is

suspected. This aspect will be verified in Figure 6.6. It is noted that vertical drift

is observed slowly increases when AE becomes higher than 400 nT. In Figure 6.5e,

this increase in vertical drift (with a peak amplitude of ∼21 ms−1 at ∼2230 UT or

0330 LT) during post-midnight hours over the Indian sector is marked with orange

colored rectangular box (Interval ∼2106-2306 UT). Two vertical dashed lines with

blue (∼2133 UT) and violet (∼2205 UT) colors are marked in Figures 6.5a-6.5f to

show At ∼2133 UT, the IEFy is changed suddenly from positive (+6 mV/m) to

negative (∼-4mV/m), which indicates the possible generation of the OS electric

field. The OS electric field imposes eastward electric field perturbations over the
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Figure 6.5: This plot is for Event-II (23 December, 2014). This is same as Event-I

(Figure 6.2) but V dJIC measurements are not available for this event. A broad

peak in AE and PC indices are marked by gray color rectangular box in panel d.

In panel e, post-midnight peak in vertical drift is highlight by orange rectangular

box. Two dashed vertical lines with blue (at 2133 UT) and purple (at 2205 UT)

colors are drawn to mark the change in IEFy from positive to negative.

equatorial ionosphere that generates the upward drift. It can be seen in Figure

6.5e that vertical drift changes at a faster rate after the blue vertical dashed line.

After this overshielding event, IEFy becomes positive again and remains positive

for less than 30 minutes. After 30 minutes from the blue dashed vertical line,

IEFy becomes negative again, although the change in amplitude is less compared
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to the previous overshielding event. An eastward OS electric field perturbation is

again imposed that takes the vertical drift further upward. It is to be noted that

the vertical drift data has 10 min cadence, and therefore, it does not capture the

recovery of IEFy in between the two overshielding events. However, signatures of

the two overshielding events and the intermediate recovery are clearly seen in AE

and PC indices (Figure 6.5d). Interestingly, the EEJ strength shows a decrease

(Figure 6.5f) after each overshielding event which is consistent with the earlier

results [e.g., Kikuchi et al., 2003].

Figure 6.6 depicts the same variations as shown in Figure 6.3 but for Event-II

(23 December 2014). A gray color rectangular box (interval ∼2052-2252 UT) is

marked in Figures 6.6a-6.6l. It is interesting to note that a clear signature of

dispersion-less particle injection is noted in electron (in Figures 6.6a, 6.6b, 6.6c,

and 6.6e) and proton fluxes (in Figures 6.6i and 6.6j) of several LANL satel-

lites that confirm the occurrence of substorm at this time. However, the most

prominent signature is captured by the LANL-04A satellite, which is closed to

the Indian longitudes (situated at 65°E). Electron fluxes of GOES-13 (Figure

6.6m) also capture the substorm activity at 2122 UT (marked by a black dashed

vertical line). At this time, the electron fluxes of all energy channels increase si-

multaneously. This suggests the onset of a substorm at 2122 UT. Therefore, the

enhancements in AE and PC indices on this night seem to be influenced by posi-

tive IEFy (Storm contribution) and the substorm-induced particle precipitation.

More importantly, the influence of substorm-induced electric field perturbations

at this time over the equatorial ionosphere cannot be ruled out. Another impor-

tant point to be noted here is the occurrence of the overshielding events coinciding

with the two peaks in the AE and PC indices and not with the onset of the sub-

storm event. In fact, AE and PC indices start increasing as IEFy starts turning

towards positive direction. The implications of these results will be discussed in

the discussion section.
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Figure 6.6: Same as Figure 6.3 but for 23 December 2014. Interval 2052-2252 UT

is marked with brown color rectangular box in panels a-l where the dispersionless

particle injection can be identified in both electrons and ions’ fluxes. In panel m,

a dashed vertical line is shown at 2122 UT where the dispersion particle injection

is also noted.

6.4 On the evaluation of quiet time vertical drift

reference

In Chapter-5, the vertical drift on 28 November 2014 is used as quiet reference for

the dip equatorial vertical drift over Tirunelveli during post-sunset hours. In this

chapter, we again use the post-midnight vertical drift variation on 28 November

2014 as a quiet time reference. Figure 6.7 shows a comparison of vertical drift on
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28 November 2014 (in black) with the quiet time average vertical drift (in blue)

over Tirunelveli and quiet time average ROCSAT vertical drift (in red) along 60°E

longitude. Four quiet days (28 November 2014, 11, 17, and 27 December 2014)

in this season and solar epoch are chosen to construct the average quiet vertical

drift variation over Tirunelveli. It is to be noted that during post-midnight hours,

maximum Ap values of all four days are 5, 4, 8, and 18, and the Sym-H and AL

values are more than ∼-13 nT and ∼-200 nT, respectively. In this Figure, we note

that regardless of the choice of quiet time vertical drift reference, the vertical drift

is downward all the time during post-midnight hours during quiet time, whereas

unambiguously upward vertical drifts (∼ 50 ms−1 in event-I and ∼ 20 ms−1 in

Event-II) are observed around ∼ 0300 LT in both the events. Therefore, similar

to Chapter-5, it can be inferred that although the magnitudes of the perturbation

electric fields may vary depending on the choice of the quiet time reference, the

inference on the polarity of the perturbation electric fields remains unchanged.

As stated in Chapter-5, we reiterate that we used a single day quiet time reference

because this allowed us to compare the OI 630.0 nm airglow intensity variations

during event day with the quiet time variations.
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Figure 6.7: Local time variations of measured average vertical drift (in blue) and a

typical quiet day (28 November 2014) vertical drift (in black) over Tirunelveli are

shown. In addition, these variations also compares with the ROCSAT quiet time

average vertical drift (in red) along 60°E longitude [Fejer et al., 2008a].
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6.5 Discussion

The quiet time vertical drift is downward during the post-midnight hours [Fejer

et al., 2008a]. Therefore, it is clear that if the vertical drift becomes upward

during post-midnight hours, space weather induced electric field perturbations

are the prime suspects. At first look, since the overshielding events are found to

be very prominent in the two cases, we compared the changes in vertical drift

corresponding to these overshielding events. It is noted that the perturbations

in vertical drift during post-midnight hours are not commensurate with the de-

gree of the respective overshielding events marked by the net changes in IEFy

from positive to negative direction within a short period of time. This suggests

that there are contributions from other electric field drivers in these cases that

cause these anomalous responses. In the previous chapter, we have discussed

the influence of substorm and IMF By over the dip equatorial ionosphere during

the post-sunset hours on 24 December 2014. It was shown that during post-

sunset hours, substorm can generate westward electric field perturbations over

the equatorial ionosphere. In this chapter, the role of a substorm-induced electric

field perturbations is investigated during post-midnight hours on 23 December

2014. It is known that vertical drift becomes upward on many occasions during

post-midnight hours in June solstice and in low solar activity period [e.g., Pham

Thi Thu et al., 2022; Zhang et al., 2015; Stoneback et al., 2011; Yizengaw et al.,

2009]. However, this is not the situation here, as these observations pertain to

neither June solstice, nor solar minimum period. Moreover, significant upward

drifts in the post-midnight hours are observed on 21 (Event-1) and 23 (Event-II)

December 2014 over the Indian dip equator during minor geomagnetic storms.

Therefore, these observations clearly suggest that the observed drift perturba-

tions during Events-I and II are associated with space weather induced electric

field perturbations and OS electric field perturbations are not the only driver in

both cases. The peak in V dTIR during Events-I and II are observed at 2200 UT

and 2225 UT with amplitudes of ∼ 50 ms−1 and ∼ 21 ms−1, respectively (Figure

6.1a and 6.1d). These post-midnight amplitudes are not only higher than the

quiet time reference drifts but also larger than the PRE-associated vertical drifts
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on the respective dates. However, unlike the post-sunset hours, these enhanced

vertical drifts (or zonal electric fields) during post-midnight hours do not produce

any perceptible changes in the plasma distribution over low latitudes (see Figure

6.1b-f). It is because of the presence of depleted plasma density in the F region

over the equatorial and low latitudes, and as a consequence, even if the plasma

fountain process gets reinvigorated by the enhanced electric field, the amount of

plasma that gets transported at this hour is not significant. Therefore, in the

ensuing paragraphs, we will try to understand the drivers of the space weather

induced electric field perturbations rather than the impact over the low latitude

ionosphere.

We first focus on Event-I and try to understand the nature of the space

weather induced electric field perturbations based on Figures 6.2, 6.3, 6.4. In

panel 6.2e, a gradual increase in vertical drift over Tirunelveli (V dTIR) is ob-

served to start at ∼ 2000. On careful scrutiny, it can be seen that this increase

occurs in two steps. V dTIR starts to increase after 1933 UT (2433 LT). At this

time, a sudden jump in IMF By (Figure 6.2b) is observed, with IEFy continu-

ing ∼ 3 mV/m. A positive value of IEFy is expected to cause downward drift

(westward electric field perturbation) at this local time [Fejer et al., 2008b]. We

already mentioned in the results section that pressure-induced transient electric

field perturbations are not seen on the dayside. Hence, we assume that it does

not have any significant impact on the night side also. Therefore, despite west-

ward electric field perturbations are expected during 1933 - 2130 UT, we see

vertical drift starts increasing, indicating eastward electric field perturbations. It

happens because of the sharp change in IMF By at 1933 UT. Chakrabarty et al.

[2017] showed strong evidence of the role of IMF By during post-sunset hours

in the equatorial ionosphere and showed that identical polarity of electric field

perturbations at the antipodal locations (in the Indian and Jicamarca sectors) is

one of the clear indications of the IMF By influence. They explained this from

the curl-free nature of the ionospheric electric field. Further, Hui and Vichare

[2021], based on TIE-GCM simulations, suggested that IMF By influence is more

effective around the terminator. However, in the present case, we see a possible
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Figure 6.8: SuperDARN ionospheric convection maps on 21 December 2014 are

presented in the top row (1900, 1920, and 1940 UT from the left to the right),

middle row (2000, 2020, and 2040 UT) and bottom row (2100, 2120, 2140 UT).

The orange and blue cells represent the dawn and dusk cells respectively. After

sudden increase in IMF By at ∼ 1933 UT under strongly positive IEFy condition,

the size of dawn cell increases and it seems to gradually enter into the dusk cell.

Note, Tirunelveli, being in the post-midnight sector, is located under the dawn cell

(red) while Jicamarca, being in the afternoon sector, is located under the dusk cell

initially. Here we assume that cell configurations and electrodynamic boundary

between the two cells are similar even over the equatorial latitudes.

influence of IMF By in the equatorial ionosphere during post-midnight hours.

This is also supported by SuperDARN observations. The ionospheric plasma

convection maps from SuperDARN radar over high latitudes from 1900 UT to

2240 UT with 20 minutes cadence are shown in Figures 6.8 and 6.9. Orange and

blue colored cells represent the dawn and dusk cells, respectively. These contour

maps have been used to indicate the effects of IMF By over the dip equatorial

ionosphere as well during post-sunset hours [Chakrabarty et al., 2017]. We use
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Figure 6.9: Similar to Figure 6.8 but for 2200, 2220 and 2240 UT (from left to

right)

these maps to understand the possible role of IMF By during postmidnight hours

over the dip equatorial ionosphere during Event-I. It is noted that during the

sharp change in IMF By at 1933 UT, there was no change observed in both cells.

However, at 2040 UT, the dawn cell enters the dusk cell from the morning side,

and the size of the dawn cell increases. Owing to this, the dawnside polarity

may become the same as that of the morning time polarity that is eastward.

It is noted that the effects of IMF By are prominent before the occurrence of

the overshielding effect at 2130 UT. After 1933 UT, due to OS electric field, the

vertical drift becomes further upward and becomes maximum (50 ms−1) at 2200

UT. Surprisingly, the change in IEFy is around 6 mV/m during the overshielding

process. Considering a 10-15% penetration efficiency of OS electric field, an elec-

tric field perturbation of amplitude ∼0.6 mV/m is expected over the dip equator

at this time. Considering the fact the quiet time vertical drift is expected to be

downward at this local time, an externally imposed 0.6 mV/m cannot cause such

a large vertical drift of +50 ms−1 unless one considers the previous eastward elec-

tric field perturbations (possibly due to the combined effects of IEFy and IMF

By) that already enhanced the vertical drift to ∼-20 ms−1 to ∼+20 ms−1. In

fact, it is difficult to account for the difference between the peak drift (50 ms−1)

and 20 ms−1 (drift before the onset of the overshielding event) by taking even 1

mV/m OS electric field perturbations and 15% penetration efficiency. Therefore,

it appears that some other factor may be additionally operational here. This

motivates us to explore the contribution of DD electric field perturbations also

at this time. It is noticed in Figure 6.4 that disturbance dynamo (DD) comes
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into action after the occurrence of the peak in vertical drift. In fact, from Figure

6.4, an indication of DD influence is seen at 23 UT. However, the effects of Ddyn

over the dip equator are small in this case as the equatorial amplitude of Ddyn

gets enhanced (but does not become positive). During DD, a large change in

current is observed over the dip equator in general [Zaka et al., 2009; Amory-

Mazaudier et al., 2017]. Therefore, for Event-I, it appears that IEFy, IMF By

and disturbance dynamo have played their roles in enhancing the vertical drift

over the equatorial ionosphere to touch +50 ms−1 during post-midnight hours.

It is a challenging task though to quantify their contributions.

Let us now consider Event-II (23 December 2014). In this case, also the post-

midnight peak in vertical drift is noticed with the amplitude of ∼ 21 ms−1 at 2230

UT (0330 LT). It is noticed that solar wind pressure is decreasing, and IMF By is

negative. Therefore, the effects of solar wind dynamic pressure and IMF By are

ruled out for this event. It is noticed that V dTIR increases with the enhancements

in the AE index. Similar to Event-I, in this case also, we see that while IEFy

is positive, V dTIR increases during post-midnight hours. As discussed earlier,

we expect the westward polarity of the PP electric field during post-midnight

hours [e.g., Fejer et al., 2008b]. Therefore, the polarity of the PP electric field is

anomalous in this case also. It is noticed that a substorm has occurred at 2100 UT,

which is confirmed by the different electron channels of LANL as well as GOES-

13 satellites at 2122 UT. At 2133 UT, IEFy turns negative (magnitude is ∼ -6

mV/m) from a positive (magnitude is ∼ 4 mV/m) value. The change is around

10 mV/m. Owing to this sharp change in IEFy, an OS electric field gets generated

that generates eastward electric field perturbation (provides upward drift) over

the dip equator. However, it is to be kept in mind that IEFy is ∼+6mV/m

when the vertical drift starts increasing on this night. And most importantly,

this occurs before the first and the larger overshielding event. At this local time,

we expect westward electric field perturbations due to prompt penetration of

IEFy [e.g., Fejer et al., 2008b]. Despite that, the downward drifts start reducing.

This suggests that substorm-induced eastward electric field perturbations might

have played a role in over-compensating the westward penetration electric field
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perturbations due to IEFy. We feel that the overshielding electric field adds to

this eastward electric field perturbation afterward. If we consider 10% penetration

efficiency of the total change in IEFy during the overshielding event (∼10 mV/m),

the equatorial electric field perturbation amplitude should be 1 mV/m that, in

turn, should generate a vertical drift of ∼25 ms−1. However, considering the

peak vertical drift at this time is ∼+21 ms−1 and the vertical drift changes from

-10 ms−1 to +21 ms−1, the total change in drift is 31 ms−1. This cannot be

explained by only 1 mV/m electric field perturbation due to the overshielding

process. This also indirectly suggests that the substorm might have generated

eastward electric field perturbations before the overshielding-induced eastward

electric field perturbations. Therefore, the peak in vertical drift during the post-

midnight hours in Event-II is caused by both substorm-induced and OS electric

fields. Therefore, these investigations bring out the important role of drivers

other than IEFy in generating anomalous impacts of penetration electric field on

the dip equatorial ionosphere during post-midnight hours. Note, the DD related

electric field in Event-II is not discussed as IEFy is negative. This is why Ddyn

in case of Event-II is not derived.

6.6 Summary

The upward vertical drifts over the equatorial ionosphere during the post-midnight

hours on 21 and 23 Dcember 2014 are investigated. It is found that a smaller

overshielding event on 21 December, 2014 makes a larger impact on the equatorial

vertical drift compared to the stronger overshielding event on 23 December, 2014.

Investigations reveal the additional roles of IMF By, overshielding induced elec-

tric field and disturbance dynamo electric field that determines the response of

vertical drift on 21 December, 2014. On the other hand, it is found that substorm

and overshielding induced electric field can explain the response of the equatorial

vertical drift during 23 December 2014. Therefore, this investigation reveals the

important roles of drivers other than IEFy in generating the so-called anomalous

responses in the equatorial ionosphere during post-midnight hours.
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Chapter 7

Summary and Future direction

In the present thesis, the low latitude F region ionosphere is studied during quiet

and disturbed space weather conditions in the pre-and post-sunset hours. In the

course of this thesis, the post-sunset enhancements over the EIA crest region are

investigated, and it is found that they, in general, can occur any time after 1930

LT. These enhancements are primarily driven by the pre-reversal enhancement

(PRE) of the zonal electric field/vertical plasma drift over the dip equator through

the equatorial plasma fountain process. The post-sunset enhancement over the

EIA crest region shows the seasonal, solar cycle, and solar flux dependence as

that of PRE. These enhancements over the EIA crest region are prominent during

December solstice and Equinox in the high solar activity period only, and this

is similar to the corresponding variations in PRE. It is also shown that one can

expect plasma density enhancements over the EIA crest region when the solar flux

levels exceed ∼ 110 sfu in December solstice and Equinox. Interestingly, results

obtained from this thesis additionally suggest that PRE is a necessary condition

for post-sunset enhancement over the EIA crest region, and it can not solely

enhance the plasma density over this region. It is shown that the latitudinal

plasma density gradient works in tandem with the PRE to decide the degree

of enhancement of the plasma density over the EIA crest region. In general,

plasma takes 3-4 hrs to reach the EIA crest region from the dip equator through

the daytime equatorial plasma fountain. In contrast, the re-invigorated plasma

fountain due to PRE supplies the plasma to the EIA crest region within 1.7 hrs.
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This shorter response time during the evening hours of the EIA crest region is

explained based on the transportation of F region plasma from 5°− 10° magnetic

latitudes to the EIA crest region.

During the course of the present work, the electric field perturbations are

studied during the pre-and post-midnight hours on a number of occasions in De-

cember 2014. Enhanced PRE during disturbed periods can help to sustain the

enhanced post-sunset plasma density over the EIA crest region for a longer dura-

tion with respect to a quiet day. On the contrary, it is important to evaluate how

enhanced electric field perturbations during post-midnight hours affect the low

latitude ionosphere. In view of this, we investigated a few anomalous electric field

perturbations during both post-sunset and post-midnight hours to evaluate their

impact on low latitude ionosphere with respect to the quiet time patterns. In one

case, it is noticed that when the prompt penetration (PP) electric field magni-

tude is expected to be higher, the change in vertical drift over the dip equator is

less and vice-versa during the post-sunset hours. Investigations revealed that this

unusual perturbation in the electric field over the dip equator occurred due to

the additional modulating effects of the dawn-dusk component of interplanetary

magnetic field (IMF By) and substorm-induced electric field perturbations. On

other occasions, anomalous electric field perturbations are also noticed during

the post-midnight hours, similar to PP electric field-related anomalous electric

field perturbations over the dip equator during post-sunset hours mentioned ear-

lier. It is observed that when the overshielding (OS) electric field perturbations

is expected to be stronger, the change in the vertical drift over the dip equator

is smaller and vice-versa during post-midnight hours. These unusual changes

in vertical plasma drifts are also attributed to the modulating effects caused by

the IMF By, substorm-induced electric field, and pressure-induced electric field.

The work in this thesis suggests that the IEFy can not explain the electric field

perturbations over the dip equator on many occasions. One has to verify the

role of other drivers like solar wind pressure-induced transient electric field per-

turbation, effects of IMF By, substorm-induced electric field, and disturbance

dynamo electric field perturbations. It is also noticed that if PRE-like enhance-
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ment occurs during the post-midnight hours, the change in plasma distribution

over the EIA crest region is not significant. This indicates that if ionization is less

or plasma density gradient is not significant over low latitudes, PRE-like electric

field enhancement during post-midnight hours (due to space weather disturbance)

cannot cause plasma density enhancements over the EIA crest region.

Future work: The present thesis addresses a few scientific problems of

the low and equatorial F region ionosphere in pre-and post-midnight hours during

the quiet and disturbed space weather conditions. During the course of this work,

several interesting scientific issues are identified that require further critical at-

tention. Understanding these issues will bring in a comprehensive understanding

of the low latitude ionosphere under varying space weather conditions.

In Chapters- 3 and 4, enhancements in plasma density over the EIA crest re-

gions is observed during the evening hours in the June solstice. In general, these

enhancements occur during the PRE hours. Further, it is noticed that the ampli-

tudes of these enhancements are not consistent with the solar flux levels similar

to the post-sunset density enhancements in December solstice and Equinox. The

exact cause(s) of evening hour enhancements over the EIA crest region during

the June solstice are not very clear and this requires further attention.

The PRE-associated vertical drifts are higher during the December solstice

[Fejer et al., 2008a]. It is noticed in Chapter-4 that latitudinal plasma density

gradients are also higher during the December solstice. Both parameters are rela-

tively small in June solstice. These parameters are essential for understanding the

plasma distribution over the low latitude ionosphere. It is important to address

the cause of the higher latitudinal plasma density gradient during the post-sunset

hours in December solstice. The simultaneous observations of ionospheric plasma

density in altitude and latitude are unavailable. Therefore, a modeling investi-

gation is needed to understand this aspect. Another problem comes out from

Chapter-4 is that the vertical drifts are more negative (more downward) during

the December solstice and Equinox. This can help to understand the process of

reverse plasma fountain in a much better way [Balan et al., 2018; Yadav et al.,

2020].
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During the investigation of solar flux dependence of post-sunset enhancement

in Chapter-4, it is found that during geomagnetically quiet periods, the integrated

enhancements in VTEC over the EIA crest region get saturated at higher solar

flux levels. It is similar to the behavior of PRE over the dip equator that was

reported earlier [e.g., Fejer et al., 1991; Ramesh and Sastri , 1995]. The cause(s) of

the saturation of PRE and post-sunset enhancements over the EIA crest are not

very clear. Continuous measurements of the vertical drifts over the dip equator

and VTEC over the EIA crest region are required to solve this issue. For better

understanding, models like TIE-GCM, SAMI-3, and GITM can also be used.

The post-sunset enhancement in VTEC over the EIA crest region over the

Indian sector changes more rapidly with solar flux levels during Equinox than in

the December solstice (See the slope in Figure 4.6). Interestingly, this feature is

consistent with the variations in PRE over the Indian (Chapter-4) but not over

the Jicamarca (Figures 4.11 and 4.12) sectors. It could possibly happen due to

the enhanced sensitivity of conductivity and electric field to the solar flux levels

over the Indian sector in Equinox than in December solstice. This proposition is

speculative at present and requires detailed investigations.

The results in Chapters-5 and 6 show an apparent violation of the conventional

paradigm of the electric field perturbations over the low latitudes ionosphere

due to interplanetary electric field. It is shown that IMF By can change the

polarity of the PP electric field over the dip equator. However, the exact role of

IMF By and its amplitude over low latitudes is not very clear. To address this

aspect, a modeling approach is required. Similar to IMF By, the perturbations in

the equatorial ionosphere due to the substorm-induced electric field fluctuations

require detailed investigations. The polarity of substorm-induced electric field is

another topic that needs further attention.

As shown in Chapters-5 and 6, if several space weather perturbations occur

at the same time, their exact role over low latitude electric perturbations can not

be addressed separately very easily. This requires a modeling approach.
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1.  Introduction
The variability in the low latitude F region plasma distribution is greatly controlled by the equatorial F 
region plasma fountain process (Anderson,  1973a, 1973b). This process generates two ionization crests 
around ±15° geomagnetic latitudes and an ionization trough over the dip equator. This is known as equato-
rial ionization anomaly (EIA). Meridional winds cause asymmetry in the intensity and location of the EIA 
crest regions (e.g., Anderson, 1973a). The plasma distribution over the EIA crest regions shows day-to-day 
variability (e.g., Huang et al., 1989) as well as seasonal and solar activity dependences (e.g., Chakrabarty 
et al., 2012; Huang & Cheng, 1995; Mo et al., 2018). Understanding the plasma density variability over the 
EIA crest region is important as it is one of the most L-band scintillation affected regions in the globe (e.g., 

Abstract  Based on 10 years' (2010–2019) of vertical total electron content (VTEC) data from 
Ahmedabad (23.0°N, 72.6°E, dip angle 35.2°) and campaign based OI 630.0 nm airglow intensity 
measurements from Mt. Abu (24.6°N, 72.7°E, dip angle 38.0°), it is shown that plasma density over the 
equatorial ionization anomaly (EIA) crest region increases in varying degrees during post-sunset hours 
(2000–2100 LT) in magnetically quiet periods. The post-sunset peak in VTEC precedes the corresponding 
peak in airglow intensity. By comparing post-sunset VTEC enhancements with ionosonde observations 
from Tirunelveli (8.7°N, 77.7°E, dip angle 1.7°), it is shown that pre-reversal enhancement (PRE) of the 
zonal electric field causes these enhancements over the EIA crest region. These observations are supported 
by TEC measurements by GAGAN (GPS Aided Geo Augmented navigation), the Indian Satellite-based 
Augmentation System (SBAS). Comparison of average VTEC variations with global empirical model 
drifts reveals that the post-sunset enhancements in VTEC occurs ∼1.7 h after the PRE and are significant 
only during December solstice and equinoctial months in high solar activity years similar to seasonal 
variations in PRE amplitudes. This time delay (response time of EIA crest) is almost half compared to the 
average response time (3–4 h) associated with the daytime fountain. Based on the latitudinal gradient in 
SBAS-TEC, it is proposed that the PRE drives plasma from 5°N to 10°N magnetic latitudes to the EIA crest 
region leading to shorter response time. These results show the important role of the PRE in conditioning 
the EIA crest region.

Plain Language Summary  The equatorial ionization anomaly (EIA) crest region is one 
of the most important regions in the globe as far as the L-band scintillation during post-sunset hours is 
concerned. The plasma density variations over this region have important ramifications for the positional 
systems, navigation, and communication applications. Therefore, understanding the plasma density 
variations over this region during post-sunset hours is important. In this work, it is shown that the 
evening time electric field variations over the dip-equator changes the plasma density variations over 
the EIA crest region during post-sunset hours at a much faster time scale than what is expected based on 
daytime processes. The possible mechanism is discussed.
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Basu et al., 1988). The L-band scintillation has ramifications for the positional systems, navigation, and 
communication applications.

It has been shown that the EIA crest region gets formed in the afternoon hours (e.g., Balan et al., 2018; Y. 
Chen et al., 2016; Mo et al., 2018; Sastri, 1990) during geomagnetically quiet periods. The time of occurrence 
of a well-developed EIA crest region during quiet period can, in general, be explained by adding a typical 
diffusion time of 3–4 h with the time of maximum eastward electric field over the dip equator around noon. 
Conventionally, the response time of the EIA crest region can be determined based on the time of occur-
rence of peak VTEC over the EIA crest region and the time of occurrence of peak vertical drift (present 
work) or EEJ strength (e.g., Rama Rao et al., 2006) or hmF2 (e.g., Aswathy et al., 2018). During the local 
evening hours, the eastward electric field in the equatorial F-region is greatly enhanced that is known as the 
pre-reversal enhancement (PRE) of the zonal electric field (e.g., Eccles et al., 2015; Fejer, 2011). As the am-
plitude of the PRE becomes comparable to the daytime maximum on occasions (e.g., Fejer et al., 2008), it is 
expected that the PRE should affect EIA crest region by re-invigorating the plasma fountain process. How-
ever, if one considers the duration of the PRE and 3–4 h of diffusion time (similar to daytime), the ionization 
over the EIA crest region is not expected to get affected by the PRE-driven fountain. This is because the 
equatorial zonal electric field changes to westward direction after the PRE and eventually reverse plasma 
fountain (e.g., Balan et al., 1995, 1997; C.-H. Chen et al., 2017; Sridharan et al., 1993; Yadav et al., 2020) sets 
in before the PRE-driven fountain can transport plasma from the dip equator to the crest region. Therefore, 
it is important to understand how much time the EIA crest region takes to respond to the PRE and how 
does it compare to the response time during daytime. Although several studies in the past reported (e.g., 
Bittencourt et al., 2007; Farelo et al., 2002; Rao & Kulkarni, 1973; Su et al., 1994; Xiong et al., 2016) conspic-
uous variations in the plasma density over the EIA crest region during post-sunset hours, the exact role of 
the PRE remains unclear. This important and unresolved scientific issue is addressed in the present work.

2.  Data Set and Model
A narrow band and narrow field-of-view (bandwidth: 0.3 nm and field of view: 3°) airglow photometer was 
operated from Mt. Abu (24.6°N, 72.7°E, dip angle 38.0°), an EIA crest location, in campaign mode (opera-
tion during a specific period) in the winter months since 2013. The photometer was operated in moonless 
and cloudless nights to capture the variations in the OI 630.0 nm thermospheric airglow emission inten-
sity. The details of this photometer are available in literature (e.g., Chakrabarty et al., 2008, 2015; Sekar & 
Chakrabarty, 2011). In the present work, airglow intensity data with 10 s cadence are used.

Vertical total electron content (VTEC) data from a dual frequency (L-band, 1575 and 1227 MHz) GPS re-
ceiver (GISTM GSV4004B) at Physical Research Laboratory (PRL), Ahmedabad (23.0°N, 72.6°E, dip angle 
35.2°) during 2010–2019 are used in this work. The details of this receiver, the data analysis techniques are 
available in Manke and Chakarabarty (2016). Raypath elevation angles less than 30° are not considered in 
this work to minimize the multipath error and tropospheric scattering effects. Five minutes' average VTEC 
data are used for this study. Based on variations in F10.7 solar radio flux, the VTEC data during 2011–2015 
are classified as belonging to high solar activity years and the rest of the data are categorized as falling in low 
solar activity years. Average F10.7 flux levels for high and low solar activity periods during 2010–2019 are 
∼130 sfu and ∼80 sfu (sfu = solar flux unit, 1 sfu = 10−22 Wm−2Hz−1) respectively. In both the solar epochs, 
the VTEC data are further categorized into three seasons namely December solstice (November, December, 
January, and February), Equinox (March and April, September and October), and June solstice (May, June, 
July, and August). This work pertains to geomagnetically quiet periods. Quiet periods are selected based on 
Ap index (based on Ap ≤ 15 on the chosen day and the previous day).

The TEC maps generated from the ionospheric delay broadcast by Indian Satellite-based Augmentation 
System (SBAS) are used in the present work. Indian SBAS is known as GAGAN (GPS Aided Geo Augmented 
Navigation). The SBAS-GAGAN network has 13 ground stations that constitute an ionospheric grid with 5° 
separation between grid points. At each ionospheric grid point (IGP), TEC has been derived with ∼ 5 min 
cadence. The details of the GAGAN architecture are available in Sunda et al. (2015). GAGAN TEC maps are 
used to examine the latitudinal variation of F region plasma over the Indian sector.
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Following the methodology of Rastogi and Patel (1975), systematic measurements of horizontal component 
(H) of geomagnetic field from a dip equatorial station Tirunelveli (TIR, 8.7°N, 77.7°E, dip angle 1.7°) and 
the off-equatorial station Alibag (ABG, 18.6°N, 72.9°E, dip angle 26.4°) over the Indian sector are used to 
calculate the strength of the equatorial electrojet (EEJ) given by HEEJ = ΔHTIR − ΔHABG. Here, ΔH represents 
the daytime instantaneous H value corrected for the nighttime base value of H. The temporal cadence of 
EEJ data is 1 min. Integrated EEJ strength (in nT-h) is calculated between 0700 and 1700 LT.

The measurements of the bottomside F layer height (h'F, in km) by the Canadian Advanced Digital Ion-
osonde (CADI) over the dip equatorial station Tirunelveli are used in the present work. The details of the 
CADI system are discussed in MacDougall et al. (1995) and Sripathi et al. (2016). The temporal variation of 
h'F,           2 12 1/ ( ) ( ) /t tdh F dt h F h F t t , during post-sunset hours is used as a proxy for the equatorial 
F region vertical drift (in m/s). In order to derive dh'F/dt, the h'F values are first subjected to Savitzky-Golay 
(SG) algorithm (e.g., Savitzky & Golay, 1964) with 15% smoothing window as the data are slightly noisy. The 
smoothed h'F data are then used to calculate the temporal derivative. The smoothing is done to suppress 
the fast fluctuations in dh'F/dt. The advantage of SG algorithm is its ability to smooth out fast fluctuations 
without causing significant distortion in the time series data. Further, since the derivation of electron den-
sity profiles from the CADI ionograms could not be done unambiguously, the correction for the chemical 
recombination is not incorporated in the derived drift. However, h'F during PRE hours in high solar activity 
periods are mostly above 300 km. Hence the correction for the recombination effect is insignificant and 
can be neglected (e.g., Bittencourt & Abdu, 1981). On the other hand, h'F during PRE hours in low solar 
activity periods can sometimes lie below 300 km. On those occasions, the real vertical drifts are smaller than 
calculated.

Since continuous vertical drift/electric field measurements are not available from Indian dip equatorial 
stations, the quiet time vertical drift outputs are generated using the global climatological model of Fejer 
et al. (2008). It has been shown earlier (e.g., Pandey et al., 2017) that the vertical drifts from this model rep-
resent the Indian sector well. The model outputs are generated for 75°E longitude corresponding to sfus of 
130 and 80, respectively. It is also to be noted that the local time for all the data set used in this work is with 
respect to 75°E longitude (LT = UT + 5 h).

3.  Results
Figures 1a and 1b depict the variations in 630.0 nm nightglow intensity (solid red line), VTEC (solid blue 
line), and EEJ strength (gray area) from 0600 LT to midnight on 29–30 November, 2013. Figures 1c–1f de-
pict the same except for 03–04 December 2013 and 24–25 November 2014. In Figures 1a–1d, post-sunset 
enhancements in airglow intensity and VTEC are clearly seen during 1945–2045 LT. The daytime peak 
VTEC seems to vary in accordance with the integrated EEJ strength. However, the post-sunset enhance-
ments in the airglow intensity and VTEC can be seen to be uncorrelated with the integrated EEJ strength 
(particularly, see Figures 1b and 1e). It is also clear from Figures 1a–1d and 1f that the airglow intensity 
enhancements over Mt. Abu start slightly earlier than the onset of increases in the VTEC over Ahmedabad 
during post-sunset hours (marked by orange vertical boxes). However, the peak in the airglow intensity 
occurs slightly later than the peak in VTEC. It is to be noted here that unlike the sharp airglow intensity 
peaks, VTEC variations are, in general, characterized by step-like increase followed by gradual decrease. 
The time corresponding to the peak VTEC is taken as the time corresponding to the end point of the step-
like increase. In order to aid visual inspection, two vertical dashed lines are superimposed that mark the 
times corresponding to the onset of increase and peak of the airglow intensity. Further, it can be noticed 
in Figure 1e that although there is a peak in VTEC at ∼1920 LT, there is no corresponding enhancement in 
airglow intensity. In contrast to Figure 1e, strong intensity peak is observed in Figure 1f. It can also be no-
ticed that the enhancement in VTEC occurs slightly earlier in Figure 1e (∼1920 LT) compared to Figure 1f 
(∼2000 LT). This difference in timing makes the peak in VTEC to coincide with the sharp fall in the airglow 
intensity associated with the F-region sunset in Figure 1e. This is in contrast to Figure 1f when the peak in 
VTEC coincides with the inflection point when airglow intensity starts increasing again after the sharp fall 
associated with F region sunset.
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Although airglow observations for a number of nights are available, two representative cases (24 and 25 
November, 2014) of contrasting post-sunset variations in airglow intensity are selected for further investiga-
tions. Note that while post-sunset VTEC peaks are observed on both the days, the airglow intensity peak is 
significant on 25 November and almost absent on 24 November. In order to investigate the location of the 
base of F-layer and its vertical movement on 24 and 25 November 2014, the variations in h'F and smoothed 
vertical drift (dh'F/dt) during 1700–2300 LT are shown with black and red lines respectively in Figures 1g 
and 1h. It can be noted that on 25 November, the PRE associated vertical drifts are upward for much longer 
duration compared to 24 November. The PRE sustains till ∼1900 LT and ∼2015 LT on 24 and 25 November, 
respectively. Impact of these differences in vertical drift on the VTEC and airglow enhancements over EIA 
crest region during post-sunset hours is provided in discussion section.

In order to explore the causal connection between the PRE and the post-sunset enhancement over the EIA 
crest region, Figure  2 is presented. In Figures 2a and 2b, two contrasting vertical drift scenarios during 
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Figure 1.  Variation of thermospheric OI 630.0 nm airglow intensity over Mt. Abu (red), VTEC over Ahmedabad (blue), 
and Equatorial electrojet (gray area) with local time on (a) 29 November 2013, (b) 30 November 2013, (c) 03 December 
2013, (d) 04 December 2013, (e) 24 November 2014, and (f) 25 November 2014. Calculated integrated EEJ strength 
(numeric value) is written with black color over gray area. Virtual height-time-frequency plot from CADI measurement 
over Tirunelveli along with variation of bottomside F-layer height (black) and its derivative dh'F/dt (red) with local time 
on (g) 24 November 2014, and (h) 25 November 2014.
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1700–2000 LT are shown for six representative days. While Figure 2a shows the vertical drift variations with 
strong PRE features, Figure 2b reveals the variations when the PRE features are absent/subdued. Figures 
2c and 2d represent the VTEC variations during 1800–2200 LT corresponding to Figures 2a and 2b, respec-
tively. Interestingly, conspicuous enhancements in VTEC (peaks marked by colored arrows) can be noted 
in Figure 2c. On the other hand, Figure 2d is characterized by absence of any clear enhancement in VTEC. 
Therefore, the post-sunset enhancements in VTEC over the EIA crest region are observed whenever the 
PRE is strong over the dip equator. It is also important to note that the time delay between the peak vertical 
drift and post-sunset VTEC peak ranges from ∼1.4 h (31 March 2012) to ∼2 h (30 March 2012).

Figure 1 provides samples of day-to-day variability in the post-sunset enhancements in VTEC and airglow 
intensity over the EIA crest region. Figure 2 shows the connection between the PRE and the post-sunset 
enhancements in VTEC for a few representative cases. In Figure 3, the large database of VTEC are used in 
conjunction with model drifts to understand the seasonal and solar activity dependence of the post-sunset 
enhancement in VTEC over the EIA crest region (Ahmedabad). In Figures 3a–3f, VTEC variations for all the 
quiet days in three seasons during high (left column) and low (right column) solar activity years are shown 
(gray curves). The average variations in VTEC (black line) are overlaid on all these subplots. The average 
curves in Figures 3a–3f comprise of 428, 362, 450, 456, 327 and 317 days' of data. In addition, the vertical 
drift outputs from the Fejer et al. (2008) model (blue line) as well as smoothed d(VTEC)/dt (red line) are 
superimposed on each subplot. The smoothed d(VTEC)/dt is derived in the same way as has been adopted 
for vertical drift described earlier in Figures 1g and 1h. The peak VTEC values during noon (primary maxi-
mum) and post-sunset hours (secondary maximum) are identified by P′ and S′ respectively in the d(VTEC)/
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Figure 2.  Variation of dh′F/dt and VTEC is shown for the 30 March 2012 (red), 31 March 2012 (green), 20 March 
2014 (blue), 23 March 2014 (black), 26 March 2014 (magenta), and 22 November 2014 (dark orange) in panels (a and c) 
respectively. The colored arrows indicate the time of occurrence of the peak VTEC. Similar variations on 09 April 2016 
(red), 10 April 2016 (green), 18 December 2016 (blue), 17 November 2017 (black), 18 November 2017 (magenta), and 19 
November 2017 (dark orange) are shown in panels (b and d).
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dt curves shown in Figures 3a and 3b. P′ is the point when d(VTEC)/dt is zero indicating this is the time 
when primary maximum (daytime/overall maximum in VTEC) in VTEC is encountered. The trickier part 
is the S′ point based on which the secondary maximum (post-sunset peak) in VTEC is identified. Note that 
S′ is midway (local zero-crossing point) between the point when d(VTEC)/dt starts increasing and the point 
when it returns back to the original variation. The P′ and S′ points help to identify the points P and S that 
are the maxima during noon and post-sunset hours. As the post-sunset increase in VTEC is embedded in 
the large amplitude diurnal variation, it is not immediately identifiable and hence, d(VTEC)/dt helps to 
identify the VTEC peaks particularly the post-sunset one conspicuously. It is evident from Figure 3 that 
peak VTEC values are larger during high solar activity period. Interestingly, the enhancements in VTEC 
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Figure 3.  Variation of individual days' VTEC over Ahmedabad (gray), average of seasonal VTEC (black), temporal 
derivative of seasonal VTEC (red), and vertical drift (blue) in December solstice (top), Equinox (middle), and June 
solstice (bottom) under high (left panel) and low (right panel) solar activity years. The number of days used to 
calculate the seasonally averaged VTEC curve is also mentioned in each subplot. The points P and S represent primary 
(afternoon) and secondary (post-sunset) maxima of VTEC. P and S are determined based on P′ and S′ that are overall 
and local zero crossing points of dVTEC/dt. The intervals between the thick and thin vertical dashed lines (blue and 
red) are the response times of the EIA crest region during noon and post-sunset hours respectively.
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during post-sunset hours (after the occurrence of the PRE) occur only in December solstice (Figure 3a) and 
Equinox (Figure 3b). The times of occurrence of daytime peaks in vertical drifts and VTEC are marked by 
thick vertical dashed lines in blue and red respectively. On the other hand, the PRE peak and peak of the 
post-sunset enhancement in VTEC are identified by thin vertical dashed line in blue and red respectively. It 
can be noted that while the daytime peaks in the VTEC occur during 1330–1500 LT for all seasons and solar 
epochs, the post-sunset peaks in VTEC occur at ∼2000 LT in December solstice and Equinox during the 
high solar activity period only. Interestingly, the peak drifts during December solstice and Equinox occur at 
∼1830 LT. At this juncture, the response time of the EIA crest region can be defined as the interval between 
the time of occurrence of the peak drift (the daytime peak and the PRE-associated peak) and the peak VTEC 
(the points P and S). Going by this definition, it can be noted that the response time during afternoon hours 
is more than three hours. However, the response time during post-sunset hours are found to be applicable 
only during December solstice and Equinox in high solar activity epoch as post-sunset enhancements in 
VTEC are conspicuously observed after the PRE only for these two cases. The response times in these two 
cases is found out to be ∼1.7 h. It is also to be noted that an evening peak in VTEC is also observed during 
June solstice in high solar epoch (Figure 3c). However, this peak occurs slightly before the PRE and it can be 
safely inferred that this peak is not causally related to the PRE. The physical mechanism for the generation 
of this VTEC peak is a subject matter of a separate investigation and will be taken up in future. Therefore, 
the response time of the EIA crest region during post-sunset hours is almost half compared to the response 
time during day.

Figure 4 depicts the SBAS-TEC maps around noon (first and third columns) and post-sunset hours (second 
and fourth columns) for 24 and 25 November 2014 respectively. Locations of Ahmedabad and Mt. Abu are 
marked by black (filled) circles in all the subplots. Local times are also shown in each subplot. Different 
color scales are chosen for all the four columns to bring out the large-scale plasma features conspicuous-
ly. It is striking to note that as time progresses in the afternoon hours, TEC gradually decreases over Mt. 
Abu/Ahmedabad on 24 November (Figures 4a–4d), whereas it gradually increases (Figures 4i–4l) on 25 
November. Interestingly, during post-sunset hours on 24 November, TEC sharply decreases over the EIA 
crest region (Figures 4e–4h). However, on 25 November, the TEC values are comparatively larger over 
Ahmedabad and Mt. Abu till ∼2100 LT (Figures 4m–4o). In fact, a very important feature that comes out 
after evaluating SBAS-TEC maps on many days during high solar activity period (not shown here) is that 
the daytime EIA crest becomes stronger (more TEC) over the Mt. Abu/Ahmedabad region during after-
noon hours followed by a weakening (less TEC) in the evening hours. However, during post-sunset hours, 
TEC again increases (albeit in smaller degree) over this region followed by monotonic decrease during the 
nighttime. It is also to be noted that the post-sunset observations of TEC around Ahmedabad/Mt. Abu are 
mostly consistent with the post-sunset peak observed in airglow intensity on 24–25 November (Figures 1e 
and 1f).

Figure 5 is planned to bring out the latitudinal gradient in TEC during the intervals addressed in Figure 4. 
Figures 5a and 5c depict the latitudinal variations in SBAS-TEC along the 75°E longitude at multiple noon/
afternoon (dashed lines) and post-sunset/pre-midnight (solid lines) local times on 24 and 25 November 
2014 whereas Figures 5b and 5d show the same plots in normalized scales. TEC variations for each time is 
normalized with respect to the maximum TEC observed at that local time across all latitudes considered 
here. This is done to facilitate easy comparison of the latitudinal gradients in the TEC variation at different 
local times. The latitudes of Ahmedabad and Mt. Abu are shown with vertical thin and thick brown arrows 
respectively at the X-axes of each panel. TEC variations around noon (1105, 1202, 1300, and 1422 h) and 
sunset hours (1802, 1900, 2002, 2100, and 2202 h) are represented by dashed and solid lines (in different 
colors) respectively. From Figures 5b and 5d, the locations of the EIA crest region can be clearly identified 
at different local times. It can be noted from Figure 5, that the daytime latitudinal TEC gradients on the 
equatorial side of the EIA crests are much smaller than the post-sunset gradients on 25 November. It is also 
clear that TEC maximizes closer to the location of Ahmedabad/Mt. Abu (between 10° and 15°) on both 24 
and 25 November during daytime. However, the nighttime EIA crest is located much closer to the dip-equa-
tor during the post-sunset hours on 24 November. In contrast, the crest location in post-sunset hours on 25 
November is closer to the daytime crest location and moves toward the dip-equator around 2200 h (green 
solid line in Figure 5d). This is a classic example of the reverse fountain and this happens between 2100 and 
2200 h. Most strikingly, the latitudinal gradient in TEC gradually becomes maximum during 2000–2100 h 
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just before the reverse fountain process starts. The implications of these observations will be discussed in 
the ensuing section.

4.  Discussion
Earlier observations (e.g., Bittencourt et al., 2007; Farelo et al., 2002; Kulkarni, 1969; Rao & Kulkarni, 1973; 
Su et al., 1994; Xiong et al., 2016) over the years reported post-sunset enhancements in the plasma density 
over the EIA crest region. However, the processes that drive and generate this enhancement remain unad-
dressed. It is obvious from Figures 1 and 4 that the post-sunset enhancement in airglow intensity and VTEC 
are not directly related to the daytime plasma fountain. Interestingly, the airglow intensity enhancements 
over Mt. Abu start slightly earlier than the onset of increases in the VTEC over Ahmedabad. This is proba-
bly due to the reversal of the vertical drift from upward to downward direction associated with the reversal 
in the zonal electric field. On careful scrutiny, one can note that the onset of increase in airglow intensity 
starts sometime during ∼1900–1930 LT. This approximately coincides with the time of polarity reversal in 
the model vertical drift over the Indian dip equatorial station (indicated by Figures 3a and 3b). A downward 
drift supplies more plasma to the airglow emitting layer resulting in the onset of increase of airglow inten-
sity at this time. As the downward drift does not change the total columnar content of electrons, the VTEC 
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Figure 4.  SBAS-TEC maps are shown for 24 November 2014 (a–h) and 25 November 2014 (i–p). Different color scales 
are adopted for all the four columns to make the large-scale plasma features conspicuous.



Journal of Geophysical Research: Space Physics

remains unaffected. In fact, VTEC during post-sunset hours changes if there is a meridional transport of 
plasma. Therefore, the onset of the increase in VTEC marks the onset of arrival of additional plasma from 
meridional direction. In the intervening period between the onset of increase and the peak intensity, the 
airglow intensity variations are expected to be governed by both downward vertical drift and the meridional 
plasma transport. In addition, meridional wind and recombination chemistry can mask the enhancements 
in airglow intensity to a certain degree by contributing to vertical drift. Nevertheless, the peak in the airglow 
enhancement over Mt. Abu occurs at a slightly later time than the peak VTEC during post-sunset hours 
over Ahmedabad. During this time (2000–2030 LT), the changes in the downward drift are not significant 
as suggested by the model drifts in Figures 3a and 3b. Therefore, it is believed that both VTEC and airglow 
intensity enhancements at this time are governed by poleward plasma transport. This also rules out the role 
of reverse plasma fountain (e.g., Balan et al., 1997; Sridharan et al., 1993) that moves equatorward. Further, 
the reverse fountain over the EIA crest region reported by the earlier works suggests it's arrival at a later 
time compared to that of the post-sunset peak. This is supported by Figure 5d wherein the reverse fountain 
is detected sometime between 2100 and 2200 LT.

In order to explore the possible role of meridional wind, the outputs from the Horizontal Wind Model-14 
(HWM-14, Drob et al., 2015) are evaluated (not shown here). These outputs as well as previous results (e.g., 
Balan et al., 1997; Drob et al., 2015) reveal that the poleward wind over the EIA crest region monotoni-
cally decreases during the time of occurrence of post-sunset enhancement in airglow intensity reported 
in this work. Under this condition, the poleward wind will be less efficient in pushing the plasma to the 
airglow emission altitude band centered at ∼250 km. Therefore, the airglow intensity is expected to reduce 
monotonically during post-sunset hours. This is in contrast to the observations reported in the present 
work. Therefore, the role of poleward wind does not appear to be significant in this case. Nevertheless, the 
contribution of meridional wind along with others parameters is included in the subsequent paragraph to 
derive the parallel component of plasma diffusion velocity. It is also noteworthy that significant reduction 
in the amplitudes of the post-sunset VTEC peaks are seen during equinox in low solar activity years despite 
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Figure 5.  Panels (a) and (c) show the latitudinal variation of SBAS-TEC on 24 and 25 November 2014, respectively 
along 75°E geographic longitude (148°E geomagnetic longitude). Panels (b) and (d) represent the latitudinal variation 
of normalized SBAS-TEC corresponding to panels (a) and (b) respectively. Dashed and solid lines are used to show the 
variations during daytime (1105, 1202, 1300, and 1422 LT) and post-sunset hours (1802, 1900, 2002, 2100, and 2202 LT). 
Thin and thick brown arrows denote the latitudes of Ahmedabad and Mt. Abu, respectively.
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similar magnitudes in the daytime peak eastward electric field (Figures 3b and 3e). Therefore, the direct 
role of daytime plasma fountain in causing the post-sunset VTEC enhancement over the EIA crest region 
can be ruled out.

Figure 2 firmly establishes the causal connection between the PRE and the post-sunset enhancements in 
VTEC over the EIA crest region. The representative cases shown in Figure 2 bring out the time delays be-
tween the peak vertical drift associated with the PRE and the peak VTEC that range from 1.4 to 2 h. These 
time delays are consistent with the average time delay between the PRE and post-sunset enhancement in 
VTEC over the EIA crest region shown in Figure 3. Interestingly, the post-sunset peaks appear only during 
December solstice and equinoctial months in high solar activity years and an enhanced PRE is a hallmark 
feature for these two seasons in high solar activity years (Fejer et al., 2008) as seen in Figure 3. This result 
is also consistent with the statistical work of Farelo et al. (2002) who showed that the amplitudes of the 
pre-midnight peak in NmF2 over low latitudes are most pronounced during winter solstice and Equinox 
in high solar activity years. It is to be noted that the PRE is subdued on other occasions and the significant 
post-sunset peaks in VTEC are also absent (Figure 3). Therefore, it follows that the PRE strengthens the 
plasma fountain in the post-sunset hours and this causes enhancements in VTEC and OI 630.0 nm airglow 
intensity over the EIA crest region with an average delay of ∼1.7 h.

The above understanding poses a conundrum. The post-sunset VTEC peak over the EIA crest region ap-
pears ∼1.7 h later than the time of occurrence of the PRE as opposed to the daytime peak VTEC that occurs 
3–4 h after the daytime peak in equatorial vertical drift. It is to be noted in this context that not only the 
plasma response time (dip equator to crest) during day is consistent with the earlier works (e.g., Rama Rao 
et al., 2006) but the occurrence of minimum delay during December solstice in low solar activity years is 
also consistent with the observations made by Aswathy et al. (2018). Further, it may be noted here that ob-
servations from the Indian sector suggest that the PRE occurs about half an hour later in Equinox compared 
to December solstice (e.g., Madhav Haridas et al., 2015; Sripathi et al., 2016). This may reduce the response 
time of the EIA crest region during Equinox if one uses vertical drift observations from the dip equatorial 
station. Considering the objective of the present work is to show the reduced response time of the EIA crest 
region corresponding to the PRE, the conclusion drawn in this work regarding the reduced response time 
remains unaffected. In order to understand the significantly less response time of the EIA crest region dur-
ing post-sunset hours, the parallel component (V‖) of plasma diffusion velocity in the meridional direction 
is estimated assuming the perpendicular component (V⊥) to be negligible over low latitudes. This is reason-
able as, over low latitudes, contribution of V⊥ to the crest-ward movement of plasma is expected to decrease 
as dip angle increases. V‖ is calculated at 350 km height for three representative magnetic latitudes (5°N, 
10°N, and 15°N) in December Solstice and Equinox based on the following equation (Anderson, 1971):


   

         

1 ( ) ( )i i
a

i

NsinI NT cosI NTNV D sinI NU cosI
H T N r‖

 
 

� (1)

In Equation 1, N, I, and Uθ represent the electron density, magnetic dip-angle, and meridional wind re-
spectively. Te and Ti denote electron and ion temperatures and ϵ = (Te + Ti)/Ti. H and Da represent atom-
ic Oxygen ion scale height and ambipolar diffusion coefficient respectively. The relevant plasma, neutral, 
geomagnetic field and meridional wind parameters used as inputs in Equation 1 are taken from IRI-16 
(Bilitza et al., 2017), NRLMSISE-00 (Picone et al., 2002), IGRF-13 (Alken et al., 2021), and HWM-14 (Drob 
et al., 2015) models respectively. Interestingly, calculations based on Equation 1 reveals that V‖ is smaller in 
post-sunset hours (∼45–55 m/s) compared to noon time (∼70–80 m/s) in December solstice. On the other 
hand, the V‖ values during post-sunset and noon hours are ∼20 m/s in Equinox. This is primarily due to 
the weaker meridional wind during Equinox. This has been verified by HWM-14 model outputs (figure not 
shown here). Although V‖ values are smaller in Equinox than December solstice during post-sunset hours, 
the enhancements in VTEC over EIA crest region occur around the same local time in these two seasons 
(Figures 3a and 3b). It is because the PRE occurs later in Equinox than December solstice (e.g., Madhav 
Haridas et al., 2015; Sripathi et al., 2016). These results suggest that the F-region background conditions 
over low latitude do not support the reduced response time of the EIA crest region during post-sunset hours.

The present work shows that not only the plasma concentration increases over the EIA crest region (Fig-
ure 4) but the latitudinal gradient also becomes much steeper during the post-sunset hours (Figure 5). It 
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is also verified that these results are consistent (not shown here) with the global GPS TEC maps (https://
cdaweb.gsfc.nasa.gov/). Such an enhancement in TEC over EIA crest and depletion in the trough region 
during post-sunset hours can also be noticed in the earlier works corresponding to geomagnetically quiet 
(e.g., Figure 1 of C.-H. Chen et al., 2017) and disturbed periods (e.g., Figure 6 of Rout et al., 2019). A few 
earlier studies (e.g., Liu et al., 2007; Sunda & Vyas, 2013) have reported the crest to trough ratio to be larg-
er during the post-sunset hours. Based on Sheffield University Plasmasphere Ionosphere Model (SUPIM), 
Balan et al. (1997) studied the equatorial plasma fountain under magnetically quiet equinoctial conditions 
in high solar activity period. Figure 4 of Balan et al. (1997) reveals that at the time of the PRE (1900 LT), the 
F region plasma gets transported to the EIA crest region from 5° to 10°N magnetic latitude. As the plasma 
transport from the dip equatorial region to EIA crest is expected to take 3–4 h, the post-sunset enhancement 
over EIA crest region is unlikely to have plasma contribution from latitudes closer to the dip equator. Ow-
ing to significant magnitude of V⊥ till ∼7.5° dip latitude (Fejer et al., 1995) plasma would primarily have 
vertical motions closer to the dip equator and would not get sufficient time to reach EIA crest region before 
electric field reversal. Therefore, it is evident that relative dominance (V‖ becomes increasingly significant) 
of horizontal plasma transport from 5°N to 10°N causes the enhancement of VTEC and airglow intensity 
at the EIA crest region during post-sunset hours. As the latitudinal coverage is almost half, the time taken 
for the PRE-driven plasma to reach EIA crest region is also reduced almost by half. In order to confirm this 
proposition, the latitudinal TEC variations (normalized as in Figures 5b and 5d) on a large number of days 
have been investigated. Figure 6 shows the latitudinal TEC variations at five different local times (1757, 1900, 
1957, 2100, and 2157 LT) separated by about an hour for six representative days during December solstice 
(Figures 6a–6f) and Equinox (Figures 6g–6l). It can be noted that the latitudinal gradient from 5°N to 10°N 
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Figure 6.  Variations of normalized SBAS-TEC with magnetic latitude (similar to Figures 5b and 5d) at 1757, 1900, 
1957, 2100, and 2157 LT for six representative days during December solstice (a–f) and Equinox (g–l) are shown. It can 
be seen that the latitudinal gradient from 5°N to 10°N to the EIA crest region maximizes and then decays during the 
post-sunset hours.
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to the EIA crest region keeps increasing in the post-sunset hours, maximizes sometime during 2000–2100 LT 
and decreases afterward. This strongly suggests plasma transport from low latitude to the EIA crest region 
during 2000–2100 LT resulting in steep latitudinal gradient in TEC. The fact that the latitudinal gradient 
decreases from 5°N to 10°N to the EIA crest region at ∼2200 LT suggests that the PRE-driven transport of 
plasma gets over by this time. It is intuitively obvious that had the plasma traveled from the dip equator to 
the EIA crest region, it would have taken similar time as it takes during day. The PRE driven plasma closer to 
the dip equator does not get that time as the reverse fountain starts around 2100 LT (Balan et al., 1997). Once 
the reverse fountain starts, the post-sunset enhancement in VTEC and airglow intensity starts weakening.

As a concluding remark, it can be said that if the plasma transport from 5°N to 10°N to the EIA crest region 
occurs during the sharp fall in airglow intensity in the evening hours associated with the F region sunset, 
the signature of the PRE driven fountain may not be conspicuous in airglow. This is because the rate of re-
duction in airglow intensity due to the F region sunset is drastic and it will obscure the enhancements due 
to the PRE (Figure 1e).

5.  Summary
It is shown that the PRE of the equatorial zonal electric field causes the enhancement in the plasma density 
over the EIA crest region during post-sunset hours before the reverse fountain process comes into play. 
This effect is seen only during December solstice and equinoctial months in high solar activity years. It is 
proposed that plasma is transported from 5° to 10°N magnetic latitude to the EIA crest region. The response 
time of the EIA crest region corresponding to the PRE driven fountain is found to be almost half compared 
to that associated with daytime plasma fountain.

Data Availability Statement
Ap index data is taken from the World Data Center for Geomagnetism, Kyoto (http://wdc.kugi.kyoto-u.
ac.jp/). F10.7 solar flux values are obtained from NASA GSFC CDAWeb (http://cdaweb.gsfc.nasa.gov/). The 
remaining data can be obtained from https://osf.io/mkg6b.
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1.  Introduction
The low latitude ionosphere has the distinction of causing the maximum L-band scintillation during post-sunset 
hours in the whole globe. In fact, the scintillations over the crest region of the Equatorial Ionization Anomaly 
(henceforth, EIA crest) are the most pronounced during the high solar activity period (e.g., Basu et al., 1988). 
Therefore, the equatorial ionization anomaly (EIA) crest region is particularly important in the context of global 
communication and navigational applications. Even in the absence of plasma irregularities that cause L-band 
scintillation, the F region ionosphere over the low latitudes is known (e.g., Bittencourt et  al.,  2007; Farelo 
et al., 2002; Kulkarni, 1969; Rao & Kulkarni, 1973; Su et al., 1994; Xiong et al., 2016) to show enhancements 
in plasma density after the sunset. Morphologically, these enhancements start anytime after 1900 LT and peak 
around 2000 LT. These post-sunset enhancements in plasma density leave their footprints in the measured total 
electron content (TEC), thermospheric airglow intensities (e.g., Kumar et al., 2021) and can play an important 
role in conditioning the equatorial ionization anomaly (EIA) crest region.

In order to understand the genesis of these post-sunset enhancements, it is important to understand the F region 
equatorial plasma fountain (EPF) process (e.g., Anderson, 1973a; Anderson, 1973b) comprehensively as this 
process distributes the equatorial F region plasma over low latitudes. equatorial plasma fountain (EPF) is the 
resultant effect of the vertical E × B drift (as a consequence of eastward electric field and northward magnetic 
field configuration over the dip equator) followed by the ambipolar diffusion of the F region plasma in the 

Abstract  Based on 10 years' of vertical total electron content (VTEC) data in solar cycle 24 from 
Ahmedabad (23.0°N, 72.6°E, dip angle 35.2°), a station under the crest region of equatorial ionization 
anomaly (EIA), it is shown that both the integrated residual and total post-sunset enhancements in VTEC are 
conspicuous during Equinox and December solstice when solar flux level exceeds 110 solar flux unit (sfu) with 
the exception of the year 2012–2013. The post-sunset enhancements are absent in June solstice at this local 
time even if the solar flux level exceeds 110 sfu. The integrated residual and total VTEC enhancements during 
post-sunset hours are found to be linearly correlated with the solar flux level in Equinox and December solstice. 
It is noted that a parabolic fit works better for the integrated total VTEC enhancement during December solstice 
suggesting a possible saturation of VTEC enhancements at high solar flux levels. Based on these observations 
and Thermosphere Ionosphere Electrodynamics-General circulation model (TIE-GCM) outputs, it is argued 
that the pre-reversal enhancement (PRE) in the equatorial F region zonal electric field works in tandem with 
latitudinal gradient in the F region plasma density to determine the degree of VTEC enhancement over the 
EIA crest region during post-sunset hours. These results highlight the solar flux dependence of the post-sunset 
enhancement of VTEC over the crest region and show that sudden stratospheric warming events in 2012–2013 
suppressed these enhancements in December solstice even if solar flux levels exceeded 110 sfu.

Plain Language Summary  The low latitude region is one of the most L-band scintillation affected 
region in the whole globe. In addition, owing to the equatorial plasma fountain process, the low latitude F 
region ionosphere is also marked by steep latitudinal plasma density gradient during post-sunset hours. It is 
shown that the evening plasma fountain driven by pre-reversal enhancement of the zonal electric field controls 
the post-sunset enhancement of the F region plasma density over the crest region of equatorial ionization 
anomaly (EIA) region with the assistance from the latitudinal plasma density gradient. This result is important 
to forecast the ionospheric condition over the EIA crest region during post-sunset hours.
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meridional direction assisted by pressure gradient force and gravity. The equatorial plasma fountain (EPF) gener-
ates two higher plasma density regions around ±15° magnetic latitudes. Thus, EPF generates an anomalous distri-
bution of F region plasma over the low latitudes that cannot be explained by the production and loss processes. 
Hence, this low latitude F region plasma density distribution has come to be known as the equatorial ionization 
anomaly (EIA). The enhanced plasma density regions over the low latitudes are termed as the EIA crests and the 
plasma depleted region over the dip equator is known as the EIA trough. It is known that the EIA crests become 
asymmetric due to the effects of the meridional wind (e.g., Anderson, 1973a). In fact, the variabilities in the 
ionospheric electric field and meridional wind cause variability in the F region plasma distribution over low lati-
tudes that show not only day-to-day (e.g., Y.-N. Huang et al., 1989) but seasonal and solar flux dependence (e.g., 
Chakrabarty et al., 2012; Y.-N. Huang & Cheng, 1995; Mo et al., 2018) as well.

The daytime equatorial F region zonal electric field polarity is eastward and it flips to westward direction during 
nighttime. However, this transition is not monotonic and punctuated by enhancement of the F region electric 
field due to the competition between E and F region dynamo mechanisms at the local sunset terminator. This 
enhancement in the zonal electric field (or vertical drift) is known as pre-reversal enhancement (PRE) (e.g., 
Eccles et al., 2015; Fejer, 2011). Interestingly, Pre-reversal enhancement (PRE) shows day-to-day, seasonal, and 
solar flux variability (e.g., Fejer et al., 2008; Liu et al., 2020; Whalen, 2004). As the zonal electric field gets 
enhanced during Pre-reversal enhancement (PRE) hours, it is expected that the plasma fountain process should 
get reinvigorated at this time and the low latitude plasma distribution should bear its signature. This is what is 
shown recently by Kumar et al. (2021). In this work, it is shown that the PRE rejuvenates the EPF that, in turn, 
enhances the plasma density over the EIA crest during 20–21 LT. It has also been shown (e.g., Kumar et al., 2021) 
that PRE-driven fountain reaches the EIA crest region earlier than the daytime fountain as the F region plasma 
primarily gets transported from the low latitudes to the EIA crest region.

Kumar et al. (2021) also suggested that the post-sunset F region plasma density enhancements over the EIA crest 
region are pronounced during Equinox and December solstice in the high solar activity period. These seasonal 
and solar activity dependences of the post-sunset enhancements seem to be in-sync to what had been observed 
in case of PRE (e.g., Fejer et al., 2008; Scherliess & Fejer, 1999). Kumar et al. (2021) showed that the day-to-
day and seasonal dependences of the post-sunset plasma density enhancements near the EIA crest region are 
consistent with the day-to-day and seasonal variabilities of PRE. However, it remains to be seen whether the solar 
flux dependence of PRE (stronger PRE during high solar flux conditions) gets reflected in the similar solar flux 
dependence of the post-sunset enhancement of plasma density near the EIA crest region. This is an important 
missing link as evidence in this regard has the potential to put the causal connection between the PRE and the 
post-sunset enhancement on a firm footing.

There have been indications of the solar flux dependence on the connection between PRE and low latitude 
plasma distribution in post-sunset hours in the earlier works. Whalen (2004) showed that both post-sunset EIA 
and PRE vary linearly with solar flux. Abdu et al. (2008) suggested that the EPF driven by PRE in the evening 
hours changes the total electron content (TEC), foF2 and the intensity of EIA and these changes have solar flux 
dependence. However, it was not clear whether enhancements in total electron content (TEC) or foF2 would 
occur at any solar flux level and whether PRE is a necessary as well as sufficient condition for these enhance-
ments. Chen et al. (2017) modeled the PRE by coupled ionosphere-thermosphere data assimilation and showed 
that a stronger PRE generates a stronger EPF during evening hours deepening the equatorial trough. This result 
is consistent with the observations (e.g., H. Liu et al., 2007; Zhang et al., 2009) in which it is shown that the 
latitudinal plasma gradient from trough to crest becomes higher during post-sunset hours and crest to trough ratio 
(CTR) also becomes maximum. Interestingly, in these works, crest to trough ratio (CTR) has been shown to have 
stronger solar flux dependence during post-sunset hours than noon time. Further, the local time (e.g., Oryema 
et al., 2016; Zhang et al., 2009), seasonal (e.g., Olwendo et al., 2016), solar flux (e.g., H. Liu et al., 2007; Zhang 
et al., 2009), longitudinal (e.g., Sunda & Vyas, 2013) and solar activity dependence (e.g., Zhao et al., 2009) of 
crest to trough ratio (CTR) have been brought out. Oryema et al. (2016) showed that CTR is maximum during the 
period 21–23 LT. Liu et al. (2007) also found 2–3 times higher CTR during post-sunset hours than noon-hours 
with increasing solar activity. These results suggest that it is important to understand the solar flux dependence 
of the post-sunset enhancements of the plasma density over the EIA crest region in greater detail to address its' 
causal connection with PRE. This is an important question as it is not clear whether an enhanced PRE guarantees 
enhancements in plasma density over the EIA crest region or there are other additional factors that contribute to 
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these enhancements. The answer to this question will determine whether PRE is a necessary as well as sufficient 
condition for the post-sunset enhancements reported by Kumar et al. (2021).

2.  Datasets and TIE-GCM Outputs
The vertical total electron content (VTEC) data used in this work is derived based on the measurements using the 
dual-frequency (L-band, 1,575 and 1,227 MHz) Global Positioning System (GPS)-receiver (GISTM GSV4004 B) 
at the Physical Research Laboratory, Ahmedabad (23.0°N, 72.6°E, dip angle 35.2°) for more than a decade 
(November 2009–December 2019). Manke and Chakarabarty (2016) described this instrument and the data anal-
ysis technique to derive vertical total electron content (VTEC). In this work, the quiet period data are selected 
based on the Ap index. Daily mean Ap ≤15 on the chosen day and the previous day qualify the chosen day as a 
“quiet day”. It is to be noted that slant TEC (STEC) values are first derived based on the GPS observations. These 
slant TEC (STEC) values are converted to vertical TEC values (VTEC) using an obliquity factor or mapping 
function (Mannucci et al., 1993), which is a function of the elevation angle of the respective GPS satellite. In 
the present investigation, an elevation mask of 30° is used to minimize the multipath and troposphere scattering 
effects (e.g., Chakrabarty et al., 2012) as these effects are more prominent at lower elevation angles. It is also 
to be noted here that the ionospheric pierce points (IPPs) change with movements of the GPS satellites (e.g., 
Huang et al., 2020). This may result in slight changes in the averaged GPS-VTEC. However, for geostationary 
(GEO) satellites, the ionospheric pierce points (IPPs) are nearly stationary. Therefore, before using GPS-VTEC 
data in the present work, we compared GPS-TEC variations with the geostationary vertical total electron content 
(GEO-VTEC) variations from the same location (Ahmedabad). The GEO-VTEC data used in the present work 
comes from the Indian Regional Navigation Satellite System known as Navigation with Indian Constellation 
(NavIC). It has been shown (e.g., Ayyagari et al., 2020) that the NavIC-VTEC and GPS-VTEC are remarkably 
consistent over the Indian sub-continent in general and the northern EIA crest region in particular. The Figure S1 
in Supporting Information S1 captures independent comparisons of GPS-VTEC with NavIC-VTEC derived from 
one of the GEO satellites (PRN I03 at 83°E) for four geomagnetically quiet days. It is found that the variations 
in GPS-VTEC and NavIC-VTEC closely follow each other. The GPS-VTEC values are well within 15% of the 
NavIC-VTEC values regardless of the local time.

The GPS-VTEC data are grouped into three seasons for 10 consecutive years (November 2009–October 2019) 
and compared. To provide an example, the data for the year 2009–2010 comprise of the VTEC data from Novem-
ber 2009 to October 2010, 2010–2011 consists of the VTEC data from November 2010 to October 2011 and 
so on. Further, each year is divided into three seasons - December solstice (November, December, January, and 
February), Equinox (March and April, September and October), and June solstice (May, June, July, and August). 
Daily average F10.7 cm solar radio flux is also grouped in the same manner for comparison. In addition, to quan-
tify the relationship between the post-sunset enhancements in VTEC (ΔVTEC) and the solar flux, the ΔVTEC 
data are also grouped according to the solar flux values ranging from 80 to 180 sfu (sfu = solar flux unit, 1 
sfu = 10 −22Wm −2 Hz −1) in bin size of 5 sfu. It is to be noted here that the bins with less than 10 days' of VTEC 
data are not considered in the present investigation. The VTEC data used in the present work are averaged for 
5 min.

In order to identify the post-sunset enhancements in VTEC, two representative classes are chosen and shown 
in Figure 1. Figures 1a and 1c show the local time variations of individual VTEC variations (gray lines) during 
06–24 LT in December solstice in the year 2014–2015 and 2017–2018. In the first class (2014–2015), the 
post-sunset enhancement in VTEC is observed and in the second class (2017–2018), it is not. This is diagnosed 
by the average curve (black, bold line) superimposed on the gray curves and this average curve is constructed 
based on the mean of VTEC variations for all the individual days shown in gray lines. The average solar flux 
levels and the number of days used to construct the average curve are also mentioned in the figures. Even without 
the aid of any analysis, it can be noted that the post-sunset enhancement in VTEC in the average curve at ∼20 
LT is conspicuously identifiable for the first class and not for the second class. In order to clearly identify the 
enhancements, the VTEC variations during 17–23 LT are expanded and shown in Figures 1b and 1d. In these 
figures, the linear fitting technique is applied to join the points that mark the start and end of the enhancements as 
in Figure 1b (or negative enhancements/decrease as in Figure 1d). The start and end of the linear fits are marked 
by the vertical dashed lines. The linear fits are shown in dashed blue lines. The residuals obtained by subtracting 
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the blue lines from the black lines are shown by the red curves and the corresponding Y-axis scales are also 
shown on the RHS of Figures 1b and 1d. Positive residuals suggest presence of enhancements in VTEC and 
negative residuals suggest absence of any enhancement. It can be seen that in case of the first class (Figure 1b), 
the residuals are positive whereas in case of the second class (Figure 1d), the residuals are negative. The peak 
value of the positive residual (enhancement) is marked by a black star and denoted by P(x, y) where x, y denote 
the coordinates of the abscissa and the ordinates. For example, in case of Figure 1b, the peak in the post sunset 
enhancement is found to occur at 20 LT with the magnitude of enhancement of 4.45 total electron content unit 
(TECU), 1 TECU = 10 16electrons/m 2). In Figure 1 and subsequently in Figures 2–4, the coordinate values (x, 
y) of the peak positive residual are mentioned wherever enhancements are seen. It is to be noted here that in 
some of the earlier works (e.g., Young et al., 1970; Balan & Rao, 1984; Liu et al., 2013) related to post-sunset 
enhancements, exponentially fitted curves are used to extract the post-sunset enhancements in foF2 and VTEC. 
While the linear fitting may under/over-estimate the post-sunset enhancements to some extent on occasions, the 
exponential fitting is sensitive to the choice of the initial point from where the fitting starts. This too may lead 
to under/over-estimations of residuals. Nevertheless, it has been verified that the residuals obtained by both the 
fitting procedures closely match with each other if done carefully. In order to minimize the fitting subjectivity 
from one curve to another, linear fitting procedure is adopted in the present work to extract the residuals and to 
identify the post-sunset enhancements in VTEC.

Figure 1.  Two representative classes of diurnal vertical total electron content (VTEC) variations (a) with post-sunset enhancement (December solstice, 2014–2015) 
and (c) without post-sunset enhancement (December solstice, 2017–2018) are shown. The gray curves in a-d are the variations on individual days and the bold black 
curves represent the average variations. The solar flux levels and the number of days' data used to construct the average curve are also provided in each Figure. VTEC 
variations during 17–23 LT are blown-up in Figures b and d to show the presence and absence of post-sunset enhancement in VTEC in the average variations. Linear 
fitting (blue dashed lines) is carried out to extract the residuals (red lines) that reveal the post-sunset enhancement in (b) and post-sunset reduction (d) in VTEC in the 
average variations. The coordinates of the point P(x,y) in (b) shows the peak VTEC level during the post-sunset enhancement period and the corresponding local time.
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2.1.  TIE-GCM Outputs

Thermosphere Ionosphere Electrodynamics-General circulation model (TIE-GCM) outputs Thermosphere-Iono-
sphere-Electrodynamics General Circulation Model (TIE-GCM) is used to understand the altitudinal and latitu-
dinal variation of the plasma density and vertical drift over low latitude ionosphere at different solar flux levels. 
TIE-GCM is a self-consistent, first principle, and physics-based model that is developed at the High Altitude 
Observatory, National Center for Atmospheric Research. The earlier version of Thermosphere Ionosphere Elec-
trodynamics-General circulation model (TIE-GCM) was the Thermospheric General Circulation Model (TGCM) 
(Dickinson et al., 1984) that calculated upper atmospheric parameters like temperature, neutral density, etc. Roble 

Figure 2.  Vertical total electron content (VTEC) variations on individual days (gray), (a) average variation of VTEC (black) 
and residuals of average VTEC (red) in December solstice during 2009–2010, (b) 2010–2011, (c) 2011–2012, (d) 2012–2013, 
(e) 2013–2014, (f) 2014–2015, (g) 2015–2016, (h) 2016–2017, (i) 2017–2018, and (j) 2018–2019. The start/end times of 
the residuals are marked with the vertical dashed lines. The number of days that goes into the calculation of the average 
VTEC variations and corresponding average solar flux levels are also mentioned for each year. Unambiguous post-sunset 
enhancements are seen during 2011–2012, 2013–2014 and 2014–2015. In 2012–2013, the residuals start becoming positive.
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et al. (1988) and Richmond et al. (1992) included the self-consistent ionosphere and the electrodynamics part, 
respectively in the TGCM to make it TIE-GCM. TIE-GCM is capable of simulating the thermospheric neutral 
wind and ionospheric electric field, conductivity, and current self-consistently. The electron density and verti-
cal drift outputs (https://ccmc.gsfc.nasa.gov/models/modelinfo.php?model=TIE-GCM) in the present work are 
generated for the height range of 100–700 km and in the latitudinal domain of ±30° magnetic latitude. For model 
run, the input solar wind magnetic field, velocity and plasma density are taken as 0 nT, 400 ms −1 and 4 cm −3 
respectively. TIE-GCM outputs are obtained for three seasons - December solstice, Equinox, and June Solstice 
and at three solar flux levels (100, 130, and 160 sfu). The dates for the model runs are chosen accordingly during 
2009–2019.

Figure 3.  Same as Figure 2 but for equinox.
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3.  Results
Figures 2a–2j depict the daily variations in VTEC (gray lines), mean variation in VTEC (black bold line) and the 
residuals (red line) respectively for consecutive 10 years (2009–2019) during the December solstice in solar cycle 
24. Two vertical dashed lines in black color mark the intervals for which the residuals are calculated based on 
the linear fitting technique as described in Figure 1. The number of days to calculate the average VTEC as well 
as the average solar flux level of those days are provided in each subplot. By following the dashed black vertical 
lines, one can figure out the occurrence of post-sunset enhancements in VTEC in varying degrees identified by 
the residuals. It is interesting to note that the residuals have positive values in Figure 2c (2011–2012, 132 sfu), 
Figure 2e (2013–2014, 151 sfu), and Figure 2f (2014–2015, 144 sfu) only. In these 3 years, the peak residuals 
occur at ∼2000 LT (with amplitude of 1.22 TECU), ∼2010 LT (with amplitude of 1.90 TECU) and ∼2000 
LT (with amplitude of 4.45 TECU) respectively. On other occasions, either residuals are close to zero/slightly 
positive (as in 2012–2013) or unambiguously negative (rest of the cases). It is noted that the amplitude of the 

Figure 4.  Same as Figures 2 and 3 but for June solstice.
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post-sunset peak in VTEC starts increasing as the solar activity starts increasing in cycle 24 with the exception 
of 2012–2013. The amplitude seems to become maximum in 2014–2015 and decreases thereafter. Interestingly, 
it appears from Figure 2 that the amplitude of the post-sunset enhancement in VTEC during December solstice 
starts to become positive if the solar flux value exceeds at least 112 sfu (as in 2012–2013). It is also important 
to note here that the year 2012–2013 and particularly the December solstice of 2012–2013 is associated with a 
number of sudden stratospheric warmings (SSWs) events (e.g., Nath et al., 2016). Obviously, Figure 2d suggests 
that the amplitudes of VTEC residuals are less during SSWs events. Therefore, for the sake of simplicity, this 
lower limit of the solar flux level at which the residuals start turning positive is taken approximately at 110 sfu. In 
absence of sudden stratospheric warming (SSW), this solar flux level may lie below 110 sfu but we will neglect 
this consideration here. It can be found in the ensuing paragraph that the choice of 110 sfu as a lower cut-off is 
consistent with Equinox also.

While Figure 2 shows the variations in December solstice, Figure 3 depicts similar variations during Equinox. 
During this season, the positive values of residuals or the post-sunset enhancements in VTEC are observed in 
Figure 3b (2010–2011, 125 sfu), Figure 3c (2011–2012, 118 sfu), Figure 3d (2012–2013, 119 sfu), Figure 3e 
(2013–2014, 149 sfu), and Figure 3f (2014–2015, 119 sfu). The peak residuals occur at ∼2006 LT (with ampli-
tude of 2.10 TECU), ∼1940 LT (with amplitude of 1.88 TECU), ∼1930 LT (with amplitude of 0.70 TECU), 
∼2020 LT (with amplitude of 3.46 TECU) and ∼2000 LT (with amplitude of 0.73 TECU) respectively. On other 
occasions, the residuals are unambiguously negative. The highest solar flux year during Equinox is noted in 
2013–2014 (Figure 3e) and the magnitude of peak residual is also found to be the highest (3.46 TECU) in this 
year. It is also interesting to note that corresponding to same solar flux levels noticed in 2012–2013 (Figures 3d) 
and 2014–2015 (Figure 3f), the magnitudes of the peak residuals are also nearly equal. Unlike December solstice, 
the post-sunset enhancement in VTEC is present in the year 2012–2013. Since the residual is unambiguously 
positive corresponding to the solar flux level of 119 sfu (2014–2015), and it is negative for the solar flux level of 
90 sfu (2015–2016), we assume that the residuals start becoming positive midway between 119 and 90 sfu. This 
mid solar flux level is ∼105 sfu. Therefore, for simplicity, it is assumed in this case also that if the solar flux level 
exceeds 110 sfu (lower cut-off), the residuals will be positive.

Similar to Figures 2 and 3, Figure 4 also depicts the daily variations in VTEC, mean variation in VTEC and 
residuals but for June Solstice. In contrast to Figures 2 and 3, positive residuals are observed on all the years 
in June solstice except in 2009–2010. However, most importantly, the peaks in positive residuals occur mostly 
around 1900 hr or before except mainly during 2017–2018 when it occurs considerably later than 1900 LT. This 
is in sharp contrast with the December solstice and equinox wherein the peaks in the positive residuals occur 
mostly ∼2000 LT. In fact, negative residuals (not shown here) are obtained during 2000–2100 LT for almost all 
the years in June solstice. Another noticeable feature is the apparent disconnect of the amplitude of the positive 
residual with the solar flux levels. For example, in 2012–2013 when the solar flux level is 120 sfu, the amplitude 
of the positive residual is 2.21 TECU whereas in 2013–2014, when the solar flux level is 132 sfu, the amplitude of 
positive residual is 1.65 TECU. Therefore, it appears that the VTEC residuals have little connection with the  solar 
flux levels in June solstice. This aspect is addressed in detail again in Figure 5.

Figures 2–4 bring out the variations in the VTEC residuals with solar activity for three seasons in solar cycle 
24 over Ahmedabad. However, since post-sunset enhancements take place for a finite interval, it is necessary to 
consider the integrated VTEC under the residual curves to quantitatively explore the relationship between the 
post-sunset enhancement in VTEC and solar flux levels. In other words, the area under the curve of the residual 
VTEC curve (ΔVTEC) is more important than the peak amplitude of residual VTEC. This is done in Figure 5 
for December solstice, Equinox and June solstice. Figures 5a and 5b depict the representative local time variation 
of VTEC for individual days (in gray) as well as average VTEC (black line) with the standard deviations (±1σ) 
during equinox wherein the solar flux levels vary between 146 and 150 sfu. For the sake of clear representation, 
±1σ variations are shown only at a few points. The upper and lower envelopes of the ±1σ variations are marked 
by solid and dashed blue lines. The calculation of integrated VTEC is carried out in two ways and demonstrated 
in Case-1 (Figure 5a) and Case-2 (Figure 5b). In Case-1, only the residual area under the curve is considered 
(marked by the red shaded area) and in Case-2, the total area under the curve (red + green shaded area) is consid-
ered. Therefore, while in Case-1, only the integrated residual enhancement in VTEC is calculated, the integrated 
total VTEC enhancement is calculated in Case-2. We term these as integrated residual VTEC (Case-1) and inte-
grated total VTEC (Case-2). It is obvious that Case-2 additionally integrates the background VTEC level over 
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Ahmedabad on which the post-sunset enhancement can be thought to be superimposed. In similar fashion, the 
area under the curves is also calculated for the ±1σ curves marked in red and blue lines in Figures 5a and 5e. The 
number of days that goes into the calculation of each point in a particular solar flux bin is mentioned and the ± 1σ 
values are shown in Figures 5b–5d and 5f–5h. The unit of ΔVTEC in both the cases is TECU-hr.

Figure 5.  Local time variations in vertical total electron content (VTEC) over Ahmedabad, two methods of calculating 
integrated VTEC and as well as the solar flux dependences of post -sunset enhancements in VTEC are shown. Figure (a and 
e): The variations during equinox (gray lines) along with the average VTEC (black line) variation and standard deviations (a 
few ±1σ lines are only shown to avoid cluttering) are shown. Integrated VTEC (ΔVTEC) calculated in two different ways 
during the post-sunset enhancement period. During this period, the solar flux levels vary between 146 and 150 sfu. The 
solid and dashed blue lines in Case-1 and Case-2 are the upper and lower envelopes of ±1σ variations respectively. While in 
Case-1, only the area under the curve of residual enhancement (shaded by red) is calculated, the total area under the curve of 
residual enhancement (shaded by red + green in Figure 5b) is calculated for Case-2. Figure (b–d and f–h) show the variations 
of ΔVTEC (along with the ±1σ calculated based on the solid and dashed blue curves in Figures 5a and 5e) with respect to 
the binned (in steps of 5) F10.7 cm solar flux levels for three seasons but for Case-1 and Case-2 respectively. Note the X-axis 
scales for December solstice and equinox are different from that of June solstice. For both Case-1 and Case-2, the linear fits 
(red line), parabolic fits (blue lines) as well as the corresponding correlation coefficients (R 2) are shown along with the fitting 
equations for December solstice and Equinox. Fitting starts from 110 sfu. The ΔVTEC and F10.7 cm solar flux seem to be 
unrelated for June solstice unlike December solstice and equinox.
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In Figures 5b–5d, ΔVTEC changes as per Case-1 are averaged over 5 sfu bin for December solstice, Equinox and 
June solstice respectively and are plotted against the binned solar flux levels. On the other hand, in Figures 5f–5h 
the same is done for Case-2. In Figures 5b and 5c and Figures 5f and 5g, the linear and parabolic fits are shown 
with red and blue lines along with the fitted equations and corresponding R 2 values. Both the linear and parabolic 
fits start from 110 sfu as the residuals start becoming positive from this solar flux level (stated while describing 
Figures 2 and 3). A few important observations can be made based on Figure 5b, 5c, 5f and 5g that are listed 
below.

1.	 �The R 2 values are not significantly different for December solstice and equinox for both Case-1 and Case-2 
and fits (compare Figures 5b and 5c & Figure 5f and 5g).

2.	 �Most importantly, the R 2 values in Case-2 are significantly higher than those in Case-1 during both December 
solstice and equinox for both linear and parabolic fits (compare 5b–5f and 5c–5 g). Therefore, it appears that 
the background VTEC level, on which the post-sunset enhancement is superposed, is an important factor if 
one wants to evaluate the correlation between solar flux and post-sunset enhancement (ΔVTEC).

3.	 �Based on R 2 values, it can also be inferred that parabolic fits approximate the relationship between ΔVTEC 
and F10.7 cm solar flux in a slightly better way than the linear fits particularly during December solstice for 
Case-2 (Figure 5f).

4.	 �The better applicability of parabolic fit during December solstice for the total integrated VTEC (Figure 5f) 
seems to suggest a possible saturation effect at higher solar flux levels.

5.	 �In sharp contrast to December solstice and equinox, no systematic relationship could be established between 
ΔVTEC and solar flux levels during June solstice in both the cases as seen in Figures 5d and 5h.

6.	 �The degree of scatter seems to increase as one goes to higher solar flux levels during December solstice and 
equinox.

7.	 �Finally, the slope of the linear fit is more for equinox (slope = 1.76, see Figure 5g) than for December solstice 
(Slope = 1.18, for Figure 5f).

In order to understand the results obtained in Figure 5 from a bigger perspective, TIE-GCM outputs are obtained. 
These results are shown in Figure 6. In this figure, the TIE-GCM outputs are shown for the three seasons (Decem-
ber solstice, Equinox and June solstice), for three different solar flux conditions (100, 130 and 160 sfu) and at 
five local times (1800, 1900, 2000, 2100 and 2200 hr). This figure is labeled as a matrix consisting of 5 × 3 
subplots wherein the December solstice, Equinox and June solstice are represented by a, b and c respectively. 
The subplots in the first (a11 − a51), second (a12 − a52) and third (a13 − a53) columns of a particular season repre-
sent the temporal evolution of F region plasma density in the geomagnetic latitude (from −30° to +30°N) and 
altitude plane during post-sunset hours. One can note from Figure 6 that not only the location of the crest region 
(identified by the maximum plasma density over latitudes) but also the density over the EIA crest region varies 
with solar flux, seasons, and local time. In order to calculate the latitudinal plasma density gradient, the altitude 
corresponding to the maximum F region plasma density 𝐴𝐴

(

𝑁𝑁
max

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

)

 over the EIA crest region is identified. The F 
region plasma density over the EIA trough region corresponding to the same altitude is taken as 𝐴𝐴 𝐴𝐴

min

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 . For the 

present work, the latitudinal plasma density gradient in the northern hemisphere is considered as the Ahmedabad-
TEC measurements are from northern hemisphere. The latitudinal plasma density gradient is defined here as 

𝐴𝐴

(

𝑁𝑁
max
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

−𝑁𝑁
min
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

)

∕ (𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) in the unit of cm −3 deg −1. Table  1 lists the values of the latitudinal 
plasma density gradients for five local times, three solar flux levels and three seasons derived from the TIE-GCM 
outputs. Figure 6 reveals that the plasma density over the EIA crest region is lower at 100 sfu and as the solar 
flux level increases, the plasma density over the crest region increases conspicuously. The density at the trough 
does not seem to change so significantly with solar flux levels. This leads to higher CTR and latitudinal plasma 
density gradient at higher solar flux levels as confirmed by the values shown in Table 1. The latitudinal density 
gradient is, therefore, highest at 160 sfu. Interestingly, the latitudinal density gradient during December solstice 
(Figures a13 − a53) and Equinox (Figures b13 − b53) are larger than that during June solstice (Figures c13 − c53). It 
can also be noted that the plasma densities over the EIA crest region during December solstice and Equinox are 
either comparable or slightly higher during Equinox. However, the latitudinal density gradients are found to be 
higher during the December solstice as can be noted from Table 1.

Based on TIE-GCM outputs, we have also found out the variations in vertical drift with magnetic latitude at the 
above-mentioned five local times during December solstice, Equinox and June solstice for the solar flux levels of 
100, 130, and 160 sfu. Table 1 captures the equatorial vertical drifts at five local times and three solar flux levels 
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for the three seasons as well. In addition, the results corresponding to these three solar flux levels are provided 
as Figures S2, S3 and S4 in Supporting Information S1 respectively. It is noted from Table 1 that the maximum 
(positive) vertical drift associated with PRE occurs at 1900 LT for all the three seasons. This is slightly delayed 
as one compares this with the observations over the Indian sector (e.g., Madhav Haridas et al., 2015; Pandey 
et  al.,  2017) and also with the global empirical model outputs (Fejer et  al.,  2008). Further, for a given solar 
flux level, the equatorial vertical drift at 1900 LT during Equinox is more than the corresponding drift during 
December solstice. This is in contrast with the outputs obtained for latitudinal plasma density gradients for these 
two seasons. Interestingly, both the latitudinal plasma density gradient and equatorial vertical drift are minimum 
during June solstice. The implications of these results are discussed in the ensuing section.

4.  Discussion
The post-sunset enhancements in the F region plasma density over low latitudes have been previously reported 
(e.g., Bittencourt et al., 2007; Farelo et al., 2002; Kulkarni, 1969; Su et al., 1994; Xiong et al., 2016) but its 
causative mechanism is not comprehensively investigated. The work of Kumar et al. (2021) revealed that these 
enhancements during December solstice and Equinox are driven by the reinvigorated plasma fountain driven 

Figure 6.  (a) Left to right: Electron density variations in the magnetic latitude (from −30° to +30°) versus altitude (from 100 to 700 km) plane along 75° E longitude 
in December solstice corresponding to solar flux levels of 100, 130, and 160 sfu. Panels b and c are same as a but for Equinox and June solstice respectively. From 
top to bottom, the local time increases from 1800 to 2200 LT. A common color scale is used throughout the figure. This figure is generated based on Thermosphere 
Ionosphere Electrodynamics-General circulation model model outputs.
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by PRE in the post-sunset hours. The present investigation takes it a step forward by analyzing the year-wise 
progression of the post-sunset enhancements in solar cycle 24 (2009–2019) and elicits that these enhancements 
are significant only if the solar flux level exceeds 110 sfu during December solstice and Equinox. Since the 
post-sunset enhancements are primarily driven by PRE and the amplitude of the PRE depends on solar flux level 
(e.g., Fejer et al., 1989; Fejer et al., 2008, 1991; Ramesh & Sastri, 1995), it can be expected that for a detectable 
post-sunset enhancement over the EIA crest region, one requires a minimum PRE amplitude or vertical drift over 
the dip equator. In fact, the work of Scherliess and Fejer (1999) suggests that the amplitude of PRE is close to 
zero during June solstice as well as in December solstice and significantly less than the daytime maximum of the 
zonal electric field at 90 sfu. Therefore, it is understandable that the solar flux needs to exceed a threshold level 
to make the PRE amplitude large enough to cause post-sunset enhancement over the EIA crest region. Ramesh 
and Sastri (1995) explored the association of solar flux level and equatorial vertical drift over the Indian sector 
and it can be found from their work (see Figure 4 of Ramesh & Sastri, 1995) that the magnitude of vertical drift 
is ∼16ms −1 during December solstice and Equinox at 110 sfu whereas it is ∼10 ms −1 for the same solar flux level 
at the June solstice. Therefore, it implies that the equatorial vertical drift associated with PRE should be at least 
∼16 ms −1 over the Indian sector for detectable post-sunset enhancement of VTEC over the EIA crest region. This 
explains why even during high solar flux conditions, the post-sunset enhancement in VTEC is not observed over 
the EIA crest region during June solstice. This is because PRE amplitude during June solstice does not exceed this 
threshold level on most of the occasions over the Indian sector even during high solar flux condition.

One more point deserves attention at this stage. This is the better applicability of the parabolic fit while constructing 
the empirical relationship between the F10.7 cm flux and post-sunset enhancement of VTEC over the EIA crest 
region during the December solstice. As the VTEC enhancements are caused by the PRE as shown by Kumar 
et al. (2021), it is important to evaluate the variation of PRE with the solar flux levels at different seasons for differ-
ent levels of solar flux. Using Jicamarca observations, Fejer et al. (1989) first indicated that average vertical drifts 
during winter (May-August for the Southern hemisphere) remains nearly constant after a certain solar flux level. 
This solar flux level can change with the magnetic activity. The indication obtained in this work was consolidated 
and quantified further in a follow-up work (Fejer et al., 1991) wherein the evening PRE of vertical drifts was shown 
to increase linearly with the solar flux during equinox but saturate beyond a high solar solar flux level during winter. 
This inference was drawn based on the applicability of linear and parabolic fits (see Figure 3 of Fejer et al., 1991). 
Over the Indian sector, similar results were obtained by Ramesh and Sastri (1995). Interestingly, and for the first 
time, we do see such effects over the EIA crest region when the VTEC enhancements reveal similar seasonal and 
solar flux behavior (Figure 5). This puts the cause of these enhancements on a very firm footing and based on the 
work of Kumar et al. (2021) and this work, it is now abundantly clear that PRE of equatorial zonal electric field 

December solstice Equinox June solstice

Local time 100 sfu 130 sfu 160 sfu 100 sfu 130 sfu 160 sfu 100 sfu 130 sfu 160 sfu

Latitudinal density gradients are in the unit of 10 5 cm −3 deg −1 and

equatorial vertical drifts are in the unit of ms −1

1800 1.0  
2.9

1.3  
10.0

1.6  
15.6

0.8  
5.8

1.1  
9.3

1.4  
15.0

0.4 
–5.7

0.7 
–2.6

0.8  
3.7

1900 0.8  
5.7

1.5  
12.4

1.8  
16.8

0.8  
10.0

1.0  
14.5

1.2  
20.5

0.4 
–3.3

0.6  
1.2

0.7  
10.5

2000 0.8 
–3.3

1.4 
–2.7

1.7 
–3.7

0.6 
–2.5

0.7 
–3.7

1.2 
–3.5

0.2 
–5.4

0.4 
–4.8

0.5 
–0.8

2100 0.4 
–10.5

1.0 
–12.5

1.5 
–14.7

0.6 
–11.0

0.7 
–13.0

1.0 
–14.6

0.3 
–8.0

0.3 
–8.8

0.3 
–8.0

2200 0.3 
–14.5

0.9 
–17.8

1.3 
–19.9

0.4 
–14.8

0.7 
–16.7

0.7 
–18.7

0.3 
–8.4

0.5 
–10.0

0.5 
–11.3

Note. Similar data derived for equinox and june solstice are provided in middle and right blocks respectively.

Table 1 
Latitudinal Plasma Gradients in Black (in 10 5 cm −3 deg −1) and Vertical Drifts (in ms −1) Over the Dip Equator in Blue at 
1800, 1900, 2000, 2100 and 2200 LT (Top to Bottom) in December Solstice Corresponding to 100, 130 and 160 sfu Levels 
(Left to Right), as Derived From the TIEGCM Outputs, Are Tabulated in the Left Block
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is responsible for the post-sunset VTEC enhancements over the EIA crest region. Therefore, as PRE vertical drift 
tends to saturate during December solstice at higher solar flux levels, VTEC enhancements also tend to saturate and 
parabolic fit works better than the linear fit. In this work, we do see saturation effect is kicking in beyond 150–160 
sfu over the Indian sector. This solar flux level can change at different magnetic activity levels as suggested by Fejer 
et al. (1989); Fejer et al. (1991). However, since only the quiet time cases are considered here, we do expect that esti-
mation of the higher cut-off of this solar flux level is relatively robust. Another interesting point is, similar to Fejer 
et al. (1991), we also observe relatively large degree of scatter at higher solar flux levels (particularly Figures 5b 
and 5c) during December solstice and equinox. As suggested by Fejer et al. (1991), this may be due to the large 
variability of PRE amplitudes at higher solar flux levels during these two seasons. In addition, the slope of the linear 
fit (1.76) in equinox (Figure 5g) is significantly higher than that (1.18) during December solstice in Figure 5f which 
is also consistent with the results of Ramesh and Sastri (1995) wherein they obtained (see Figure 4) higher slope 
(0.13) in equinox than December solstice (0.07) for the linear relationships between average peak PRE vertical drift 
and F10.7 flux for these seasons. These observations strengthen the arguments that PRE plays the primary role for 
the post-sunset enhancement of VTEC over the EIA crest region. However, the possible saturation effect of PRE of 
vertical drift during winter remains an unresolved problem till date and further modeling works (beyond the scope 
of the present work) are needed to understand this enigmatic aspect of PRE in future. The lack of sufficient VTEC 
data at higher solar flux levels (beyond 160 sfu) prevents us from observationally addressing this feature in detail. 
It is interesting to note that TIE-GCM outputs capture this saturation effects particularly during December solstice 
(Figure S5 in Supporting Information S1). It is possible that changes in thermospheric neutral composition, neutral 
wind, background ionospheric electric field and conductivity during higher solar activity interact with one another 
in such a way that VTEC gets saturated. Since PRE that drives post-sunset enhancements in VTEC gets saturated 
(e.g., Fejer et  al.,  1991) with increasing solar flux level, it is expected that VTEC also get saturated with the 
increasing solar flux levels. However, the exact processes that lead to PRE/VTEC saturation need to be understood 
comprehensively based on further investigation and importantly, through modeling studies.

The above discussion suggests that the amplitude of PRE is important and a necessary factor that determines the 
post-sunset enhancement in VTEC over the EIA crest region. However, the present investigation extends this 
argument critically by showing that amplitude of PRE may not be a sufficient condition and one needs to also 
factor in the F region background plasma distribution over the low latitude upon which the PRE-driven plasma 
fountain operates during post-sunset hours. This aspect comes out of Figure 5 wherein the correlation coefficients 
(for both linear or parabolic fits) are found to increase significantly when background VTEC levels are also 
considered (Figures 5f and 5g vis-à-vis Figures 5b and 5c). The background VTEC level over the EIA crest region 
during post-sunset hours depends on the daytime plasma fountain process. The PRE-driven post-sunset plasma 
fountain operates on the low latitude plasma distribution left behind by the daytime fountain. Figure 5 reveals 
that the correlation coefficients between the post-sunset enhancement (ΔVTEC) and solar flux for Case-2 (total 
integrated VTEC) are higher during both December solstice and Equinox when compared with the post-sunset 
enhancements (ΔVTEC) for Case-1 (residual integrated VTEC). It suggests that the elevated background plasma 
density around the EIA crest is more likely to produce the higher post-sunset enhancements in VTEC. The work 
of Fejer et al. (2008) reveals that the vertical drift remains upward throughout daytime in Equinox and December 
solstice over the Indian sector. However, around 1600 LT in June solstice, the polarity of vertical drift is reversed 
at low and moderate solar flux levels (e.g., Pandey et al., 2018) and remains close to zero even at higher solar flux 
levels (e.g., Fejer et al., 2008). Therefore, it is clear that, unlike June solstice, the daytime fountain process, during 
December solstice and Equinox, continues to supply plasma over the EIA crest region till the PRE occurs. On 
top of that, the amplitude of PRE is significantly more/more during Equinox/December solstice than the daytime 
maximum amplitude of the zonal electric field in high solar flux condition over the Indian sector. During June 
solstice, even during high solar flux condition, the amplitude of PRE does not exceed the maximum amplitude of 
the daytime zonal electric field. Therefore, during Equinox and December solstice, the PRE of zonal electric field 
during post-sunset hours operates on already present higher plasma density background over low latitudes gener-
ated by the daytime plasma fountain process that, in turn, is driven by the daytime zonal electric field over the dip 
equatorial region. Therefore, PRE, during these two seasons in high solar flux condition, can push more plasma 
toward the EIA crest region causing the post-sunset enhancement in VTEC. This explains the enhanced correla-
tion coefficients between ΔVTEC and solar flux for during both Equinox and December solstice (Figure 5b vs. 
5f and 5c vs. 5g). However, one aspect still remains enigmatic at this point. Why is the slope of the linear fit is 
more for equinox (slope = 1.76, see Figure 5g) than for December solstice (Slope = 1.18, for Figure 5f)? This 
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indicates that the post-sunset enhancement in VTEC over the EIA crest region changes more rapidly with solar 
flux during equinox than in December solstice. Interestingly, this feature is consistent with the work of Ramesh 
and Sastri (1995) carried out for the Indian sector but not with the work of Fejer et al. (1991) that was carried 
out for the Jicamarca sector. This could be due to the enhanced sensitivity of the electric field amplitudes related 
to PRE to the changes in the solar flux (possibly through changes in ionospheric conductivity over northern and 
southern low latitudes) over the Indian sector in equinox than in December solstice. This proposition is specula-
tive at present and needs further detailed investigation in future.

In order to verify whether post-sunset enhancements in VTEC are captured by the TIE-GCM outputs, TIE-GCM 
is also run for the three seasons. These results are provided as Figure S5 in Supporting Information S1. In Figure 
S5 of Supporting Information S1, TEC variations corresponding to 23°N and 23°S along the 75°E meridian are 
shown for different solar flux levels. While the outputs corresponding to three seasons are generated for 100, 130 
and 160 sfu, additional runs are made for December solstice and Equinox for 170–200 sfu in steps of 10 sfu to 
check the saturation effect. A few interesting features are noted from these outputs.

1.	 �The post-sunset enhancements in TEC are prominent in December solstice. This is consistent with observations.
2.	 �Although present, the enhancements are not as conspicuous in Equinox as in December solstice. This is where 

the model outputs differ from observations.
3.	 �The post-sunset enhancements are absent in June solstice in accordance with observations.
4.	 �The saturation effect seems to be present in the TIE-GCM outputs and particularly visible during December 

solstice.
5.	 �Interhemispheric asymmetry is seen in the post-sunset enhancements. This could not be verified with the 

observations as VTEC data from a conjugate station in the southern hemisphere at 75°E meridian (part of 
Indian ocean) is not available. In this context, the work of Wan et al. (2022) is relevant as it indicates the role of 
wind in generating interhemispheric effects on the diurnal evolution of TEC along 75°E meridian using Inter-
national GNSS service-total electron content (IGS-TEC) and International reference ionosphere (IRI)-2016 
model outputs. Detailed investigations in future are needed to understand various aspects of interhemispheric 
and longitudinal asymmetries of the post-sunset enhancements.

Figure 6 and Table 1 capture the salient TIE-GCM outputs related to the relative roles of latitudinal density 
gradient and equatorial vertical drift in the post-sunset plasma density enhancement over the EIA crest region 
at different seasons and solar flux levels. It is suggested by Kumar et al. (2021) that the plasma transport in the 
meridional direction during the post-sunset hours occurs from 5°−10° magnetic latitude to the EIA crest region 
under the influence of PRE of the equatorial zonal electric field. Table 1 suggests that PRE amplitudes at 1900 
LT are larger in equinox than in December solstice. In fact, earlier works (e.g., Fejer et al., 2008; Scherliess & 
Fejer, 1999) reveal that the amplitude of PRE during Equinox is more than that in December solstice. There-
fore, the TIE-GCM outputs are consistent with the earlier results in this regard. More importantly, Figure 6 and 
Table 1 (TIE-GCM outputs) also reveal that latitudinal plasma density gradient shows contrasting feature and it 
is more during December solstice than equinox over Northern hemisphere. Considering ionospheric plasma as 
an incompressible fluid and neglecting the production and loss processes, the continuity equation suggests that 
the rate of change of plasma density over low latitudes depends on the V.∇N term where V is the velocity and 
∇N is the plasma density gradient. It is clear from this term that the rate of change of plasma density over low 
latitude depends not only on the amplitude of PRE (upward velocity) during post-sunset hours but also on the 
latitudinal plasma density gradient. Therefore, it appears that although PRE amplitude is important, it may not be 
a sufficient condition to determine the post-sunset VTEC enhancement over the EIA crest region. In fact, PRE 
amplitude and latitudinal plasma density gradient can be expected to work in tandem to determine the degree 
of post-sunset enhancement in VTEC over the EIA crest region. This proposition gets credence from the fact 
that both the amplitude of PRE in vertical drift and latitudinal plasma density gradient are much smaller in June 
solstice compared to equinox and December solstice and hence one does not observe post-sunset enhancement in 
VTEC over the EIA crest region during this season. It is also important to mention here that the latitudinal plasma 
density gradient during evening hours over low latitudes is primarily a consequence of daytime plasma fountain 
upon which PRE-driven fountain during post-sunset hours is superposed. Hence, the VTEC enhancement due to 
PRE over the EIA crest region is dependent not only on PRE amplitude but also on the latitudinal plasma density 
gradient left behind by the daytime plasma fountain process. Therefore, daytime fountain also plays an important 
role in determining the degree of post-sunset VTEC enhancement over the EIA crest region.
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Interestingly, the present work brings into attention an anomalous feature that is not consistent with the rest of 
the observations. The post-sunset enhancements in VTEC are absent during December solstice in the year 2012–
2013 (Figure 2d) even when the average solar flux level is slightly higher than 110 sfu. This feature is apparently 
surprising. However, it is to be noted that the winter months in the year 2012–2013 is characterized by intense 
and multiple sudden stratospheric warming (SSW) events (e.g., de Paula et al., 2015; Nath et al., 2016). It is 
now known that during sudden stratospheric warming (SSW) events, the semi-diurnal and lunar tides are modu-
lated that, in turn, affect the E-region electric field (e.g., Chau et al., 2012; Goncharenko et al., 2010; Pedatella 
et al., 2014). As the low latitude E region electric field gets communicated to the dip-equatorial F region heights, 
the plasma distribution over the low latitude region gets affected owing to the modified plasma fountain. It has 
been shown that the F region plasma shows large variability at local noon as well as in evening hours (e.g., Chau 
et al., 2012; Goncharenko et al., 2010) during and after sudden stratospheric warming (SSW) events. de Paula 
et al. (2015) investigated three major SSW events in 2013 and found that the peak vertical drifts associated with 
PRE were consistently smaller than their counterparts in the pre-SSW days. Vineeth et al. (2009) also brought out 
occurrences of counter electrojet (CEJ) with a quasi 16-day periodicity over Trivandrum, an Indian dip-equatorial 
station during the polar SSW events. Once the electric field is reversed during counter electrojet (CEJ) events, 
the F region plasma fountain gets weakened and it does not reach near the vicinity of the EIA crest region like 
Ahmedabad. Under this condition, PRE of zonal electric field would be unable to transport additional plasma 
to the EIA crest region leading to the weakening of the post-sunset enhancement of VTEC. Therefore, SSW can 
affect both PRE as well as the latitudinal plasma density gradient that determine the post-sunset enhancement in 
VTEC over the EIA crest region. The absence of post-sunset enhancements in VTEC during December solstice 
is, therefore, attributed to the recurrent occurrence of SSW events during 2012–2013.

5.  Conclusions
The present investigation brings out the following.

1.	 �The post-sunset enhancement in VTEC over the EIA crest region depends critically on solar flux level as the 
amplitude of PRE of zonal electric field depends on solar flux level.

2.	 �As the VTEC enhancements are consistent with the amplitude of PRE (of zonal electric field), significant 
VTEC enhancements are observed over the EIA crest region in equinox and December solstice and not during 
June solstice.

3.	 �The post-sunset enhancements in VTEC are conspicuous in Equinox and December solstice when solar flux 
level exceeds ∼110 sfu. It is suggested that minimum equatorial vertical drift associated with PRE needs to 
reach at least 16 ms −1 so as to generate conspicuous post-sunset enhancement in VTEC over the EIA crest 
region.

4.	 �VTEC over the EIA crest region seems to saturate at higher solar flux levels (>160 sfu).
5.	 �TIE-GCM simulations confirm the presence of conspicuous post-sunset enhancement in TEC particularly 

during December solstice. Similar to observations, TIE-GCM outputs also confirm the absence of enhance-
ment in TEC during June solstice. However, enhancements during equinox are not as conspicuous as in 
December solstice. Clear interhemispheric asymmetry in the post-sunset enhancement in TEC is also seen. 
Importantly, the saturation effect during December solstice is captured by TIE-GCM.

6.	 �It is suggested that the amplitude of PRE is a necessary but not sufficient condition for the post-sunset enhance-
ments in VTEC. This proposition is supported by TIE-GCM simulation outputs that reveals that latitudinal 
gradient in the F region plasma density over low latitude plays an additionally important role to determine the 
amplitude of post-sunset enhancement in VTEC over the EIA crest region. While the PRE amplitude is more 
at 1900 LT during equinox, the latitudinal plasma density gradient is enhanced at 1900 LT during December 
solstice. The reverse is true for amplitudes related to PRE in vertical drift. The combined effects of vertical 
drift and latitudinal plasma density gradient determine the degree of post-sunset enhancement during Decem-
ber solstice and Equinox. Both these parameters are significantly weaker during June solstice.

7.	 �It is proposed that the daytime plasma fountain is suggested to play an important role in determining the latitu-
dinal plasma density gradient during post-sunset hours over low latitudes. PRE-driven plasma fountain during 
post-sunset hours operates on this latitudinal plasma density gradient and determine the degree of VTEC 
enhancement over the EIA crest region.

8.	 �Sudden stratospheric events seem to suppress the post-sunset enhancements in VTEC by reducing equatorial 
electric field.
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Data Availability Statement
The Thermosphere Ionosphere Electrodynamics-General circulation model (TIE-GCM) simulation results are 
obtained from the CCMC at GSFC-NASA via their runs on request system (http://ccmc.gsfc.nasa.gov). The 
TIE-GCM model was developed by the R. G. Roble et al. at High Altitude Observatory, National Center for 
Atmospheric Research. Ap index data is taken from the World Data Center for Geomagnetism, Kyoto (http://wdc.
kugi.kyoto-u.ac.jp/). F10.7 solar flux values are obtained from NASA GSFC CDAWeb (http://cdaweb.gsfc.nasa.
gov/). The remaining data including the data for the Supporting Information S1 can be obtained from https://data.
mendeley.com/datasets/4tv464h47w/draft?a=2525c7ad-f84f-4243-80da-15b20ef3a4c9.
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1.  Introduction
The F region vertical drifts are upward in the daytime and downward in the night time during geomagnetically 
quiet periods (e.g., Fejer et al., 2008a). However, the equatorial F region vertical drifts can be enhanced or 
reduced under the influence of space weather related perturbation electric fields. It is known that the southward 
directed interplanetary magnetic field (IMF) Bz drives geomagnetic storm and during a storm, the Y-component 
(dawn-dusk direction) of solar wind/interplanetary motional electric field (IEFy) maps down to the polar iono-
sphere. This electric field drives a two-cell ionospheric plasma convection pattern or disturbance Polar type 2 
or DP2 cells (e.g., Nishida, 1968). During this period, region 1 Field aligned current (R1 FAC) develops rapidly 
and region 2 field aligned current (R2 FAC) takes time to develop as it is sluggish in nature compared to R1 
FAC. Owing to the different time constants of R1 and R2 FACs, the convection electric field perturbations 
penetrate to the low latitude ionosphere through the polar ionosphere. This is known as prompt penetra tion 
electric field (PPEF). In an equivalent description, this happens under undershielding condition when the 
shielding electric field in the inner magnetosphere is not fully developed in response to the convection electric 
field imposed at the outer magnetosphere. Earlier studies (e.g., Fejer et al., 2008b) reveal that PPEF generates 
eastward/westward electric field perturbations in the equatorial ionosphere during daytime/nighttime. On the 
contrary, when IMF Bz suddenly turns northward from southward condition, R1 FAC decays quickly compared 

Abstract  During a weak geomagnetic storm (Ap = 15) on 24 December 2014, the penetration electric field 
perturbations over the Indian dip equatorial sector are found to be anomalous on a number of occasions during 
postsunset hours. The event is anomalous as the magnitude and polarity of penetration electric fields do not 
obey the existing paradigm. The penetration electric field perturbations are investigated using the vertical drifts 
derived from the CADI (Canadian Advanced Digital Ionosonde) measurements at Tirunelveli (8.7°N, 77.7°E, 
dip angle: 1.7°). During this event, we observed postsunset vertical drift of ∼42 m s −1 not only at 18:10 LT but 
also ∼36 m s −1 at ∼21:00 LT which is anomalous. Interestingly, the dawn-dusk component of interplanetary 
electric field (IEFy) is relatively less (<2 mV/m) at ∼21:00 LT compared to the interval 19:30–20:30 LT 
(IEFy ∼3 mV/m). Despite that, the vertical drift observed over Tirunelveli is very close to zero or nominally 
upward during 19:30–20:30 LT. In addition, the downward drift just after 21:30 LT on this night is found to 
be exceptionally large (∼−60 m s −1). By combining vertical total electron content over the Indian sector with 
the OI 630.0 nm airglow intensity from Mt. Abu, chain of magnetometer and Los Alamos National Laboratory 
geosynchronous satellite particle measurements, it is suggested that the anomalous penetration electric field 
perturbations on this night arise from the effects of interplanetary magnetic field By and substorm.

Plain Language Summary  Variation in the zonal electric field in the equatorial ionosphere during 
postsunset hours is important to understand the plasma distribution over low latitudes and also generation of 
plasma irregularities. The changes in the ionospheric conditions over low/equatorial latitudes have implications 
for communication and navigational applications. Therefore, if ionospheric electric field over equatorial 
ionosphere behaves anomalously during space weather events, it will be difficult to model the low latitude 
ionosphere for scientific understanding and practical applications. In this investigation, we show that the less 
studied Y-component of interplanetary magnetic field and substorm can significantly modulate the ionospheric 
electric field giving rise to anomalous response.
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to R2 FAC and the residual shielding electric field survives in the inner magnetosphere for some time. It is 
this residual electric field that has the opposite polarity of PPEF (e.g., Kikuchi et al., 2008). This is known 
as the overshielding effect and the electric field perturbations experienced in the inner magnetosphere/iono-
sphere during this time is commonly  termed as overshielding electric field. The impact of PPEF over low and 
equatorial ionosphere has been reported observationally (e.g., Chakrabarty et al., 2005, 2008, 2015; Tsurutani 
et  al.,  2008) and studied through simulation (e.g., Lu et  al.,  2012; Wang et  al.,  2008). During PRE-hours, 
significant effects of PPEF over the dip equatorial ionosphere have been studied by several researchers (e.g., 
Abdu et al., 2018; Fejer et al., 2021; Rout et al., 2019; Tsurutani et al., 2008) in the past. The role of PPEF in 
generating ionospheric super fountain (e.g., Mannucci et al., 2005; Tsurutani et al., 2004) over the low lati-
tude and latitudinal expansion of the equatorial ionization anomaly (EIA) crest toward higher latitudes (e.g., 
Rout et al., 2019), have also been shown. Rout et al. (2019) studied the largest PRE-associated vertical drift 
(∼150 m −1) over Jicamarca during a space weather event in September 2017. They also brought out latitudinal 
expansion of the EIA crest along the 75°W longitude. The modeling (e.g., Nopper & Carovillano, 1978) and 
observational (e.g., Fejer et al., 2008b) studies also suggest that the eastward perturbations of PPEF is expected 
till 22:00 LT. Further, it is also shown that 6–9% of IEFy penetrates to the equatorial/low latitude ionosphere 
(e.g., Huang et  al.,  2007; Kelley et  al.,  2003). Significantly large PPEF can change the plasma distribution 
over low latitudes during daytime and postsunset hours (e.g., Abdu et al., 2018; Balan et al., 2009, 2018; Rout 
et al., 2019; Tsurutani et al., 2008) substantially and can shift the location and strength of the EIA crest over 
low latitudes.

In addition to storm, magnetospheric substorms can also generate transient electric field disturbances (e.g., 
Chakrabarty et al., 2008, 2010, 2015; Huang, 2009; Huang et al., 2004; Kikuchi et al., 2000, 2003) over low lati-
tude ionosphere. Substorms are magnetosphere's way of unloading excess energies stored during the reorgani-
zation of the magnetic flux in the magnetotail. Substorms can be directly triggered by the changes in the solar 
wind parameters like IMF Bz flipping from southward to northward suddenly, abrupt changes in the solar wind 
dynamic pressure, etc. (e.g., Lyons, 1995, 1996; Lyons et al., 1997; McPherron, 1979) or can be spontaneously 
triggered (e.g., Angelopoulos et al., 1996; Henderson et al., 1996) wherein clear solar wind triggering is not obvi-
ous. The spontaneously triggered substorms are believed to be triggered by internal magnetospheric processes 
or by the self-organized criticality (e.g., Baker et al., 1997; Klimas et al., 2000; Tsurutani et al., 2004) of the 
plasma sheet. Substorms are nightside, longitudinally confined phenomena. Although the substorm induced 
electric fields are experienced over low latitude ionosphere during nighttime (e.g., Chakrabarty et al., 2015), the 
dayside electric field perturbations in the low latitude ionosphere due to substorms are also not uncommon (e.g., 
Hashimoto et al., 2017; Huang, 2009; Kikuchi et al., 2003; Wang et al., 2019). Moreover, substorms can exert 
both eastward (e.g., Chakrabarty et al., 2010; Huang, 2009; Hui et al., 2017) and westward (e.g., Chakrabarty 
et al., 2015; Hashimoto et al., 2017; Hui et al., 2017; Kikuchi et al., 2003) electric field perturbations over low 
latitude ionosphere. Therefore, simultaneous presence of substorms can augment or annul the prompt electric 
field perturbations arising out of undershielding/overshielding effects as shown in a few earlier studies (e.g., 
Hui et al., 2017; Rout et al., 2019). In addition to the above processes, sudden changes in the solar wind dynamic 
pressure can also lead to changes in the Chapman Ferraro current and cause prompt electric field disturbances 
(e.g., Huang et al., 2008; Rout et al., 2016; Sastri et al., 1993) over equatorial ionosphere. In recent times, it is 
also unambiguously brought out that the effects of IMF By can also change the expected polarity of electric 
field perturbation (e.g., Chakrabarty et al., 2017) over equatorial ionosphere particularly during the postsunset 
hours.

Therefore, under disturbed space weather conditions, some of the prompt electric field disturbances can occur 
simultaneously and can reinforce or annul individual effects making the phenomenological understanding of the 
equatorial impact difficult (e.g., Chakrabarty et al., 2015; Hui et al., 2017; Rout et al., 2019). In addition, these 
prompt electric field perturbations can also compete with the delayed electric field perturbations owing to what 
is known as disturbance dynamo mechanism (e.g., Blanc & Richmond, 1980) associated with the altered circu-
lations of thermospheric wind systems following storm and substorm. Therefore, understanding the origin of 
prompt electric field perturbations over low-equatorial ionosphere deserves further investigation. In this regard, 
those cases are particularly important wherein the magnitude and polarity of penetration electric field in the 
equatorial ionosphere do not follow the existing understanding. The present investigation is important as it brings 
out such a case and shows that the phenomenological origin of the PPEF perturbations over the low latitude iono-
sphere is more complex than what is believed.
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2.  Data Sets and Methodology
One-minute cadence data of the solar wind parameters like IMF, solar wind velocity, dynamic pressure, and 
density are obtained from space physics data facility (SPDF) of Goddard Space Flight Center (https://cdaweb.
gsfc.nasa.gov/). It is to be noted that the solar wind data available at this site are already time-shifted to the nose 
of the bow shock. In order to evaluate the ionospheric impacts, the magnetosheath and Alfven transit times 
are calculated and added to the lag time, point by point, following the methodology reported in Chakrabarty 
et al. (2005). In addition, symmetric ring current (Sym-H) index, auroral electrojet (AE) index, and polar cap 
(PC) index are also taken from SPDF.

In the absence of incoherent scatter radar over the Indian sector, the nighttime F region vertical drift over the 
Indian dip equator is derived by taking the temporal derivative of the bottom-side F layer height (h′F). The h′F 
values are obtained from the CADI over Tirunelveli (8.7°N, 77.7°E, dip angle: 1.7°). The details of the CADI 
system are described by MacDougall et al. (1995) and Sripathi et al. (2016). As the CADI data are slightly noisy, 
the h′F is smoothed with the Savitzky-Golay (SG) algorithm (e.g., Savitzky & Golay, 1964) with 15% smoothing 
window. The advantage of SG algorithm lies in its ability to suppress the noise in the data without introducing 
any significant distortion. Subsequently, temporal derivative of h′F (dh′F/dt) is calculated. It is to be noted that 
below 300 km altitude, the recombination process can also introduce an apparent upward drift as pointed out 
by Bittencourt and Abdu  (1981). Therefore, in order to obtain the actual electrodynamical vertical drift, the 
apparent upward drift due to chemical recombination needs to be corrected. βH values are subtracted from dh′F/
dt to get the corrected vertical drift where β and H are the attachment coefficient and the scale height of plasma, 
respectively. β is calculated by the following formula: β = K1[O2] + K2[N2], where K1, K2 and [O2], [N2] are the 
reaction rate coefficients and molecular density of oxygen, nitrogen, respectively. H is calculated by the following 
formula: 𝐴𝐴

1

𝐻𝐻
=

1

𝑛𝑛

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕
 , where n and h are the plasma density and height from the earth's surface. The parameters K1 

and K2 are taken from Anderson and Rusch (1980). The neutral parameters, for example, molecular densities and 
thermospheric temperature, are taken from the NRLMSIS 2.0 (Emmert et al., 2021). For the present investiga-
tion, the typical scale height is calculated corresponding to 21:00 LT on a quiet (28 November 2014) and the event 
day (24 December 2014) to calculate the recombination-corrected vertical drifts wherever applicable. Typical β 
is also calculated at 21:00 LT (from 100 to 600 km in steps of 5 km). The typical uncertainty in the drifts derived 
based on ionosonde measurements is of the order of 10% (e.g., Woodman et al., 2006).

In order to get an idea about the daytime ionospheric electric field behavior, the equatorial electrojet (EEJ) 
strength is derived over both the Indian and Peruvian sectors. Over the Indian sector (e.g., Rastogi & Patel, 1975), 
EEJ strength is calculated using the systematic measurements of horizontal component (H) of geomagnetic field 
from a dip equatorial station, Tirunelveli (TIR) and the off-equatorial station, Alibag (ABG, 18.6°N, 72.9°E, 
dip angle: 26.4°). EEJ is calculated using the following formula, EEJIndia = ΔHTIR − ΔHABG. Here, ΔH is the 
instantaneous value of H corrected for the nighttime (during 23:00–03:00 LT) average quiet base values of H. The 
temporal cadence of EEJ data is 1 min. The EEJ strength over the Peruvian sector is, in general, derived by taking 
magnetometer data over the equatorial station, for example, Jicamarca (JIC, 11.5°S, 76.5°W, dip angle: 1.0°), 
and off-equatorial station, Piura (PIU, 5.2°S, 80.6°W, dip angle: 12.5°) (e.g., Rastogi & Klobuchar, 1990). As 
the magnetometer data over Piura are not available during the event under consideration here, data from another 
off-equatorial station, Leticia (LET, 4.2°S, 70.0°W, dip angle: 12.6°) are used in place of Piura. The local time 
of Leticia is also appropriately corrected to take account for the longitudinal difference between Jicamarca and 
Leticia and the resultant EEJ strength corresponds to the local time of Jicamarca. One-minute cadence data of 
both magnetometer stations are used to derive EEJ strength over the Peruvian sector by the following formula: 
EEJPeru = ΔHJIC − ΔHLET.

Magnetometer data from a set of nearly antipodal stations (nearly 12 hr difference in the local time of the given 
set of stations with nearly similar latitudes) along the Indian and Peruvian longitudes are also used in this work to 
understand the variations of DP2 currents over the two sectors. This is done following the methodology suggested 
in Chakrabarty et al. (2017). In this work, the important role of this approach in identifying the role of IMF By is 
pointed out. During the event under consideration, India is in the postsunset to premidnight sector while Peru is 
in the morning sector. The northward component of magnetic field, ΔX (ΔX is the instantaneous value corrected 
for the quiet nighttime base values), for stations is obtained from the SuperMAG worldwide network (https://
supermag.jhuapl.edu/). For the present work, magnetometer stations along Indian (145°–177°E) and Jicamarca 
(3°–20°W) longitudes are Novosibirsk (NVS, 45.8°N, 159.9°E) and Ottawa (OTT, 54.9°N, 3.8°W); Irkutsk (IRT, 
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42.4°N, 177.4°E) and Fredericksburg (FRD, 47.8°N, 5.8°W); Alma Ata (AAA, 34.5°N, 153.1°E); and Bay St. 
Louis (BSL, 39.4°N, 18.9°W); Tirunelveli (TIR, 0.18°N, 150.7°E) and Huancayo (HUA, 2.2°S, 2.6°W) as well 
as Alibag (ABG, 10.4°N, 146.8°E). One-minute cadence data are used for all the stations.

In order to assess the effects of disturbance dynamo (DD) on 24 December 2014, we estimate magnetic distur-
bance in H-component (Ddyn) using an established methodology (e.g., Amory-Mazaudier et al., 2017; Pandey 
et al., 2018; Rout et al., 2019; Zaka et al., 2009).

𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑 = Δ𝐻𝐻 − 𝑆𝑆𝑅𝑅 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × cos(𝐿𝐿)� (1)

In Equation 1, ΔH and SR are the event day and quiet time average magnetic field variations above the crustal 
magnetic field values. SymH is the strength of the ring current. L is the magnetic latitude at that station where the 
magnetic disturbance (Ddyn) is calculated. As the H variation due to ionospheric current is unambiguous during 
daytime, the magnetometer data between the geographic longitudes 275°–300°E which is in day sector during 
the event under consideration, have been used to calculate Ddyn in this work. Ddyn is calculated over the stations, 
Vernadsky (AIA, 55.4°S, 6.1°E), Trelew (TRW, 33.4°S, 6.24°E), Pilar (PIL, 21.8°S, 7.9°E), Huancayo (HUA, 
2.2°S, 2.7°S), San Juan (SJG, 27.7°N, 6.8°E), Ottawa (OTT, 54.9°N, 3.7°W), Iqaluit (IQA, 73.3°N, 6.2°E), and 
Thule (THL, 87.1°N, 14.2°E). These data are obtained from the INTERMAGNET network (https://www.inter-
magnet.org/index-eng.php).

The present investigation requires identification of the substorm induced electric field perturbations over the low 
latitude ionosphere. We identify substorms using observations of dispersionless injection of energetic particles 
(electrons and protons) at the geosynchronous orbit (e.g., Reeves et al., 2003). This is considered to be one of 
the telltale signatures of the onset of substorms (e.g., Reeves et al., 2003). The data from Los Alamos National 
Laboratory (LANL) −01, 02, 04, 97A, 080, and 084 geosynchronous satellites are used for the present study. 
The electron and proton flux data are taken from all these satellites for the event day from 12:00 to 19:00 UT 
(universal time).

To understand the low latitude plasma distribution over the Indian sector, and the approximate location of the EIA 
crest and its strength, the measurements of total electron content (TEC) by the Indian Satellite-based Augmenta-
tion System (SBAS) is used. Indian SBAS network is known as GAGAN (GPS Aided Geo Augmented Naviga-
tion). As part of GAGAN, 5 min cadence of SBAS-TEC data is available at 102 ionospheric grid points over the 
Indian sector. The data of these grid points are generated by using 13 ground stations. The details of GAGAN 
SBAS-system are described by Sunda et al. (2015).

OI 630.0 nm airglow intensity over Mt. Abu (24.6°N, 72.7°E, dip angle: 38.0°), a station typically under the crest 
of EIA, is used for the present study. Ten-seconds cadence airglow intensity data were captured by a narrow spec-
tral band (bandwidth 0.3 nm) and narrow field-of-view (3°) airglow photometer in a campaign mode in cloudless 
and moonless conditions during December 2014. The details of this photometer are available in the literature 
(e.g., Chakrabarty et al., 2008, 2015; Sekar & Chakrabarty, 2011). Note, the instrumental parameters remain the 
same during the campaign and hence, despite absolute airglow intensity levels (in Rayleigh) are not being known 
during the nights under this campaign, gross comparison of the night-to-night changes in the peak intensity levels 
during the campaign can be made.

Slant total electron content (STEC) is measured over Ahmedabad (23.0°N, 72.6°E, dip angle: 35.2°) by a 
dual-frequency (L-band, 1,575 and 1,227 MHz) GPS receiver (GISTM GSV4004 B) at the Physical Research 
Laboratory (PRL). Vertical TEC (VTEC) is derived from STEC using a standard methodology described in 
Manke and Chakarabarty (2016). For the present work, raypath elevation angle of less than 30° is not considered 
to minimize the multipath error and tropospheric effects. five minutes cadence VTEC data are used in this case 
study. It is to be noted that, local time over Indian longitude is taken along 75°E longitudes (LT = UT + 5 hr) in 
present investigation.

3.  Results
Figure 1 depicts the variations of a few interplanetary (Figures 1a–1d) and ground-based parameters (Figures 1e 
and 1f) from 21 to 25 December 2014. The Ap values for these days are 12, 19, 11, 15, and 11, respectively. 
In Figure 1 (from top to bottom), IMF Bx (in nT), IMF Bz (in nT), solar wind velocity (in km s −1), IMF |B| (in 
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nT), Sym-H (in nT) and h′F (in km) are shown in black lines while IMF By (in nT), IEFy (in mV/m), solar wind 
density (cm −3), solar wind pressure (nPa), EEJIndia (in nT) and OI 630.0 nm airglow intensity (in arbitrary units) 
are depicted in red lines. The Y axes corresponding to black and red lines are marked on the left and right side 

Figure 1.  Variations in (a) interplanetary magnetic field (IMF) Bx (nT, black line) and IMF By (nT, red line), (b) IMF Bz (nT, black line) and IEFy (mV/m, red line), 
(c) solar wind velocity (km s −1, black line) and density (cm −3, red line), (d) IMF |B| (nT, black) and pressure (nPa, red), (e) Sym-H index (nT, black) and equatorial 
electrojet strength (EEJIndia) over the Indian sector (nT, red), (f) h′F (km, black) and OI 630.0 nm airglow intensity over Mt. Abu (in arbitrary units, red) from 21 
December 2014 to 2025 December 2014.
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of Figure 1. It can be clearly noticed from Figure 1 that the peak h′F and 
630.0 nm airglow intensity are higher in the local night of 24 December 2014 
in comparison with the rest of the nights shown in Figure 1. This is despite 
IMF Bz being more southward for some time on 22 December (prenoon 
hours over the Indian sector) and 23 December (premidnight hours over the 
Indian sector) compared to the interval of interest on 24 December 2014. In 
fact, the characteristically different variation in OI 630.0 nm airglow intensity 
on this night motivated us to pursue this investigation.

Figure 2 shows observations on 24 December 2014 along with observations 
from a quiet day (28 November 2014) for comparison. Note, the daily mean 
Ap is three on 28 November 2014 and 2017 on the previous day. In all the 
panels, the quiet and disturbed variations are shown with blue and red colored 
lines, respectively. Figure 2a depicts the derived vertical drift variations over 
Tirunelveli (red) on the event day along with the vertical drift variations 
on the quiet day (blue). The vertical drift variation during postsunset hours 
is found to deviate from the variation on the quiet day. It can be seen that 
prereversal enhancement (PRE) of equatorial zonal electric field is enhanced 
on the event day (24 December 2014). The vertical drift corresponding to 
PRE occurs at ∼13:10 UT (18:10 LT) on the event day with an amplitude of 
∼42 m s −1, which is higher than PRE amplitude on a quiet day (∼25 m s −1). 
More importantly, although the vertical drift decreases after the PRE-hours, 
drift does not turn steadily downward on the event night compared to what 
happens on a quiet day. It can be noted that vertical drift turns downward 
during 14:00–14:30 UT (19:00–19:30 LT) on a quiet day. In sharp contrast to 
a quite day variation, the vertical drift again starts increasing from 15:00 UT 
(20:00 LT) on 24 December 2014 and another peak in vertical drift occurs at 
∼16:00 UT (21:00 LT) with an amplitude of ∼36 m s −1 on the event night. 
Note that the vertical drift at this local time is expected to be significantly 
downward as indicated by the quiet time reference drift. Further, the vertical 
drift is found to be minimum (∼−60 m s −1) at ∼16:40 UT (21:40 LT) which 
is significantly higher than the corresponding downward drift (∼−15 m s −1) 
during a quiet night at this local time. The vertical drift again starts decreas-
ing just before 17:00 UT (22:00 LT) and becomes less downward at 17:30 
UT (22:30 LT) to match with the corresponding quiet time drifts afterward.

Figure  2b shows vertical total electron content variation over Ahmedabad on 24 December 2014 (red) and 
28 November 2014 (blue), respectively. The figure reveals that the postsunset enhancement in VTEC over 
Ahmedabad is higher and sustains for a longer period on the event day than on the quiet day. In Figure 2c, vari-
ations in OI 630.0 nm airglow intensity over Mt. Abu on the event day (red) shows different temporal pattern 
than what is noticed on the control day (blue). The intensity variation on the event night is characterized by three 
enhancements peaking at 14:45, 16:00, and 16:40 UT (19:45, 21:00, and 21:40 LT). In fact, the late enhancements 
at 16:00 UT and 16:40 UT are in sharp contrast with the monotonic decrease in intensity found on the control 
night at this local time.

Figure 2d is constructed with the help of SBAS-TEC data that shows the local time variations of TEC over the 
EIA crest location. The event and control days are marked by red and blue lines, respectively. On both days, the 
crest location is found either closer to 7.5°N (solid line with star) or 12.5° (solid line) magnetic latitudes during 
postsunset hours. One can notice in Figure 2d that the EIA crest is located at 12.5°N till 17:30 UT (22:30 LT) on 
event day, whereas on the quiet day, the EIA crest is observed at 12.5°N magnetic latitudes till 15:15 UT (20:15 
LT). After this, the location of the EIA crest is found at 7.5°N.

Figure 3 is dedicated to identify the anomalous vertical drift variations on the event night (24 December 2014). 
Figure 3a is a replica of Figures 2a and 2is presented again for continuity. The variations in EEJ strength over 
Jicamarca for the event day (in red) and quiet day (in blue) are depicted in Figure 3b. In Figure 3c, the variations 
in ΔVd over Tirunelveli (red) and ΔEEJ over Jicamarca (black) are shown. The ΔVd and ΔEEJ are derived by 

Figure 2.  This figure illustrates the variations of a number of parameters on 
the event day (24 December 2014) and quiet day (28 November 2014) with red 
and blue colors, respectively. Subplots (a–d) represent vertical drifts (in m s −1) 
over Tirunelveli, vertical total electron content (in TECU) over Ahmedabad, 
OI 630.0 nm airglow intensity (in arbitrary unit) over Mt. Abu, and SBAS-
TEC (in TECU) variations over only the crest location, respectively. In subplot 
(d), solid and solid lines with stars are used to show the position of the crest at 
12.5°N and 7.5°N magnetic latitudes.
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subtracting the vertical drift and EEJ strength of the quiet day from their event day counterparts. Figures 3d–3f 
depict the variations of a few interplanetary parameters (IMF Bz, IEFy, and IMF By) and geomagnetic indices 
(AE and PC) on the event day only. Figure 3d represents the variations in IMF Bz (in black) and IEFy (in red). 
Variations in IMF By are shown in Figure 3e. Figure 3f depicts the variations in Auroral electrojet (AE) and polar 
cap (PC) indices. A few vertically shaded (in orange and green colors) intervals (marked by Roman numbers I–V) 

Figure 3.  (a) The comparison of vertical drifts over Tirunelveli on the event day (24 December 2014, in red) with respect to a typical quiet day (28 November 2014, 
in blue) similar to what is shown in Figures 2a and 2b represents similar comparison in equatorial electrojet (EEJ) over Jicamarca, (c) shows the variations in the ΔVd 
over Tirunelveli (in red) and ΔEEJ over Jicamarca (in black) obtained by subtracting the quiet day variation from the event day variation, (d) depicts the variations in 
interplanetary magnetic field (IMF) Bz (in black) and IEFy (in red), (e) represents the variations in IMF By and, (f) depicts the variations in the AE (in black) and PC 
(in red) indices. Based on vertical drift variations on event day, intervals (I–V) are marked with orange and green colored rectangular boxes in the panels (a–e). In (e), 
two conspicuous peaks in the AE and PC indices are marked with gray and brown colored rectangular boxes.
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are overlaid at appropriate places in Figures 3a–3e to bring out the important features that emerge out of this set 
of observations. The criterion for the divisions of the intervals is based on the conspicuous differences of the 
vertical drift variations on the event night with reference to the quiet night. The interval-I shows that the vertical 
drift in event night is conspicuously more than the quiet night. On the other hand, interval-II highlights the onset 
of departures of the vertical drift polarity with respect to the quiet night. Interval-III captures significantly anom-
alous electric field perturbations with opposite polarity. Interval-IV captures much larger downward drift on the 
event night than what is expected during a quiet night at this local time. Lastly, during interval-V, the vertical drift 
on the event night recovers and catches up with the corresponding variations during the quiet night. In addition, 
two simultaneous peaks in AE and PC indices around 14:15 UT (19:15 LT) and 16:30 UT (21:30 LT) are shown 
by gray and brown shaded boxes. In Figure 3d, the dashed blue lines are used to guide the eye toward the net 
decrease in southward IMF Bz and IEFy, respectively, during the period ∼14:00–16:00 UT (19:00–21:00 LT). In 
the ensuing paragraphs, we highlight the important observational features of interval-I–interval-V.

Interval-I. During interval-I (∼12:50–13:30 UT, LT are shown at the top of the figure), IMF Bz is southward, and 
vertical drift is upward with an amplitude of −∼42 m s −1. This drift is more than the quiet time drift (∼25 m s −1) 
even if one considers 10% uncertainty in the vertical drift. Therefore, the enhanced PRE drift at this interval is 
due to the penetration of IEFy to equatorial ionosphere and this change is noticed ∼17 m s −1.

Interval-II: In the course of interval-II (∼14:20–15:30 UT), southward IMF Bz decreases (from ∼−6 to −1 nT) 
leading to the decrease in IEFy. IEFy changes to +0.5 mv/m from +3 mV/m during this interval. However, equa-
torial vertical drifts remain close to zero for some period and then enhances with net decrease in the magnitude 
of IEFy. Note, IMF By oscillates with a sharp negative excursion sandwiched between two positive excursions 
during this interval. Further, strong enhancements in AE (reaches ∼900 nT) and PC indices are observed during 
this interval apparently suggesting occurrence of substorm. However, Figure 4 would subsequently confirm that 
the enhancement of AE and PC indices at this local time ∼19:15 LT (14:15 UT) are not due to substorm induced 
electric field perturbations but possibly due to enhancement in polar cap electric field at this time due to enhanced 
IEFy. Another important aspect emerges from Figure 3c shows the polarity of both ΔVd and ΔEEJ derived based 
on Figures 3a and 3b, respectively, is positive.

Interval-III: During interval-III (∼15:30–16:15 UT), IMF By changes polarity from negative to positive. Net 
IMF Bz (dashed line in blue) is less southward than interval-II. However, vertical drift keeps increasing with a 
maximum amplitude of ∼36 m s −1 at 15:50 UT (20:50 LT). Note, the maximum vertical drift during this interval 
is nearly comparable to PRE-associated vertical drift during postsunset hours. Although IMF By turns positive 
(similar to interval-II) during this interval, ΔVd and ΔEEJ are opposite unlike interval-II (Figure 3c).

Interval-IV. Interval-IV (∼16:30–17:00 UT) is characterized by highest downward drift amplitude (∼−62 m s −1) 
at ∼16:40 UT (21:40 LT) on the event day. This is significantly different than the quiet day drift (∼−15 m s −1) 
at this local time. During this interval, IMF Bz is southward and the amplitude is similar to interval-II. In addi-
tion, IMF By is initially negative and then sharply turns to positive direction. Considering 10% efficiency of the 
penetration electric field reaching to the dip equator, the difference in the observed and expected drifts ∼48 m s −1 
(Figure 3c) cannot be explained even after considering a typical 10% uncertainty in the drift. In addition, enhance-
ments in AE and PC indices are seen during this interval (peak ∼16:30 UT) although these enhancements are 
less compared to the enhancements in these indices seen around 14:15 UT. Based on Figure 4, it is confirmed 
subsequently that the enhancement of AE and PC indices at this local time (∼21:30 LT) are due to additional 
effects of substorm induced electric field perturbations. Further, similar to interval-III, the polarity of the electric 
field perturbations (vertical drift over Tirunelveli and ΔEEJ over Jicamarca) over the two antipodal locations is 
predominantly opposite during this interval (Figure 3c).

Interval-V. IMF Bz turns northward in the interval-V (∼17:10–18:10 UT) and vertical drift becomes less down-
ward indicating a eastward electric field perturbation at this time. This appears to be under the influence of 
overshielding electric field. After the overshielding electric field perturbation, the vertical drift values reach the 
quiet time levels.

Figure 4 is used to identify the presence of substorm activity, if any, during 12:00–19:00 UT that encompasses the 
intervals (I–VI) under consideration (Figure 3) on 24 December 2014. In this plot, the variations in the electron 
and ion fluxes measured from geosynchronous orbit are presented in subplots a–f and subplots g–l, respectively. 
The LANL geosynchronous satellites are LANL-01A, LANL-02A, LANL-04A, LANL-97A, LANL-080, and 
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LANL-084. Six energy bins for electrons and four energy bins for protons are used in this study. The electron 
energy bins are 50–75, 75–105, 105–150, 150–225, 228–315, and 315–500 keV whereas the ion energy bins are 
0–75, 75–113, 113–170, and 170–250 keV. Differently colored lines are used to represent the different energy 
channels. In addition, the electron flux variations at four energy channels (75, 150, 275, and 475 keV) from 

Figure 4.  (a–f) and (g–l) The electron and proton flux variations measured by six LANL satellites (LANL-01A, LANL-02A, LANL-04A, LANL-97A, LANL-080, 
LANL-084) during 12:00–19:00 UT on 24 December 2014 for a number of energy channels mentioned at the top. (m) The electron flux variations at four energy 
channels (75, 150, 275, 475 kev) measured by GOES-13 for same interval and day depicted in (a–l). Two intervals are marked with gray (∼14:05–15:30 UT) and brown 
(∼16:10–17:00 UT) rectangular boxes in all subplots, similarly marked in Figure 3f.
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GOES-13 satellites are also shown in Figure 4m. Here also different colors correspond to different energy chan-
nels. Two intervals are marked with gray (∼14:06–15:30 UT) and brown (∼16:10–17:00 UT) rectangular boxes 
in all the subplots of Figure 4. These are the same intervals that are marked for AE and PC indices in Figure 4e. 
There are weak substorm injection activities noticed during intervals 14:10–15:30 UT (particularly in LANL-
01A) and 16:10–17:00 UT (particularly in LANL-04A). The first substorm onset happens around 14:10 UT. At 
this time, LANL-01A detects identifiable ion injections. GOES-13 also sees dispersed electron injections ∼14:10 
UT. It is to be noted that both satellites are far (LANL-01A at 165°W and GOES-13 at 75°W) from the Indian 
sector. On the other hand, injection activities (with dispersion) are noticed in the electron as well as ion channels 
starting at ∼16:30 UT which is particularly captured by LANL-04A (∼65°E). At this time, the injection activities 
are not captured by GOES- 13. This suggests energetic particle injection at the geosynchronous orbit closer to 
the location of LANL-04A. The other LANL satellites seem to be away from the proton injection front and as a 
consequence, the injection signatures are quite dispersed at the other satellite locations. Based on this figure, it 
appears that substorm is present during 16:10–17:00 UT closer to the Indian longitude. The implications of these 
results will be discussed in Section 4.

Figure 5 depicts the variations in the north-south (X) component of the magnetic field along the Indian and the 
Peruvian (antipodal location of Indian longitude) longitudes starting from the northern high latitudes to the equa-
torial regions. ΔX variations of Indian and Peruvian magnetometer stations are shown with red/green and blue 
colored lines, respectively, in Figures 5a–5d. Figure 5e shows the variations in IMF By and IMF Bz with blue 
and black colored lines, respectively (reproduced from Figure 1). The interval (∼14:20–15:30 UT, interval-II) is 
marked in this figure with green colored rectangular box. It can be noted that the ΔX variations are anticorrelated 
in Figures 5a and 5b (midlatitudes) and start becoming less anticorrelated and more correlated as one comes 
toward the low-equatorial latitudes (Figures 5c and 5d). As revealed by Figure 5e and also pointed out earlier, 
two positive peaks in IMF By with a negative excursion in between are observed in this interval. In addition, it is 
also shown in Figure 3c that ΔVd over Tirunelveli and ΔEEJ over Jicamarca are both positive during this time.

In order to evaluate the effects of disturbance dynamo during intervals I–V, Figure 6 is presented. Figures 6a–6f 
depict the latitudinal variations in Ddyn over the Jicamarca sector during 1:300–18:45 UT in steps of 15 min 
intervals. The values of Ddyn over the dip equatorial region is negative/nearly zero on all the times except during 
15:30–15:45 UT (Figure 6c) and at 18:00 UT (Figure 6f). Therefore, Figures 6c and 6f suggest small contribu-
tions of Ddyn during interval-III and interval-V, respectively.

4.  Discussion
The important role of PPEF in enhancing zonal electric field during local PRE-hours is evident on 24 December 
2014 (see Figure 2a). This enhanced zonal electric field not only shifted the EIA crest but also caused enhance-
ment in TEC over the crest region. Kumar et al. (2021, 2022) brought out the important role of PRE and solar 
flux dependence of the postsunset enhancement of OI 630.0 nm airglow intensity and VTEC over the EIA crest 
region. Therefore, it is not surprising that an enhanced PRE (interval-I in Figure 3d) would enhance the VTEC 
as well as OI 630.0 nm airglow intensity over the EIA crest region as brought out in Figures 2b and 2c. However, 
what is different here is the sustained (till 21:00 LT or 16:00 UT) enhancement of VTEC (Figure 2b) and airglow 
intensity (Figure 2c) over the crest region and also the longer sustenance of the EIA crest location at a higher 
latitude of 12.5° (Figure 2d) on the event day. It is also important to note that strength of EEJIndia on 24 Decem-
ber 2014 is, in fact, weaker compared to the other days. Despite that, we see an elevated OI 630.0 nm airglow 
intensity over the EIA crest region on this night. Therefore, it is apparent that the enhancements in VTEC and 
630.0 nm airglow intensity on this night are not due to conditioning of the EIA crest region by the daytime F 
region plasma fountain process driven by daytime zonal electric field over the equatorial ionosphere. Elevated 
h′F over Tirunelveli in the evening hours of 24 December 2014 provides the first clue that the impact on the EIA 
crest region on this night is because of what happened in the evening hours. It is noteworthy that the EIA crest is 
located at 12.5°N magnetic latitude till 20:15 LT on the quiet day as indicated in Figure 2d. The fact that the verti-
cal drift does not really become downward on the event day during the postsunset hours (Figure 2a) and also get 
significantly upward at ∼16:00 UT (21:00 LT) have important connection with the behavior of EIA crest on the 
event night. This essentially means that the electric field is eastward at 21:00 LT on this night. This is in contrast 
with the results of Liu et al. (2013) and Le et al. (2014) who showed the primary role of westward electric field 
in the premidnight hours in the enhancements of ionospheric plasma density over low latitudes. It is to be noted 
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that under geomagnetically quiet conditions, westward electric field is expected during 21:00–22:00 LT and the 
mechanisms suggested by Liu et al. (2013) and Le et al. (2014) are important. However, as pointed out earlier, the 
plasma density enhancement in the present case is connected with the eastward electric field polarity over low 
latitudes. Therefore, the processes responsible for the unusual behavior of the vertical drift (proxy for the zonal 
electric field) on this night deserve critical attention. Once we understand the possible causative mechanisms for 
this eastward electric field perturbation, we will come back to the topic of plasma density enhancement at this 
local time.

Figure 5.  Variations of the northward component of magnetic field (ΔX) over Indian and Peruvian sectors from mid latitudes 
of the northern hemisphere to the equatorial region are shown in (a–d) with red/green and blue colors, respectively. (e) The 
interplanetary magnetic field (IMF) Bz and IMF By in black and blue colors, respectively. An interval is marked with green 
(∼14:20–15:30 UT) colored rectangular box when ΔX variations are anticorrelated over mid latitudes and start becoming 
correlated as one comes toward the low-equatorial latitudes.
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To understand the anomalous behavior of the zonal electric field on 24 December 2014, we now shift our atten-
tion to intervals II–IV in Figure 3. Note, IMF Bz is southward in these intervals. However, IMF Bz is more 
southward (IEFy is more positive) during intervals-II and interval-IV compared to interval-III. In view of this, we 
expect more changes in the equatorial vertical drift during intervals II and IV compared to interval-III. However, 
what we observe is contrary to this expectation and hence counter-intuitive. The perturbations in the electric field 
is nominally eastward (nominally upward drift or nearly zero drift) which is followed by an increase in eastward 
perturbation in the interval-II and significantly westward perturbation in the interval-IV. On the contrary, in the 
interval-III, the eastward electric field perturbations keep increasing. Another interesting feature is the observa-
tion that vertical drift keeps increasing through intervals II and III although IMF Bz becomes less southward in 
interval-III compared to interval-II. Therefore, even if eastward penetration electric field is operational during 
this period that resists the drifts to turn downward, one expects larger drifts when IMF Bz (or IEFy) is larger. 
This suggests contribution from other driver(s). Therefore, not only these observations cannot be explained by 

Figure 6.  (a–f) The latitudinal variations in Ddyn during 13:00–18:45 UT in steps of 15 min intervals along Jicamarca longitudes on 24 December 2014. It can be seen 
that the positive deviations in Ddyn over equatorial latitudes are seen during 15:30–15:45 UT (in (c)) and 18:00 UT (in (f)) indicating influence of disturbance dynamo 
effects.
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the eastward penetration electric field perturbations expected till 22:00 LT as per the existing understanding 
(e.g., Fejer et al., 2008b; Nopper & Carovillano, 1978) but the amplitude of perturbations also need attention 
here. Importantly, LANL geosynchronous particle fluxes (Figure 4) confirm that there is no significant substorm 
occurrence closer to Indian longitude during the interval of first enhancements of AE and PC indices that occur 
during interval-II. Further, the interval of the first and strong enhancements in AE and PC indices are also 
marked by relatively large magnitude of IEFy. This suggests strong influence of IEFy in the enhancements of 
AE and PC indices at this time. This leads us to envisage a strong IMF By role in the interval-II. From the work 
of Chakrabarty et al. (2017), we know that predominantly positive IMF By can rotate the DP2 convection cells 
(well-developed during southward IMF Bz condition) significantly so that the daytime eastward perturbation 
electric field encroach into the postsunset sector and affects the polarity of the perturbation electric field during 
postsunset hours. This gets credence from the present observations (Figure 3c) wherein the polarity of ΔEEJ and 
vertical drift over the Jicamarca and Indian sectors are identical during interval-II suggesting an eastward electric 
field perturbations over both the sectors (Jicamarca is the day sector whereas Tirunelveli is in the night sector). 
Note, this is the local time over the Indian sector when a westward electric field polarity (downward drift as per 
quiet day pattern) is expected. Considering the curl-free nature of the ionospheric electric field and maximum 
impact of the penetration electric field on the ionospheric zonal component, one may expect opposite polarities 
of perturbation electric field at the day and night side of the dip equatorial ionosphere. This is evident in earlier 
results also (e.g., see Figure 3 of Kelley & Makela, 2002). Therefore, it appears that the identical polarity of 
penetration electric field over both Indian and Jicamarca sectors during interval-II are possibly due to the effects 
of IMF By. Although based on these low cadence observations of drifts, it is difficult to evaluate the relative roles 
of magnitude and polarity reversal of IMF By, supporting evidences in the form of identical polarity of electric 
field perturbations over antipodal locations and specific pattern (discussed subsequently) of global ΔX variations 
reinforce the role of IMF By. The proposition of the rotation of the DP2 convection cells by the effects of IMF 
By (e.g., Chakrabarty et al., 2017) gets further credence from Figure 5 wherein one can see the anticorrelation of 
ΔX variations over mid latitudes but correlation over low latitudes. Kelley and Makela (2002) found the westward 
penetration of electric field over Jicamarca during the premidnight hours under the southward IMF Bz conditions 
and suspected the effect of IMF By. In the work of Chakrabarty et al.  (2017) and this work, we see the IMF 
By effect during the postsunset hours. This is consistent with the work of Hui and Vichare (2021) who, using 
TIE-GCM simulations, showed that the effects of IMF By over low latitudes are most prominent at the terminator 
sector over low latitudes.

At this juncture, we note that ΔEEJ and ΔVd (Figure 3c) show anticorrelations during interval-III and interval-IV 
which is consistent with the curl-free nature of the ionospheric electric field as discussed in the previous para-
graph. However, zonal electric field perturbations over the Indian sector are eastward and westward, respectively, 
during these intervals. Unlike interval-II, ΔX variations (Figure 5) during these intervals do not show any system-
atic changes in the behavior as one comes toward the low latitude (mentioned in the previous paragraph) and this 
is indicative of the absence of IMF By effect during interval-III and interval-IV. Therefore, although IMF By 
turns positive during interval-III, we rule out IMF By effect during this interval and it get credence form Figure 5 
too. This also indicates that the changes in IMF By is a necessary but not sufficient condition for its effects to be 
detected in the electric field perturbations over the dip equator. This may be essentially due to the fact that the 
combined effects of IMF Bz and IMF By may not bring two antipodal stations under the same DP2 cell. We feel 
that the local time dependence of IMF By effects needs attention in the future.

Let us now investigate interval-III. In absence of any substorm onset activity during interval-III, the only way 
an enhanced eastward electric field perturbation can arise with a reduced (compared to interval-II) amplitude of 
southward IMF Bz condition is through the withdrawal of IMF By effect that was present before. In addition, 
during interval-III, some effects of eastward DD electric field perturbations cannot be ruled out as suggested by 
Figure 6c. However, it is not clear why DD effects that can last for a much longer duration (e.g., Fejer et al., 2017; 
Zhang et al., 2017, 2019) turns effective only for a short duration. Fejer et al. (2008b) shows that the polarity of 
DD electric field perturbation is eastward only after 21:00 LT and it is westward during 17:00–21:00 LT (as is 
the case here). This also suggests that any eastward electric field perturbation during 17:00–21:00 LT might not 
be affected by DD effects significantly. We, therefore, suggest that the usual eastward penetration electric field 
perturbations are experienced over the Indian sector during interval-II under the influence of southward IMF Bz 
(dawn-to-dusk IEFy) with no modification offered by IMF By and possibly some contribution of DD electric 
field. As a consequence, the eastward electric field perturbation seems to increase at this time. On the other hand, 
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during interval-IV, we notice westward penetration electric field that causes downward drift. There is no influence 
of disturbance dynamo observed during this interval (Figure 6). We propose that the penetration electric field is 
already westward during this time on this night which is, in general, expected at ∼22:00 LT as some of the earlier 
works (e.g., Fejer et al., 2008b) suggested. However, the magnitude of the westward electric field perturbations 
during interval-IV cannot be explained by the IEFy magnitude during this time with even 10–15% penetration 
efficiency and 10% uncertainty in the drift magnitude. Although the AE and PC indices show minor enhance-
ments during interval-IV, LANL-04A observations suggest the presence of substorm related particle injections 
at the geosynchronous orbit closer to the Indian longitude (Figure 4). On the other hand, IEFy starts decreasing 
during this interval. Therefore, we suggest that the combined effects of penetration electric fields due to IEFy 
and substorm cause the unusually large westward electric field perturbation during interval-IV. Earlier works by 
Hui et al. (2017) and Rout et al. (2019) show that substorm induced electric field can enhance the conventional 
penetration electric fields in a significant manner. However, it is to be kept in mind, that substorms have been 
shown earlier to cause both eastward (e.g., Chakrabarty et al., 2008; Chakrabarty et al., 2010; Huang, 2009; Hui 
et al., 2017; Rout et al., 2019) and westward (e.g., Chakrabarty et al., 2015; Hui et al., 2017; Kikuchi et al., 2000) 
electric field perturbations over the equatorial ionosphere.

During the interval-V (∼22:10–23:10 LT, see Figure 3d), the IMF Bz turns northward from southward, and an 
overshielding electric field (e.g., Fejer et al., 1979; Gonzales et al., 1979; Kelley et al., 1979) is imposed over 
the equatorial ionosphere. This provides the eastward perturbations to the ionospheric electric field. In addition, 
a small effect of DD electric field may be presented at 23:00 LT (18:00 UT) as suggested by Figure 6f. Owing 
to this, vertical drift becomes less downward during the interval-V. It has been shown earlier (e.g., Chakrabarty 
et al., 2006; Rout et al., 2019; Sekar & Chakrabarty, 2008) that on many occasions, the nighttime eastward elec-
tric field perturbations due to overshielding effect can affect the equatorial F region vertical drifts significantly.

Last but not the least, two peaks are observed in VTEC (Figures 2b) and 630.0 nm airglow intensity (Figure 2c) 
during the postsunset hours on 24 December 2014. The peaks are more conspicuous in the airglow intensity 
variation. The first peak occurs at ∼14:45 UT (19:45 LT) that is separated from the peak PRE drift (occurs at ∼13 
UT or 18 LT) by around 1.75 hr. This is consistent with the results of Kumar et al. (2021). The second peak that 
occurs just before 16:00 UT (or 21:00 LT) is probably a consequence of less quenching as the ionosphere goes up 
in altitude simultaneously over the entire low latitude due to the imposition of eastward penetration electric field.

5.  Role of IMF by: Unresolved Issues
Identification of the role of IMF By on equatorial ionosphere is a complex problem as we feel that southward 
IMF Bz is precondition on which the effects of IMF By should operate. This inference is true for high latitude. 
For equatorial latitudes, there are two aspects that are not clear at the present moment. First, what are the optimal 
magnitudes of southward IMF Bz and IMF By under which the IMF By effects will be discernible? Although, 
some studies in this regard have been carried out for high latitudes (e.g., Ruohoniemi & Greenwald, 2005), this 
has not been studied over dip equatorial region. Second, whether IMF By magnitude is more important or polarity 
reversal in IMF By is more important? Based on the present study and the earlier work (Chakrabarty et al., 2017), 
we can speculate that both factors can be important and what matters is the combined effects of the resizing of 
DP2 cells by the southward IMF Bz, rotation of the cells by IMF By, the relative position of the station where IMF 
By effects are to be detected and finally, the local time at which it is to be detected. It is also clear that one needs 
high temporal resolution vertical drift data to capture the effects of the sharp changes in IMF By under southward 
IMF Bz condition. Note, over the Indian sector, there is no incoherent scatter radar and the vertical drifts during 
nighttime over the dip equatorial region can only be derived based on ionospheric height variations with temporal 
resolution of 10 min or 15 min under normal circumstances. This is why we abstain from evaluating the relative 
roles of magnitude and polarity reversal of IMF By based on the present drift data sets the cadence of which is 
10 min.

In order to garner further evidence on the importance of high cadence data, we compare 1  minute cadence 
data of ΔX over Huancayo (in blue) with IMF By (in red) and IMF Bz (in magenta) separately in Figure 7. The 
intervals II (in green) and III (in orange) in Figure 7 are marked in the same way as that in Figure 3. It is to be 
noted that Huancayo is in day sector during intervals II and III. Therefore, if we consider that daytime iono-
spheric conductivity does not change significantly (which is a reasonable assumption) during intervals II and III 
(∼2 hr), the changes in ΔX can be attributed to ionospheric electric field variations. It is interesting to note that 
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the variations in ΔX over Huancayo and IMF By go hand in hand in interval-II and a phase offset starts coming 
up in interval-III. During interval-III, IMF Bz does not change much but IMF By changes significantly although 
with a phase delay. Therefore, it is possible that the influence of IMF By weakens during interval-III. Since the 
cadence of ΔX variations is 1 minute, this provides credence to the proposition of the influence of IMF By during 
interval-II. Eventually, the yardstick that we follow (and highlighted in Chakrabarty et al., 2017) for the detection 
of IMF By effect (under southward IMF Bz) is the identical polarity of electric field perturbations over antipodal 
stations (Figure 3c) and the systematic variations in ΔX from high to low latitudes as shown in Figure 5.

6.  Conclusions
The space weather event on 24 December 2014 reported provides a number of critical insights on the nature 
of the penetration electric field. First, the equatorial/low latitude impact is anomalously enhanced during the 
postsunset hours of 24 December 2014 when the magnitude of IEFy is not very large but persists through local 
PRE/postPRE-hours. This suggest that as far as the low latitude ionospheric impacts are considered, the local time 
of the electric field disturbance is important. Penetration electric field perturbations occurring during PRE-hours 
when the zonal electric field is already enhanced can make the equatorial impact unusually stronger. Second, 
during one single event, we see occasion when a number of phenomenologically different penetration electric 
fields (like penetration electric fields due to IEFy, substorm, disturbance dynamo, etc.) acting simultaneously on 
the equatorial ionosphere. Therefore, the magnitude of electric field perturbations on some occasions cannot be 
determined based on the existing paradigm of penetration electric fields. Third and most importantly, due to the 
additional effects of IMF By for some time, the response of the equatorial electric field perturbations turns out to 
be anomalous both in terms of magnitude and polarity. These anomalous effects need more attention in future for 
a comprehensive phenomenological understanding of the nature of the penetration electric fields.

Data Availability Statement
Ap and Sym-H indices are taken from the World Data Center for Geomagnetism, Kyoto (http://wdc.kugi.kyoto-u.
ac.jp/). Solar wind parameters are obtained from NASA GSFC CDAWeb (http://cdaweb.gsfc.nasa.gov/). The 
magnetometer data along the Jicamarca and Indian longitudes are obtained from SuperMag (https://supermag.
jhuapl.edu/). One-minute corrected data over Jicamarca and Leticia are taken from the Low Latitude Ionospheric 

Figure 7.  Variations in ΔX over Huancayo (HUA) on 24 December 2014 is shown with blue colored line in panels a and b 
similar to Figure 5d. Variation in interplanetary magnetic field (IMF) By (in red) and IMF Bz (in magenta) are superimposed 
on the variations ΔX in panels a and b, respectively. The intervals II and III are also marked similar to Figure 3.
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Sensor Network (LISN) (http://lisn.igp.gob.pe/).  The  remaining  data  sets  can  be  obtained  from  http://dx.doi.
org/10.17632/xhm84smdvb.1.
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